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ABSTRACT

A rapid prototyping system using a precision robotic manipulator has been
developed. The system is comprised of a latest personal computer (Pentium 1I, 300
MHz, 128 MB RAM and 5 GB hard disk capacity), interfacing system (PS-23 indexer,
KS-drives and servomotors), a four degrees of freedom precision manipulator and a ball
nosed end milling equipment.

The hardware is integrated with the AutoSurf (CAD software), which is used in
designing engineering models, section cut the surface models and changing graphic file
into DXF files (neutral format files). The AutoLISP (AutoSurf programming language)
has been used to simulate the additive prototyping process. The hardware is also linked
with the self-developed CAM programs for data processing and motion control.

With the above hardware and software configuration, subtractive prototyping
models have been produced successfully. Simple additive prototyping process was also
simulated graphically in AutoSurf environment. The CAM programs were also tested to
be fine with the additive prototyping models’ data files.

Generally, the rapid prototyping system using the precision robotic manipulator
has the advantage of being cheaper, effective, time and space saving, with dual purposes

(subtractive and additive processes) and it is an all in one system.
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CHAPTER 1: INTRODUCTION

Robots are used in the manufacturing and non-manufacturing environments.
They are either replacing human functions or working together with human operators.
Robots have different skills and capabilities. Some of them are general-purpose robots
that are capable of a wide range of tasks and others have specific applications.

Most of the robots are used in the manufacturing industries. Industrial tasks,
which are categorised as dirty, dangerous, dull, hot, heavy, hazardous and demeaning
but necessary, are best suited for robots. Besides the tasks mentioned above, robots are
also used in other fields for improving productivity, increasing product quality and
reducing labour costs.

Prototyping is one of the important phases in product development cycle. With a
prototyped product, the designer can examine its aesthetic aspect, measure its physical
dimensions, accomplish functionality test, validate its performance and so on. If the
prototype is not up to the standard requirements, the designer will have to redesign the
product and, prototyping will be needed as to check the product properties again.

As aresult, the product design and validating cycle will continue as long as the
prototype does not meet the desired product specifications. Hence, reducing the
prototyping time is one of the crucial aspects in speeding up the product development
cycle and increasing a company’s competitiveness in the global market, especially when
globalisation is inevitable.

Rapid prototyping is a popular term for describing any technology that can

reduce the prototyping time drastically. With rapid prototyping technologies, designers



and engineers can visualise a real-life prototype part in hours or days instead of weeks
or months if traditional prototyping methods are used.

Rapid prototyping reduce the lead-time needed to complete the design and place
a newly designed product on the production line faster. Because of the prototyping
leadtime is greatly reduced, designers have the luxury of being allowed to have multiple
iterations of a design and the engineers have numerous opportunities for validating the
physical part so as to introduce a right-at-the-first-time product to the production line.

Currently, most people are focusing on new prototyping technologies like
stereolithography apparatus (SLA), selective laser sintering (SLS) and others trying to
minimise the prototyping time. But, improving existing or traditional prototyping
methods can also reduce the prototyping time. In this study, the integration of a
precision robotic manipulator with a traditional subtractive prototyping process (ball
nosed end milling process) was developed in order to materialise the rapid prototyping
concept.

It is not common to have an integrated system of rapid prototyping using a
precision robotic manipulator. But in this information technology age, integration of
various systems into a hybrid system is not impossible since in manufacturing
industries’ computer-aided design and manufacturing (CAD/CAM) technologies are not
scarce.

The computer is particularly important in this integrated system because it is
taking up the role as a brain. A robot has the ability to manipulate objects in the real
world. This unique function when connected to a computer will enable the computer to

interact with the real world. Literally, robots are the arms of the computer. So, with the



availability of the CAD/CAM knowledge base, a hybrid system of a precision robotic
manipulator and a subtractive prototyping tool is possible and viable.

Hence, a feasibility study of an integrated system of a personal computer
controlled precision robotic manipulator coupled with CAD/CAM programs and ball
nosed end milling process has been carried out. The results of the study will contribute

to the knowledge base of the vast manufacturing industries.

1.1 AIM AND OBJECTIVES

The aim of the present work is to integrate a four degrees of freedom precision
robotic manipulator, a high specification personal computer, computer-aided design
(CAD) software, self-developed computer-aided manufacturing (CAM) programs and
self-assembled subtractive prototyping equipment to create a rapid prototyping system.
The objectives of the project are:

(1) To interface the precision robotic manipulator with the high specification personal
computer replacing the existing PC/XT microcomputer.

(2) To develop postprocessors for Drawing Interchange File (DXF) format for
subtractive prototyping process.

(3) To develop postprocessors for Drawing Interchange File (DXF) format for additive
prototyping process.

(4) To develop programs for controlling the motion of the precision robotic manipulator

in subtractive prototyping process.



(5) To develop programs for controlling the motion of the precision robotic manipulator
in additive prototyping process.

(6) To construct a customised ball nosed end milling equipment for subtractive
prototyping process.

(7) To produce three-dimensional complex shaped objects by subtractive prototyping
process.

(8) To develop a program for simulating the additive prototyping process in a computer

graphic environment.

1.2 PROJECT OVERVIEW

A precision robotic manipulator based rapid prototyping system was built and
evaluated.

In the project, three-dimensional complex shaped models were designed using
commercially available CAD software. Model definition data were then exported out
from the software as neutral format data file. Self-developed CAM programs were used
to extract important data out from the neutral format file and was later processed for
creating the motion parameters for controlling the robotic manipulator in the final stage.

A ball nosed end milling equipment was also built to serve as the subtractive
prototyping process of the system. The robotic manipulator end effector was modified
so that it can clamp a cylindrical polystyrene block for subtractive and additive

prototyping processes.



In the system, a personal computer was used to control a four degrees of
freedom precision robotic manipulator. The motion control interfacing system between
the personal computer and the manipulator is comprised of PC-23 indexer and KS
drives with alternate current brushless servomotors.

With the motion parameter available, a self-developed motion control program
can activate and control the motion of the robotic manipulator so as to manipulate the
work material (polystyrene block) to be milled by the ball nosed end milling equipment.
Three-dimensional complex shaped components were produced. Thus, a better
performance traditional prototyping tool was upgraded to the level that is almost similar
to the latest and expensive rapid prototyping tools.

Postprocessors for DXF file and control programs were developed for the
additive prototyping process. The additive prototyping process was also simulated in a
computer graphic environment. A commercially available CAD programming language

was used to develop the simulation program.



CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

The present work is to develop a rapid prototyping system by integrating a
precision robotic manipulator with traditional subtractive prototyping process (ball
nosed end milling) and computer-aided design and manufacturing (CAD/CAM)
software. As a result, the following subsections will consider all the related elements of
the integrated system. The subtopics are:

(1) The origin of the robot, robotics and its various definitions by different
organisations.

(2) Different methods of classifying robots’ physical configurations, power supplies,
motion paths and so on.

(3) Industrial applications and specifications of robots.

(4) Computer-aided design (CAD) and its function in design process.

(5) Computer-aided manufacturing (CAM) and its role in planning and control.

(6) CAD/CAM, its scope in a product cycle development and database exchange.

(7) Prototyping methods - subtractive process (milling) and additive processes (STA,

LOM, FDM, SLS and SGC)



2.2 ROBOTICS

The word Robot was added into the English vocabulary with the translation of
Karel Capeks’s play, R. U. R. (Rossum’s Universal Robots) in 1923 [1]. Robot is
derived from a Czech word, ‘robota’, means worker [2] or compulsory (forced) labour
[3] and from ‘robotnik’, meaning ‘serf [4].

Isaac Asimov, the master science fiction writer [4], invented the word ‘robotics’.
He also propounded the famous Three Laws of Robotics [1].

(1) A robot must not harm a human being, nor through inaction allow one to come to
harm.

(2) A robot must always obey human beings, unless that is in conflict with the first law.

(3) A robot must protect itself from harm, unless that is in conflict with the first or
second laws.

The Three Laws are used to ensure that the designed robots are always ‘keeping their

place’ [1] and they remain worthy design standards for roboticists to this day [4].

In the year of 1954, George Devol applied to patent a design for what is
generally considered to be the first ‘industrial’ robot. Later in 1958, his robot was
actually built [4],

Robot technology’s advancement rate is closely related to the computer
technologies. Advancements in computer technology such as the introduction of solid
states’ range of products greatly increase the computational capabilities and reduce the
size of the control system [4].

Assembly is one of the areas where the applications of robotics grow rapidly

nowadays. Robots assemble almost all personal computer boards, and they are moving



into assembly applications in other industries. Besides, the industry is emphasising on
flexible and small-lot manufacturing. As a result, computer-controlled robots are
gaining popularity now [5], Major countries that use robots are Japan, USA, Germany,

Sweden, Italy, Britain and France [4],

2.2.1 Robot Definitions

Definition of the word ‘robot’ varies according to the geographical locations and
communities. So far, robotics associations like the International Standards Organisation
(ISO), Robotic Industries Association (RIA) and the British Robot Association are
providing different definitions.

Since late 1970s, the Robotic Industries Association (RIA; formerly the Robot
Institute of America) has defined a robot as “a manipulator, designed to move material,
parts, tools or specialised devices through variable programmed motions for the
performance of a variety of tasks [3].”

The International Standards Organisation (ISO) has a more lengthy definition of
an industrial robot [6]:

“A machine formed by a mechanism including several degrees of freedom, often
having the appearance of one or several arms ending in a wrist capable of holding a tool
or a work piece or an inspection device. In particular, its control unit must use a
memorising device and sometimes it can use sensing or adaptation appliances taking

into account environment and circumstances. These multipurpose machines are



generally designed to carry out a repetitive function and can be adapted to other
functions.”

British Robot Association’s robot definition is almost same as the RIA’s
definition of a robot. But, the important of the reprogrammable capability of the robot
has been emphasised. Its definition for an industrial robot is stated as ‘An industrial
robot is a reprogrammable device designed to both manipulate and transport parts, tools
or specialised manufacturing implements through variable programmed motions for the
performance of specific manufacturing tasks’ [7].

Robots should be easily reprogrammed to carry out work on new tasks. By
referring to the previous paragraph’s definition of a robot, a numerical controlled (NC)
machine tool is not a robot since, although it can be reprogrammed easily, but it is not
designed to do anything other than cutting material. Neither is the type of arm used to
handle toxic or radioactive material in the nuclear industry; human operator constantly

controlling the devices remotely, i.e. they are not programmed to operate autonomously

2.3 CLASSIFICATIONS OF ROBOTS

There are various ways of classifying robots, such as structural configurations,
power sources, motion systems and so on. The following subsections will describe some

of the common classification methods of robots.



2.3.1 Arm Geometry

The role of robot arm is to move the end effector (grippers or tool) to a given
position in a desired orientation. In order to get to any point in space, an arm needs to
have six degrees of freedom; namely three translational (right or left, forward or
backward, up or down) for reaching the point and three rotational (roll, yaw, pitch) to
get any orientation [4],

A common way of classifying the structural configuration of the arm is by
looking at different co-ordinate systems of the three major axes (translational). The
major axes will provide the vertical lift stroke, the in and out reaching stroke, and the
rotational or traversing motion about the vertical lift axis of the robot [4], Such a
classification can distinguish between five basic types commonly available in
commercial industrial robot [8] and they are described as below.

Cylindrical Co-ordinate Robot. The robot body is a vertical column that swivels
about a vertical axis. The arm consists of a few orthogonal slides that allow it to be
moved up or down and in or out with reference to the robot body [9]. This is illustrated
schematically in Figure 2.3(a) [8], In the figure, types of motions are shown by arrows;
namely two translational motions and one rotational motion. This kind of robot allows
good access into cavities and machining working area [10], Typical manufacturers are

Fanuc, Prab and Seiko [4],



Figure 2.3(a) Cylindrical Co-ordinate Robot

Spherical (Polar) Co-ordinate Robot. As shown in Figure 2.3(b) [8], this type of
robot geometry has two rotary axes combined with a linear axis. The base axis is a
rotary axis with a second rotary axis providing vertical motion. The linear axis makes
the radius of the sphere [11]. Unimation is one of the companies that produce this kind
of robot [9]. As shown by the arrows in the figure, it has two rotational motions and one
translantional motion. This kind of configuration can cover a large workspace from a
central support. It can also pick up objects from the ground by bending down its upper

part of the structure [10].



Figure 2.3(b) Spherical (Polar) Co-ordinate Robot

Cartesian (Rectangular) Co-ordinate Robot. Other names for this configuration
include rectilinear robot, x-y-z robot [8] and gantry cranes [12]. This robot has joints
that move in rectangular orthogonal direction [12] as illustrated in Figure 2.3(c) [8], As
shown by the arrows in the figure, it can have three translational motions. Examples of
this kind of robot are IBM 7565 (originally RSI) assembly robot, the Olivetti Sigma and
the DEA Pragma [4]. Generally, it has a rigid structure and can use inexpensive

pneumatic drives for pick and place operations [10].



Figure 2.3(c) Cartesian (Rectangular) Co-ordinate Robot

Revolute Co-ordinate (Jointed Arm) Robot. Sometimes it is known as
anthropomorphic robot. It is having three rotational motions, as shown by the arrows in
Figure 2.3(d) [8]. It consists of rotary joints called the ‘shoulder’ and the ‘elbow’
(corresponding to the human arm) all mounted on a ‘waist’ consisting of a rotating base
that provides the third degree of freedom [4]. It provides maximum flexibility. It can
cover a large workspace relative to the volume of the robot and can also reach over and
under an object. Electric motor is best suited for this kind of robot [10]. The Cincinnati
Milacron, Asea and Unimation [9] are some of the typical manufacturers of this kind of

robot.



Figure 2.3(d) Revolute Co-ordinate (Jointed Arm) Robot

SCARA Robot. SCARA is an acronym for Selective Compliance Assembly
Robot Arm. The robot is almost the same as the jointed arm robot except that the
shoulder and elbow rotational axes are vertical. In another word, the arm can be
constructed to be very rigid in the vertical direction, but compliant in the horizontal
direction [8]. Compliance is a desirable property for arms that are used in assembly
processes. The robot can flex its arm to accommodate the small errors in position that
occur when one object is brought into contact with another [10]. Manufacturers of the
robot are Pentel, NEC and IBM [4], to name a few. Figure 2.3(e) [8] is describing the
robot schematically. The arrows in the figure show the two rotational motions and one

translational motion.
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Figure 2.3(e) SCARA Robot

2.3.2 Fixed and Variable Sequence

The fixed sequence robot, also called a pick-and-place robot [2] (nicknamed
bang-bang machine [4]), is the least sophisticated end of the robot scale [1], It is
programmed for a specific sequence of operations [2] only. The stroke of the motion
axes is determined by adjusting the mechanical end stops. Limit switches are the typical
sensors that sense the end points, and none of the points in between [4].

Its movements are from point to point, and the cycle is repeated continuously
[2]. Generally, it is very difficult to reprogramme this robot or to execute a different

sequence of operations. This is because its control system and memory, which are all
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embodied in a complex and interdependent set of limit switches, interlocks, end stops

and electrical connections [1]. Many pneumatic driven robots are fixed sequence robots

Variable sequence robots are usually associated with computer devices. In other
words, their operation motions are controlled digitally. Variable sequence robots can
immediately execute new and different tasks or a sequence of operations by running a
new program [4], Besides, the operator can create new programs offline and input them
into the robot control system right after the old program ends.

Basically, a fixed sequence robot has a lower cost than the variable sequence
robot because its control system is not as complicated as the variable sequence robot.
The variable sequence robot is a general-purpose robot, whereas its counterpart is an
operation-specific robot. One has to consider the requirement and complexity level of
the functions of operations before choosing the appropriate type of robot for industrial

usage.

2.3.3 Drive System

Robots can move because actuators activate their joints. Actuators are in turn
powered by a particular form of drive system [1]. Three basic types of drive systems are
used in commercially available robots, namely hydraulic, electrical and pneumatic [6].

In hydraulic drive system, devices like rotary vane actuators and linear pistons
are used to accomplish the motion of the joint [8]. It uses fluid as the energy transfer

medium. Hydraulically driven robots are usually large in size and take up more floor
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space than other kinds of robots. But, it has greater strength and higher speed if
compared to the other two kinds of energy sources. Besides, maintenance personnel are
more familiar with hydraulic systems. As a result, this system is considered to have the
advantage of mechanical simplicity [9].

In the early 1980s, robots moved from hydraulic to electrical system and
provided a major upheaval in technical breakthrough [13]. Nowadays, electric drive
systems are becoming more prevalent in commercially available robots [8]. Stepping
motors, servomotor and other kind of a. c. or d. c. electrical motors are used to drive the
system [1]. It requires smaller floor space since it does not have a large hydraulic power
unit [9]. Although it has moderate speed, its accuracy is the highest among all the drive
systems [10]. Besides, its repeatability is better [9] and more readily adaptable to
computer control [10] if compare to other systems. It also provides the cleanest and
quietest actuation [6],

Like hydraulic drive systems, pneumatic drive systems also use fluid as the
energy transfer medium. As a result, it uses devices like linear pistons and rotary vane
actuators to move the joint [8]. But, pneumatic systems use air instead of liquid as in
hydraulic system. Basically, it is only suitable for simpler robots [6] because of its
natural problem like noise, leakage and compressibility property [10]. The advantages

and disadvantages of the drive systems are summarised in Table 2.3(a).
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Table 2.3(a) Advantages and Disadvantages of Various Drive Systems [10]

Pneumatic Drive System

Advantages

* Relatively inexpensive

* High speed

* Do not pollute work area with fluids
» Can be used in laboratory work

* No return line required

e Common energy source in industry
» Suits modular robot designs

» Actuator can stall without damage
Disadvantages

» Compressibility of air limits control and accuracy aspects

» Noise pollution from exhausts

» Leakage of air can be of concern

» Additional drying/filtering may be required

» Difficulties with control of speeds, take up of loads, and exhausting of lines____
Hydraulic Drive System

Advantages

» Large lift capacity

» High power to weight ratio

* Moderate speeds

» Qil is incompressible, hence once positioned joints can be locked to a stiff structure
» Very good servo control can be achieved

» Self lubricating and self cooling

» Operate in stalled condition with no damage

* Fast response

» Intrinsically safe in flammable and explosive atmospheres

* Smooth operation at low speeds

Disadvantages

» Hydraulic systems are expensive

» Maintenance problems with seals causing leakage

» Not suitable for high speed cycling

* Need of areturn line

» Hard to miniaturise because high pressures and flow rates

* Need for remote power source which uses floor space

» Cannot back drive links against valves
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Table 2.3(a) Advantages and Disadvantages of Various Drive Systems (Continue)

Electric Drive System (DC motors and stepper motor)

Advantages

» Actuators are fast and accurate

» Possible to apply sophisticated control techniques to motion

* Relatively inexpensive

* Very fast development times for new models

* New rare earth motors have high torque, reduced weight, and fast response times
Disadvantages

* Inherently high speed with low torque, hence gear trains or other power
transmission units are needed

Gear backlash limits precision

Electrical arcing may be a consideration in flammable atmospheres

Problems of overheating in stalled condition

* Brakes are needed to lock them in position

2.3.4 Point-to-Point and Continuous Path

The motion systems of industrial robots can be classified into point-to-point
(PTP) and continuous path (also called contouring) [12].

A point-to-point robot’s movement is controlled from one point location in
space to another. Before the robot executes its sequence of operations, the programmer
key in the points of desired locations into its control memory. Motion parameters like
velocity and acceleration are not controlled when the robot moves from one point to
another [9].

Since the PTP robot axes may move at different velocities and accelerations, or
even different linear or angular distances, each axis may reach its subsequent point
location at different time frame. As a result, the path of motion of its end effector is

unpredictable [12]. Some of the productive operations that are often performed by PTP
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robots are machine loading, spot welding and pick-and-place tasks [9]. PTP robots also
need a fairly empty working volume because of its unpredictable path of motions [12].

Continuous path (CP) robots are capable of following a closely spaced locus of
points, which describe a smooth compound curve. The memory and control requirement
of a CP robot is greater than PTP robot since it needs to remember the complete path of
motion instead of merely the end points of the motion sequence [9]. The CP robot is
best suited for complex working environment, where it may need to interact
continuously with its surroundings. Examples are paint spraying, continuous welding
processes and picking up objects from a moving conveyor [12].

By looking at the type of tasks that can be accomplished by point-to-point robot
and continuous path robot, one can understand that a CP robot will cost more than a

PTP robot.

2.4 APPLICATIONS OF ROBOTS

Nowadays, almost all industrial robots are applied in manufacturing operations

[8]. It is important to know the reasons behind the selection of robots in the

manufacturing world. Some of the general characteristics of an industrial work

environment which have tended to promote the replacement of human labour with a
robot are described as below:

(1) Hazardous or Uncomfortable Working Conditions. If the working environment has

the potential dangers or health hazards due to heat, radiation, or toxicity, or where

the work area is uncomfortable and unpleasant to human being, then, a robot should



()

(3)

(4)

be considered doing the task instead of human [9]. Typical job situations that have
the mentioned characteristic are hot forging, spray painting, continuous arc welding
and spot welding [8],

Repetitive Work Cycle. When the sequence of operations are relatively simple and
repeated in every work cycle, a robot will perform better than its human counterpart.
It is because robot has greater consistency and repeatability than human worker [8].
This is especially true if the job is accomplished within a limited work area. Pick-
and-place operations and machine loading are two kinds of repetitive tasks.

Difficult Handling. If the involved work part or tool in the operation is awkward or
heavy, then, a robot might be a better choice in accomplishing the job because some
industrial robots are capable of lifting up payloads that are several hundred
kilograms. A human worker would increase the production cycle time since he or
she will need the assistance of some mechanical devices to accomplish the task [9].
Multishift or Continuous Operation. The labour savings will result in a quicker
payback if the initial investment cost of the robot can be spread over two or three
shifts [9]. Besides, continuous manufacturing process is better because equipment
set up time can be reduced or eliminated. In some cases, machine set up time is

crucial in determining the manufacturing cost of the product.

2.4.1 Robot Specifications

From a company’s point of view, robots can improve the process quality by

providing higher accuracy and repeatability. These can also perform the process under



conditions that lead to higher quality but is not conducive for human operation. Besides,
costs can be reduced because of saving labour cost, elimination of some processes and
discarding some safety or extra equipment. Performance can also be improved because
robots can perform tedious, repetitive tasks at greater speeds and with continuous
operation [6],

But, how can it be determined whether a robot can perform the desired task or
not? Or is there any guideline and reference for robot specifications? Bearing in mind
the two questions above, a robot-human chart was developed. The chart is partially
shown in Table 2.4(a). Characteristics like strength and power, consistency, overload -
underload performance and environmental constraints are compared between human

and robot manipulation.



Table 2.4(a) Robot-Human Charts:
Characteristics [14]

Characteristics

Strength and
power

Consistency

Overload-
underload
performance

Environmental
constraints

a.

b.

Robot
Manipulation
0.1 - 1000 kg of useful load
during operation at normal
Speed:
reduced at above normal
speeds

Power relative to useful load

Absolute consistency if no
malfunctions

Constant performance up to a
designed limit, and then a
drastic failure

No underload effects on
performance

Ambient temperature from
-10 to 60°C

Relative humidity up to 90%

Can be fitted to hostile
environments
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Comparison of Robot and Human

Human

Maximum arm load: <30 kg;
Varies drastically with type
of movement, direction of
load, etc.

Power: 2hp « 10 s
05hp« 120 s

0.2 hp = continuous 5
kc/min

Subject to fatigue: may
differ between static and
dynamic conditions
Low

May improve with practice
and redundant knowledge of
results

Subject to fatigue:
physiological and
psychological

May require external
monitoring of performance

Performance declines
smoothly under a failure

Boredom under local effects
is significant

Ambient temperature range
15 to 30°C

Humidity effects are weak
Sensitive to various noxious

stimuli and toxins, altitude,
and air flow



2.5 COMPUTER-AIDED DESIGN (CAD)

A definition for Computer-Aided Design (CAD) is, “the effective use of
computer in creating, modifying, or documenting engineering design in any design
activity” [8]. It is also a technique where man and machine are blended into a problem
solving team, intimately coupling the best characteristics of each [15].

A computer-aided design system is comprised of [16]:

(1) the computer and associated peripheral equipment which are called hardware;
(2) the computer programs which are called software that run on the hardware;
(3) the data structure which is created and manipulated by the software;

(4) human knowledge and activities.

CAD systems often have large and complex computer programs, perhaps using
specialised computing hardware. Normally, the software is comprised of the following
elements that process the data stored in the database in different ways [16].

(1) Model Definition. Adding geometric elements to a model of the form of a
component is a typical example.

(2) Model Manipulation. Moving, copying, deleting, editing or modifying the design
model’s elements.

(3) Picture Generation. Generation of design model images on a computer screen or on
some hardcopy devices.

(4) User Interaction. Handling user’s input commands and presenting output to the user
about the operation of the system.

(5) Database Management. Management of the files that make up the database.

(6) Applications. Generating information of revaluation, analysis or manufacture.
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(7) Utilities. It is a ‘catch-all’ term for parts of the software that do not directly affect
the design model, but modify the operation of the system in some ways such as
selection of line type, display colour, units and so on.

There are four important reasons for using a computer-aided design system to

support the engineering design operation [9]:

(1) Increasing Designer’s Productivity. Designer can reduce time in operations like
synthesising, analysing, and documenting the design because CAD can help him or
her in conceptualising the product and its components.

(2) Improving Design Quality. Utilising CAD system with suitable hardware and
software capabilities allows the designer to produce a more complete engineering
analysis and to consider a larger quantity and variety of design alternatives.

(3) Improving Design Documentation. The graphical output of a CAD system is better
than manual drafting in terms of quality of documentation. The engineering
drawings are superior, and there is more standardisation among the drawings, fewer
drafting errors, and greater legibility.

(4) Creating Manufacturing Database. Database for manufacturing a product is created
in the process of product design documentation. Important manufacturing data like
geometric specification of the product, dimensions of the components, materials
specifications, bill of materials and others are documented in an engineering design.

Roughly 80 percent of a product’s ultimate cost is determined and fixed during
the design phase. Typically, companies only allocate about 5 percent of their resources
on design and engineering. Contrasting these patterns of expenditure and commitment
of resources over a product’s life cycle, one can see that the 5 percent can have a great

effect on competitive advantage [17]. A CAD system can have a significant effect on
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that 5 percent by increasing the effectiveness of the design and engineering tasks. CAD
is not really used to reduce the percentage; it is used to come up with a better decision
about the 80 percent of the product’s cost and performance characteristics [18].

Some of the common and commercial available computer-aided design software
programmes are AutoCAD, Microstation 32, I/EMS, CATIA and MENTOR [6]. The
leaders in the mechanical CAD software arena are IBM, Computervision, Hewlett-
Packard, Schlumberger, Autodesk, SDRC, EDS/Unigraphics and Parametric
Technology [19],

CAD programming languages are essential part of modern engineering
activities. During the last decade, AutoLISP programming language has been used in a
few areas such as a surface-climbing robot simulation [20], water pollution simulation
over ariver basin [21], geometry simulation in sand mould casting [22], shape similarity
assessment of mechanical parts [23] and fragmentation assessment in blasting [24],
However, AutoLISP has never been used in simulating a rapid prototyping process
before because not many industrial companies are using AutoLISP in their
manufacturing operations. AutoLISP is more common in the education institutions and
home users that rely on low cost personal computers. Its use in helping to simulate an

additive prototyping process would be a novel research project.

2.6 COMPUTER-AIDED MANUFACTURING (CAM)

Computer-aided manufacturing (CAM) is defined as the effective use of

computer technology in the planning, management, and control of the manufacturing
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functions [8]. Computer-aided manufacturing is the business end of computer graphics,

where all the physical work gets done on the factory floor to actually produce the parts

designed with computer-aided design system. In 1952, the first numerically controlled

machine tool was successfully demonstrated at the Massachusetts Institute of

Technology (MIT). Since then, CAM has played an important role in the manufacturing

industry [25].

The application of CAM can be grouped into two categories. The two categories

represent two different levels of involvement of the computer in plant operations and

they are [8]:

(1) Manufacturing planning. A computer is used indirectly to support the production

()

function, and there is no direct connection between the process and the computer.
Computer is used “off-line” to provide essential information for the effective
planning and management of production activities. Applications of CAM in
planning are cost estimating, computer-aided process planning, computer-assisted
NC part programming, development of work standards, computer-aided line
balancing and, production and inventory planning.

Manufacturing control. The control function in manufacturing includes individual
processing and assembly operations regulation, and plant-level activities
management. Process level control involves the achievement of certain performance
objectives by proper manipulation of the inputs to the process. Plant level control
includes effective use of labour, equipment maintenance, transferring material in the
factory, shipping good quality products on schedule, and maintaining the lowest

plant operating costs. CAM applications in the manufacturing control aspect are
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concerned with developing computer systems for managing and controlling the

plant’s physical operations like quality control, shop floor control, and so on.

2.7 COMPUTER-AIDED DESIGN AND MANUFACTURING (CAD/CAM)

CAD/CAM technology brings together two major elements of computerised
manufacture. CAD involves creating a file resemblance of a finished product and
generating the data needed for its manufacture and CAM will use the data to build
programs that run the machine tools that will make the designed product [26].

The origin of computer-aided design and manufacturing (CAD/CAM) can be
traced back to the beginning of civilisation when engineers of ancient Egypt, Greece
and Rome acknowledged graphics communication. A few existing drawings on
Egyptian tombs can be considered as technical drawings. Even today’s graphic
conventions like isometric views and crosshatching are found in Leonardo da Vinci’s
available work and notes.

A French mathematician, Gaspard Monge (1746 - 1818) invented orthographic
projection, who was then working as a government designer. It was the inventions of
computer and xerography that have given graphics, and consequently CAD/CAM
technology, their current dimensions and power [27]. CAD/CAM technology continue
to evolve with the rapid growing of computer capabilities since 1940s, when the first
appearance of the huge, electromechanical machines that used clicking relays to

perform computations that we called digital computer [28].
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CAD/CAM involves the application of digital computers in completing certain
functions in design and production [8], The combination of CAD and CAM in the
CAD/CAM term symbolised the efforts to integrate the design and manufacturing
functions in an organisation into a continuum of activities, rather than treating them as
two distinct and separate activities, as they have been considered in the past [8],

In fact, the application of microcomputers in design and manufacturing
constitutes the most significant opportunity for substantial gains in industry; namely
higher productivity, better quality, and lower cost [29]. Advances in the hardware and
software of microcomputers have also made it easier to link CAD/CAM system to other
manufacturing processes, so that product design and manufacturing can be integrated
into a single system [30].

One of the aimsof a CAD/CAM system for robotics is off-line programming
[31].Modern methods in robot programming utilise the technology of off-line
programming, where computers are used for programming without the need to connect
physically to the robot or even to be anywhere near its physical presence [32], Off-line

programming is suited to full computer integration of a facility [7].

2.7.1 CAD/CAM in a Product Cycle

Product cycle is the activities and functions that must be accomplished in the
designand manufacture of a product. So, what is the scope of CAD/CAM in the
operations of a manufacturing firm? Figure 2.7(a) shows the various steps in the product

cycle [9], Customers and the markets who drive the product cycle. The customers might
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activate the cycle if they design the part and later pass it to a different company for
manufacturing. Or, the design and manufacturing of a product might be accomplished
by the same organisation.

Whatever the case, the cycle will begin with a concept, an idea for a product.
The concept is then cultivated, refined, analysed, improved, and translated into a plan
for the product through the design engineering process. Later, a set of engineering
drawings are drafted for documenting the plan to show how a product is made and
providing a set of specifications indicating how the product should perform. Except for
engineering changes that normally follow the product throughout its life cycle, this

completes the design activities in Figure 2.7(a).

Figure 2.7(a) Product Cycle (Design and Manufacturing)
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The next phase is the manufacture of the product. A process plan that specifies
the required sequence of production operations for making the product is formulated.
Sometimes, new machine and tools must be acquired for producing a new product.
Scheduling activity provides a plan that specifies the correct quantities and dates of
delivery of the final product. Once the plans are ready, the raw materials goes into the
production line, followed by quality testing, and delivery to the customer.

Figure 2.7(b) shows the revised product cycle after the introduction of
CAD/CAM [9]. Computer-aided design and automated drafting are used in the
conceptualisation, design, and documentation of the product. Planning and scheduling
processes are performed more efficiently with the aid of computers. Computers are also
used in monitoring and controlling manufacturing operations. In quality control, the
product and its components are inspected and tested by computers too.

One example where CAD/CAM system has brought significant benefit to the
manufacturing industries happened at Daimler Benz in Germany. This company applied
a CAD/CAM system to its tool making operations for six years. The benefits are 2
percent cast metal savings in pressure die casting, 3 percent in the cast iron foundry and
6 percent in gravity die casting. Moreover, the firm claimed reductions in tooling costs
and reduction of up to 50 percent in delivery times. With a CAD/CAM system, the die
shapes are more consistent. The elimination of the substantial variations in volume
between apparently identical tools could cost as much as 3.5 percent in cast metal
overweight [33].

Another example is the application of CAD/CAM in sheet metal production for
making the Citation Il aircraft (product of Cessna). Manual methods for part creation is

about forty hours. If a minicomputer is used, the time of production is about sixteen
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hours. When high-speed modem linked with a mainframe computer, it needs eight hours
to produce the same part. With CAD/CAM, the production time is approximately one

hour [34],

Figure 2.7(b) Revised Product Cycle with CAD/CAM
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2.7.2 CAD/CAM Data Exchange

One of the most important aims for CAD/CAM integration is the supply of
interfaces to provide a data structure by which all product definition data can be
transferred between various systems. All entities of the various applications should be
converted without loss of information via the interface [35].

Computer databases are used to define product geometry and non-geometry for
all phases of product design and manufacturing. The complete product description
consists of the four types of modelling data as below [27]:

(1) Shape Data. Geometrical data such as font, colour, layer and other, topological data
applied to solid modelling as well as part or form features which allow high-level
concept communication about parts such as hole, flange, web, pocket, chamfer and
SO on.

(2) Non-Shape Data. Graphics data such as shaded images, and model global data as
measuring units of the database and the resolution of storing the database numerical
values.

(3) Design Data. Information generated from geometric models for analysis purposes
such as mass property, finite element mesh data and others.

(4) Manufacturing Data. Production information likes tooling, NC tool paths,
tolerancing, process planning, tool design, bill of materials and so on.

Data need to be transferred from system to system like CAD-to-CAD, CAD-to-
CAM, CAM-to-CAM and CAD/CAM-to-CAD/CAM, when an organisation has many

kind of software in the manufacturing work place. The receiving program cannot

33



interpret streams of binary digits constituting the data unless its format or coding
scheme is known.

Normally, databases exchange is not an issue if only one software house
produces all the programs because the programmers are constrained by their
management to agree a standard. When the programs are from different suppliers,
problems arise because there is no common management and standards among the
software companies [36],

In many cases, program routines pass data to other programs when they call each
other, that is, giving each other work to do. A programmer writing a routine that calls
other programmer’s routine must know precisely what operation the subroutine will
perform and in what form it will present the results.

The programmer also needs to know the kinds of arguments that the subroutine
can accept and what it will do if it is unable to perform the operation for any reason.
Thus, the communication between different routines is complex and requires careful
documentation of the interface between them. It is even more important when a package
of subroutines is supplied as a product by one company and then used by other
companies [36].

There is often a requirement to be able to combine two or more design and
manufacturing systems into an application that shares common data. This requirement
may exist either internally among different departments of an organisation, or externally
as in the case of subcontract manufacturers or component suppliers. As a result, the
need to exchange databases is directly motivated by the need to integrate and automate
the design and manufacturing processes to obtain the maximum benefits from

CAD/CAM systems.
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A good example describing the importance of having a complete data exchange
process is by looking at the development in JAMA (Japan Automobile Manufacturers
Association). JAMA has set up a task force for standardising the data exchange
procedures. It is because more and more Japanese automobile companies conduct their
business transactions beyond the framework of affiliation such as sharing part
specifications to reduce developmental costs. This tendency was spurred by the
increasing of local procurement of parts and moulds from overseas factories as the
foreign products are cheaper and have equal quality [37],

However, database exchange among CAD/CAM systems is complicated because
of the incompatibilities among entity representations, the complexity of commercial
CAD/CAM systems, varying usage requirements of organisations, restrictions on access
to proprietary database information and rapid pace of technological change [27]. It takes
an expert in mathematics and CAD/CAM systems to understand the translation problem
and develop a solution [38].

In view of the need and challenges described above, two solutions were found;
namely direct and indirect database exchange.

Direct data exchange usually translates the modelling data stored in a product
database directly from one CAD/CAM system’s internal format to another system’s
internal format in one step. On the other hand, indirect data exchange is more general
and adopts the concept of creating a neutral database structure (also called neutral file)
which is independent of any existing or future CAD/CAM systems [27].

The structure of the neutral file is only governed by the minimum required
definitions of any of the modelling data types, and is independent of any vendor format.

Basically, the format of the neutral file is influenced by the structures of existing
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vendors’ databases and can be considered as the common denominator among them
[27],

Figure 2.7(c) [39, 40] shows the different methods of data exchange between
direct and indirect translators. Direct translators convert data format directly in one step
and are typically written by computer services companies that specialise in CAD/CAM
database conversion. They can be considered as dedicated translator programs, that link
a system pair as shown by the dual direction arrows shown in the figure. Two translators
are needed to transfer data between two systems. For example, one translator transfers
data from system 1to system 2 and the other from system 2 to system 1

On the other hand, each system that uses the indirect translation method has its
own pair of processors to transfer data to and from the neutral file. Pre-processor will
transfer a given system’s data format to neutral format and postprocessor will do the
opposite transfer [27],

Direct translators will give satisfactory solutions when the number of involved
systems is small. When the number of involved systems increases, the number of
translators that need to be written becomes prohibitive. In fact, indirect solution does
not need as many translator programs as direct solution when the number of systems
increase.

Let’s look at Figure 2.7(c) again. When the number of systems is three (System
1, 2 and 3), both methods need six translators (dual directions darker arrowheads).
When the systems quantity reaches four (System 4 is added), direct method lose out
because it needs six more translators if compare to the indirect method. When there are

five systems (System 5 is added), indirect solution is a lot better since it only needs to
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build ten translators instead of making twenty translators as needed by direct method

[27],

Direct
translators

I System 5 .!

A

System 2~| j SystemT

Indirect
translators

Figure 2.7(c) Methods of Exchanging Databases

Besides, if one of the systems in Figure 2.7(c) changes, eight of the direct
translators programs need to be updated and re-tested. Currently, there are more than
fifty different CAD/CAM systems on the market. If five of them revise their systems
every year, then, it would require a lot of programming effort just to maintain a status

quo [39].
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Apart from the advantages mentioned above, indirect translator philosophy also
provides stable communication between CAD/CAM systems, protects against system
obsolescence, and eliminates dependence on a single system supplier (against
monopoly). Neutral file has the potential being archived especially by companies in
aerospace industry that need to keep CAD/CAM databases for twenty to fifty years [27].

There are quite a number of neutral formats available in the CAD/CAM
industry. They can be categorised into three areas as listed below and their respective
standards are shown in Table 2.7(a) [36],

(1) The CAD drawing or product definition itself.

(2) Graphics packages of subroutines that provide standard display and user interaction
facilities to the actual CAD/CAM program independent of the actual hardware used.

(3) Device control languages providing standard commands to control the display,
printer or plotter.

IGES (Initial Graphics Exchange Specifications) was the first widely available
neutral format. It was used as the neutral file for exchanging mechanical engineering
data (i.e. that traditionally presented as engineering drawings) [41]. In U.S., IGES is
recognised as the industry standard and monitored by the National Institute of Standards
and Technology (NIST). IGES is the most widely accepted neutral file format for
transferring complex surfaces like NURBS or trimmed surfaces. In Europe, the VDA2
standard (from Germany) is popular [42], However, the most common used data

exchange standards are IGES and Autodesk Inc.’s DXF [43].
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Table 2.7(a) Data Exchange Standards By Applications

Product Definition
Standards

1) IGES (Initial Graphics Exchange
Specification)

2) SET (Standard d’Echange et de
Transfert)

3) VDA-FS (DIN 66301)

4) VDA-IS

5) STEP (Standard for the Exchange of
Product Model Data)

6) PDES (Product Data Exchange
Specification)

7) EDIF (Electronic Design Interchange
Format)

8) DMC (Digital Mapping for
Customers)

9) DXF (Drawing Interchange File)

10) ISIF (Intergraph Standard Interchange
Format)

11) CGM (Computer Graphics Metafile)

Graphic Package

Standards

1) GKS 1SO 7942

(Graphics
Kernel System)

2) The CORE

3)

System

PHIGS
(Programmer’s
Interactive
Graphics
System)

1
2)

3)

Device Control

Languages
The X Window
System
Calcomp plot
calls
Tektronix
graphics
commands
HPGL (Hewlett
Packard
Graphics
Language)
PostScript
CGI (Computer
Graphics
Interface)

Since personal computers are becoming more and more popular and powerful

nowadays, DXF format will surely play a more important role in the years to come

because most of the Autodesk software is operated on personal computers. This is

especially true in developing countries where personal computers are more widely used

than workstations.

The feasibility of using DXF as a way to exchange CAD data among

heterogeneous CAD systems in the Pohang and Kwang-yang (both locations are in

South Korea) steelworks has been investigated [44], It shows that DXF is a major player

in the data exchange format world.
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2.8 PROTOTYPING

Prototyping has been one of the essential processes in the design and
manufacturing cycle. Most of the time, a conceptual design has to be developed into a
physical product so that the designers and engineers can rate its aesthetic features,
validating its functionality, checking for specifications conformance, testing for
performance, and so on.

There are two important challenges for product manufacturing industry at
present. One of it is to find a better way of reducing the product development time
substantially. Another challenge is the improvement in flexibility for manufacturing
small batch size products and a variety of types of product [45], If the product
development time is shorter, then, the lead-time to market will be reduced.
Subsequently, a firm can grab a bigger market share.

In fact, more than 70 percent of senior management staff rate the lead-time to
market as one of the three most important criteria that drive them in the businesses.
Thus, the key to success for most manufacturers is the capability to provide quality
products to market, at the shortest possible lead-time with the right cost [46]. Besides,
the gradual shift from mass production to customised production for satisfying a
growing number of ‘niche markets’ has also push for the reduced time to market [47].

One way of having a shorter time to market for a product is to reduce the
prototyping time. Other benefits of having a shorter prototyping time are [45]:

(1) Visualisation. Conceptual models are very important in the product design phase.
CAD is used to generate computer representations of design concepts. No matter

how good the engineers interpret the blue prints and how well the CAD images of
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complex shape objects are, it is still very difficult to visualise exactly what the
actual complex shape products will look like. Some errors may escape from the
review of designers and engineers. The touch of the real life objects can reveal
unexpected problems and sometimes lead to a better design modification. Shorter
prototyping time enable the design and manufacturing staff evaluates the design
very quickly.

Verification and Optimisation. Improving the quality of product is always an
important task in the manufacturing. With shorter prototyping time, the design
concept verification and optimisation tasks can be accomplished faster. As a result,
the product quality can be improved within the limited time frame and with
affordable cost.

Iteration. With shorter prototyping time, it is possible to go through numerous
design iterations within a short time and substantially reduce the overall model
development time.

Planning and Tooling. By having the physical product at an earlier design stage,
process planning and tooling design can be sped up. The physical prototype can also
be used to reduce problems in interpreting the blue prints on the shop floor by
describing the complex geometry accurately.

Marketing. Prototypes can be used to demonstrate the concept, design ideas and the
company’s capability in producing it. The reality of the physical model shows that
the design concept is feasible and acceptable. With a faster prototype manufacturing
time, customers can give their valuable feedback faster for design modifications so
that the final product will meet the customers’ requirements. Total customer

satisfaction is one of the key factors in penetrating the market.
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There are two ways to reduce the prototyping time. Both ways will need
computers to control the processing operations and producing complex shape
components. The computers are able to represent objects in a three-dimensional co-
ordinate system [48],

One way is to develop new prototyping technologies like stereolithography
apparatus, selective laser sintering, fused deposition modelling, and so on [49]. These
methods are categorised under additive prototyping processes. Another method is to
improve the principal existing technique like integrating a precision robotic manipulator
into a conventional machining process like milling, with the aid of CAD/CAM. The
improved system will save as much as 40 percent of floor space with the same size of

workspace [50]. The second method is considered as subtractive prototyping process.

2.8.1 Subtractive Prototyping

Numerical control (NC) systems were commonly available in the 1960s. NC
systems are used in controlling conventional subtractive processes. NC processing
equipment can reduce the prototyping time of producing complex shape objects
compared with the conventional methods that normally takes weeks and was primarily a
job for highly skilled machinists [51]. NC machine tools were the earliest types of
digital controlled subtractive rapid prototyping process [52]. Until now, subtractive
prototyping is still one of the favourite methods at producing prototype because it can

work on virtually any kind of materials.
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The subtractive prototyping processes are widely used to produce prototype

parts quickly. A subtractive prototyping process involved carving a solid block of

material to reveal the shape of the desired object. In another word, material was

removed from the raw part [53, 54]. Machining is the broad term used to describe

removal of material from a work piece. Machining can be divided into the following

categories [38]:

1)

Cutting. Material is removed from the surface of a work piece by producing chips. It
generally involves a single-point or multi-point cutting tools, each with a clearly
defined geometry. Examples of this category are turning, boring, drilling, milling,

planing, shaping, broaching, sawing and filing.

(2) Abrasive. Material is removed from the surface of a work piece by producing tiny

3)

chips. It is used when the required surface finish and dimensional accuracy for a part
are too fine, or the work piece material is too hard, of the work piece material is too
brittle. Examples of abrasive processes are grinding, sanding, honing, lapping,
buffing, polishing, shot-blasting and ultrasonic machining.

Non-Traditional. It utilised electrical, chemical, thermal, and hydrodynamic to
remove the material from a work piece. It is suitable for materials that are above 400
HB in hardness, very brittle, very flexible or delicate or difficult to be clamped onto
the work holding devices. It is also used when the shape of the part is complex, such
as internal and external profiles or small-diameter holes. If the surface finish and
tolerances required are extremely stringent, non-traditional processes are the
preferred methods. It is also suitable for products in which temperature rise or
residual stresses are undesirable or unacceptable. Examples are chemical machining,

electrochemical machining, electrochemical grinding, electrical-discharge
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machining, laser-beam machining, hydrodynamic machining, abrasive-jet

machining and electron beam machining.

2.8.2 Milling

Milling is defined as a machining process in which material is removed by the
relative motion between a work piece and a rotating cutter having a single cutting edge
[55] or multiple cutting edges [2]. In some cases, the work piece is held stationary while
the rotating cutter is moved past it at a given feed rate (traversed) [56]. In other
applications, both the cutter and the work piece are moved in relation to each other and
in relation to the milling machine [57], However, in the most common type of
application, the work piece is advanced at a relatively low rate of movement or feed to a
milling cutter rotating at a comparatively high speed, with the cutter axis remaining in a
fixed position [56],

A characteristic feature of the multi-tooth cutter milling process is that each
cutter tooth removes a small amount of metal with each revolution of the spindle [57].
Thus, a number of chips are produced in one revolution [2]. Milling can perform a wide
variety of operations since both its cutter and work piece can be moved relative to one
another, independently or in combination. Production of flat or contoured surfaces,
slots, grooves, recesses, threads, and other configurations can be done by milling
processes [56].

The main differences between milling and other machining processes are [57]:
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(1) The interruptions in cutting that occur as the cutter teeth alternately engage and
leave the work piece.

(2) The size of milling chips is relatively small.

(3) The thickness variation within each chip.

Chip thickness is different during the cut of each tooth because feed is measured in the

direction of table motion (work piece moving into the cutter), while chip thickness is

measured along the radius of the cutter [57].

Milling is one of the most universal, yet complicated machining process. The
process has more variations in the types of machines used, work piece movements, and
kinds of tooling than any other basic machining method. Important advantages of
milling include high stock removal rates, producing relatively smooth surface finishes,
and the wide variety of cutting tools that are available. Cutting edges of the tools can be
shaped to form any complex or irregular surface [56], Milling is most efficient when the
work piece material’s hardness is less than or equal to 25 HRC. But, steel at 35 HRC is
commonly being milled. Steel with the hardness of 56 HRC has been successfully

milled too [57].

2.8.3 Milling Methods

The major milling methods are peripheral, face and end milling [2], These terms
refer to the kind of cutter used and to the relationship of the milled surface to the
spindle. A milling operation usually consists of a combination of two methods and only

a number of cases where the three methods are clearly defined. The selection of a
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milling method for a specific application depends largely on the amount of material to
be removed, size and shape of work piece and the configuration to be milled [57].

Peripheral milling is also called slab [2] or plain milling [55], In peripheral
milling, the axis of cutter rotation is parallel to the work piece surface to be machined
[57], Cutting the work piece with the teeth on the periphery of a cutter generates the
milled surface [56]. Cutters applied in peripheral milling may have helical or straight
teeth producing oblique or orthogonal cutting action [2]. Figure 2.8(a) [2] illustrated the
helical teeth cutter in operation. The cutter rotation and work piece movement directions
were also shown in the diagram.

Face milling is a process where the work piece surface is perpendicular to the
axis of the cutter (the cutter axis can be horizontal or vertical) [55]. The milled surface
is generated by the combined action of cutting edges located on the periphery and face
of the cutter [56], It is normally used for machining flat surfaces [57]. The flat surfaces
have no relation to the contour of the teeth, except when milling a shoulder [56]. Face
milling is illustrated in Figure 2.8(b) [2] with cutter rotation and work piece direction of
motion.

Figure 2.8(c) [2] illustrates the end milling methodology. End milling cutters
have cutting edges on the end faces as well as on the periphery [56], Cuts can be
produced with an end mill by using the side and end consecutively or simultaneously
[57]. The cutter can rotate on an axis perpendicular or tilted with regard to the work

piece. Thus, end milling can produce flat surfaces as well as various profiles [2].

46



Cutter Arbour

Figure 2.8(a) Peripheral Milling

Spindle

Figure 2.8(b) Face Milling
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Figure 2.8(c) End Milling

Because the end faces of some end mills have cutting teeth, they can be used as
a drill to start a cavity. Some of the end mills have hemispherical ends for producing
curved surfaces, as in making dies. Hollow end mills have internal cutting edges and are
also used for machining the cylindrical surface of solid round work pieces [2]. Some of

the typical end milling cutters are shown in Figure 2.8(d) [58].
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Ball Nose
Slot Drill

Roughing
Cutter

Figure 2.8(d) Typical End Mills

Based on Figure 2.8(d), end mill is designed for profile milling. A slot drill is
used to produce precision slots and keyways, whereas a ball nosed slot drill (ball nosed
cutter) is meant for producing slots and profiles with a radius form. A roughing cutter is
designed for rapid metal removal rates due to the chip breaking cutting form. Among all
the cutters, ball nosed cutter is the most versatile in application wise. It can be used to

produce almost all kind of surfaces and features if compare to peripheral and face
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milling. As aresult, complex surfaces like scupltured or free-form surfaces are normally

produced by ball nosed cutter.

2.8.4 Additive Prototyping

Generally, all the additive prototyping processes are categorised under the term
of rapid prototyping. Nobody really knows the exact person or research group that
invented the subject of rapid prototyping. But, there were researchers in Europe, Japan
and the United States working in this area during the 1970s and early 1980s [59]. There
are also related patent applications that date from 1902 [60]. What is certain is that the
rapid prototyping methodologies did have great impact and will continue to influence
the design and manufacturing processes. Rapid prototyping processes are regarded as
the missing link between design and manufacturing [61].

Rapid prototyping system has played an important role in the manufacturing
industries because of the greater use of several technologies as stated below.

(1) CAD - Once the three-dimensional geometrical shape of the part has been
unambiguously defined, then, the CAD model can be sliced into thin cross-sectional
layers. The data on these layers can then be used by the rapid prototyping system to
build the part in a real material. As a result, it can be claimed that CAD is the key to
rapid prototyping.

(2) Laser or Light Processing of Materials - Most of the pioneers in rapid prototyping
use laser to cut out the profile of individual layer or to activate a material phase

change from a liquid to a solid. The cost and reliability of laser has been improved
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significantly in the last two decades. Some of the techniques use a flood of
ultraviolet (UV) light to solidify a polymer liquid layer.

(3) Additive Manufacturing - Almost all the rapid prototyping techniques rely on
making objects by adding one layer of material to another until the final shape is
produced [62], This idea is not new since model makers have used this method to
make large wooden models for so many years [63]. The method of building models
from laminated wood avoids the gross distortion and cracking seen in models made
from a single piece of wood. Laminations have also been assembled to make relief
maps [64].

Various methods and machines have been developed to compete in the market.

Five generic additive prototyping methods [65] are listed in Table 2.8(a), together with

the vendors and quantity installed in the market [25]. The market shares in terms of

units sold among different technological companies kept changing for the past few
years. For an example, three years ago fused deposition modelling equipment became as
popular as stereolithography machine in which both of them almost had the same

percentage of market shares.
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Table 2.8(a) Additive Prototyping Methods

Technology
Stereolithography

Laminated Object Manufacturing

Selective Laser Sintering

Fused Deposition Modelling

Solid Ground Curing

Vendor
3D Systems

Misutbishi - CMET

Sony-DMEC
EOS GmbH
Teijin - Seiki

Mitsui Engineering

Helisys
Sparx
Kira

DTM
EOS GmbH

Stratasys
Sanders

Cubital

Installations
469
43
28
19
3
1
Sub Total: 563
52
15
10
Sub Total: 77
43
4
Sub Total: 47
44
1
Sub Total: 45
18
Sub Total: 18

Total of all additive prototyping system installations as of June 1994: 750

The founder of the additive prototyping market was 3D Sytems [66, 67]. Their

additive prototyping system was called stereolithography and was patented by Charles

Hull in 1984 [68]. In 1987, their first commercial unit, the Stereolithography Apparatus

(SLA-1) was sold [69]. Stereolithography (SLA) is the most widely used additive

prototyping system in the market [25, 70]. The SLA technique is illustrated in Figure

2.8(e) [71].
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Figure 2.8(e) Stereolithography Technique

SLA uses local photocuring of specially developed liquid polymer resins as the
process enabling technology. The solid geometry is defined in an .stl file. The object is
gradually built, layer by layer from a pool of liquid photopolymer. The local
photocuring is facilitated by a 200 micron, focused diameter beam of actinic light in a
low power, He-Cd or Argon ion laser [6], Hence, the SLA process is limited to
producing solids geometry that are originated in specialised photocurable resins [72],
The other disadvantages include parts require support structures, some models can warp
and resin handling needs care. However, the machines can run with unattended

operation, the accuracy is often within £0.1 mm, and the parts have very good detail and

surface finish.
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A Chicago company called Hydronetics was formed in 1985 to commercialise a
system of building models by stacking sheets of steel foil and then bonding them
together [73]. This process was known as laminated object manufacturing (LOM). The
earliest patent in this area was filed by Dimatteo [74] where transducers measured a part
and slices were simultaneously produced and stacked to give a model in different
material. Another patent was filed in 1988 that further improved the LOM technique
into producing coloured model by using sheets with coloured edges [75].

LOM technology uses gradual lamination of two-dimensional contours cut from
paper sheet feed stock [76]. The method uses an X, Y position controlled mirror
together with a 25 or 50 watt CO2 laser to cut through paper feedstock ranging from 200
microns in thickness [77]. A computer driven platform is used as the working substrate
to control z-position. The part is created by successively gluing together layers of foils
that have been cut to the desired shape. The LOM technique is illustrated in Figure

2.8(f) [71].
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Figure 2.8(f) Laminated Object Manufacturing Technique

LOM process is common in foundry applications. The difficulty in removing the
excess material restricts the range of parts that can be manufactured by LOM [76],
Compared to the other rapid prototyping techniques, it gives a poorer surface finish, the
machine has been reported as unreliable and the parts absorb moisture. Its advantages
are that there is no post-curing, no supports are needed, material will not experience
phase change and it is a simple process.

Carl Deckard and Professor Joe Beaman jointly developed selective laser
sintering technique in 1986 [78]. Deckard started work on that method during his
Masters work [79] and subsequently obtained a PhD in that field. The first laboratory

equipment was made using an abandoned machine and involved equipment costing

55



about US$30,000 [80], The work was commercialised by Nova Automation Corporation
which later became DTM [81, 82], DTM [83] holds the patent right [84] on this

technique [78], The SLS technique is illustrated in Figure 2.8(g) [71].

X-Y laser beam (to solidify
each layer)

\

Loose powder (will
Roller spreads be accumulated here)
powder

Packed,

Heat-fusable unsintered powder

powder

Support

Piston moves downward
after each layer is sintered
(to allow the next

layer to be sintered) ‘J I
y

Figure 2.8(g) Selective Laser Sintering Technique
Selective laser sintering (SLS) method uses modulation of a focused laser to

selectively fuse or sinter powder feed stock materials [85], SLS uses a computer

controlled, high-power laser to sinter thermoplastic powder (partial melting), one layer
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at a time, and builds the complete part from CAD data of the sliced part-geometry. A
number of different materials like investment castings waxes, nylons, polycarbonate,
metals, and ceramics can be processed by this method.

The drawbacks of SLS are poor product surface finish and the parts are quite
porous [86], Besides, it requires long period of time to heat up and cool down the
material chamber after building and supports are needed on some materials. However,
its main advantages are that post-curing is not needed, nylon or polycarbonate does not
need support, tough parts can be produced and it will be possible to use ceramics or
metals in the future.

S. Scott Crump developed fused deposition modelling (FDM) technique in 1988
and a patent was filed the following year [87]. FDM relies on the CNC extrusion and
rapid cooling of ribbon like, molten thermoplastic materials as its enabling technology
[88]. The thermoplastic filament is fed through a heated extruding head. The filament
which are materials like wax or nylon, melts at a temperature just above its
solidification state before depositing on a platform to produce the part. The FDM
technique is illustrated in Figure 2.8(h) [71].

The accuracy of the process depends on the physical properties of the molten
material. The surface finish capability of FDM is inferior to other additive prototyping
methods [89]. Furthermore, it needs support structures, there is poor strength in the
vertical direction and it is slow on bulky parts. Nevertheless, it is easy to change
materials, it is a simple equipment, is fast on small hollow parts and there are a good

variety of materials which can be used.
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Figure 2.8(h) Fused Deposition Modelling Technique

Solid ground curing (SGC) was developed by Itzchak Pomerantz in Israel at
Cubital Limited [90]. SGC also called photomasking. It is a hybrid system that has the
characteristic of both additive and subtractive prototyping technologies. Here, the
selective curing of liquid resins by masked, UV radiation is the enabling technology.
Multiple layers form the product. A photomask is used to cover the photopolymer liquid
in each layer and cured in a few seconds by a strong UV lamp. The unexposed liquid is
then removed and the voids are filled with molten wax to support the next layer. The
steps are repeated until the entire part is made [91]. The SGC technique is illustrated in

Figure 2.8(i) [71].
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Figure 2.8(i) Solid Ground Curing Technique

A major disadvantage with the SGC is that it requires attended operation, there
is excessive waste of resin and wax, and excessive down-times have been reported on
commercial machines. But, this kind of system has a high output, no supports are
needed on the parts, nesting of parts above each other is common and it has predictable

build times.
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CHAPTER 3: EQUIPMENT

3.1 INTRODUCTION

This chapter is concerned with the basic hardware of the precision robotic
manipulator based rapid prototyping system. The whole system consists of a personal
computer, PC-23 indexer, KS-drives, a. c. brushless servomotors, a four degrees of
freedom precision manipulator and a ball nosed end milling equipment. The general

layout of the equipment is shown in Plate 3.1(a).

Plate 3.1(a) General Layout of Equipment

A personal computer is used to control the system by sending commands and for

receiving responses from the PC-23 indexer. The indexer will in turn communicate with
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the KS-drives for controlling the a. c. brushless servomotors. The a. c. brushless
servomotors will drive a four degrees of freedom precision robotic manipulator. The
manipulator will feed the work material, polystyrene cylindrical block, to the ball nosed
cutter for milling three-dimensional complex shaped objects. The system can also be
used for additive prototyping since it is a multipurpose precision robotic manipulator.

The control system configuration is shown diagrammatically in Figure 3.1(a).

Figure 3.1(a) Control System Configuration

Thus, the following subtopics will cover:

(1) Precision Manipulator. A four degrees of freedom precision robotic manipulator’s

structural design, capabilities and modification will be elaborated.
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(2) Interfacing. PC-23 indexer’s general functions, programming aspect, motion
control, and related issues will be discussed. KS-drives’ functions and capabilities
together with the a. c. brushless servomotors will be described.

(3) Subtractive Prototyping Process. The construction and assembly of a customised

ball nosed end milling equipment and the milling material will be illustrated.

3.2 PRECISION MANIPULATOR

The precision manipulator has four degrees of freedom, namely two translational
and two rotational motions [92]. Plate 3.2(a) illustrated the precision manipulator

clearly.

Plate 3.2(a) Four Degrees of Freedom Precision Manipulator
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The manipulator is described further in Figure 3.2(a). In the diagram, the plan
and side views of the manipulator are shown. The length of the manipulator is 1270
mm. Its width and height are 616 mm and 440 mm respectively. The four degrees of
freedom are y linear motion axis, x linear motion axis, roll (rotation around y-axis) and
pitch (rotation around x-axis). The direction of motion for each motion axis is also

shown in the figure.

Figure 3.2(a) Side and Plan View of Manipulator
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The precision manipulator is a general-purpose robot. It can be used in
subtractive prototyping processes like wire electro-discharge machining or other kind of
traditional machining process like milling. It can also be used for additive prototyping
process like semi-liquid deposition process. The weight of the manipulator is about 55
kg. Aluminium alloy (BS HE30 TF) that has the tensile strength of 280 MN/m2 was
used to manufacture the main parts of the manipulator. The diameters of the steel shafts

used are 16 mm, 20 mm and 30 mm, having hardness of 60 HRC.

3.2.1 Manipulation Around X-Axis

Figure 3.2(b) shows the plan view of the manipulation unit around x-axis (pitch).

The direction of motion is also shown.

Harmonic drive gearbox

Figure 3.2(b) Manipulation Around X-Axis
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The manipulation unit around x-axis consists of an a. c. brushless servomotor,
harmonic drive gearbox and a pair of three-pin grippers. The range of the work piece
size that can be held by the grippers is 120 mm to 125 mm in length and 40 mm to 150
mm in diameter. An a. c. brushless servomotor (KS 210) in conjunction with a harmonic
drive gearbox (HDUC 14) having a gear ratio of 100:1 are used to drive the grippers.
The motor resolution is set at 5000 steps per revolution. The motor for the pitch

manipulation can travel an angular distance of 7.2 x 10"4degrees per full motor step.

3.2.2 Manipulation Along and Around Y-Axis

Figure 3.2(c) shows the side view of the manipulation unit along and around

(roll) y-axis together with motion directions.

Figure 3.2(c) Manipulation Along and Around Y-Axis
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The manipulation unit along y-axis consists of an a. c. brushless servomotor, a
coupling, a lead screw with pitch of 1.5 mm and two 16 mm diameter steel shafts. An a
c. brushless servomotor (KS 220) drives this unit. The lead screw is connected to the
motor shaft by means of a flexible coupling (Compumotor No. CPG. 2 - 6). The steel
shafts are used for ensuring the motion is straight and supporting the manipulation unit
around the y-axis (roll). The motor resolution is set at 5000 steps per revolution. The
motor can travel a linear distance of 3.0 x 10'4 mm per full motor step. Total linear
distance that can be travelled by the unit is 130 mm.

The manipulation unit around y-axis (roll) is directly located above the
manipulation unit along the y-axis. It consists of an a c. brushless servomotor, a
gearbox, a coupling and a 30 mm diameter steel shaft. An a. c. brushless servomotor
(KS 220) in conjunction with a gear box (Drivematic No. SA1002) having gear ratio of
18:1 generated the roll motion around y-axis. The gearbox is attached to a 30 mm
diameter steel shaft by a rigid coupling. The motor resolution is set at 5000 steps per
revolution. The motor for roll motion can travel an angular distance of 4.0 x 10'3
degrees per full motor step. At the end of the steel shaft is the manipulation unit around

x-axis (pitch).

3.2.3 Manipulation Along X-Axis

Figure 3.2(d) shows the plan view of the manipulation unit along x-axis together

with motion direction. This unit consists of an a. ¢. brushless servomotor, a coupling, a

lead screw with pitch of 1.5 mm and a pair of 20 mm diameter steel shafts. The a.c
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brushless servomotor (KS 220) is connected to the lead screw through the flexible
coupling (Compumotor No. CPG. 2 - 6). The steel shafts are for supporting the
manipulation unit around x-axis as well as the manipulation units along and around y-
axis. They are also for ensuring straight motion. The maximum distance of 240 mm can
be travelled by this manoeuvring part along x-axis. The motor is set at 5000 steps per
revolution. The motor can travel a minimum linear distance of 3.0 x 10'4 mm per full

motor step.

Figure 3.2(d) Manipulation Along X-Axis

3.3 INTERFACING

One of the important components in producing three-dimensional complex

shaped product from the robotic manipulator based rapid prototyping system is the
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interface system. The interface system consists of PC-23 indexer, KS-drives and the a.
c. brushless servomotors. They are located between the personal computer and the
precision manipulator. Figure 3.3(a) illustrated the interface system schematically where

the system is bounded by the thickest dotted line.

Figure 3.3(a) Interface System

As shown in Figure 3.3(a), a personal computer was used to send commands and

receive responses from PC-23 indexer. The indexer in turn communicates with three
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KS-drives. The KS-drives control three a. c. brushless servomotors that drive the
precision robotic manipulator to produce the three-dimensional complex shaped object.
For functional purposes, two external power supply modules are needed for the indexer
and three drives. The KS-drives’ performance can be tuned via the RS-232 link.
Currently, it is still an open-loop system. It can be further improved by implementing a

closed-loop control.

3.3.1 PC-23 Indexer

PC-23 indexer [93] uses a 16-bit microprocessor for controlling the motion of up
to three motor axes, independently or simultaneously. The indexer is used with an IBM
microcomputer (PC, XT or AT) or compatible and suitable for any kind of drive
systems that can accept pulsed control signals. It is used for controlling velocity,
distance and linear acceleration parameters. The indexer’s performance, physical,
environmental and electrical specifications are presented in Table 3.3(a).

The indexer receives acceleration, velocity, position and direction information in
ASCIl (American Standard Code for Information Interchange) characters from the
personal computer’s control program, and uses that information to produce motion
profile command signals for the drive system. The drive commands are in the form of
“step” pulses. They can be issued at controlled rates of up to 500000 steps per second to

the drive system.
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Table 3.3(a) PC-23 Indexer’s Performance, Physical, Environmental and Electrical
Specifications

Parameter Value
Performance
Stepping accuracy: * 0 steps from preset total
Velocity accuracy: + 0.02% of maximum rate above 0.01 revolutions/second
Velocity repeatability:  + 0.02% of maximum rate
Velocity range: 0.01 - 20.00 revolutions/second (25000 steps/revolution)
0.01 - 100.00 revolutions/second (5000 steps/revolution)
Acceleration range: 0.01 - 999.9 revolutions/second?2 (25000 steps/revolution)
0.05 - 4999.95 revolutions/second2 (5000 steps/revolution)
Position range: 0 - 99999999 steps (all resolutions)
Physical
Main Circuit Board
Length: ~ 338 mm
Width: « 125 mm
Physical
Adaptor Box
Length: =323 mm
Width: = 156 mm
Height: » 29 mm
Net weight: » 0.74 kg
Environmental
Operating: 0 to 50°C
Humidity: 10 to 95% (non-condensing)
Storage: -30 to 85°C
Electrical
Power: 5VDC (Bus)

The indexer commands enabling the precision control of motor rotation for up to
three axes independently or simultaneously. The motors can be controlled to rotate to a
certain precise position and stop; rotate at a constant velocity and/or acceleration;
alternate back and forth between two angular positions; or use a sequential combination

of such moves.
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Velocity parameters are expressed as the number of revolutions per second.
Acceleration parameters are expressed as the number of revolutions per second squared.
Distance parameters are given in characters representing motor increments (or
decrements) or steps. The indexer can control motors of virtually any resolution.

The PC-23 indexer consists of two parts, which are a main circuit board and an
adaptor box. The main circuit board is incorporated with the personal computer (PC) via
ISA slot in the motherboard. The cable harness with four flat cable connectors from the
adaptor box run through the slot in the PC’s access panel and plugged into the main
circuit board. The adaptor box is external to the personal computer and connected to the
KS-drives. Plate 3.3(a) shows the adaptor box with wire harness connecting to the main

circuit board which is in turn situated in the personal computer’s motherboard.

Plate 3.3(a) PC-23 Indexer
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In order to communicate with the PC-23 indexer, the personal computer must
know where to write instructions and read responses. As a result, the indexer must have
an address that does not conflict with typical devices that reside on the PC’s 1/0O bus
such as graphics adaptors, disk drives and other peripheral devices. The address can be
set to any number that the personal computer will recognise as valid.

The indexer address can be set with the DIP switches on the main circuit board.
The switches consists of eight switches representing a binary number. The switches are
“negative true”. Any switch in the position marked “ON” has a binary value of zero.
Switches that are at “OFF” positions are having a non-zero binary value. The sum of the
binary values of switches 1 through 8 is the main circuit board’s base address.

The base address for the PC-23 indexer is set as 300 Hex. The indexer will
occupy four address locations. However, only two of the address locations are
significant. The data register of the indexer is at the even address locations, namely 300
Hex. Whereas, the control and status register of the indexer is at the odd address
location, which is 301 Hex. The values assigned to the eight switches of the main circuit
board’s switch package are shown in Table 3.3(b). The selected base (board) address for

the PC-23 indexer is also shown in the table.

Table 3.3(b) Assigned Switches Values and Base Address Setting

Switch No. Address “Bit” Binary Value (OFF) PC-23 Indexer
Decimal Hex Setting
8 2 4 4 ON
7 3 8 8 ON
6 4 16 10 ON
5 5 32 20 ON
4 6 64 40 ON
3 7 128 80 ON
2 8 256 100 OFF
1 9 512 200 OFF
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The adaptor box has three 25-pin connectors for each axis. Only the Motor
Driver connection is absolutely required for controlling any axis. The Motor Driver will
provide the output signals to the KS-drive to step the motor, change direction, de-
energise the motor and so on. All signals connected to the adaptor box are optically
isolated from the computer. As a result, power is required to drive the isolated portion
of the circuit. An external fixed power supply of 5 VDC at 10 Amperes is connected to
one of the Auxiliary connectors of the adaptor box. The positive terminal is wired to pin

23 and the negative terminal is connected to pin 21.

3.3.2 Programming of PC-23 Indexer

Any programming language can be used to program the PC-23 indexer’s
operations. The motion control program only need to have the capabilities of reading
information from and writing digital data to the 1/O bus of the personal computer.
Motion control commands and responses are transferred through the Input Data Buffer
(IDB) and Output Data Buffer (ODB) at the indexer’s base address, 300 Hex. Interface
control commands and status information are transferred through the Control Byte (CB)
and Status Byte (SB) at one address location above the base address, 301 Hex.

ODB and SB are read-only registers, whereas IDB and CB are write-only
registers. Indexer commands consists of “string” or sequences of ASCII (American
Standard Code for Information Interchange) characters. A register or buffer is a

temporary storage area for holding only one character (one 8-bit “byte”) at any

73



occasion. As a result, passing a commands to the indexer means transferring each
character in the command one at a time.

Each character transfer requires that the sender notifies the receiver that a
character is ready, and that the receiver notifies the sender that the character has been
received. The notification process involves the 8-bit CB and SB registers. Each bit is a
“flag” with a specific meaning. The CB will allow certain operating conditions to be set
and the SB will report the others. Signalling the indexer involves setting or clearing
(resetting) the control bits or flags, which means forcing them to a binary value of one
or zero, respectively.

The available Status and Control Bytes’ flags and their definitions are shown in
Table 3.3(c) and Table 3.3(d) respectively. Thus, the notification process is making use
of the single bit flags of the 8-bit SB and CB registers being set high (1) or low (0) to

denote the ready or busy condition of the indexer.

Table 3.3(c) Status Byte Format

Bit (Flag) Definition

0 If axis 2 stopped, this bit will be set.

1 When axis 1 stopped, this bit is set.

2 If this flag is set, axis 3 is stopped.

3 This bit is set when the ODB contains an output character for the host,
signalling the host to read the information it contains.

4 This flag is set when the IDB is ready, telling the personal computer it may
write a character to the IDB.

5 Setting this bit will inform the personal computer that the Watchdog Timer

of the indexer has timed out, possibly indicating an internal failure from
which it cannot recover. Resetting the indexer can clear this bit.

6 If this bit is set, the host will be informed that a conditional interrupt has
been “armed” and that the condition has occurred.
7 Reserved
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Table 3.3(d) Control Byte Format

Bit (Flag)
0

Definition
Setting this bit will indicate that the Binary Mode of data input for the TD
mode of contouring is under way.
Unused
Setting this flag will cause the indexer’s Watchdog Timer to time out and
stop. It forces a reset of hardware. Cycling power or restarting the timer
can clear the reset condition.
Setting this bit will tell the indexer that its interrupt signal to the personal
computer has been noted and is no longer required.
Setting this flag will inform the indexer that a command character has been
put into the IDB. The indexer then clears the bit 4 of the SB to indicate that
the IDB is not available, reads the IDB’s character, and then sets SB’s bit 4
to indicate to the host that the IDB is ready for new character again.
It is for restarting the Watchdog Timer. First, it must be reset, then the
timer will start up when the bit is set again. This bit should never be
toggled unless the timer has timed out.
It is for resetting the hardware interrupt latch and thus the interrupt output.
The interrupt output cannot be reset unless the interrupt is first
acknowledged with bit 3 above. These bits should be cleared during reset
or interrupt acknowledged.
Setting this bit will tell the indexer that the host has received a response
character that was previously placed in the ODB by the indexer, and a new
character may be placed in the ODB.

The PC-23 indexer is designed to operate motor axes in a fashion largely

independent of the personal computer. It only requires a small number of high level

commands and interaction. The interaction is almost exclusively in the form of strings

and characters rather than numbers. Thus, knowledge of string handling of a particular

programming language is needed when constructing the control program.

Regardless of what the control program’s intended application, it must have the

following subroutines (in order of importance):

(1) Reset the indexer.

(2) Send a command string to the indexer.

(3) Receive a character string from indexer.
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The step by step procedures for resetting the PC-23 indexer is:

(1) Write 64 Hex to the Control Port.

(2) Read the Status Port until (the Status Byte AND 20 Hex) = 0.

(3) Write 40 Hex to the Control Byte.

(4) Write 60 Hex to the Control Byte.

(5) Read the Status Port until (the Status Byte AND 16 Hex) & 16 Hex.
The step by step procedures for writing a character to the PC-23 indexer is:
(1) Read the Status Port until (the Status Byte AND 10 Hex) = 0.

(2) Write the ASCII character to the Data Port.

(3) Write 70 Hex to the Control Port.

(4) Read the Status Port until (the Status Byte AND 10 Hex) > 0.

(5) Write 60 Hex to the Control Byte.

(6) Read the Status Port until (the Status Byte AND 10 Hex) = 0.

The step by step procedures for reading a character from the PC-23 indexer is:
(1) Initialise the ASCII variable to null (0).

(2) Read the Status Port until (Status Byte AND 8 Hex) = 0.

(3) Read the Data Port into the ASCII variable.

(4) Write EO Hex to the Control Port.

(5) Read the Status Port until (the Status Byte AND 8 Hex) > 0.

(6) Write 60 Hex to the Control Port.

(Note: AND is the bitwise logical and.)
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3.3.3 Personal Computer and PC-23 Indexer

As stated in section 3.3.1, the PC-23 indexer is meant for PC/XT, AT or any
IBM compatible personal computers. What will happen if the personal computer (PC) is
different from the above stated models? What is the effect of using high-end personal
computer? What are the counter measures to be applied so that powerful PC can be
used? The answers to the above questions are stated in the following paragraphs.

In this project, 3 kinds of PC were tried to link with the indexer and they were
PC/XT, 486DX33 and Pentium Il 300 PC. By following the manufacturer’s advice,
using PC/XT is the correct choice. But, its processing speed is only 4.77MHz. Further
more, its memory (RAM) and hard disk capacity are only 640 Kbytes and 20 Mbytes
respectively. As a result, the PC/XT’s processing speed is very slow compare to the
available PC on the market. Besides, such a low memory and hard disk capacity
computer cannot accommodate other software like AutoCAD and Mechanical Desktop
(computer-aided design package). As a result, a 486DX33 PC was used to replace the
PC/XT computer.

Initially, using the 486DX33 PC to link with the indexer proved to be feasible in
functionality and performance aspects. Also, software such as AutoCAD RIl (DOS
version) can be used on this PC. But, further testing revealed the weakness of the
communication between the 486D X33 PC and the indexer. The system began to deviate
from its normal functionality. The motion axes were not moving in a synchronous
manner and the whole system hanged in the middle of the process.

The cause of the problem is the different in microprocessor execution speed. The

indexer main circuit board is using a MC68008P8 microprocessor. This microprocessor
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is too slow if compared with the 486DX33 microprocessor. As a result, the
communication between the 486DX33 PC and the indexer is not smooth. The solution
was to use a program to slow down the execution speed of the PC. Hence, the PC can be
used for other means beside controlling the manipulator.

A 486DX33 PC was still not quite suitable for the project because of the
limitation in speed, memory and hard disk capacity. It is much better to use a Pentium Il
300MHz PC to control the precision manipulator since it has a better microprocessor
and higher speed. Windows based software like Microsoft Office 97, AutoCAD R13,
Mechanical Desktop and Borland C++ 4.5 Programming Language can also be used in
the same computer because the PC has 128 Mbytes of RAM (random access memory)
and about 5 Gigabytes of hard disk space.

However, the PC’s higher execution speed cannot be slowed down using a
program. As a result, the routines for sending commands to the indexer and receiving
responses from the indexer must be changed to solve this problem. The initial routines
had a particular number of loops for communicating with the indexer. The revised
routines will continue to wait until the indexer gives a response. Hence, the latest PC

was successfully integrated with a PC-23 indexer to control the precision manipulator.

3.3.4 Motion Control of PC-23 Indexer

All applications of an indexer axis are either movement of a motor to a precise

position (number of motor steps) or movement of the motor at a prescribed velocity

(steps per second). Output control for both position and velocity can be achieved with a
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high degree of precision without any additional external feedback. There are
approximately 106 commands for specifying different conditions and operating modes
within the motion control program. Better motion control and responses from the
indexer lies in the selection of suitable commands for any particular set of motion
sequence.

The standard motor resolution setting for all the axes on the PC-23 indexer is
25000 steps per revolution although it supports motor or drive resolutions for up to
50000 steps per revolution. The KS-drives for motors KS 210 and KS 220 are
configured in the range of 1000 to 16384 steps per revolution. For accurate speed
control, each indexer axis needs to know the resolution of its controlled motor and the
settings of the motor resolution on the KS-drives and the PC-23 indexer must match. In
this project, the KS-drives and the indexer motor resolution settings are kept at 5000
steps per revolution.

The MRn commands of the indexer can be used to set the motor resolution, n is
an integer. The MRn commands also controls step pulse width and velocity range. Table
3.3(e) shows the MRn commands with their corresponding settings for motor resolution
(in steps per revolution), velocity range and pulse width.

The PC-23 indexer has two principal modes of operation, namely the preset
(normal) and continuous modes, for controlling the position and speed respectively.
Alternating mode is the third mode that is a special case of the preset mode. The indexer
commands of MN, MC and MA can be used to set the mode to normal, continuous and

alternating respectively.
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Table 3.3(¢) MRn Commands with Corresponding Settings

PC-23 Motor Velocity Max.  Pulse Width
Command Resolution (RPS) (Jlsec)
MRO 200 160 15
MR1 400 80 15
MR2 800 78 7.5
MR3 1000 100 4
MR4 1600 60 4
MR5 3200 78 2
MR6 5000 100 1
MR7 6400 78 1
MR8 10000 50 1
MR9 21600 23 1
MR10 25000 20 1
MR11 25400 19.5 1
MR12 36000 13.8 1
MR13 50000 10 1
MR15 4096 122 1
MR16 12800 39 1
MR17 25600 19.5 1
MR18 12500 40 1
MR19 16384 30 1
MR20 20000 25 1
MR21 25000 80 0.25
MR45 2000 50 4
MR46 4000 125 1

The continuous mode only requires acceleration and velocity values for moving
the motor. Once accepted the G (go) command, the motor will rotate at a constant
velocity until a new velocity (and a new acceleration if desired) are commanded. Issuing
the commands like S (stop) can stop the motion. In alternating mode, the motor shaft
will rotate to the commanded position corresponding to the value set by the D (motor
steps) command upon receiving the G command. After reaching the destination, it will

retrace its path back to the start position. The shaft will continue to rotate back and forth
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until a stop command like S is received. Then, the motor will complete the cycle and
stop at the start position. Another G command will repeat the same motion pattern.

The normal mode is the default mode. It is also the author-selected operating
mode for the indexer. In this mode, the indexer will drive the motor to a desired position
at a specified velocity. It can be divided into the normal incremental mode, which is a
default mode and the normal absolute mode. MPI command can be used to set the
positioning mode to incremental. In this mode, all move distances are referenced to the
starting position of each move. On the other hand, MPA command can be used to set the
positioning mode to absolute. In this mode, all distances moved are referenced to the
absolute zero position (home position). The normal incremental mode is selected due to
the nature of the motion control program.

An example of constructing a motion command for linear movement is
described below. The desired motion conditions are:

(1) Mode of motion = Normal Absolute
(2) Indexer and drive resolution = 5000 steps per revolution
(3) Motion direction = counter clockwise
(4) Motion distance =10 mm
(5) Velocity = 1revolution per second
(6) Acceleration = 0.2 revolution per second squared
(7) Pitch of lead screw =2 mm
The motor step calculation is shown as below.
(10 mm x 5000 steps per revolution) / 2 mm = 25000 motor steps

The motion command is XMN xMPA xA0.2 xVV 1 xD-25000 xG
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Note: x can be 1 or 2 or 3for specifying the desired motion axis. 1fx is not specified, its
default motion axis is 1. A “+” or sign may precede the specified distance. “+” =
clockwise motion, = counter clockwise motion, referenced to the motor mounting
face. If no sign precede the specified steps, its default direction is clockwise. The
maximum number of character in a command is 1000. All the PC-23 indexer motion
commands are listed in Appendix A.

Synchronised motion means all the motion axes move and stop at the same time.
The motion of the precision robotic manipulator can be synchronised in two ways. One
way is to use pause command, PS and continue command, C. As long as PS command
is located before G command in a sequence of motion commands, then, the indexer will
pause the execution of the motion. The indexer will initiate the motion once the C
command is received.

The PC-23 indexer’s command processor is constantly switching sequentially
from one axis to another for handling command processing. The time sharing process
switches every two milliseconds. Time difference between different motion axes will
affect the accuracy and smoothness of a complex surface since the surface is define by a
large number of motion commands. Thus, the author did not choose that method.

The method of using I command and G123 command is the author-preferred
method since the time difference between each motion axis is only 150 microseconds
(maximum). The I command will enable the function of pre-calculating of motion data
by the indexer. The pre-calculated move data will be sent over to each motor axis
buffer. The buffer can accommodate up to one thousand characters’ command at one
time. Then, sending the G123 command to the indexer will let each motor axis to start

moving within 150 microseconds of one another.
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3.3.5 KS-Drive

The second part of the interface system is the KS-drive [94]. It is a complete
brushless servo positioning system. The system consists of a brushless servomotor, a
brushless resolver feedback and a microprocessor based closed loop drive amplifier.
The KS-drive accepts digital step and direction inputs from the PS-23 indexer for
controlling the position and velocity. The onboard microprocessor monitors both the
pulse inputs from the indexer and the resolver feedback from the brushless servomotor.
Then, it will determine the proper current levels to apply to the motor. Table 3.3(f)
shows the physical, environmental and electrical specifications of the KS-drive whereas

Plate 3.3(b) illustrated the drive pictorially.

Table 3.3(f) KS-Drive’s Physical, Environmental and Electrical Specifications

Parameter Value
Physical
Height: « 241 mm
Width: = 125 mm
Depth: = 171 mm
Weight: ~ 14.6 kg
Environmental
Operating: 0 to 50°C (with adequate air flow)
Humidity: 0 to 95% (non-condensing)
Storage: - 40 to 85°C
Electrical
Input Power
Voltage: 100- 130 VAC, single phase
Frequency: 47 - 66 Hz
Current: 6.3 amps maximum continuous (RMS)

Output Power (to motor)
Voltage:

Frequency:

Current:

170 VDC peak

20 kHz PWM

5.0 amps continuous per phase
8.0 amps per phase peak

(at 50°C)
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Plate 3.3(b) KS-Drive

Closed loop performance is simplified by the control of a microprocessor and a
sophisticated servo algorithm. All servo performance parameters are stored in non-
volatile EEPROM memory. As a result, a conventional system analogue potentiometer
is not needed for adjustment purposes. The power amplifier section of the drive utilises

a MOSFET 20 kHz pulse width modulation (PWM) current control. This design will
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improve the low speed smoothness and resulting in quiet operation. Other features of

the KS-drive are listed as below:

(1) Up to 3000 revolution per minute in speed.

(2) RS-232 serial communication interface with the personal computer.

(3) User programmable resolution in steps per revolution via RS-232.

(4) Simple push button adjustment of servo compensation (Proportional, Integral,
Velocity and Derivative gain).

(5) Adjustment of servo compensation can also be done through RS-232.

(6) High noise immunity due to optical isolation and brushless resolver technology.

(7) LED fault indicators (Power, Regen, Fault, Drive Temp, and Motor Temp).

3.3.6 Visual Indicators of KS-Drive

As shown in Plate 3.3(b), there are five LED indicators at the front panel of the
KS-drive. The indicators are POWER, REGEN, FAULT, DRIVE TEMP and MOTOR
TEMP. Their functions are described as below:

(1) POWER. This is a bicolour LED that will be green under normal operating
conditions. If the microprocessor fails, this LED will be red. Turning the power of
the drive on and off will clear the condition only if the problem is temporary. If the
LED is off, then, it indicates a loss of the low voltage power supply.

(2) REGEN. This is a red LED that is normally off. It will be on when the motor is
generating power that is being dissipated into the power dump resistor. If the LED is

on for more than 5 percent of the time or 10 seconds in duration, then, the motor
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sizing and duty cycle calculations should be considered. Adding external resistors to
dissipate the generated heat, adding cooling facilities to the internal resistors,
changing motor sizes, changing gear ratio or slowing down the duty cycle can
rectify the problem.

(3) DRIVE TEMP. This red LED is normally off. When the drive is having over
temperature condition, it will be on and causing the FAULT LED to light up too.
Power down the drive for 30 minutes will rectify the problem. If the problem is
recurring, then, using a fan Kit is necessary.

(4) MOTOR TEMP. This LED is normally off. When lit, it will be red and indicating an
over temperature condition in the motor. It is derived by the microprocessor based
on the average current being sent to the motor. Lower the peak current setting can
rectify the fault.

(5) FAULT. Under normal operating condition, this LED is off. The LED will be red if
there is a microprocessor detectable error condition like under voltage, short circuit,
over current, over temperature and so on. When the drive is having fault, a
numerical error code will be display at the code display window above the push

buttons. Table 3.3(f) shows the available KS-drive error codes and its conditions.

Table 3.3(g) KS-Drive’s Error Codes with Conditions

Code Condition
1n Over temperature
19 Short on motor circuit.
20 Following error exceeded.
21 Outside allowable deadband.
22 Maximum average current exceeded.
30 EEPROM checksum error.
40 Both limits engaged and indexer commands attempting move.
60 RS-232 command shutdown.
61 Incoming indexer pulses.
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3.3.7 Servo System of KS-Drive

The KS-drive can be divided into the digital controller board and the analogue
amplifier board. The controller board sends two digitised waveforms from its DAC
(digital to analogue converter) to the analogue amplifier board. These waveforms
represent two commanded motor phase currents. The analogue amplifier board
generates its own third phase command and measures the actual motor current to
determine the correct pulse width of voltage to apply to the motor windings. The KS-

drive servo system is shown in Figure 3.3(b).

DAC = digital to analogue converter
RDC = resolver to digital converter

Figure 3.3(b) KS-Drive Servo System



The controller will command a “desired current” to the amplifier board. Then,
the amplifier boards will attempt to generate that “desired current” in the motor
windings. The resolver that is attached to the motor will sense the position of the motor
shaft and send the information back to the controller. With the positional information,
the controller will generate the “desired current” command to the amplifiers.

The generation of the current command to the amplifier by the controller is
based on several quantities. They are:

(1) Position of the motor shaft from the resolver.
(2) Desired position of the PC-23 indexer command.
(3) Previous current commands of the amplifier.

An indexer will generate a stream of pulses that the controller collects with an
up/down (i.e. clockwise/counter clockwise) counter. The resultant pulse count, at any
given instant of time, is the desired position. The controller will subtract the motor's
actual position from this desired position to determine the positional error. The
positional error is the difference between where we want the motor to be and where it
actually is. This positional error is put into a recursive equation, along with previous
positional errors and previous commands to the amplifier, to generate the current
command for the amplifier.

The recursive equation is a mathematical function that is evaluated at periodic
time intervals. The recursive equation of the KS-drive is an approximation of an
analogue, continuous-time PID network that is used quite often in stabilising
conventional servo systems. The drive’s recursive equation is the discrete-time

equivalent to a continuous-time PID network.
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It is called a discrete-time PID network because it operates on sampled data and

not on continuous data. The sampling rate of the drive controller is the rate at which the

recursive equation is evaluated and the rate at which the current command to the

amplifier is changed. The sample-rate of the drive controller is 512 microseconds. Such

a fast rate can produce excellent dynamic response.

The digital controller board handles all the positioning compensation like

proportional, integral, derivative and velocity gains. The effects of the PID and V

(proportional, integral, derivative and velocity gain) to the system’s response are:

(1) Proportional Gain. It will affect the system stiffness and accuracy. The influence of

()

3)

the feedback signal becomes greater if the gain is adjusted higher. If the gain is too
high, the system will oscillate. That is because very small resolver changes are
amplified into very large error signals. The mechanical inertia of the motor and load
will not allow the system to follow the electronic commands fast enough. The
system’s lag time will finally reach a point where the feedback and the command
signals are in phase, then, oscillation occurs.

Integral Gain. It allows the system to compensate for positional errors in static
position. It also works to reduce the velocity ripple. It does that by slowing down the
electronic response time so that it can be more closely resembles the response of the
mechanical components of the loop.

Derivative Gain. It will add damping effects to the system. Increasing the gain will
reduce the ringing if the system is oscillating at the end of a move or around a
change in velocity. The derivative gain will add phase lead to compensate for the

system natural phase lag.
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(4) Velocity Gain. This gain is used to affect the overall responsiveness of the system. If
the system is too sluggish, then the velocity gain can be increased. If the system is
overshooting badly or there is excessive ringing that the derivative term is not able
to adequately compensate, then, reducing the velocity gain will work.

The most important aspect of a servo system is setting the controller’s “gains”.

The “gains” of the controller are the constant coefficients of the recursive equation. The

form of the recursive equation will determine how many of these “gains” should be

adjusted in order to stabilise the system. The methods of adjusting the KS-drive’s servo
compensation network are

(1) The five pushbuttons on the KS-drive front panel.

(2) The RS-232 serial communication port.

3.3.8 Pushbutton Tuning of KS-Drive

The KS-drive has five pushbuttons on the front panel that provide a simple
pushbutton method of fine tuning the systems performance to a specific attached load.
Before trying to set the gains of the controller, it is important to observe the response of
the system to commands from the indexer and the stiffness of the system at rest.

With the motor at rest, if attempt is made to turn the shaft, it should not be easily
turned from its rest position. If it feels soft, the system gains may need to be increased
since a soft system will not respond very quickly to the motion commands. If it feels
stiff, the system should be checked so that it is not vibrating. The gain may be too high

if there is vibration. Vibration will cause the drive to provide excess current and can
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shorten the life of mechanical components. In extreme situations, the vibration will
grow in amplitude producing ever more violent motion until the drive faults or
something breaks. As aresult, tuning the KS-drive should be done with some caution.

On the front panel of the KS-drive, there are five red colour pushbuttons and a
two-digit LED display. The buttons are labeled UP, DOWN, PROPORTIONAL GAIN,
INTEGRAL GAIN and VELOCITY GAIN. Holding down one of the gain buttons will
cause the display to light up and indicate the present value for the selected term.
Holding down a specific term button and pressing the UP button once will increase the
term value by one count. On the other hand, holding down a term button and pressing
the DOWN button once will decrease the term value by one count. As long as the term
button is held down, repeated pushes on the UP or DOWN button will cause the term to
continue to increase or decrease by one unit for each push of the button.

After the completion of the pushbutton tuning procedure, it will be necessary to
save the selected term values into the non-volatile EEPROM memory. Pressing all three
term buttons and releasing them at the same time will save the setting memory. The

pushbutton tuning procedures and its conditions are shown in Table 3.3(g).
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Table 3.3(h) Pushbutton Tuning Procedures and Conditions
UP DOWN Condition
Display off/unless error LED is on.
Display current PROPORTIONAL value.
Increase PROPORTIONAL value.
Decrease PROPORTIONAL value.
Display current INTEGRAL value.
Increase INTEGRAL value.
Decrease INTEGRAL value.
Display current VELOCITY value.
Increase VELOCITY value.
Decrease VELOCITY value.
Display current DIFFERENTIAL value.
Increase DIFFERENTIAL value.
Decrease DIFFERENTIAL value.
Display current device address.
Increase device address (maximum is 15).
Decrease device address (minimum is 1).
Return to factory default setting.
Save the tuning values.

+ 0 Reset.
Note: P = Proportional Gain, | = Integral Gain, V = Velocity Gain, + = Pushed, 0 =
Notpushed. Other combinations are ignored.

OO0 O+ 00 +00 + 00 + OO0 + OO
+ OO0+ 00 + 00 + 00 + OO0 + ©Oo o
+ + + + + O OO0 OO0 O0OO0OO0O + + + ©OT
O+ +000+ ++000+ + + 0000 =
O+0+ ++++++++o0o0c0o0c0o0c0o0c00o0L

3.3.9 RS-232 Interface of KS-Drive

The tuning process of the front panel pushbuttons can be duplicated through the
RS-232 serial communication port with an interface program. The KS-drive’s RS-232
connector is a standard 25-pin “D” connector. It has a three-wire implementation of this
interface and provides Receive Data (pin 2), Transmit Data (pin 3) and Ground (pin 7).
No handshaking is required for the interface. The interface program enables the
communication between a personal computer and 1 or multiple KS-drives. The

command and response are strings of characters. It is assumed that:
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(1) The personal computer's serial card is set as either COM1 (3F8 Hex) or COM2 (2F8
Hex).

(2) The communication protocol is configured as:

(a) Baud rate = 9600

(b) Data bits = 8

(c) Parity =None

(d) Stop bits = 1

(3) The KS-drive/s is connected to the COM1 or COM2 of the personal computer.

(4) Each KS-drive’s device address is set.

Note: In Windows95, the COM1 or/and COM2 communication protocol can be set via

Control Panel's Modem setting.

The connection between the personal computer and the KS-drive is important in
order to make sure that the communication is smooth. The RS-232 connector pinouts for
most computers are:

25 Pin “D” Connector 2 (Transmit Data), 3 (Receive Data), 7 (Ground)

9 Pin “D” Connector---------- 2 (Transmit Data), 3 (Receive Data), 5 (Ground)
As a result, the computer serial port pin 2 must be connected to the pin 3 of the drive
serial port. The drive serial port pin 2 must be linked to the pin 3 of the computer serial
port. The ground of the two serial ports must be connected. As more than one KS-drive
is used, it is necessary to construct a daisy chain cable to connect all the KS-drives to
the personal computer. Figure 3.3(c) shows the daisy chain wiring.

The interface program is a DOS platform software. Upon opening the program,
press Alt-T to access the Terminal menu. The Settings command under the Terminal

menu allows us to verify and set the communication protocol (baud rate, data bit, stop
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bit, and parity), the selected serial port (COM1 or COM2) and others. Once the settings
are correct, then select Connect command under the Terminal menu. The Connect
command is for checking the RS-232 connection. If the connection is valid, the
Terminal window will be brought up. If an error is detected, a message such as “Device

not ready or echo off’ will be displayed.

0000000O0OOC OO

f vV O0OO0O0OO0OO0O070 O030 020 Drive 1
0 0
Computer 03, 000000000C 0O _
or Terminal Uy OO0OO0O0OO00Q70 ©O030 020 Drive 2
o
SO
S

— 0oooo0000O0OC OO .
OO0O0O0OOP70 0030 020 Drive3

Figure 3.3(c) Daisy Chain Wiring

After the Terminal window is opened, typing E command will enable the RS-
232 link and disable the pushbuttons functions (except the reset function). Typing F
command will return tuning control to the pushbuttons. Any command that will cause
the drive to transmit information to the RS-232 port must be prefixed with a device
address. This is to prevent several drives from transmitting at the same time in daisy
chain wiring.

Responses and reports from the drive will have an asterisk (*) as a leading
character to prevent the response from being interpreted as a command by other devices
on the communication link. Invalid commands will be ignored by the drives. Upper or

lower case command characters are accepted by the drive but the Echoed characters
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from the drive will always be upper case. After the setting has been changed, typing SV
command will save the new value into the non-volatile EEPROM memory.

An example of checking and changing the motor resolution is shown as below.
2E (enable the RS-232 link between the PC and the KS-drive 2)
2CMR (checking the current motor resolution of the KS-drive 2)
*MOTOR_RESOLUTION=16384 STEPS/REV (response from the KS-drive 2)
2CMR5000 (changing the KS-drive 2’s motor resolution to 5000 steps per revolution)
2SV (saving the new motor resolution value into KS-drive 2’s non-volatile EEPROM)
2CMR (checking the latest motor resolution of KS-drive 2)
*MOTOR_RESOLUTION=5000_STEPS/REV (response from the KS-drive 2)

IF (return to the pushbutton tuning control)

The motor resolution of KS-drive 2 has been changed from 16384 steps per
revolution to 5000 steps per revolution by following the above steps. The motor
resolution for all the involved motors is set at 5000 steps per revolution. There are about
45 commands available for a KS-drive. All the KS-drive commands are listed in
Appendix B. The commands are categorised into:

(1) General Commands. E, F, SV and so on.

(2) Configuration Commands. CMR (configure motor resolution), FMCA (find motor
commutation angle) and others.

(3) Tuning Commands. CVG, CIG (tuning integral gain), CPG (tuning proportional
gain) and so on.

(4) Display/Report Commands. DCA (periodically displays/reports current in amperes),

DCP (periodically displays/reports peak current) and others.
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3.3.10 A. C. Brushless Servomotors

Four a. c. brushless servomotors drive the four degrees of freedom precision
manipulator. Three of the motors are KS-220 and another one is KS-210. Two KS-220
motors are used to drive the linear motion along x and y-axis. Another KS-220 motor is
used in driving the rotary motion around y-axis. The KS-210 motor is used for driving
the rotary motion around x-axis. The specifications of the motors are shown in Table

3.3(i).

Table 3.3(i) A. C. Brushless Servomotors’ Specifications

Description KS-210 Motor KS-220 Motor
Static torque (continuous) 0.23 Nm 0.43 Nm
Static torque (peak) 0.70 Nm 1.29 Nm
Top speed 50 revolutions per second 50 revolutions per second
Rotor inertia 7.4x10 * kgm?2 13.2x10‘6 kgm2
Weight 1kg 1.32 kg

Motor Resolution 1000 to 16384 steps per revolution (programmable)

Repeatability
Accuracy

Relative accuracy
Operating temperature
Storage temperature
Humidity

An a. c. brushless

+/- 0.033 degrees (unloaded at 20¢€)
+/- 0.35 degrees (unloaded)
+/- 0.35 degrees (any load)
130°C (maximum)
-40 to 85°C
0 to 95% (non-condensing)

servomotor will rotate when the rotor magnetic field tries to

follow the stator turning magnetic field created by the three phase a. c. current. By
changing the three phase current frequency, the motor will achieve different velocities.
Step pulses applied first slowly, and then more quickly have the effect of accelerating
the motor. The advantages of a brushless motor [95] are:

(1) Reduced maintenace.
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(2) Increased torque/volume ratio.
(3) Increased torque at high speed.
(4) Simplified in protection compare with more conventional motors.
The front and side views of the KS-210 and KS-220 a. c. brushless servomotors

are shown in Figure 3.3(d) with dimensions.

Figure 3.3(d) A. C. Brushless Servomotors
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3.4 SUBTRACTIVE PROTOTYPING EQUIPMENT

The subtractive prototyping process is a ball nosed end milling cutter. A ball
nosed cutter has cutting edges at the end and around the cutter. As a result, single point
cutting can be accomplished by using the cutting edge at the end of the cutter. The
cutting edges at the periphery of the cutter enable multiple cutting operations to happen
at different interval of time.

The size of the milling chips is relatively small compared to other machining
processes. Hence, the produced surfaces are smoother. Ball nosed end milling can
produce virtually any kind of surface compared to other kinds of milling processes. Ball
nosed end milling has the advantage of making holes compared to the conventional end

milling. The equipment is shown in Plate 3.4(a).

Plate 3.4(a) Subtractive Prototyping Equipment
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As shown in Plate 3.4(a), the subtractive prototyping equipment consists of the

following components:

(1) Ball nosed cutter.

(2) Digital drive.

(3) Drive holder and support.

Ball nosed slot drill was selected due to its versatility in producing various kinds
of surfaces and features. The available cutters are
(1) 3 mm diameter high strength steel screwed shank standard ball nosed slot drill

(Sherwood, CTL 061 5952C).
(2) 6 mm diameter 8 percent Co screwed shank standard ball nosed slot drill
(Sherwood, CTL 061 5955F).

The ball nosed cutter was mounted onto the clamping chuck of a EUROSTAR
digital d. c. motor [96]. The maximum tool diameter allowed is 10 mm. The ball bearing
equipped d. c. motor has a quiet synchronous belt drive. The motor is controlled via a
computer-controlled speed regulator using pulse width modulated voltage (PWM). The
whole drive unit is maintenance free and suitable for continuous operation. The motor
current is electronically limited and has anti-stall as well as anti-overload system. The
front panel of the drive is shown in Figure 3.4(a).

In normal operation, green signal light at the front panel will be on. If a fault
occurs, a safety circuit immediately switches off the motor permanently through a relay
and indicated with a yellow signal light at the front panel. At the same time, a fault code
will be shown in the LCD display at the front panel. Two of the error codes are:

(1) ER3 - Internal temperature too high. It can only occur when the permitted

environmental temperature is exceeded the limit.
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(2) ER4 - Speed, fault. Indicating the output shaft is locked or the speed was higher than
permitted. If there are jerky loads that exceed three times the nominal torque, the

machine will switch off as a safety precaution.

(green) (yellow) knob

Figure 3.4(a) Milling Drive Front Panel

The nominal speed value is constantly compared with the actual speed value of
the output shaft and the variations will be corrected. This will ensure a constant speed
during the milling process. The speed is set with the front knob. The actual value is
indicated directly in rpm (1/min) on the LCD display. The nominal value set
corresponds to the actual value.

In overload operation, the drive can deliver doubled output for a short time to
even out load peaks which could, for instance, occur if the milling material is not
homogenous throughout the whole cross section. The possible speed is continually
adapted to operating conditions to ensure that the speed is as close as possible to the

nominal speed set. The technical data of the drive is shown in Table 3.4(a).
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Table 3.4(a) Milling Drive Technical Data

Parameter Value
Speed range 50 - 2000 rpm (revolution per minute)
Permitted on-time 100%
Speed indicator Liquid crystal display (LCD)
Frequency 50/60 Hz
Input power W
Output power 53 W
Overall efficiency 71%
Ambient temperature 5 to 40°C
Ambient humidity 80%

The entire drive holder unit and half of the support component are from the
Bosch BS45 holder and support equipment. The drive holder is 210 mm in length and
sits on a 535 mm long hollow metal tube. The tube is in turn supported by two
aluminium blocks. The aluminium blocks and the whole unit of precision robotice
manipulator are mount on a 70 mm by 140 mm by 10 mm aluminium base. Part of the

supporting unit is shown in Figure 3.4(b) below.

Clamping lever -
drive

t

Support

Figure 3.4(b) Drive Holder and Support
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The milling material used in the project is a kind of blue colour extruded
polystyrene [97]. The material is found to be a good choice for milling because minute
chips can be removed during the prototyping process and smooth surface can be created.
Its properties are not the same as the normal white colour polystyrene used to protect
electrical appliance in the packaging industry. The material’s minimum density is 32
kg/m3. Its thermal conductivity is 0.028 W/mK (measured at 10°C). The compressive

strength is 300 kN/m2
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CHAPTER 4: CAD/CAM

4.1 INTRODUCTION

Computer-aided design and manufacturing (CAD/CAM) play an important role
in this project. The CAD software used in the project was AutoSurf [98], which is part
of the Mechanical Desktop (product of Autodesk, Inc.) package. The CAM programs
were built by the author using ANSI (American National Standards Institute) C
programming language [99].

In the subtractive prototyping approach, the CAD software was used to create
surface models. The models were sectioned and cut into multiple cross sectional layers.
Then, the section cut models were converted from graphic files into non-graphic files
(neutral format files) for further processing by the CAM programs.

In the additive prototyping approach, the CAD software was used to create solid
models with internal cavities (parent model). Multiple smaller diameter solid models
were then derived from the parent model. The various diameter solid models were
converted into surface models. The surface models were then section cut and later
changed into neutral format files. The various diameter solid models were also used in
the graphic simulation process. AutoLISP [100, 101], the AutoSurf programming
language was used in developing the graphic simulation program.

The CAM programs of the subtractive and additive processes are specially used
for extracting surface co-ordinates from the neutral format files, converting the data into
different co-ordinate system, sorting, creating motion parameters, communicating with

PC-23 indexer and controlling the precision robotic manipulator.



4.2 CAD TOOL

AutoSurf is a personal computer based, two and three-dimensional mechanical
design and drafting software. Geometric shapes and figures can be created and modified
for engineering purposes. A reduced instruction set processor (RISC), with a limited
number of instructions is built into the processor to reduce the response time for running
some applications on the software development system [6].

Crosshairs and a computer mouse are used to locate geometric shapes within the
work area. An X-Y construction plane is used for the two-dimensional mode that uses a
three-point origin placed by the user, known as the user co-ordinate system (UCS). In
default setting, the Z-axis is perpendicular to the personal computer screen and pointing
directly to the user.

AutoSurf has an open architecture for easy customisation of menus. The screen
menu is the main menu, which includes the drawing editor, configuration, plot, file
utility, and operating parameters menus. A dialogue box appears when selected item is
chosen from the pull-down menus to assist the user. Besides of using the pull-down
menus, the user can type in the commands into the command prompt to call up the
functions.

The software commands are path dependent. For example, the ‘undo’ command
will remove the screen image and any previous drawing layers up to the earlier drawing
level. AutoLISP is the AutoSurf programming language that enhances the drawing and
editing commands. It is an interpretive system, with instructions being read, interpreted,
validated, and then executed in sequence. It can also be used to simulate the material

processing process.
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4.3 CAD FOR SUBTRACTIVE PROTOTYPING

It is important to know the physical limitation of the manipulator and the
capability of the ball nosed end milling process before attempting to create the surface
models and the subsequent models modification. The criteria that must be followed in
designing the surface models are:

(1) Shape. Manipulation along the x-axis, y-axis and around the x-axis are used in this
project. Hence, the shapes of all the surface models are in cylindrical forms.

(2) Length. The three-pin grippers of the manipulator can hold a polystyrene cylinder
block with the size ranging from 120 mm to 125 mm in length and 40 mm to 150
mm in diameter. But, due to the pins of the grippers, the length of the surface model
should be less than 110 mm.

(3) Milling Depth. Maximum milling depth is determined by the length of the cutting
edges. The length of the cutting edges along the cutter axis is about 15 mm. As a
result, the distance between the surface model’s highest and lowest co-ordinates
(from the axis of rotation) should be less than 15 mm.

(4) Reference Point. The model is a cylindrical surface form with a rotating axis at the
(100, 100, 0). The x = 100, y = 100 and z = 0 is an important reference point for the
CAM programs in the later stage. Motion parameters are produced based on that

reference point.
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4.3.1 Surface Modelling anti Manipulation

Some of the important modelling configurations of AutoSurf need to be checked

and set before creating the surface models. The configurations are:

1)

(2)

3)

(4)

()

Units. It is for selecting co-ordinates and angle display formats and precision. The
command can be found under the pull down menu of Data or by typing ‘units’ at the
command prompt. The selected type of unit is Decimal and the precision is up to
four decimal point. The selected type of angle is Decimal Degrees and up to 0°
precision. Direction of rotation can be set under this command. East has been set as
0.0° and the direction of rotation is counter clockwise.

Drawing Limits. It is for setting and controlling the two and three-dimensional
drawing boundaries. The command is under the Data pull down menu too and can
be called up by typing ‘limits’ at the command prompt. Currently, the lower left
corner of the drawing limit is set at (0.0000, 0.0000) and upper right corner of the
limit is set to (297.0000, 210.0000). A4 size’s drawing limit was set.

Layers. This command is also under the Data pull down menu and can be called up
by typing ‘layer’ at the command prompt. Under this command, the user can set as
many line types and line colours as possible so that they can be used in the
subsequent modelling.

Drawing Aids. This command is under the pull down menu of Options and can be
called up by typing ‘ddrmodes’ at the command prompt. The command will enable
the setting of Grid spacing and Snap spacing that will make the modelling easier.
Preferences. It is for customising the AutoSurf settings. It can be called up by typing

‘preferences’ at the command prompt or under the Options pull down menu. It can
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be used to set the types of digitizer input, font type, font size, background colour and
others.

AutoSurf R3.2 is a window based CAD software. It is part of the Mechanical
Desktop package from Autodesk, Inc.. If compare to AutoCAD, AutoSurf has more
features and more user-friendly. Besides, only AutoSurf can be used to modify the
created surface models in the later stage. As a result, AutoSurf was chosen by the author
for the surface modelling process. The AutoSurf modelling system is based on NURBS
(non-uniform rational B-spline) curves. Technically, there is only one type of surface in
AutoSurf, a NURBS surface.

Models can be created and modified by using the commands from the toolbars
like Draw, Modify and Surface Create. Draw and Modify toolbars are under the
Toolbars menu that is in turn under the Tools menu. The Draw toolbar enable the
creation of line, polyline, arc, circle, ellipse, polygon and point. The Modify toolbar has
commands like move, copy object, offset, mirror, array, rotate, scale, trim, extend, edit
polyline, chamfer, fillet, union, subtract, intersection, erase and so on.

The Surface Create toolbar is under the Mechanical Toolbars pull down menu.
Mechanical Toolbars is under the Tools pull down menu. There are various commands
under the Surface Create toolbar. There are four different types of surfaces in terms of
the methods used to construct them:

(1) Surface Primitives. Created directly by the AutoSurf. Examples are cone and
cylinder surfaces.

(2) Motion-based. Surfaces. Produced by moving wires through space. Examples are
revolved, extruded, tubular and swept surfaces.

(3) Skin Surfaces. Constructed by applying over a wireframe such as ruled surface.
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(4) Derived Surfaces. Generated from the existing surfaces like blended surface.

Primitive surface models do not require a wireframe for their construction but
are instead directly created using the user-specified values. A full or partial primitive
cone surface model can be created by using the Cone Surface command at the Surface
Create toolbar. Typing ‘amprimsf” and then selecting Cone at the command prompt has
the same effect of activating the modelling task.

A full cone surface model was built by using AutoSurf. The base centre point
was (100, 100, 0). The radius of the cone base was 16 mm. The radius of the cone top
was 22 mm. The height of the cone was 50 mm. The start angle was 0° (default setting).
The included angle was 360° (default angle is a full circle). The primitive cone surface
model is shown in Figure 4.3(a).

The surface model can be verified and viewed at different angles by using the
Rotate View command at the Desktop View toolbar. The Desktop View toolbar is under
the Mechanical Toolbars menu. After creating the surface model, the following step was
to cut it into multiple cross sectional layers. Only the neutral format file (DXF entities
file) of the section cut surface model contains the useful data for subtractive prototyping
process.

The section cut surface model can be created by using the Section Cuts
command at the Surface Create toolbar. The author needed to change the view of the
primitive model into the Front View (from Desktop View toolbar) before activating the
Section Cuts command. Typing ‘amsection’ at the command prompt can also call up the
Section Cuts command.

Upon selecting the primitive surface model, a dialogue box will appear. In order

to cut the surface model, the following information must be provided.
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(1) Section type. It is for selecting Single, Parallel or Radial sectioning cut.

(2) Initial plane. It is for specifying the initial cutting plane. It can be either from the
user View Direction or UCS (user co-ordinate system) plane.

(3) Multiple cuts. When Parallel or Radial section type is selected, the user needs to

specify the Stop position of the last cut and the Step of each cut (step over).

Primitive Cone Surface Model Section Cut Surface Model

Figure 4.3 (a) Primitive Cone and Section Cut Surface Models

A primitive cone surface model was cut into multiple layers by using Section
Cuts command. The section cut surface model is displayed in Figure 4.3(a) too. Parallel
section type was selected for creating the model. It started to section cut the model from
the UCS plane. The section cut stopped at 49.5 mm and with a step over of 1.5 mm. The
total section cut layers are 34. The step over distance is one of the parameters that will

affect the final product surface smoothness.
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A full primitive cylinder surface model can be generated by using the Cylinder
Surface command at the Surface Create toolbar. Typing ‘amprimsf’ and then selecting
Cylinder at the command prompt can also activate the function. A primitive cylinder
surface model was built by using (100, 100, 0) as based centre point, radius of 20 mm,
height of 50 mm, start angle was 0° and included angle was 360°. A cylinder section cut
model was produced by using the same method as the cone section cut model described

above. Figure 4.3(b) shows both models.

Primitive Cylinder Surface Model Section Cut Surface Model

Figure 4.3(b) Primitive Cylinder and Section Cut Surface Model

Motion-based surface models are created based on the three-dimensional motion
of wires through space. A revolved surface is one of the motion-based surfaces.
Rotating any number of path curves or profiles, around a selected axis creates surfaces
of revolution. The path curve can be line, arc, spline or polyline. An example of creating

the revolved surface model by using a polyline is presented in the following paragraphs.
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Before creating the revolved surface model, a polyline has to be drawn. The
Polyline command is under the Draw toolbar. Typing ‘pline’ at the command prompt
has the same effect as calling up the function. The polyline should be drawn within the
boundary of (75, 100, 0), (85, 100, 0), (85, 150, 0) and (75, 150, 0). This is to ensure
that the revolved model will have a minimum diameter of not less than 30 mm and the
maximum diameter of not more than 50 mm.

After the polyline was drawn, the polyline has to be smoothened. Using the Edit
Polyline command on the Modify toolbar or typing ‘pedit’ at the command prompt will
turn sharp edges of the polyline into smooth corners. There are a few options to choose
from the Edit Polyline command such as Fit, Spline and others. Spline was chosen so
that the polyline will become a B-spline curve.

A completely revolved surface model was built by rotating a polyline around the
axis of the model. The Revolved Surface command is under the Surface Create toolbar
and can also be activated by typing ‘amrevolvesf’ at the command prompt. The ‘Start
point of axis’ was (100, 100, 0) and the ‘End point of axis’ was (100, 150, 0). The start
angle was 0° (default setting). The included angle was 360° (default angle is a full
circle). As aresult, a revolved surface model that is 50 mm long was created.

For section cut purposes, the revolved surface model has to be rotated about a
three-dimensional axis. The command for rotation is 3D Rotate that is under the Modify
toolbar. Typing ‘rotate3d’ at the command prompt serve the same purpose. The rotating
axis has to be specified as x. The point on x-axis that the model will use as the rotation
based point was (100, 100, 0). The rotation angle was 90°.

Changing the view to Front View and using the Section Cuts command can cut

the revolved surface model into multiple layers. The section cut configurations were
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same as the primitive cone surface model cutting operation. The revolved surface with

its section cut models are shown in Figure 4.3(c). The total section cut layer is 34.

Polyline (path curve)

50

Revolved Surface Model Section Cut Surface Model

Figure 4.3(c) Revolved and Section Cut Surface Models

An extruded surface model is one of the motion-based surfaces. It can be created
by moving any three-dimensional wire shape along a straight line. The direction can be
specified by a view and giving a value for the total amount of movement, or supplying a
wire to specify both the direction and the distance required for creating the surface. The
command is Extruded Surface that is under Surface Create toolbar. Typing
‘amextrudesf’ at the command prompt can also activate the function.

A polyline was used to create an extruded surface model. The direction of
extrusion was Z, that is normal to the personal computer screen. The extrusion distance

was 50 mm with 0° taper angle. The extruded surface model then underwent the section
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cut process just like the previous illustrated models. Figure 4.3(d) shows the extruded

surface and section cut surface models.

Polyline

Extruded Surface Model Section Cut Surface Models

Figure 4.3(d) Extruded and Section Cut Surface Models

One of the motion-based surfaces is the tubular surface model. The command to
create the Tubular Surface is under the Surface Create toolbar. Typing ‘amtube’ at the
command prompt can activate the function too. It is used to create a tubular surface
around a selected wire that becomes the axis of the tube.

The information needed for the construction of the tubular surface model is the
tube diameter and the specified wire. The wire can be line, arc, polyline and spline.
Figure 4.3(e) shows the tubular surface and its section cut surface models. The section
cut process is same as the previous models. The model was built by using a three-

dimensional rotated polyline and the tube diameter was 40 mm.
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40 mm

50 mm

Tubular Surface Model Section Cut Surface Model

Figure 4.3(e) Tubular and Section Cut Surface Models

Swept surface model is one of the motion-based surfaces. The command is
Swept Surface that is under Surface Create toolbar. Typing ‘amsweepsf’ at the
command prompt can activate the function too. It is used to create a surface by
sweeping cross sections along a rail. Using a polyline cross section and a polyline as a
rail, a swept surface model can be created. The model is shown in Figure 4.3(f) along
with its section cut surface model. The section cut configuration was same all the
previous models.

Skin surface models are created by “skinning over” a wireframe shape. Skin
surface models can be visualised as a surface draped over, or skinned, across an existing
wire structure. Ruled surface model is one of the skin surface models. Ruled surface

models are constructed from only two path curves. The path curves can be line, arc,
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closed or open polylines. The way of creating a ruled surface model by using two closed

polylines is shown in the following paragraphs.

Polyline

50

Swept Surface Model Section Cut Surface Model

Figure 4.3(f) Swept and Section Cut Surface Models

First of all, using the Polyline command at the Draw toolbar for drawing up two
closed polylines. Then, the polylines were edited by using Edit Polyline at the Modify
toolbar so that it became a spline. Then, using Move command at the Modify toolbar or
typing ‘move’ at the command prompt to separate the closed polylines so that the
distance between them is 50 mm.

After that, typing ‘amrule’ at the command prompt or clicking the Ruled Surface
at the Surface Create toolbar to call up the ruled surface creation function. Then,
selecting the two smooth polylines as the path curves. A ruled surface will be created
like the one in Figure 4.3(g). The ruled surface model was later taken through the

section cut operation to produce the multi-layer model. The section cut operation was
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the same as the previous described models. The section cut model is illustrated in Figure

4.3(g) too.

Top polyline (complex shape)

50

Bottom polyline (heart shape)

Ruled Surface Model Section Cut Surface Model

Figure 4.3(g) Ruled and Section Cut Surface Models

A blended surface is one of the derived surfaces. It is created between two,
three, or even four other surfaces. The blended surfaces is tangent to the surfaces from
which it is created. Blended surfaces may also be created between wires or between
combinations of wires and surfaces. The Blended Surface command is under the
Surface Create toolbar. Typing ‘amblend’ at the command prompt can also call up the
function. Selecting the desired surfaces for the creation of blended surface will construct

the model. Figure 4.3(h) shows the blended surface model. First and second surfaces
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were used to derive the blended surface. Section cut model is also shown in the figure.
The section cut model was created by using the same procedures as the previous

models.

First
surface

Blended
surface

Second
surface

Blended Surface Model Section Cut Surface Model

Figure 4.3(h) Blended and Section Cut Surface Model

Of all the surface models described above, only the ruled surface model was
selected for the project due to its complexity and versatility. Cone, cylinder and
revolved surface models are symmetrical model. Although extruded, tubular and swept
surface models are not symmetrical, but they are simple. Blended surface model is not
suitable since the distance between the highest and lowest point (from the axis of
rotation) of the surface is unpredictable. The milling depth might need to be more than
10 mm in some cases. Ruled surface model is the best method for creating complex
surface model because its models are asymmetric, complex and have predictable milling

depth. As a result, more ruled surface models were created. The models are shown from
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Figure 4.3(i) to Figure 4.3(w) with their section cut models. Two or more polylines
were used to create the ruled surface models. The shapes of the polylines are circle,

heart, complex, star, pentagon, cross and square.
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Heart

50 mm

Circle

Ruled Surface Model Section Cut Surface Model
Figure 4.3(i) Circle to Heart Model
Complex
50 mm

Circle

Ruled Surface Model Section Cut Surface Model

Figure 4.3(j) Circle to Complex Model



Ruled Surface Model Section Cut Surface Model

Figure 4.3(k) Circle to Star Model

Heart

Ruled Surface Model Section Cut Surface Model

Figure 4.3(1) Heart to Star Model
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Complex

Section Cut Surface Model
Ruled Surface Model

Figure 4.3(m) Complex to Star Model

Square

Circle

Section Cut Surface Model
Ruled Surface Model

Figure 4.3(n) Circle to Square Model
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Square

Complex

Section Cut Surface Model
Ruled Surface Model

Figure 4.3(0) Complex to Square Model

Pentagon

50 mm

Section Cut Surface Model
Ruled Surface Model

Figure 4.3(p) Star to Pentagon Model



Ruled Surface Model Section Cut Surface Model

Figure 4.3(q) Cross to 45° Rotated Cross Model

Ruled Surface Model Section Cut Surface Model

Figure 4.3(r) Cross to Pentagon Model
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50

Complex

Heart

Circle
Section Cut Surface Model

Ruled Surface Model

Figure 4.3(s) Circle to Heart to Complex Model

Heart

Circle

Ruled Surface Model Section Cut Surface Model

Figure 4.3(t) Circle to Heart to Star Model

124



Complex

Circle

Section Cut Surface Model
Ruled Surface Model

Figure 4.3(u) Circle to Complex to Star Model

Complex

Heart

Section Cut Surface Model
Ruled Surface Model

Figure 4.3(v) Heart to Complex to Star Model
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Complex
50 mm

Heart

Circle

Ruled Surface Model Section Cut Surface Model

Figure 4.3(w) Circle to Heart to Complex to Star Model

4.4 CAD FOR ADDITIVE PROTOTYPING

It is important to know the physical limitation of the manipulator and the
proposed additive prototyping equipment before attempting to create the solid model
and the subsequent models manipulation. The criteria that must be followed in
designing the solid model are:

(1) Shape. The proposed additive prototyping equipment is a vertical semi-liquid
deposition device. The semi-liquid material will be deposited onto the rotating
cylindrical core material held by the grippers. As a result, only manipulations along
and around x-axis are used in handling the model. Hence, the shapes of the solid

model should be in cylindrical form.
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(2) Length. The three-pin grippers of the manipulator can hold a cylindrical block with
the size ranging from 120 mm to 125 mm in length and 40 mm to 150 mm in
diameter. But, due to the pins of the grippers, the length of the surface model should
be less than 110 mm.

(3) Reference Point. The model is a cylindrical surface form with a rotating axis at the
(100, 100, 0). The x = 100, y = 100 and z = 0 is an important reference point for the
CAM programs in the later stage. Motion parameters are produced based on that

reference point.

4.4.1 Object Modelling and Manipulation

Some of the important modelling configurations of AutoSurf need to be checked
and set before creating the solid model. The configurations are:

(1) Units. It is for selecting co-ordinates and angle display formats and precision. The
command can be found under the pull down menu of Data or by typing ‘units’ at the
command prompt. Direction of rotation can be set under this command.

(2) Drawing Limits. It is for setting and controlling the two and three-dimensional
drawing boundaries. The command is under the Data pull down menu too and can
be called up by typing ‘limits’ at the command prompt. Drawing limits has been set
to A4 size.

(3) Layers. This command is also under the Data pull down menu and can be called up

by typing ‘layer’ at the command prompt. Under this command, the user can set as
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many line types and line colours as possible so that they can be used in the
subsequent modelling.

(4) Drawing Aids. This command is under the pull down menu of Options and can be
called up by typing ‘ddrmodes’ at the command prompt. The command will enable
the setting of Grid spacing and Snap spacing that will make the modelling easier.

(5) Preferences. It is for customising the AutoSurf settings. It can be called up by typing
‘preferences’ at the command prompt or under the Options pull down menu. It can
be used to set the types of digitizer input, font type, font size, background colour and
others.

A solid cone model was created by using AutoSurf. Then, four internal cavities
were created in the solid cone by using the Boolean operator’s subtract command. The
solid cone with four internal cavities is called the parent model. Later, multiple smaller
diameter solid models were derived from the parent model by using the Boolean
operator’s intersection command. The smaller diameter solid models were then
changed into surface models. The surface models went through the section cut process
to become section cut models. Only the section cut models can be convert into useful
neutral format files. The parent model is shown in Figure 4.4(a) in wire frame format.

There is no one step command in creating a solid cone. A solid cone model can
be created by revolving a closed polyline. Four points were used to create the close
polyline. The co-ordinates of the points were (100, 100, 0), (100, 200, 0), (50, 200, 0)
and (60, 100, 0). The axis of revolution started from (100, 100, 0) and ended at (100,
200, 0). The angle of revolution was a full circle. The revolving command that is under
the Solids toolbar can be called up by accessing the Tools pull down menu’s Toolbars.

Typing ‘revolve’ at the command prompt can also activate the function.
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Figure 4.4(a) Solid Model in Wireframe Representation

The solid cone model was then rotated in three-dimensional around x-axis at
(100, 100, 0) with 90 degree rotation angle. After that, four solid cylinders were built
inside the solid cone model as shown in Figure 4.4(a). Subtract command was used to
subtract the cylinders from the solid cone model. In the end, the solid cone model was
having four internal cylindrical cavities. The Boolean operators of Union, Intersection
and Subtract can be accessed from the Modify toolbar. Typing ‘union’ or ‘intersect’ or
‘subtract’ at the command prompt will give the same effect.

Eight smaller diameter solid models were derived from the parent model. The
eight derived models” maximum diameters are 20 mm, 30 mm, 40 mm, 50 mm, 60 mm,

70 mm, 80 mm and 90 mm. Intersecting various diameter solid cylinders with the parent
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model will create the eight models. Once again, Boolean operator of Intersection was
used in deriving the smaller models.

The derived solid models and the parent model were then be converted into
surface models. The Convert All command in the Surface Edit toolbar was used to
convert all the solid faces into surfaces. Typing ‘am2sf at the command prompt can
activate the function as well. After obtaining the surface models, the top and bottom
surfaces of each model were deleted.

The surface models were then went through the section cut operation. The
section cut type was parallel, UCS was the initial plane, the step over distance is 3 mm
and it will stop at the height of 99 mm. So, every surface model was section cut into 34
layers. The surface models and their respective section cut models are shown in the

following diagrams from Figure 4.4(b) to Figure 4.4(j).

Surface Model Section Cut Model

Figure 4.4(b) 20 mm Diameter Surface and Section Cut Models



Surface Model Section Cut Model

Figure 4.4(c) 30 mm Diameter Surface and Section Cut Models

40 mm

100 mm

50 mm

Surface Model Section Cut Model

Figure 4.4(d) 40 mm Diameter Surface and Section Cut Models
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100 mm
75 mm

50

Surface Model Section Cut Model

Figure 4.4(e) 50 mm Diameter Surface and Section Cut Models

60 mm

Surface Model Section Cut Model

Figure 4.4(f) 60 mm Diameter Surface and Section Cut Models
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70 mm

Surface Model Section Cut Model

Figure 4.4(g) 70 mm Diameter Surface and Section Cut Models

80 mm

Surface Model Section Cut Model

Figure 4.4(h) 80 mm Diameter Surface and Section Cut Models
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Surface Model Section Cut Model

Figure 4.4(i) 90 mm Diameter Surface and Section Cut Models

Section Cut Model

Figure 4.4(j) Complete Surface &nd Section Cut Models
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4.4.2 Graphical Simulation

The additive prototyping process was simulated graphically by a program which
was built by the author using AutoLISP programming language [101]. AutoLISP was
created by the developers of the AutoSurf [100]. It is an integral part of the AutoSurf
package. It is a small subset of the Common LISP programming language. It adheres
closely to the same syntax and conventions, but has many additional functions specific
to AutoSurf.

AutoSurf has a built-in LISP interpreter that the user uses to enter AutoLISP
code at the command line or to load AutoLISP code from external files. AutoLISP
applications or routines can interact with the CAD software in many ways such as
prompting the user for input, access built-in AutoSurf commands directly, and modify
or create objects in the drawing database.

Since no compiling is required, AutoSurf can be used to read the AutoLISP code
directly. The results are shown immediately after typing the code at the command line.
AutoL ISP can be used to write macro programs and functions in a powerful, high-level
language suited to graphics applications. Its applications are stored in ASCII (American
Standard Code for Information Interchange) text files.

The making of the solid model in Figure 4.4(a) was simulated graphically by
using AutoLISP in the AutoSurf environment. In the simulation, a simple deposition
tool was created together with nine solid models from Figure 4.4(a) to Figure 4.4(i).

The complete model was first created. The graphical and non-graphical entity
definition data of the model was immediately extracted from the drawing by using

AutoLISP commands like ‘setq’, ‘prinl’, ‘entget’ and ‘entlast’. All the other solid
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models were created based on the intersection of various diameter solid cylinders with
the complete model. The entity definition data of the models were extracted
immediately upon the creation of each solid model.

The entity definition data are listed in pairs of “key/value” that define the
drawing. The “key” for any of the pairs in the definition data is always an integer,
whose value dictated the interpretation of the “data” part of the pair. The definition data

of a circle entity within the system is shown and explain in Table 4.4(a).

Table 4.4(a) Entity Definition Data

Key/Value Pair Explanation

((-1 . <Entity name: d13d50>) ;-1 indicates internal identifier for this circle object

(0 . “CIRCLE") ; 0 indicates type of object

(330 . <Entity name: dI3cc8>) ;330 indicates internal identifier of the circle’s
container

(5 .“52”) ; 5 indicates the “handle” of the object

(100 . “AcDbEntity™) ; first 100 indicates the most ancestral class of the
object

(67 .0) ; 67 indicates the circle’s colour

(8 .“0M) ; 8 indicates the circle’s layer

(100 . “AcDbCircle™) ; subsequent 100 indicates more derived class of
object

(10 3.0 5.0 0.0) ; 10 indicates centre of circle

(40. 1.6) ; 40 indicates circle radius

(210 0.0 0.0 1.0)) ; 210 indicates vector normal to plane of circle

The AutoLISP command of ‘entmake’ is used to create and display the solid
models. The entity definition data has to be modified - the first key/value pair of the
data file has to be omitted. The data files can also be changed so that the models have
different sizes, colours and so on. The basic picture frames of the graphic simulation

process are shown from Figure 4.4(k) to Figure 4.4(t).
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Deposition tool

10 mm diameter
core block

Figure 4.4(k) 10 mm Diameter Core Block with Deposition Tool

Deposition tool

20 mm diameter
unfinished product

Figure 4.4(1) 20 mm Diameter Product with Deposition Tool
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Deposition tool

30 mm diameter
unfinished product

Figure 4.4(m) 30 mm Diameter Product with Deposition Tool

Deposition tool

40 mm diameter
unfinished product

Figure 4.4(n) 40 mm Diameter Product with Deposition Tool
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Deposition tool

50 mm diameter
unfinished product

Figure 4.4(0) 50 mm Diameter Product with Deposition Tool

Deposition tool

60 mm diameter
unfinished product

Figure 4.4(p) 60 mm Diameter Product with Deposition Tool
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M-memmemmeeee e Deposition tool

70 mm diameter
unfinished product

Figure 4.4(q) 70 mm Diameter Product with Deposition Tool

/ N— Deposition tool

80 mm diameter
unfinished product

Figure 4.4(r) 80 mm Diameter Product with Deposition Tool
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L e Deposition tool

90 mm diameter
unfinished product

Figure 4.4(s) 90 mm Diameter Product with Deposition Tool

Figure 4.4(t) Complete Product with Deposition Tool
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The simulation program is illustrated graphically in Figure 4.4(u).

Figure 4.4(u) Graphic Simulation Program Flow



The AutoLISP graphic simulation program is listed in Appendix C. The program
utilised AutoLISP commands like ‘entmake’, ‘setq’, ‘while’, ‘princ’, ‘command’ and
AutoSurf commands like ‘avrender’ and ‘vpoint’.

The command ‘entmake’ is for creating and displaying the solid model on the
screen, ‘setq’ is for setting the program variable, ‘while’ is for constructing the time
delay function and ‘avrender’ is for creating a realistically shaded image of a three-
dimensional solid model. The command ‘vpoint’ is for setting the viewing direction for
a three-dimensional visualisation of the drawing. Four kinds of viewing direction were
provided, namely Southeast (SE), Southwest (SW), Northeast (NE) and Northwest

(NW).

45 DRAWING INTERCHANGE FORMAT (DXF)

In this project, only the section cut models in the previous sections can be
converted into useful neutral format files. The subsequent CAM programs can be used
to analyse the neutral format files and generate useful data for subtractive and additive
prototyping processes. Drawing interchange format (DXF) file has been adopted as the
neutral format file in this project.

DXF is written in human-readable character codes - ASCII (American Standard
Code for Information Interchange) text. It contains all the necessary and important
geometry and graphics entities of a model [102]. DXF was originally proposed by

Autodesk Inc. as a method to allow for transferring data between different versions of
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AutoCAD [43]. It also allows drawings to be exchanged between AutoCAD or
AutoSurf on different types of computer [36],

AutoSurfs DXF file is the best neutral format file in this project because of the
following reasons:

(1) It is easy to be understood since it is quite verbose. It contains strings, integers and
floating-point numbers only.

(2) Its model information is arranged. It uses one line for each data item. It is perfect for
data filtering and extraction in programming.

(3) It is relatively simple and has enormous future prospect since most personal
computer-based CAD software will read and write DXF formatted files.

(4) Its file size is very small because specific entities (drawing objects) can be selected
by the user for producing the neutral format file.

(5) Its data accuracy can be determined by the user up to 16 decimal places.

DXF object file size is larger than the DXF entities file size. It is very hard to
decode the DXF object file. DXF binary file is more compact than the entities file but it
is not written in a human-readable form. Only entities contain the needed data in this
project. As a result, the neutral format file should contain the entities data only.

For producing DXF entities file by using the AutoSurf, the author needed to type
‘dxfout” at the command prompt. Before producing the DXF file, a statement will be
displayed at the command prompt like this:

“Enter decimal places of accuracy (0 - 16)/Objects/Binary<6>"

The author needed to type ‘entities’ at the end of the statement. Then, the author will
need to select the entities from the drawing file; only those selected will be transferred

into the DXF entities file. The default accuracy is six decimal places.
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Essentially a DXF file is composed of pairs of codes and the associated values.
The codes, known as group codes, indicate the type of value that follows. Using these
group code and value pairs, a DXF entities file is organised into sections, which are
composed of records, which in turn are composed of a group code and a data item. Each
group code and value are on its own line in the DXF file.

Each section starts with a group code O followed by the string, SECTION. This
is followed by a group code 2 and a string indicating the name of the section (for
example, ENTITIES). Each section is composed of group codes and values that define
its elements. A section ends with a 0 followed by the string ENDSEC. For example, a

complete DXF entities file definition of a circle is listed as below (comments in

brackets).
(o]
SECTION (a new section)
2
ENTITIES (drawing entities section)
(o]
CIRCLE (circle is the entity)
5
6F (handle)
100 (subclass marker)
AcDbEntity
9}
0 (name of the layer)
100 (subclass marker)
AcDbCircle
10
100 .0 (x co-ordinate of the centre of the circle)
20
100 .0 (y co-ordinate of the centre of the circle)
30
0.0 (z co-ordinate of the centre of the circle)
40
25.0 (radius of the circle)
]
ENDSEC (end of entities section)
(0]
EOF (end of ASCII text file)
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4.6 CAM TOOL

AH computer-aided manufacturing (CAM) programs in this project were written
by the author using American National Standards Institute (ANSI) C programming
language. The source codes were compiled in Borland C++ version 4.5.

C language was created by Dennis Ritchie at the Bell Telephone Laboratories in
1972. Initially, It was used for designing UNIX operating system. Then, programmers
around the world started to use C language for other purposes since it is so powerful and
flexible. Different organisations created their own version of C, and subtle differences
between implementation started to give programmers headaches. In response to this
problem, the American National Standards Institute (ANSI) formed a committee in
1983 to establish a standard definition of C, which became known as ANSI Standard C.
With few exceptions, every modern C compiler has the ability to adhere to this standard
[103],

ANSI C programming language was used in this project because of the
following reasons [103]:

(1) It is powerful and flexible. The language itself places no constraints on the user.

(2) It is a portable language. A C program written for one computer system (an IBM
PC, for example) can be compiled and run on another system (a DEC VAX system,
perhaps) with little or no modification.

(3) It is a language of few words. It contains a handful of terms, called keywords, which
serve as the base on which the language’s functionality is built.

(4) Itis modular. C code can be written in routines called functions. These functions can

be reused in other applications or programs.
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4.7 CAM FOR SUBTRACTIVE PROTOTYPING

Five CAM programs were created by the author using ANSI C programming
language for the subtractive prototyping process. With the programs available, the data
processing procedures are computerised, path generation process is automated and so
on. As a result, computer-aided manufacturing in subtractive prototyping (ball nosed
end milling) can be materialised. The programs are listed sequential as below.

(1) Extract.c. It is for extracting all the surface co-ordinates from the DXF entities files.
The DXF entities files were transferred from the section cut models.

(2) Convert.c. It is for converting all the data from Cartesian co-ordinate system to
Cylindrical co-ordinate system to suit the precision robotic manipulator.

(3) Sortadd.c. It is for sorting all the co-ordinates according to the height of the model,
angles and creating the first and last point for each machining section (layer).

(4) Vd.c. Itis for converting all the distance from millimetre and degree to motor step. It
is also calculating all the synchronised velocity for each motion axes.

(5) VsvMt.c. It is the ultimate motion control program. Its functions include machining
time estimation, command construction, communication with the PC-23 indexer and
SO on.

Figure 4.7(a) illustrates the programs sequence that a data file has to go through
in order to produce a three-dimensional polystyrene model. Further details of the

programs will be explained in the following sections.
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4,7.1 Extract.c

Convert.c

Sortadd.c
Extract.c

VsvMt.c

3D model

Figure 4.7(a) Subtractive Prototyping CAM Programs Flow

The first CAM program is the Extract.c. It is for extracting the x, y and z co-

ordinates from the DXF files. Part of a DXF file of a section cut model is shown as

below (comments in brackets).

0]

VERTEX
5

217

100

AcDbEntity
8

0

100

AcDbVertex

100
AcDb2dVertex

(vertex section begin)
(handle)

(subclass marker)
(name of the layer)

(subclass marker)

(subclass marker)
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10

89.35717 (xco-ordinate of the vertex)
20

116.386332 (y co-ordinate of the vertex)
30

0.0 (zco-ordinate of the vertex)

The program flow is illustrated in Figure 4.7(b).

Figure 4.7(b) Extract.c Program Flow

The Extract.c program will begin by asking the user to input the DXF filename

with the correct path and file extension. DXF file will have “.dxf as the file extension.

Then, the program opens the source file (*.dxf) for reading and opens the destination
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file (*.txt) for writing. The program will scan through the source file in searching for the
subclass markers of ‘AcDb2dVertex’ or ‘AcDb3dPolylineVertex’.

Once the subclass markers are available, the program will continue to look for
group codes 10, 20 and 30. The data item for group code 10 is the x co-ordinate of the
vertex. The y co-ordinate of the vertex will be paired with group code 20, while group
code 30 will pair with the z co-ordinate of the vertex. Once obtaining the vertex co-
ordinates, the program will write them into the destination file.

The program will continue to read through the source file in searching for the
vertex co-ordinates until the end of file. When the program finish, the destination file
will contain all the necessary surface data of a section cut model. The surface data are
arranged according to the height of the model (step over). The Extract.c program source

codes are listed in Appendix D.

4.7.2 Convert.c

Convert.c is the second CAM program. Its function is to convert the data from
Cartesian co-ordinate system to Cylindrical co-ordinate system. The source file for

Convert.c is the product file of Extract.c. Part of a source file is listed as below.

X y z
89.357170 116.386330 0.000000
89 .578201 116.536995 0.000000
89 .801727 116 .685623 0.000000
90.027626 116.832169 0.000000
90.255753 116.976593 0.000000

The left column of the source file has x co-ordinates. The middle column of the file has

y co-ordinates. The third column of the file has of z co-ordinates.
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Initially, the program will ask the user to specify the source file and location.
Then, the program will open the source file for reading and open the destination file for
writing when necessary. The program will convert the data row by row. The base centre
point of each section cut model is (100, 100, 0). As a result, the reference point for
calculation is x = 100 and y = 100.

Only x and y co-ordinates are needed for calculating the radius (r mm) and angle
(Rx degree) from the horizontal axis. Figure 4.7(c) shows the conversion method from

Cartesian co-ordinate system to Cylindrical co-ordinate system in a graphical form.

Y-axis (90 )

(270 )

Figure 4.7(c) Cartesian System to Cylindrical System
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By using (100, 100) and (xI, yl), the program can calculate r mm and RXx
degree. The angle will start from the horizontal x-axis. The z value of the source file
will be kept as it is in the destination file except that the locations of the data are
rearranged.

The left column of the destination file consists of the height (z) of the model.
The middle column of the file consists of the angle (Rx degree) values. The right
column of the file consists of the radius (r mm) of the cross sectional profile. Part of a

destination file is listed as below.

z RXx r

0.0 123 .003510 19.539232
0.0 122 .219589 19.547022
0.0 121.433334 19 . 555429
0.0 120 .645020 19 .564512
0.0 119.855026 19.574347

The Convert.c program source codes are listed in Appendix E.

4.7.3 Sortadd.c

Sortadd.c is the third CAM program. The source file of Sortadd.c will be the
product file of the Convert.c. Soradd.c program functions are:

(1) Rearranging the data in each cross sectional profile (layer) so that the smallest angle
(~ 0°) will be placed at the beginning of the layer and the largest angle (~ 360°) will
be placed at the end.

(2) Calculating the radius (r mm) of each cross sectional profile (layer) at 0° and 360°.
The points will be added as the first and last points of each layer.

Part of a source file is listed as below (comments in brackets).
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z Rx

123 .003510

. 122.219589

0.0 121.433334
0.0 1.295079
0.0 0.335376

0.0 359.377563

125.297729

. 124.532516

0.0 123 767746

19.

19

19.

19

19
19

19

19.
19.

r
539232

.547022

555429

428715

427402
.427805

519014

525387
532116

(beginning part of the first layer)

(middle part of the same layer)

(end part of the same layer)

The left column of the source file consists of the height (z or step over distance)

of the model. The middle column consists of the angles (Rx). The third column consists

of the radius (r) of the cross sectional profile of the model.

Once activated, the program will ask the user for the source filename and

location. The program will then open the source file for reading and open the

destination file for writing (appending) when necessary. The program will sort the data

layer by layer. It will also calculate the radius of the profile at 0° and 360° by using

linear interpolation.

Part of a destination file is listed as below (comments in brackets). The left

column of the file consists of the z values of the model. The middle column consists of

Rx degree. The third column consists of the r values.

z RX
0.000000 0.000000
0.000000 0.335376
0.000000 1.295079

0. 000000 179 .815506

.000000 180.804916
.000000 181.798599

o o

0.000000 358 .422180

.000000 359.377563
.000000 360.000000

o o

19.

19.
19.

18.

18.
18

19

19
19

r
427544

427402
428715

472027

459417
448023

429905

427805
427544

(beginning part of the first layer)

(middle part of the same layer)

(end part of the same layer)

The Sortadd.c program source codes are listed in Appendix F.
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4.7.4Vd.c

Vd.c is the fourth CAM program. The source file for the Vd.c is the product file
of the Sortadd.c program. Vd.c program has the following functions.

(1) Converting the height (step over distance), angle and radius values of the source file
into motor steps based on the raw material block radius.

(2) Calculating the motor velocity based on the user’s desired feed rate.

(3) Calculating the velocity of each motion axis so as to have a synchronous motion
profile.

Once activated, the program will ask the user to provide the source filename, its
location and the radius of the raw material block. Then, it will open the source file for
reading and open the destination file for writing (appending). The data will be
calculated row by row. The calculated motor steps are either positive (increment) or
negative (decrement) values.

Part of the beginning, middle and the end of the first layer of a destination file is
listed as below. The feed rate chosen by the author is 0.375 mm/sec (manipulation along
X Or y-axis).

Velocity Motor step Velocity Motor step Velocity Motor step

along x- along x- around x- around x- along y- along y-
axis axis axis axis axis axis
0.2500 0 0.2500 18575 0.2500 0
0.2500 0 0.0003 0 0.2500 466
0.2500 0 0.0008 -4 0.2500 1333
0.2500 0 0.0084 46 0.2500 1368
0.2500 0 0.0076 42 0.2500 1374
0.2500 0 0.0069 38 0.2500 1380
0.2500 0 0.0024 13 0.2500 1323
0.2500 0 0.0013 7 0.2500 1327
0.2500 0 0.0003 1 0.2500 864
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The first column from the left of the product file consists of the velocities
(revolution/sec) of the motion axis along x-axis (refer section 3.2.3). The second
column from the left of the file contains all the motor steps of the motion axis along x-
axis. The third column from the left of the product file are the velocities of the motion
axis around x-axis (refer section 3.2.1). The fourth column from the left of the file
contains all the motor steps for the motion axis around x-axis. The fifth column from the
left of the product file are the velocities of the motion axis along y-axis (refer section
3.2.2). The final column contains all the motor steps for the motion axis along y-axis.

The Vd.c program source codes are listed in Appendix G.

4.7.5 VsvMt.c

VsvMt.c is the last CAM program of the subtractive prototyping programs. The

needed source file is the product file of VVd.c. VsvMt.c program functions are:

(1) Calculating the total production time (program execution time and actual machining
time) of the milling process.

(2) Calculating the individual machining time and the motion commands execution
time.

(3) Calculating the remaining production time of the milling process.

(4) Initialising the PC-23 indexer and set the motor resolution of the indexer to match
the KS-drives’ motor resolution.

(5) Constructing motion commands and sending them to the PC-23 indexer.
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(6) Communicating with the PC-23 indexer so as to write the commands to the indexer
and read the responses from the indexer.

Once activated, the program will ask the user for the source file and location.
Then, it will open the source file for reading. The following task is to calculate the
overall production time of the model. Later, the PC-23 indexer is initialised (refer
section 3.3.2 for the procedures of resetting the indexer). The motor resolution of the
indexer is set by the program to match the KS-drives’ motor resolution too.

The following step of the program is to calculate the production time of a single
command and display it together with the remaining production time. Then, the program
will construct the motion command based on the data of the source file. The complete
command will then be sent over to the PC-23 indexer. The command will be written to
the PC-23 indexer one character at a time (refer section 3.3.2 for the procedures of
sending a command string to the indexer).

When all the motion axes stop, the program will decode the response (refer
section 3.3.2 for the procedures of receiving a character string from indexer) of the
indexer and display the incremental (or decrement) motor steps of each axis. An

example of commands is listed as below.

1vs0.25 1v0.25 1DO Il 2vS0.0084 2v0.084 2D46 21 3VvS0.25 3Vv0.25 3D1368 31 G123

VS command will let the motion axis start and stop at the specified velocity. V
command will set the velocity of the motion axis during the move. The motion will be
more accurate with VS and V are having same value. D command is for setting the
motor steps to be moved. | command allows the indexer to pre-calculate the move data.

G123 command will synchronise axis 1,2 and 3 to start moving together. 1or 2 or 3 is
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prefixing the VS, V, D and | commands for specifying the motion axis (refer section
3.3.4 and Appendix A for further detail).
The program flow of the VsvMt.c is shown in Figure 4.7(d). The program source

codes of VsvMt.c are listed in Appendix H.

Figure 4.7(d) VsvMt.c Program Flow
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4.8 CAM FOR ADDITIVE PROTOTYPING

Seven CAM programs have been created by the author using ANSI C
programming language to facilitate the additive prototyping process. The programs are
listed sequentially as below:

(1) ExWax.c. It is for extracting all the surface co-ordinates from the DXF entities files.
The DXF entities files were transferred from the section cut models.

(2) Group.c. It is for regrouping the data according to the height of the models.

(3) Conwax.c. It is for converting the data from Cartesian co-ordinate system to
Cylindrical co-ordinate system.

(4) SaWax.c. It is for sorting the data according to the angles in each cross sectional
profile (layer) and creating the first and last point of each layer.

(5) Select.c. It is for selecting the data that match with the user-specified radius.

(6) Deposit,c. It is the final control program that controls the motion axes,
communicating with the PC-23 indexer, constructing motion commands and so on.

(7) DpsSlp.c. It is almost same as the Deposit.c. The only difference is the program did
not control the additive prototyping equipment as in Deposit.c.

Figure 4.7(e) illustrates the programs sequence that a data file has to go through
in order to produce a three-dimensional polystyrene model with internal cavities.
ExWax.c, ConWax.c and SaWax.c programs are almost same as Extract.c, Convert.c
and Sortadd.c programs respectively. As a result, only Group.c, Select.c, Deposit.c and
DpsSlp.c programs will be elaborated further in the following sections. Appendix I, K
and L listed the program source codes for ExWax.c, ConWax.c and SaWax.c

respectively.
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Figure 4.7(e) Additive Prototyping CAM Programs Flow

4.8.1 Group.c and Select.c

Group.c is the second program of the additive prototyping CAM programs.
Group.c is a program that rearranges the data of the source file according to the height
of the models. The source file is the product file of the ExXWax.c program. The data file
of a three-dimensional model with internal cavities is different from the data file of a
surface model in the subtractive prototyping process. The co-ordinates of the data file in
the additive prototyping process are not arranged according to the height of the models.
As a result, Group.c is used to produce the desired data file for the following data
processing stages.

The program has two assumptions. The assumptions are:
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(1) The maximum height of the model is 99 mm.
(2) The step over distance is 3 mm.
Group.c will produce the data file for ConWax.c. ConWax.c will change the data file so
that SaWax.c can utilise it. SaWax.c will in turn provide the data file for Select.c.
Select.c is the fifth program of the additive prototyping CAM programs. Select.c
is a program that selects the data based on the user-specified maximum radius. The user
will need to know the maximum radius of the model. The radius values of the source
file can be checked by opening the SaWax.c program’s product file. The radius values
are stored in the third column from the left of the file. Select.c will produce the source
file for Deposit.c or DpsSlp.c so that a three-dimensional model with internal cavities
can be produced by using additive prototyping equipment. The program source codes

for Group.c and Select.c are listed in Appendix J and M respectively.

4.8.2 Deposit.c and DpsSlp.c

Deposit.c and DpsSlp.c are the last programs of the additive prototyping CAM
programs. Both programs have slight differences in their basic functions due to the
difference in assumptions.

The functions of the Deposit.c program are:

(1) Calculating the incremental motor steps to be travelled by the manipulation units
along and around x-axis.
(2) Reset the PC23 indexer. Assuring that the indexer is ready to accept commands

from the author program.
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(3) Constructing and sending command string of all motion axes to the PC23 indexer,
getting position response string and display it on the screen.

(4) The model will be transferred back to its original position once it reached 99 mm in
height (total step over distance).

(5) Communicating with the PC-23 indexer so as to write the commands to the indexer
and read the response from the indexer.

The Deposit.c program has a few assumptions. The assumptions are:

(1) The motor of the manipulation unit along y-axis is used to push the semi-liquid
material or wax onto the core cylinder block. The rotational motion of the motor
will be converted to linear motion of the shaft which push the wax or semi-liquid
material. Thus, the motor step is directly proportional to the quantity of the
deposition material.

(2) There is no stoppage or delay time between all the motion axes. Stoppage time will
have to be calculated once the actual processing equipment is ready.

(3) The total step over distance or the height of the model is 99 mm

Once the Deposit.c is activated, it will ask for the filename and location. It will
also ask the number of motor steps required for pushing one drop of semi-liquid
material or wax from the deposition tool. The user will need to calculate the motor steps
by referring to the additive prototyping equipment. Then, it will open and read the
source file.

The program will set the motor resolution of the PC-23 indexer to match with
the KS-drive setting. The program will calculate the required motor step to be travelled
by all the motion axes. Then, the commands for all the axes will be constructed and

send over to the PC-23 indexer for motion control. The response will be decoded and
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displayed on the personal computer screen. Figure 4.7(f) shows the Deposit.c program

flow.

Figure 4.7(f) Deposit.c Program Flow

The format of the motion commands in Deposit.c is almost same as VsvMt.c

program. The only difference is that Deposit.c uses 1G or 2G or 3G to activate the
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motion instead of G123 command in VsvMt.c program. As a result, Deposit.c created
the step by step motion. The motion axes will move one after another instead of start
and stop moving at the same time. Appendix N shows the program source codes of
Deposit.c

The DpsSlp.c program is having the same functions as the Deposit.c except that
it did not calculate the motor step to be moved by the deposition equipment. The
assumptions of the programs are almost same as the Deposit.c program except that the
DpsSlp.c assumes that the deposition equipment is controlled by another external
controller. The motion axes of the robotic manipulator will have one-second stoppage
time to accommodate the deposition operation. The format of the motion commands of
DpsSlp.c is the same as Deposit.c program. Figure 4.7(g) shows the program flow of

DpsSlp.c program. Its’ program source codes are listed in Appendix O.
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Figure 4.7(g) DpsSlp.c Program Flow
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CHAPTER 5: RESULTS AND DISCUSSION

5.1 INTRODUCTION

A rapid prototyping system using a precision robotic manipulator was built
following the descriptions in the previous chapters.

A latest model personal computer was connected electronically to the PC-23
indexer. The PC-23 indexer was in turn connecting and controlling the KS-drives. The
KS-drives were connected to the a. c. brushless servomotors. The motors were either
connected mechanically to the lead screws or gearboxes of the manipulator to generate
motions. A subtractive prototyping equipment was also built to simulate the ball nosed
end milling process.

The AutoSurf software loaded onto the personal computer was used to produce
the desired three-dimensional ruled surface models for subtractive prototyping process.
The surface models were section cut into multiple cross sectional layers by using
AutoSurf. The AutoSurf was also used for producing solid models with internal cavities
for the proposed additive prototyping process and the graphic simulation program.

The graphic files of the section cut models were converted into DXF entities
files. Then, the DXF files were processed into machining data files by the CAM
programs that were developed by the author. The data files were then fed into the final
control program for controlling the precision manipulator to produce the three-
dimensional ruled surface models. Polystyrene cylindrical blocks were used as the
model material of the milling process. The milled models were based on the ruled

surface models in section 4.3.1.
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CAM programs were also developed for the additive prototyping process. The
final control programs of the additive process were catered for two situations. The first
situation is - the wax or semi-liquid deposition equipment is controlled by the same
system. The second situation is - the deposition equipment is controlled by an external
system. The additive prototyping process was simulated graphically by using the
simulation program which was built by the author using AutoLISP - the AutoSurf
programming language.

The actual polystyrene products are shown in the following section. The results
of the graphic simulation of the additive prototyping process are also shown in the later
sections. The last few sections of this chapter will be devoted to discussing:

(1) The effectiveness of the personal computer, interfacing system and the manipulator.
(2) The effectiveness of the CAD/CAM programs.
(3) The effects of the model shapes, size and feed rate.

(4) The effectiveness of the graphic simulation programming language.
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5.2 RESULTS OF THE SUBTRACTIVE PROTOTYPING PROCESS

Plate 5.2(a) Result for Heart to Complex Shaped Model

The milled model in Plate 5.2(a) wasbased on the section cut surface model

from Figure 4.3(g). The machining parameters are shown as below.

Cutter diameter ;6 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

: 0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion  axes.)

Step over :1.5 mm
Machining time : 3.82 hours
Production time :4.69 hours
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Plate 5.2(b) Result for Circle to Heart Shaped Model

The milled model in Plate 5.2(b) was based on the section cut surface model

from Figure 4.3(i). The machining parameters are shown as below.

Cutter diameter 16 mm
Spindle velocity : 1000 revolution perminute
Feed rate :0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 3.82 hours
Production time :4.69 hours
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Plate 5.2(c) Result for Circle to Complex Shaped Model

The milled model in Plate 5.2(c) was based on the section cut surface model

from Figure 4.3(j). The machining parameters are shown as below.

Cutter diameter 16 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

: 0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 3.82 hours
Production time :4.63 hours
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Plate 5.2(d) Result for Circle to Star Shaped Model

The milled model in Plate 5.2(d) was based on the section cut surface model

from Figure 4.3(k). The machining parameters are shown as below.

Cutter diameter :6mm
Spindle velocity : 1000 revolution per minute
Feed rate : 0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over :15mm
Machining time : 3.82 hours
Production time :4.82 hours
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Plate 5.2(e) Result for Heart to Star Shaped Model

The milled model in Plate 5.2(e) was based on the section cut surface model

from Figure 4.3(1). The machining parameters are shown as below.

Cutter diameter (6 mm
Spindle velocity :1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

: 0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over :1.5 mm
Machining time : 3.82 hours
Production time : 4.89 hours
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Plate 5.2(f) Result for Complex to Star Shaped Model

The milled model in Plate 5.2(f) was based on the section cut surface model

from Figure 4.3(m). The machining parameters are shown as below.

Cutter diameter 16 mm
Spindle velocity : 1000 revolution per minute
Feed rate : 0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 3.82 hours
Production time :4.90 hours
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Plate 5.2(g) Result for Circle to Square Shaped Model

The milled model in Plate 5.2(g) was based on the section cut surface model

from Figure 4.3(n). The machining parameters are shown as below.

Cutter diameter 16 mm
Spindle velocity : 1000 revolution per minute
Feed rate : 0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over © 15mm
Machining time : 3.82 hours
Production time :4.39 hours
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Plate 5.2(h) Result for Complex to Square Shaped Model

The milled model in Plate 5.2(h) was based on the section cut surface model

from Figure 4.3(0). The machining parameters are shown as below.

Cutter diameter 16 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm persecond along x-axis

: 0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 3.82 hours
Production time :4.57 hours
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Plate 5.2(i) Result for Star to Pentagon Shaped Model

The milled model in Plate 5.2(i) was based on the section cut surface model

from Figure 4.3(p). The machining parameters are shown as below.

Cutter diameter 16 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 3.81 hours
Production time : 4.83 hours
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Plate 5.2(J) Result for Cross to 45° Rotated Cross Shaped Model

The milled model in Plate 5.2(j) was based on the section cut surface model

from Figure 4.3(q). The machining parameters are shown as below.

Cutter diameter :6 mm
Spindle velocity :1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis

(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time :3.82 hours
Production time :5.03 hours
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Plate 5.2(k) Result for Cross to Pentagon Shaped Model

The milled model in Plate 5.2(k) was based on the section  cutsurface model

from Figure 4.3(r). The machining parameters are shown as below.

Cutter diameter ;6 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around Xx-axis
(The feed rate along y-axis is synchronised with the other two motionaxes.)

Step over :1.5 mm
Machining time : 3.82 hours
Production time :4.66 hours
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Plate 5.2(1) Result for Circle to Heart to Complex Shaped Model

The milled model in Plate 5.2(1) was based on the section cut surface model

from Figure 4.3(s). The machining parameters are shown as below.

Cutter diameter ;6 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over :1.5 mm
Machining time : 3.82 hours
Production time :4.65 hours
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Plate 5.2(m) Result for Circle to Heart to Star Shaped Model

The milled model in Plate 5.2(m) was based on the section cut surface model

from Figure 4.3(t). The machining parameters are shown as below.

Cutter diameter : 6 mm
Spindle velocity : 1000 revolution per minute
Feed rate : 0.375 mm per second along x-axis

: 0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 3.82 hours
Production time . 4.75 hours
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Plate 5.2(n) Result for Circle to Complex to Star Shaped Model

The milled model in Plate 5.2(n) was based on the section cut surface model

from Figure 4.3(u). The machining parameters are shown as below.

Cutter diameter ;6 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time :3.82 hours
Production time :4.83 hours
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Plate 5.2(0) Result for Heart to Complex to Star Shaped Model

The milled model in Plate 5.2(0) was based on the section cut surface model

from Figure 4.3(v). The machining parameters are shown as below.

Cutter diameter ;6 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over :1.5 mm
Machining time : 3.82 hours
Production time : 4.83 hours
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Plate 5.2(p) Result for Circle to Heart to Complex to Star Shaped Model

The milled model in Plate 5.2(p) was based on the section cut surface model

from Figure 4.3(w). The machining parameters are shown as below.

Cutter diameter 16 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm persecond along x-axis

: 0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 3.82 hours
Production time :4.77 hours
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Plate 5.2(q) Result for Scaled Up Model

Plate 5.2(q) shows the original model (left) and the scaled up model (right)
based on the model from Figure 4.3(v). The scaling factor is 1.5 (150 percent of the

original model size). The machining parameters are shown as below.

Cutter diameter 16 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.375 mm per second along x-axis

:0.9° per second (0.0157 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 5.73 hours
Production time : 7.63 hours
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Plate 5.2(r) Result for Scaled Up and Higher Feed Rate Model

Plate 5.2(r) shows the original model (left) and the scaled up model (right) based
on the model from Figure 4.3(w). The scaling factor is 1.5 (150 percent of the original
model size). The feed rate is two times higher the defaults setting. The machining

parameters are shown as below.

Cutter diameter ;6 mm
Spindle velocity : 1000 revolution per minute
Feed rate :0.75 mm per second along x-axis

: 1.8° per second (0.0314 radian per second) around x-axis
(The feed rate along y-axis is synchronised with the other two motion axes.)

Step over 1.5 mm
Machining time : 2.87 hours
Production time : 4.65 hours
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Diameter of the first layer for a few milled products had been measured and
compared with the dimension of designed models. Table 5.2(a) listed four types of
models with their design diameters, average measured diameters, percentage of error

and the average percentage of error.

Table 5.2(a) Dimensional Comparison

Model Shape Design Diameter ~ Average Measured Percentage of
(mm) Diameter (mm) Error
Circle to Complex 37.8972 38.0900 0.51
Circle to Square 31.2566 31.2250 0.10
Circle to Crescent 39.7138 39.6500 0.16
Circle to Star 39.0072 39.2900 0.72
Average Percentage of Error 0.37

5.3 RESULTS OF THE ADDITIVE PROTOTYPING PROCESS

A solid cone model with four internal cavities (parent model) was created by
using AutoSurf. Various smaller diameter models were later derived from the parent
model (refer section 4.4.1.). The additive prototyping process for making the parent
model was simulated graphically by using the AutoLISP programming language.

The simulation can only be done in the AutoCAD or AutoSurf environment. The
results of the simulation are shown as below. All the computer-generated pictures are
presented in isometric view from South-East Angle. The deposition tool is located in the
upper portion of the picture (with sharp end). The tool and the model are normal to each

other.
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Figure 5.3(c) Deposition Tool with 30 mm Diameter Product
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Figure 5.3(f) Deposition Tool with 60 mm Diameter Product
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Figure 5.3(g) Deposition Tool with 70 mm Diameter Product
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Figure 5.3(h) Deposition Tool with 80 mm Diameter Product



Ry daving

]
JCoanand
>/fjoooo' « o« k

sNiFsnRib wooti Nnu. <<mpm

Figure 5.3(i) Deposition Tool with 90 mm Diameter Product

194

ITTHra
R 1



Figure 5.3(j) Deposition Tool with Complete Product

5.4 DISCUSSION

Sixteen complex shaped models had been produced by using the subtractive

prototyping system. Two scaled up models were also produced with one ofthem being

machined using a higher feed rate than the default setting. The milled products are
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shown in Plate 5.2(a) to Plate 5.2(r) (refer section 5.2). The additive prototyping process
result was simulated graphically in a CAD modelling environment. The computer
generated graphic frames are shown in Figure 5.3(a) to Figure 5.3(j) (refer section 5.3).
The following sections will be discussing about the system, product and other related

issues.

5.4.1 Effectiveness of the EqQuipment

The persona] computer that was used in this project provided satisfactory
performance. It has a Pentium Il microprocessor. Its clock speed is 300 MHz. The
random access memory (RAM) is 128 MB. The hard disk capacity is about 5 GB. The
personal computer has the capacity of controlling up to two PC-23 indexer since it has
two ISA slot at the mother board to accommodate the indexer main circuit boards.

The communication problem between the computer and the indexer was solved
(refer section 3.3.3). The system is executing well under the new control program. The
new control program can be used to solve the interfacing problem if any higher end
personal computer is used in the future. Command execution speed difference due to the
difference in the microprocessors of the indexer and the personal computer will not
pose a problem.

The personal computer has a very large RAM and hard disk capacity. A number
of applications can be run at the same time. Its microprocessor and clock speed is so fast
that the executions of all the applications can be carried out smoothly without

sacrificing the speed. As aresult, it is suitable for running powerful CAD software like
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AutoCAD and AutoSurf (part of Mechanical Desktop package). It is also capable of
executing programming software like Borland C++ 4.5.

However, when the control program is executing the commands to produce the
subtractive and additive prototyping product, other applications in the personal
computer cannot be used. It is to ensure that the control program is not interrupted by
the time sharing feature of the microprocessor for producing high precision product.

The interfacing system (PC-23 indexer, KS-drives and motors) is more than ten
years old. But, while it can still be used to communicate with the latest personal
computer, a large amount of work was required by the author to solve the
communication problem. Two indexers are available for the system. But, only one was
needed since it can control up to three drives. As aresult, a spare indexer is available for
future development.

Four KS-drives are available. But, only three were used since the subtractive
prototyping process required only three motion axes. The additive prototyping process
will either need three or two motion axes, depending on the situation specified in
section 4.8.2. In general, the interfacing system proved satisfactory in performing the
user-specified tasks in such an accurate way.

The manipulator has four motion axes - manipulation along the x-axis,
manipulation around the x-axis, manipulation along the y-axis and the manipulation
around the y-axis. Due to the nature of the subtractive prototyping control program and
the model definition co-ordinate system, only three axes were used and they were
manipulation the along x-axis, manipulation the around x-axis and the manipulation

along the y-axis. The manipulation unit around the y-axis is not used in the project. It is
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very stable and not easily moved by external forces. As a result, the manipulation unit
around the y-axis was not locked during the subtractive prototyping process.

The gearbox of the manipulation unit around x-axis was contributing a
maximum backlash of three minutes (3’ = 0.000873 radian). The backlash of 3’ is
negligible. The manipulator provided a fairly high precision motion, and this was
proved by examining the surface roughness and the dimension of the milled polystyrene
models in Table 5.2 (a).

The original ball nosed cutter was attached to a Bosch hand drill. The hand drill
was found to be not suitable because it cannot continuously run for a few hours. As a
result, the IKA drive unit that can stand long machining hours replaced the Bosch hand
drill as the subtractive prototyping tool. The new drive unit has the advantage of
controlling the rotating speed of the cutter.

Generally, the hardware system configuration, which consists of the personal
computer, the interfacing system (indexer, drives and motors), the precision manipulator
and the ball nosed cutter equipment were integrated seamlessly. The system resulted in
a general-purpose precision robotic manipulator, which could be used as a subtractive

and additive prototyping tool for the present, and future projects.

5.4.2 Effectiveness of CAD/CAM

AutoSurf was used in this project for producing ruled surface models and solid

models with internal cavities. AutoSurf was also used in changing the solid models into
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surface models. And, AutoSurf has the capability to produce the section cut surface
models from the surface models.

AutoSurf is a very powerful and user friendly CAD modelling software. It has
completely outdone the AutoCAD, its predecessor. As far as the project is concern,
AutoSurf provided all the CAD requirements for the project. It has the internal pre-
processor to change the model graphic file into a good and simple neutral format file -
DXF entities file.

The step over distance of the sections cut feature in the AutoSurf will determine
the amount of section cut layer of the model. More than 400 co-ordinates in each section
cut layer were generated by the AutoSurf. The surface roughness is directly proportional
to the amount of co-ordinates in each layer and the quantity of layers. The amount of
data was found to be adequate by examining the quality of the milled product. The
overall model production time and the dimensional accuracy of the models are affected
by the section cut parameter as well.

All the CAM programs used in the project were developed in ANSI C
programming language. The platform used is the Borland C++ 4.5 programming
software. Five CAM programs were developed to facilitate the subtractive prototyping
process. Seven CAM programs were developed to prepare for the additive prototyping
process.

The post-processor programs for the DXF file (Extract.c and ExWax.c) can
extract all the surface co-ordinates from the model in seconds. The post-processor was
found to be very efficient since all the surface co-ordinates of the section cut model can
be extracted out from the section cut models. However, the post-processor programs are

solely for the AutoSurf section cut surface model’s DXF entities file. The product files

199



of the Extract.c and ExWax.c were verified to be correct by plotting the cross sectional
profile data into Microsoft Excel.

Other subsequent programs which were built by the author using the ANSI C
programming language were used to change the co-ordinate system of the data set,
sorting, rearranging and converting the data into machine-readable format for the final
control program. The maximum co-ordinates in each section cut layer (cross sectional
profile) of the section cut model that can be handled by the Sortadd.c and SaWax.c
programs are set at 4000. A higher memory personal computer will be needed for
sorting more co-ordinates.

The final control program contains all the require functions to communicate
effectively with the PC-23 indexer for command transferring and response decoding. It
also has other functions like machining time calculation, command constructions,
initialising the indexer, setting the motor resolution of the indexer and so on. The
maximum height of the model that the subtractive and additive prototyping process can
produce is limited only by the distance of the grippers. However, the height of the
model that the additive prototyping process can handle is set at 99 mm by the author in
Deposti.c and DpsSlp.c programs.

The CAM programs for the additive prototyping process was tested to be fine by
using the data files generated from the section cut models in section 4.4.1.. Once the
additive prototyping tool is ready, the solid cone with internal cavities can be produced.

Generally, the CAD/CAM integration of the system is complete and adequate.
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5.4.3 Effects of Model Shapes, Size and Feed Rate

Various polystyrene models were produced by using the subtractive prototyping
system with the aid of the precision robotic manipulator. The ruled surface models were
generally composed of two or more polyline profiles. The profiles were circle, heart,
complex, square, cross, star and pentagon. The finished models were shown from Plate
5.2(a) to Plate 5.2(p).

The surface finish of the products is fairly good. Some of the milling chips were
still attached on the model surface due to the natural properties of extruded polystyrene
block. The surface finish can be further improved if the section cut surface models have
more than 34 cross sectional layers - which contribute to smaller step over distance and
longer production time. The thickness of the section cut layer can be as thin as a piece
of A4 paper and its realisation is only limited by the practicality of the machining
facilities available.

Most of the milling starting points (0°) and ending points (360°) were observed
to have a deeper milling depth. The deeper milling depth may be due to the following
causes:

(1) The starting points were created by the author by using linear interpolation, which is
different from the NURBS (non-uniform rational B-spline) surface of the
engineering models.

(2) The cutter was dwelling at the 0° and 360° location of each cross sectional profile
for a longer time. It is due to the nature of the Sortadd.c program that is adding

redundant co-ordinates at the start and end points of each cross sectional layer.
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(3) The PID gain setting of the KS-drives may not be the best although the shapes of the
milled models were matching the designed models.

The milled polystyrene models were found to have craters. This might be caused
by the vibrations of the ball nosed cutter drive unit and the natural properties of the
polystyrene. The cutter drive can be more stable if its base is supported from the ground
instead of overhang in the air. The cutter drive vibration can also be reduced by fixing
an air cushion to it.

The dimensional accuracy of the product was good. The dimensions of a few
prototypes had been measured and the results were shown in Table 5.2(a). The average
percentage of error is 0.38 percent. The dimensional difference may be due to the
positioning system of the manipulator, the milling vibration and the natural properties of
the polystyrene which tend to have chips attached on the surface or crater. It is expected
that the average percentage of error for all the models of the project will be much lower
if there isn’t any attached chips or crater on the surface of the models.

Referring to Plate 5.2(q), the scaled up model and the original polystyrene
models have the same surface finish. As a result, the scaling factor does not appear to
affect the surface roughness of the models produced using the same machining
parameters. Referring to Plate 5.2(r), the bigger size model was also had the same
surface finish as the original polystyrene model although the feed rate for machining the
big model was twice as high as the default setting.

As a result, the machining time can be reduced significantly by applying higher
feed rates to the future models. In fact, the models from Plate 5.2(a) to Plate 5.2(p) that
had 34 section cut layer were produced in less than five hours each. The bigger size

model in Plate 5.2(q) that had 50 section cut layer was produced in less than eight hours.
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The large model in Plate 5.2(r) that was also having 50 section cut layer was produced
in less than five hours. The actual machining time is different from the overall
production time because at least 20 percent of the production time was used in
commands transfer and execution. Motion command from the PC and the response from
the indexer are transferred one character at a time between the PC and the indexer. The
indexer has a very low command execution speed as well. It is believed that the
bottleneck of the whole system lies on the two factors mentioned above.

Generally, the system managed to produce complex shaped ruled surface models
with a very good dimensional accuracy and fair surface finish. The milled product
directly matched the shapes of the designed engineering models in the CAD software.
With further improvement, metal products could be produced by using the equipment

developed for the project.

5.4.4 Effectiveness of CAD Programming Language

AutoLISP, the programming language of AutoSurf was used in simulating the
additive prototyping process. The results were shown in section 5.3. AutoLISP is based
on the LISP programming language, which is simple to learn and yet very powerful.
AutoLISP’s programming structure is very similar to C programming language.

The program only used a few simple commands to simulate the additive process.
The commands are for creating and displaying the models, rendering them, rotating
them for different views and so on. The simulation can only be shown in an AutoSurf

environment since the program needs the built-in LISP interpreter of the AutoSurf.
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A string is a group of characters surrounded by quotation marks (refer Table
4.4(a)). The simulation program cannot create or display the model if one of the string
in the model definition data is more than 132 characters. In order to ensure that the
string length is within the limit, the engineering model should be moved or rotated back
to its original position once it is ready for extraction (using ‘entget’ for extraction).

The simulation program can be executed in any new or existing AutoSurf files.
If the new files don’t have the required layers, line type, line colour and so on, the
program will use the default settings. The default setting will show all the created
models in white colour. As a result, it is better to simulate the program in an existing
file that have all the necessary layers, line type, line colour and so on.

Generally, the AutoLISP program is sufficient in simulating an additive
prototyping process of a solid cone with four internal cavities. Besides using its own
specific commands, AutoLISP can access the built-in commands of the AutoSurf
directly in its programs. AutoLISP program can be written in any text editor. But, the
program must be saved in *.Isp format.

Since AutoSurf read AutoLISP code directly, no compiling is required. By
entering code at the command line, the author can see the result immediately. This
makes the AutoLISP language an easy one with which to experiment, regardless of the

author’s programming experience.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1 CONCLUSION

A rapid prototyping system using a precision robotic manipulator has been
developed. The system comprises of a latest personal computer, interfacing system (PS-
23 indexer, KS-drives and motors), a four degrees of freedom precision manipulator and
a ball nosed end milling equipment. The hardware is integrated with the commercial
available CAD software (AutoSurf) and self-developed CAM programs (for data
processing and motion control) for producing subtractive prototyping models and
simulating additive prototyping process. The system has the following advantages:

(1) Lower Cost. The hardware and software are cheaper than the market available rapid
prototyping tools.

(2) Effective. The system can produce complex shaped objects with high accuracy.

(3) Dual Purposes. The system can produce subtractive prototyping products and ready
to develop additive prototyping objects once the deposition tool is available.

(4) Time Saving. Complex shaped objects can be produced in hours without sacrificing
the surface roughness and accuracy.

(5) Space Saving. The robotic based rapid prototyping system can save the floor space
compared to the NC or CNC based systems.

(6) All in One. All the CAD/CAM activities can be done in one personal computer.

Although the additive prototyping tool is not available yet, its CAM programs

were tested by using the data files of the section cuts models from section 4.4.1.. The
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programs were good and the execution was smooth. Once the equipment is ready, the

additive prototyping model can be built.

6.2 THESIS CONTRIBUTION

In the course of this research, it is believed that the following contributions have
been made in the general area of the research topic.

(1) Communication Interface - The author has been able to create smooth interfacing
between a high specification personal computer and low specification PC-23
indexer. The low specification PC-23 indexer was designed for low specification
personal computers such as PC/XT and AT. After considerable investigation, the
author discovered that the execution speed of microprocessor in each interfacing
component plays a vital role in producing smooth data communication. Special
program can be used to slow down the execution speed of the microprocessor in one
component if the speed difference is not large such as the case of the PC-23 indexer
and the 486DX33 personal computer. When the difference between the execution
speed of two interfacing components is large, the communication protocol has to be
changed. As a result, the author has developed a communication program based on
this new protocol. The new communication program will enable the high execution
speed personal computer to wait until it receives the response from the low
execution speed PC-23 indexer, instead of waiting for a short period of time in the
previous communication protocol. In the future, any higher specification personal

computer can be used to interface with the PC-23 indexer.
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(2) NURBS Surface Data - The author has developed effective procedures for the
production of NURBS surface data from three-dimensional solid and surface
models. The three-dimensional model has to be converted into a surface model (if
the original model is a solid model) before it is section cut into multiple cross
sectional layers. The distance between the section cut layers (step over) will
determine the surface finish of the end product. The precision accuracy of the step
over distance can be set to as high as sixteen decimal points. Then, the section cut
model is changed into DXF entities file for further data processing. Thus, another
way of producing NURBS surface data was developed.

(3) Post-processor of DXF - The author also developed a general post-processor
program for the section cut surface models” DXF entities files. The surface data of
the DXF entities files can be extracted completely by using the post-processor
program. This has solved the CAD and CAM interface issue for a neutral formal
file, DXF entities file. Thus, the CAD model data can be completely transferred to
the CAM processing programs for producing finished product. This has a significant
effect on developing country like Malaysia since most of the CAD/CAM users are
using AutoDesk products. The Malaysian will realise that it is possible to integrate
CAD/CAM into their traditional manufacturing processes. As a result, achieving the
status of developed country for Malaysia in the year 2020 is not an impossible
dream.

(4) Graphic Simulation with AutoLISP - A graphic simulation program was developed
by the author with AutoLISP programming language to simulate the additive
prototyping process. The attempt by the author in producing a simple graphical

simulation program can be considered as a new contribution towards the usage of a
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CAD programming language since there is no publication evident stating the usage
of AutoLISP in producing graphical simulation of an additive prototyping process
in a personal computer environment.

(5) Dual-Process System - Development of a single system for both subtractive and
additive rapid prototyping processes is also seen as additional contribution to the
technology. The system can be used to produce three-dimensional complex shaped
object in subtractive prototyping process. The CAD/CAM aspect of the additive

prototyping process is also ready for production as well.

6.3 RECOMMENDATIONS

In the future, the rapid prototyping system using the precision robotic
manipulator can be further improved by implementing the following recommendations:
(1) Replacing the lead screws of the manipulation units along x and y-axis with ball
screw that will provide smoother and backlash free motions.

(2) Reducing the vibration of the ball nosed end milling tool by supporting the base of
the drive with air cushion.

(3) CAM programs can be linked or integrated to become one.

(4) For perfect accuracy, the methods of getting the home position of the manipulator in
subtractive and additive prototyping processes has to be carried out.

(5) If plastic or resin part needs to be produced, then, the ball nosed end milling
equipment will need to be modified to withstand high frictional forces between the

cutter and the new material surfaces. The grippers will need to be modified too.
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(6) A hybrid rapid prototyping system that comprises of additive and subtractive
processes can be created. A complex shaped objects with internal cavities and out of
line of sights areas can be created layer by layer in additive process. The subtractive

process can smoothen up the surfaces after each layer is built.
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Appendix A PC-23 Indexer Commands

Command Format Description
The following section describes the format of the command descriptions

used In this chapter. The numbered arrows refer to the numbered sections
below the drawing.

\

Set Acceleration ' Version
Type Motion Attributes r
Syntax <d>An [x] Buffered
Units n is rps2 [ 1 Device specific
Range 0.001 t0 999.99 [x] Saved independently
Default 100 [ ] Saved in sequences

Responses None
See also D,V,G

The acceleration command specifies the acceleration rate used for subsequent moves (G command). The
acceleration remains set until you change it again. You do not need to reissue this command for
subsequent Go (G) commands. Acceleration outside the valid range cause the acceleration to remain in
previous valid acceleration setting. The PC23 Indexer uses the same value for deceleration.

» Command Description
A100 Set the acceleration rate
V10 Set the velocity
(010000 Set the move distance
G Start the move
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© Command Identifier
The letter or letters used to represent the conmand
® Command name

This name used to refer to the conmand.  For exanple. Acceleration for
the Aconmand.

® Version

© Characteristics

Type

Syntax

Units

The revision of software In the PC23 Indexer when the described commad
wes first Introduced or last nodified  If the revision level of the software
you are using Is equal to or greater than the revision level listed here, the

conmrand

Is available Inyour unit. YYou can determrire the led of

software In your PC23 Indexer by Issuing the Ravision Lewd ()

conmand.

The folloning sections describe the main characteristics of the conmand

This portion of the box contains the commmand's type. The four command
types are listed belon

Sat-Ujo:

These commands define Set-Up conditions for the
application. Sat-Up conmrands Include the fdloning types
of comrands:

O  Horirg (oo hore aocodleration and \aladty, etc)

O Inpu/Qutput (lints, scan ting, Injoositlon ting, &)
O Tuning (s&eno o position traddirg)

O Gaed (st snitdes, retum to faday settings, c)

Progamring: Progranring conmmrands affect progranming and program

Muotion:

llon For eanple, trigger, output, all sequence
conmrands, quote, tie delays, pause and continue, erable
and front-parel. loop and end loyg, lire feed, carriage
return, and backspace.

Status conmmands respond (report back) Informration

Mtion conmrands affect notor notion (for eanple,
acceleration, \elodity, distance, go hore, stop, direction,
node, etc)

This field shows the syntax for the coommand. PC23 Indexer commands
use the fdloning gereric syrtax:  acspd

\dicdea

\disdec
\aiddem

\aicdep

\dicded

This\aidde kttedbieatiess Hieadbress is itissownin
adebades: <= Olyamadtswidragirette RC3 Indba tosad
aregooree repreachviceadtress. Alaonmacs nay use adbviceadtess
todssigatewidhuitanadisydeintre conmard is ineced fare

Ths\aidde istreaamard ichtifia, wichisaea noeldias
Ths\aicdde rqoesatsadgn Adghisradlioredfordl omacs Trea
smminnm%abm

Z00 NUe (Hadas m"mzr(fmamﬁasrgléonismdnmh
the syrtax

Ths\aidde stre add comard dHinite._ ThHsisavays regtiredadis

ra domintre fdiormgdsaigiosfardaity. Treddiniernaybea
e daerader aa@mace reum

This field describes what unit of measurerrent the paranmeter in the
conmrand

syntax represents.
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Range

Default

Response

See Also

© Attributes

Buffered

Device specific

Saved always

Saved in
sequences

This lathe ra’lgeof\,alldvalws that you can spedify for n (or any other
paraeter speafied).

The default setting for the conmrard Is shown Inthis box Aconmad
Wil perfom Its function with the default setting fyou do not provice a
value.

The resporse to the commrard Is shown in this bax Status commands
report a condition Inthe indeer. Status commands do not affect the
status they reed.

Gommands that set paranreters report the paraneters when the conmard
is Issued without a pararreter. Forea’n:iel\ﬁéo the acoeleration to

%}%ﬂ&s rﬁe current setting. Ol NCaAresparee, A

Conmrands that are related or similar to the commrand described are listed
here.

Each conmrand has attributes as shonnbelonw

If the Buffered bax is chedked the commrard Is buffered.  IF it is not
checked the commrand Is acted on imrediiately.  Buffered commrands are
executed In the order they are received  An Intermal buffer, o storage
area, holds the commmands In a quete until the previous comand hes
beenexecuted

Imrediate conmrands are executed as they are received.  Inrediate
conmrands are executed even if the command buffer has commrands init
For eanple, the Stop (S commrad Is Inmrediate. \V\en a Stap conmrand
Is received the notor is stopped as soon as the commard is received. The
PC23 Index@r does not process the conmands in Its conmrand buffer
before stopping the notor.

Ifthe Deavice spedific bax Is dhedked the conmrand requiires a device
idertifier. If it is not chedked the commrand may be used with or without a
davice identifier.  Gonmrands which are davice spedific are nomrally
Status conmrands.  Davice goedific conmrands have a syntax description
with ad by itself before the commrand.  IFit is not davice spedific the
commrand syrntax description has a<d> In andle brackets befare the

Ifthe Independently saved bax Is chedked the paranreter contralled by the
conmrard Is alvways saved. This differs fram commrands which nmay anly
be saved in sequences and those whidh are never ssved.  Ifneither the
Saved avays nor the Saved inseouiences bax is chedked the conrmrand is
never saved

If the Saved In sequences box Is dheded the conmrand will be saved anly
Ifit Is In a sequence and you Issue the Save conmrard (sV).  If neither the
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Saved alvays nor the Saved insequences bax Is dhecked the commarnd is
never sasved

© Description
Adescription of the conmand appears In this area along with any special
corsiderations you should know about.

© Example

An eanple of howto use the command appears inthis areas The left
colunm contains the conmanads you would issue to the PC23 Indexer. The
right colunm contains descriptions of what the conmrands do in the
program

Alphabetical Command List

A Set Acceleration Vedn A

TN M otion Alttributes

ﬁ'ts s ps2 e gedfic
n=

Raoe 0.01 to 999.99 (Mocor dependant) [ Saadi

Defauit 1&&9 £] Saadinsqeos

Se adso D, v, G

Tre Accdeleratian conmrand gedifies the aoodaration rate to e used yoon exeating the rnext Go (6)
amad Tre aocceleration rerairs st uitil you dace it You co ot need to raissue this aconmard far
susequent c comrarcs. Aadeatias ausice thealid range cause the aocodleration to rerrain In
pevas\dida settirg

Command Description

>MN Set to Normalmods
>AS Set acceleration to 5 rps®
>va Setvelocity to 10 rps
>D10000 Set cfetanee to 10.COO steps
>G Execute the mow (Go)
AB Report Analog Voltage (Binary) Vedon  BX
Tvee Status Attributes
X aABn ]lB,ffHE[:I i
n = channel MS:E]"C
0-3 ] ircgadatly
IIZ?HI'EUIt None 1Sadinseqa0s
esmllse nn (twoASCIl characters)
See alo av
Redthe ardlag | andaTd nunbern refererced toadlag | ad In
Pyl e e OV o0y Pk T A S s, T et Dt ot A P Tier
(a"dlagdarde 0 thraugh 3. seocad byte lathe 8 bit nunrboer far thet o theJoystidks AD
aonater.

The 8 bit nunber carespads tovaluss bevween O and 255, Sreethe ardlag | \altege ranges keveen
025G, the binery reeding will m]mnaﬂy@mdbm\dtageg];ﬂgllfpx
This comrard Is very weeful far quiddy reeding the arelog input \ditece

Command De«criptlon/H«*ponM
abi Reports voltage on Channel 1
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AV Report Analog Voltage (ASCII) \ersion A
Téﬁ Status Attrilbutes

s one
Range Eone }Sa\a:lndapadaﬂy
Default None 1] Saed nsegeoss
Response cH»zn.nnv
See alo ab
Redthe aelog | anadaTd nunber (N refereced toardlag | The Is
InASAL msmmywmsmg Alterhodd Wm% mdﬁmdm'el
ad\arify that Gherrel 0 *Care Care 2<-Card 3 poEtive Refarto the Joystidk
irstallation procedure far test and cllibration
Command Raspons#
AV0 CHO0:1.4S8V
B Report Buffer Status \Versin A
T Status Attributes
?ﬁél’taax aB 1 Bffed

s None 11 BricegEdfic ly
ea-lge one [] $aj!r[m«-[h~|
Default Eone [_] Sﬁmlﬂﬁ}ﬂ 1855
Response *r or *b
See alo None

The buffer status conmrand Wil report the status of the commrard buffer. The conmrand buffer is 1.000
bytes lag  The resparee to this commrad k&

*R =Mre than 31 bytea are free

*B =Less than 32 bytes are free

This conmrad is commonly used when a lag series of commmarncs will e lcecked renaiely.  F the buffer
gz is exsaed the exdra comrands will not be received by the Gorirdller.

Command

1B 1:*R (more lhan 31 bytes of Ihe bufferare free)

C Continue \ersion A

Tym Programming Attributes
BRffasd

Range None Sadadii

a ;itS T\lcone E i MS:E]ﬁC

Default None j Saaedinssgq e
Response  None
ps, u

The Gontince (© conmrard encs a paLee state. It ereldles your Indeser to continue exeouting buffered
amatk Afteryou intiate a pajse with the Pause (ps) commad ar the Pause and VAt far Gortinee
aonrad, you can dear Itwitha Coommad. This conmrard Is useful when youwart to transirit astring
of commarts befae you actually need to eeaute them

Command Description

Pause execution on axis #LUNSthe indexer receives a C command
MC Sotis Continuous mode

A5 Set acceleration to 5 ip62
és Setvelocity to 5 rps
Execute tie move (Go)
T10 Wait 10 seconds afterthe move
VO Sotvelocity to zero
a Oecetorale the motor to zero velocity
C Start executing commands in buffer
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CG Set Correction Gain \ersin A

T P Attributes
e acan [x ijaed
| n - gain EB/ICESI:BllliC
. o2 Saadi
It 8 Sadins es

esponse Hone
See also fsb, fsc, cm, mv

This cammand dlong you to set the amount of errar (steps) that should be coredted an the Initid positian
nrainterance (rsci comrad) aaredion nowe (Whidh takes place werever the notar ks stationary).  Ths
fudion Is aiy\alid In the Brooder Siep noce (rsBl conmrand).

The paroentage of error that the Rosition Miinterance fuation Wil attenpt to coredt an eech aaredtian
noe lsr/8 « 100% Ifyauset n to 1, the systemwill carect the errar donly (1/8 of the errar Is caredsd

aeach This type of caredtion Is perfaned snodhly. ifyousst nto 8§ tre will corect the
arar fegte. "y) Honeer, ﬂ’eenwtenueoﬂsi’mgdnrgrgatﬁ’ee‘dg‘ﬂistypedwmcﬁmm)e
Command Description
PSB1 Setto Encoder Sep mode
?sci Enable position maintenance while the motor is stationary
CG3 The system corrects 3/8 of the final-position error on the Wdal correction move
CR Carriage Return \ersin A
T Set-Up Al_:trileE
%ax aCR M Bffaed

s None 1 e gmdfic
Range None 1 Siﬂjll’IHB’m’ﬂj’
Default None ] Saedinseg e
Response None
S% alo None

Vﬁfﬂlm(cr) aconmrard determrines wen the Indeer reedes a particdlar pairt. In the exeaution
ndeer reedhes this aomrad Inthe buffer, It responcks by Issuing a camiage retum
1 13 ower Its interface badk to the host copuer. iyou dace the o r comard after a Go (g
amad kwill Indicate wrena nowe Isaondee  Ifyou put the a- comrard after a Trigoer (i)
aomad, itwil Indicate when the trigger cadition Is et

Command Description
MN Sot to Normal Mode
MPA Setlo Absolute Position mode
AS Sat acceleration to 5 tps2
V5 SotVe)ocilyto5fp8
D5000 Set cktanca to 5.000 steps
3 Execute the move (Go)
CR Send a carnage return at the rOCFlETOR
D Set Distance \ersin A
T M otion Attributes
T aDn x] Buffered
s n ** steps ] Device specific
Range 0 - +99,999/999 j Saved independently
Default 25,000 ] Saved in sequences
Response  None

See alo AV, G, WN

Tre Ostae (@ comrad defires either the nunrber of steps the notar will nowe or the aosdlute position
it wil seekafter a Go (9 commrad s ertered.  Inincamental noce (Ml ar rsag), thedaue set with the D
aomadwil ke the distance (Insteps) the notorwill travel an dl stisecent AG) commrarcs.

In absolute Noce (nsaor rsA). the distance noved by the notar will e the differace between the curert
noar position and the position (referanoed o the zero positian) setwith the « comard The Ostaee (9)
aonmard hes no effed an continuous NOWEs (k9.

Command Description

2MM Setlo Normal mode

2A% Setacceleration to 5 rps2
210 Set vokjeity to 10 nps
2D50003 Sol distance to 50,000 steps
20 Execute the mow (Go)

222



DB Set Dead Band \ersim A

T < Set-Up Aﬂ]"itlltES
%{:(mx <a>DBn )q th_ ed R

s n * Encoder Counts ] EBKEQCE]fK)
Rallge O - 999999 SlHjII[HHCHﬂy
Default 0 j} Saadinsg e
Response  none

% aISD dw, fs

Qe the Iniid nowe Is covpdeted, position nreintenence wWill deternine Ifal_%sitiqqenorqrdtimegists
Tre aror Iseqressad In termrs of Booder Gounts. I the erar exaads the DB ting ( In elther diredt
pﬂtguljmlrte‘a’mvwlgﬂeraeamanne In the goorgxiate diredian, besed on the OO0
Qvih settings.

Rosition nrainterance will renvain adive ard carredtion noves Wil cortinee to ke gererated until a FSQOD
aomad Is issued by the host.

Tre naxinumalonade DB setting Is 999999, Ay attenpt to eaasd the nraxdinumwill leave the pevias
seting

DPA  Display Position Actual \asian A
T Status Attributes
l_hi‘ls <a>_DPA<n> {] Ei.ﬂ'era:l _
n =steps EBACB_S[ZH]“C
one Saadi
Rarmtbl—allt Eone _]j MWWEB
Response  None

% alED PR, p, px, w
Te I:iqdeyFtsitimAanr!(%{rrmfd digdays the actual position Infeedoedk steps. The fudtion is
e

caeled by sading any si deradter to the e

Command Description

dpa Continually report the actual position of axis #1

2dpAX Reporte the actual position of axis 2, one lime

DW Set Dead Band Window \ersin A
T sat-up A_UTIUIES

r <a>DWn B.ﬂ-aﬂj }

s n » Motor 3teps {FS30) or Encoder Counts (FSB1) MM
Range 0 — 999999 1 Sadircqadatly
RDEIHJlt 250 ] Ssedinsq e

esponse None
See alo fsb

This comrard goedifies a beddash deedoad. The deadband conpersates far nedrenical systerrs with
beddash ad dlons use of the Stall Detedtion featres.  Sall detedtion coours wen the position erar
eos the beddash setting

Command Description

FSBI Enter Encoder Step mode

D25200 Sotcfctanco to 25,000 otaxSor counts
DwiM Alow 100 counts ol emx

a Execute the move (Go)
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ER Set Encoder Resolution \Versn A

Té% set-up Attributes

L aZRn 1 Bffaed

s ri: encE)IdIe)r steps E:\J »vice gedfic
Default 4,000 f&mnseqm

Response  Nae
See alo FS commands

This commard dEfires the nunrer of enoocker counts per ae revduion of thre o, The nurber of Ures
anan erooder should be mutigdied by 4 (Quedrature) toamive at the caredt enoocker resolution \alle per
reduion of the notar.  Inather wards, are lire of an enooder produces 4 enoockr steps.

Fyou are nat sure whet the resdution ofthe enooder |s, you nray do the fdloarg to fird the enooder
resolution

@ Mbette noor 1 revdution In notar nock (sB).

® Reed the enooder position (09 comrard. This reeding indicates whet the resolution will ke
Repeat this severdl tines and use the average \Alle as the za commrad

[falverrdiols

Command Description
2ZR8000 Setencoder resolution to 8.000 stops on axis #2.
FR Report Encoder Functions \Verdon A
T Status Attributes
LS%%X aFR X] Buffered

|| Hone $H]|-K.‘,
Range O* functi ff, 1 - functi Sadircqatatly
Defallt o e e anenen e J saved in sequences

Response a:nnnnnnnn
See’ alo FS commands

This commard dloas you to request the status of rs aonmrand fudtias. The resparse cantairs ae
Al digt per fudion (zzro [l or ae [1). Tre digits (N corespad to the fudtias, (A- H ldft torig).
Qe () meas anrs fudionlsan Ao ) nears ants fudtion is df.

A ImHH‘El_GF(ClABjLIE:O\KZD Dfires the move dsta’nesm) as either Inoerental fram
an, o as asdute refareroed to the dosdlute O positian).

B l\ﬂD’SlEerIé:CFF(Q Bl 9gonate=ON(). Csfires tre cistarce In ot steps or enoockr

C —O\K:D. Brebles position nainterance. This causss tre Indber to

ser\oﬁ’emio’toﬂ’eomrg mrfltlsrrxlnﬂ'ecnredpxﬂtlmatﬁ‘eemldanued iftre
rrmlsfdcajo,tdeUmvhleatr&st

D TGTTII’HEl\MNO’]SE‘lEHHI *CH:(Q O\(j). Instrnucts the Indcker toabort a nowe Ifit detedts a

E TLMO‘]@IFIIO‘I@[M[ FQ, =N irstructs the Irdser to tum an cupuE an it

F Mlll CH:(Q :O\K:D. Instructs the Indeer to abort any nowe ifasigH Is recavaed on
the #6 Input . IFoutput angdll is eraded (rszi), the indeer will also tum an an ouput wen
atrigyr Issen

G Resened
H Reserved

Command Response
1FR 1:11000000. Axis 1isin absolute encoderstep mode. A! otherFS functions aro OFF.
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FSA Set Absolute/Incremental Positioning Mode version a

T Set-Up Atributes

%f’n%x oA, i Bffae

R s n = function j | Ilaces:mﬁc
a]l“e 0 - off, 1 - on Saua:inctpadaﬂy
Defallt 0 j&l\ﬂjhmﬂ"lm
Response  none

Sea aln FR, MPI, MPA, PZ/ PR

This commad sets the Indeer to parfam its nowes Ineither aosolute or Inorerrental positioning nock
= = Inoenrental nocke (equivalert to mpi comrad)

fsai = Atsdue noce (equivaet to NeAcomrad)

In Inoerrental nocke (FA or Hpl), all nowes are nracke with respect to the position at: the jming of the
noe ﬁsnmblsweﬁjfa’repétirgnufsdﬂ'emdstam begming

In Absdlue nock (rsa i Orhpa), al NMoves are made with respect to the asolute zero position. The
absolute zaro position la set to zero when yau poner Lp the Indeer or exeaute the Rosition 280 (p2)

CGomad Description
KN Sot to Normal mode
FSAI Sot Indexer la abschfle mods
PZ Reset the absolute countar to zero
AS Sol acceleration T% rps2
VS Sotvetedty to 5 rps _
D25000 Move motor 6ttiaes,000
a Execute Hie movo (Go)

0000 Move motor to absolute position 50,000
ﬁ Baretenos((s)

The matar nowes 25,000 steps, and an additiaral 25,000 steps to reach the alosolute positian of 50,000.

FSB Set Motor/Encoder Step Mode \ersion A
Tym Set-Up Attributes
%‘ M Bffeed
I'lSe g fuf?ctilon 1 DB\ACEISJ:HJIIC
Bglr'*llgjlt 0 ’ iamhm' Eroes

Response Nre

See alo D, ER, FR, FSC, MR

This comrad sets up the Indeer to parfamnowes Ineither notar steps or enoocker steps.

fsbb * Mblior step node

fsbi = BEnooder step nmoce

In Mbtar Sep nodk, the distance conrand (g cefines noves Innotar steps.

In Brooder Sep nock, the distance comard cefines noves in post-guiedrature enooder steps. You must

set up tre Indeer far the corect enooder resdlution The Booder Resalution (ery) caommard Is used to
cEfire the post-guedrature enooder resadluion

Ifyou erdble enoocer step nock (rss 1), Without heving the enooder carected to the RC23 yoon recaivirg
aG:ﬁromTard the notor will drift at lowmdadty: This drift is a result of the RC23 nat receiMirng
pulses property.

Babling Booder Step nocke does nat guarantee that your noves will position 1o the exadt enooder step
aomraced Rosition mainteranee (fsc) st be erddled to adtivate dosed lagp sending

Gnmard =i

SR4000 Setencoder resolution to 4,000 posl-quactatue encoder pulses
FSBI Sot to Encoder Step mode

as Setacceleration to 5 rps2

V5 Setvelodty to 5

D4000 Set cistance to 4,000 encodersteps

c Execute the move (Go)
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FSC Enable Position Maintenance s A

Ty St Alttributes
St arsan Biteed
its n = function D.\/lces;mﬁc
O-off, 1 - on 1 Sadircgachtly
I:‘efaJFt' o 1 SaadinsegEoss
Response  none
S=¢ also er, fr, fsb, fsd, cm

His commad erebles and disables the position mainterance fudion

rsc1 = Breble Rosition Mainteranoe

rsco = DOissble Rosition Mainterernce

Bebling position nainterance will cauee the Indser to senvo the motar until the aarreat enoodker position
Is achieved Thsan:sattheemlofanne(tfﬂnﬁrdpsﬂmlslrmrai) a aytine tre Indeer
sarses a dage Inposition while the motar is at zerondadty. Younmust have an enooder coredted, ard
et the Indeer in Bhooder Sep nocke (rssi) in order to erddle position naineranoe.

Ifyou ersbled position meinterance (rsci) and the nmotor drifts, the encoder nay e ke camected
pgedy. The maarwill drift at 0.1 rps per revdution

CAUTION

Il'you uro making m move with position maintenance enabled and the encoder I*disconnected, the PC23 will continue to output pulses
trying to find the desired position. Consequently, the PC23 could conceivably output pulses forever, or until a limit Is encountered.
For safety reasons, you should enable Stall Detection (0SB1) and Stop On Stall (FSDI]j to ensure that the motor will stop Itsuch a
situation occurs.

Command Description

ER4000 Satenooderresokjbon to 4.000

FSB1 Setto encoder SEp modo

0SE1 Enable so | detection

7SD1 Enable sop on sia/l

FSCI Enable position mamtonanco

FSD Enable Stop on Stall s A

Tve Set-Up Attributes

Syrntax airsDn )ﬂ B,fhﬂj

Uhits n * function 1 EBACE

Range 0 - off, 1 - on 1 Saadi

Default 0 1 Ssadinseg eos
None

See also ER, FR, SS, OSE

This conmrard erebles and dissbles the Siop an Sall fudtion

tsdi — Bdde Sigp on Sall
Fspo = DOissle Siop on Sall

Entering rso 1 Wil cause the Indeer o stap the nowe Inprogess wen a stall Isdaeded  The nowe is
Inmediately; no decdleration This courerd Is aiyadlid If stall detedtian hes been ersdled
(osei). twil have no effedt alhernnise

Sall detedtion will work In either motor step nocke (fsbo) O enoodker step noce (fsbi).
IIESrterirngoo will cause the Indeer to attenpt to finish the novewren a stall Is deteded, even ifthe lced

Command Description

ER2000 Set encoder resolution to 2,000 stops/rev
0SB1 Enable gtnl detact function

FSDI Enable slop on stall
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FSE Enable Output #6 on Stall \ersion A

T set-op Attributes
%%X arscn {X] Bjrem .
] n " output, on/off ] EBACB_SF!E“C
Oor 1 Saadircgadatly
Eangebfajlt o }Saedhmeﬂs
eS None
Seeponseam SS, er, fr, fsf

Fseo = Dpnot ersbdle Quiput #6 on stall
fsei — BdebdeQuput#s anstall

Enteringrse 1 Wil cause the Indeer to tum an Quiput #6 wena stall Is deteated. ThiS Is useful far
sigeling other comporents inyou systemthat a stall hes cooured. This conmard will anly bedlid I
SaAll Detect (0sei) has been evded

Quiput #6 is uraffeded by a stall when rsra and osri are ertered

CGrnmard Description
EH 4000 Setencoderresolution b 4,000 steps/rev
OSEI Enable stal detect
Fsz1 Turn or,outputnumber 4 when a stall Is detected
FSF Enable Stop on Trigger #6 \asan A
T Set-Up Attributes
é?n%ax aFSFn Bulfered
s n = function ] D»vicegedfic
Range - off, 1 *on (] Saved independently
Default b [J Saved insequences
Response  nNone
See alo FR, TR, TS

This conmrard erebles and disables the Siop on Trigoer fudian
Fsro = Dp ot tenrirate nove on Trigoer #6
fsfi = Tenrirete novewen Trigger 46 Is high

Entering rsrl will cause nowe in pragess to be stagped Werever Trigher #6 is braught hi Far
mmprgmmiﬁim_%mmm unit 1o tum an Quiput #6 wWren it detects a stall, e%é:i&ﬂ’e
user o Indarat a muti-evds stop an stall by acoreding the ouput of are axds o the trigger of the atrer.
Tre noewill be decelerated at the naxddnumaocoderation rate.

Entering Fsro causes the indexer to treat Trigoer #6 as a standard trigoer input

Command =i
FSF1 Trigger #6 is now dedicated as a remote stop input
Go Versin A
T Motion Attributes
Lsé%x. & x Bfieed
s None Cxvice gedfic
Rar 0e None Saadin [HB o ﬂy
Defallt None Saad Inssgaos
Response None

See alo A, D, V, FSA, FSB, MA, MC, MN

The G (© comrard instructs the notar to make a nowe using ndtion paranreters thet you have previasly
entered You do not heve o re-enter Aadlaatian (a). \Aadty (). Oistance (¢). ar the current naoke (mh.
MA, O Mo conrancs with eech Aocomrand.  In the Inorerental Preset ook (mpi), & ¢ canmrand will
Intiate the steps you goedfied with the « comrad

Ac ammrad In the Aosdue Preset nock (nsa will not cauee repeated nation unless you entera daoge
indistance (d conmrad).

In the Gortinuous ook (me). yYou anly nead to enter the Aacdlaaion (A and \dadtyMaonmads  friar
othe Acommard The systemigares the Distance (@ aamrard in- this nock:
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No mrotar notianwill coour uritill you enter the ¢ conmrard Inthe Nomal (ke), the Gontinuous (g, ar
Alterrating (ha) nocke
I nration does not coour with the ¢ commard, an adtivated erd-ofHtrandl linrit switch nray be an. the Indexer

Is waiting for atrigger Input (ir). or the Indeer Is Ina pausestate (ps, 0) and waiting for a continue (c).
ek the lindt satdes.

Wand Description
Set to Normal mode

Fsaa Set to Incremental mods
FSBO Sof Motor Stop mode
1A5 Setaocotoralion to 5 rps2
1A5 Setacceleration to 5 ips2
1vs Setveiodty to 5 me
ﬁﬁSOOO Sotdefence to 25,000 steps

Execute ihe mow (Go)
%é‘} Sot acceleration to 1 rpg2

Execute tho move (Go)

Assurirg tre indeer ks Inlnoremental Preset ook, the nrotor turms 25,000 steps and repests the 25,000-
step nowe weing the revwaoceeration value of 1 rpg(Taal distance noved =50,000 stes).

Gnnn  Go (Synchronized) \asian A
T M otion Aittributes
%EI?;EX aGnnn )1811:551 A

] n o» axis Mmln
Range None 1 Sadircgadatly
Default None J Saed insao Eoes

Response  none

%a a|SD d, v, g, mn, i

This aamad dlons to put a goead sydranized go conmrard Ineech soedified bulfer,. Each buffer
Wil vait urtil all %a«%xbmsmemm%}dmzmg)m Each axis should start
within 150 usee of ae anather. Typdly It ts used to iZ2 "D between nore then ae axds but
It may also e used to iz2 v ades buffers (by Issuing a zzrodistance nowe).  The conmrard nay
also e used to db sirdle muti-exds linear Interpdlation

Youshoud mt ssdarewc arci2z cammad until nation s covpleted

Command Description

G12 Synchronize Axis # | and #2 to start moving together

GA Go Home Acceleration \asion A
T Motion Attlih.ﬂm
%E%ax aGAn )q Ei,f[ered -

s n =rps2 i D,\xe_spzalic
ea“ge 0.01 to 999.99 Sﬂ&j"'cﬁ:ﬁmh"ﬂ”
Default 10 t 1 Saad Inse aoess
Response None
Sea also GH, 08

Tre Go Hne Aaodleratian (ga) conmrand sets the linear aoceleration value that the notar will use during
any subsequent GoHne (d) nowes.

Command Description
2GAS5 Sets go home acceteraSon on axis #2 to 5 rps2
2GH-5 The motor accelerates at6 rps2 to 5 rps ir the CCW drecdon and searches forhome



G H Go Home Vafslon A

T M otion Atrilutes
éﬁ%ﬂx aGHsn )ﬂ Biffaed
RItS n - rps2, (aa—i 1 Drivce godfic

e 0.001-20 QOO0 step/rev motor) Saﬂjncqcadaﬂy
Eglr%lgjlt j Saed nsegecss
Response  none
See alo a, ga, O, 7Z

The Go Hore (A conmrard Instructs the aontrdller to seardh far the honre positian, elther In the noiar

step nock ar the enooder step noce. VWen Inthe notar step nock, the aardller lads aly at. the Hone

:Tlrr_ltllrp.j)‘_ It will defire Hone as the GO3N\BCe ofthe Hoe Linit sig =l (the ecbe dosest to the Q3N

init Inpup).

Tre procsss Is the sare Inenooder step nook, exagt the aatrdller dlso lods far the Zdard Input as
| Hore Linit Input tobe adive at the sanre tine,. This nears thet the Zdare pulse must e

%ﬁ'ean\eregmdﬂ'el—b’reumlrpx Wen bath are edivg, the Indeer defires thet

positian as haore position

Tre inder will reverse diredion Ifan edoftrad linit is adtiveted wWrile searching far Hne; onever. I

a ssood erdkoftrand it is encountered in the nevwwdiredian, the Co Hne will stop ad tre

greratian will be abarted

After e Grloonmrard s Issued, the notar will run In the diredtion ad \daaty gedfied  The natar will

dleaonm'rgaﬁe’ﬂ"emmwt(jﬁ' is adiveted urtl it is ceedtiveted. el ceodaate ad reerse
rection

The position counter Is set 1 20 at the cadusion of the gp hore nowe

Command Description
gh-20 The motor moves Intie CCW drecticn at 20 rps and looks tor lha Home Umitinput to go activs

ah Backspace \edon A
T Programming Attributes
§E'ts 2 Deviice specific

] None ice
Rang one J Saved Independentl
%ﬁ;’u‘t mone j Saxed hsequermy
S

This caard dlons you to dilete the last draradter thet you ertered (unless ttwes a dllinriten). The *S
aomradwil ot prevent eecution of an Inmediae commrad. Arewdnaeradter nay be entered at thet
position to redlace the edsting dereder. (*a Indicates that tre Grd Is reld doannwwenthe hikeyis

pressed) "Ihsanrra*dp@%&elmbet@tnkpde nthe conmard buffer, regardless

ohwhet gopears an the teri Se (s Hs. ( ft agowv <—keys produce the

sanedaade. Ressing the s ( : .

H Set Direction \Vedon A

T M otion Altributes

fir_r‘)regax <Hs> W Bffeed

Ra:].lge 3 —direction 1 mm_ﬂmmmwlb
+ i

gafault + Saed inssqLaees

SorakD e

The Sat Oredtion (H) m’rnuﬂdﬁddﬁr&hdr&ﬁmdﬂ&ﬂnuemmmvﬂl
eeaate This commrad doss ot nowes dreedy In pragyess.

B+ Sts noetoGAdredion
H S3s noe o CNAdredion

O
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INn preset nowes, a Oistance (1) conmrard entered after the haommad ovarridss the diredtion set by e H
ammad  In Gotinuous node (me) aly then commard can s&t the diredion of nation

Command Descripion
MN Setbl@maz“mde
A5 So*aoelaation 105 I
5 Sotvokxity to5rpe
D25000 Sotdistance to 25,000 stepe _
a Beaute temove ((0) N+ drectin
B Reverse %f‘iéoction (G) in—cirati
G Emove n-directn
Sstdwatonto+ _

G Move antinosly h+ deatin

Load Move Data Version A
Typo Programming Attributes
Syntax <a>i x| Buffered
Units None J Device gxcific
Range None J Saved _|rdamrrkantly
Default None J Saved in sequences
Response None
See also SSC, Gnnn

Tre Laed Cata (1) conmrarnd dlons the Inceer to precaladlate nove deta sart, so thaet exeoutian of the
no.ewll beginwithin 10 ns of receiMirga Go (@ acommad. The nowe pdiile nay be repeatedly exeated
with alya 10 ns caladation dday uttil any ae of the three nowe parareiers:  Aaderation (3, \dadty
), o Ostace (O is daoed

Without use of the | commad, acllay of yp to 30 s per axds will aoour befare eeoution of the noe
Youmust kegp Inrird that Ifyou Issue an Aaderation (A, \dad . ad Osae (9 amrad te
RCB will take up to C{hstocﬂajetetf’eq)aﬂaprru(gpcﬁ(ljej%e ﬂ"elcml( will be usef if
yauansadtre | comrad ad godsanrereto reed data, then aone badk to eeote the Go(g)
ammad

Command Description

2MN SetoNormal mode

2A5 Sataccelgatirﬁ]&)&;ﬁ

At m%_ed“%%_ Bt ek betestove pofib)

%‘(I;RlXXXXX ﬁ'l%g}‘*l(t()%)l”@

10 Immediate Output Version F

Type Status Attributes

Syntax alonnnnnn [ 1 Buffered

Units None [ J Device gecific
Range o - off, 1 - on, x-don'tcare [ J Saved indeperdently
Default None Tj Saved nsequences
Response a:nnnnnnnn

Sea also 0, 0S, SS

Tre Imediate Quiput (ojconmad  turs the e cutput bits FO®) cnad dft:. Thiscan ke

used for sigdling renrote cordllars, tumingan o soudimgwhisties ROs5#1 Is axtrdied by tre
first position after the 10, ROB#2 Is aatrdlled by the seood positian, et

IS Input Status Version A

Type status Attributes

Syntax ais % Buffered

Units None J Device gxcific
Range None J Saved independently
Default None ] Saved nsequences
Response None

Sea also 1d, tr, ts

This commrard reparts the status of the Inputs far the soedified ads. The resporse Is 8 deraders
termrirated with a camriage retume. e first two draeradters are the axds rnuber fdloned byaacdan Tre
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et daeradters are the status of 2 trigoer bits, the GMinit, GOMinit Hne Inputand z dares
respectively.

Ads#l: TRG TR GALInit L GOMinit L HOMEL 2dard 1
AAsHZ TR THRG, OALINt 2, COALINit 2 HOVE2, Zdatd 2
Command Response
us 1:000011 Axis 1 has #10 homo and | channel active
2ls 2:100100 AXiS2reports TRIG3aaivo and tekits CCW Iimitsactive
3XS 3:010010 TRIGG is active and the HOME switch is active
Enable/Disable Joystick \ersian - A
T Set-0p Attributes
%X <a>Jn [1 BJﬁ:ered =
Uhits n = function [ J Device gxcific
Ranoe 0 - disable, 1 enable T j Saved independently
Defallt > Immediate [J Saved insequences

None

Sea alo JB, JD, IV, 1Z, OSF
This conrard dlons you to enter and exdt the Joystidk nmoce

J = DOsde Joystick Mok
1 = Bedle Joystidk Mok

dx((uerterﬂ‘e\]wstlmr’rccb(.]l) the aconmard dears the bufer befare enteri ﬂ"erm:la Te

Joydti BﬂaNraellnrtan/ﬁelaamHMmmaﬁ Ifthe address g tre comad is
the first to enter the Joystidk noock, the differatial sSigdl betvween ardlog darrel O ad ardlag darrd 1
Wil sene as the axds referae. InJoystidk ook, the last aoodleration and \dadty rates thaet you goedfy
vlJtELBajmcElamretnhaw‘nmmmwa]tyMﬁjldaﬂanma’dmNrep tre noar will

Ua:kﬂ"e%ﬂ] Hdh\elaaties wil result in coarse el resoluian ] ]
thet you set the eration rate high to fdlovthe Joystid<s noverat as &5 posside
Tre first ads to aJoysticdkreceives darrels 0 ad 1 The seoad axds 1o reoest aJoystidk receives

dares2 ad3. er&reptmgwertdmamstoﬁedﬂ'eratdenels,mtatlesst%ns
between 51

mand Description
(jjT Axis 1uses differential voltage Channels 0& 1
2J1 Axis 2 uses cfiflerential voltage Channels 2 &3
JB Set Joystick Backlash \ersin B
T set-up Attributes
<a>jBn [ Buffered
R its n = steps EEVim_&IIiliC
ange 0-999 Saved independently
RI:HI'EUH: 0 Saved insequences
esponse None
Sea alo jb, jdijv, jz

This comrard dlons you to set the Joystidk beddash conparsation distarce insteps. ifyau dace tte
diredtion of the Joystidk, awaﬁwnmedmwstqmvﬂltemxblnﬂerwvdredjmatﬁeﬂaiyw
goedified with the Ch'ﬁlm\ﬂomy(m amad This commad overaaes the

lag tinre thet exdsts d<s diredian (Wnen beddash is presart) ard actuelly
noJrg inthe rsNdredJcn
Wand Description
Set the maximum backlash velocity to 2 rps
1JB250 Setthe backlash corrective move to 250 steps
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JD Set Joystick Dead Band Version B

T set-up Attributes
éf%x <a>JDn [1 ijf.eraj _

s n * volts [[j_ ggvltéesm:lﬁc y
Range 0.000 to 0.S00 ] \V/S Il(HH[‘BIt
Resp(!ﬁse None. L Saved |

None

Se'alw b, jd, v, jz
This conmard dlons you to set the the deed berd \vaAle (Invadits). Youshould set the Joystid<dead band
\alLe to a\ditage that dlons far the nedrenical hysteresis In the resistive Joystidk assarily.

There will beno novarat betwvween zo pairt: set by the 1z comrard ad this deed band \ditece

Command Description
1)z Set joystick's 0 point
1JD.05 Sot 1h§oystick dead bard 50mV above and below the joystick zero point
JV Set Joystick Backlash Compensation Velocity  version b
T set-up Attributes
i}_s:iéx <a>jvn J B.le I'é'emﬁcl'
| = 1ce
Range 00000 - 99.000 Saved indeperdently
Default 0 Saved insequences
Response  None

See alo ib, jo.jz

This cammad dlons you 1o set the joystid's beddash cavparsation pegk\dadty: This is the \dadty at
which the natorwill travel wren it aareds a position errar (leddagh). \mca%u%a’rﬁreﬂ’eds!a’recf
anyJoydicdkbeddash noe withthe jb comrad

Command Description
1JV? Set maximum backlash velocity to 2 ips
1JB2S0 Set Ihe joystick backlash move to 250 steps
JZ Set Joystick to Zero \edon B
T set-Op Attributes
e, o frms

s None [ JDevice gxcific
Range None [ JSaved indepencently
Default None [ jSaved Nsequences
Response  None

See alo ib, jd, jv

This conmrard dlons you to Initidize tre curent joystidk position as the 220 ar o novanat positian
The position nrust be set with a differatid drarel Wvdtece (restriced to 1L.25 205\, Ifyousad tre
aamirard while tre vditage |s greeter then the oadified rage, the FC3 will garerate an erar nessace.
Ue the fdlonrg equetias to calaulate CONad GAAAaaty resdluion

. . Last Velocity Spe
CCW Velocity Resolution - ZerQ point _

cified
Q1

Last Velocity Specified

CW Velocity Resolution = _ Zero
Command Description
13z Set axis #1 zero velocity point
2jz Setaxis #2 zero velocity point

232



K Kill Motion
T%%X Motion
I <a>K
R s None
é%ﬁt Nane
esponse None
See alo s

Tre Kl ¥ comrard laan aomad ad soud

casss Indedngto ceesc |

A S%T%e Is rodecderatiaon ofthe noar.

[ J Saved insequences

e utsed as such This aanmad
If Kl causss the noar to

dip (Le. lage Toacs at high goead), the laed aould be driven pest it switdnes and cauese davege to the

ismad possibly to the goeration
In addition to staping the noar, the Kaommrad will termrirete a logpg ed a tine dllay and dear the
aommad uffer.
Command Description
1*5 Sot accaloraaon ai axis *1 to 5 rps2
1v2 Setvelocity » 2 tpe
iMC Sot to Continuous mods
1C Execute the move (Go)

Stop the motor instantly

Loop

T%%X Programming
(A <a>Ln
s n = number of loops

- infinice, otherwise: 1 - 4,299,467,294
I;angelt %) infini wi
esmlse N
See dlo c,onrfl, u Y
Wenyou aarire the Lap (1) conmrard with the Bd-d-Lop (n)
Lad Nwill ke repeated
goadfied farn, orwitha O,

\ersim A
Attributes
[ J Device gxcific

T J Saved independently
[J Saved insequences

ocomad dl of the conmracs betvean
the number oftines Indicaied by n - ifyau erter the Laonmmrand withoue avalue
subsequent cammrancs Wil e repeated aortiruoLsly.

The Bdo-Logp conmrard prapts the indeer to pracssd with further conmands after the desigeted

ruber of lags have been eeaued. Tre Sop Lap (V)

aomad Idicates were eeouion will scop. Tre

Inmediae Pause (© conmrad dlons to iy halt | eation Yaucan uese the Gaxtince
© yau Eﬁnﬁﬂy ap ©

to resunre lap ion Nested logos are
Command Description
LS Loop 5 times on axis #1.
A5 Setacceleration to 5 rps
Setvetodtyta 10 rps
Emﬂ Setdstance to 10,000 steps
Execute the move (Go)
SpedSe tie above 10,000-step move to be repealed five times
LA Limit Acceleration
T Set-Up
LS%B%EX <a>LAn
s n - rpa‘
Range 01 - 999.99
Default 999.99
R None

See alo A, LD

loned Yo 108 lewds dsp.

\agsan F
Attrilutes

K Buffered

[ J Device gxcific

[ J Saved independently
[J Saved insequences

Tre Linit Acclaation (19 camrard dlons you to cefire the deceleration rate that should be used wen

anaddtrad linit Is

This camad Is ussful bt wart
S Fyou matnﬂsé(g)l#g}cad

apouteinga linit Hores, should be carefu to goedify a deaeleration rate thet will

kefae it ean cb any davace.
ceodlerate the leed

ly; linit snwitdes are daded o thet the notar hes roaom o safidy

Wand Description
The motor on axis #1 decelerates at 50 rps2 when itencounter* an end-of-travel limit.
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LD Limit Disable \ersin A

T Set-Op Attributes
ﬁa)( <a>LDn IX' Buffered
s n » enable/disable (J Device gxcific
0-3 j Saved 1
Eargetbla it 1 S5V nstopences
None
T

Tre Linit Ossde (1B comad dlons yauto erddle/disable the ed-of-trad linit switch praedtion. Tre
Lag aodition does nat dlowvthe notar to tum without prgparly Installing the liit Inputs,  Flyouwarte
ndionwithout wirirg the linits, y ou must Isstette Loz aonmard

Encble CCW and CW limits -0

DissbleCW limits - é

Dissble CCW linits -

DissbleCCW and CW Iinits - 3 (Default)

IFyauwire the limit switches, these switches will be ignored unless you enable the limit SAItch iNpUES LsiNg
the 1do command.

Command Description

1LDO Enables CW and CCW limits on axis #1.

1LD3 AlJows you to make any move, regardess at the limitinput state.

MA Set Mode Alternate Version A
T M otion Attributes

I <a>MAn [xj_ Bjﬁ:eraj -

s None Ej_ gmesmﬁc by
Ra| m b e J 1 [HE et
Defallt None [J Saved insequences
Response  None

Seqa alo a, d, V, g, mc, mn, ssd

Tre Mick Altarate (ma) commrad, like the Mibck Nom@ (mn) adl the Mick Gortirnuous (me) acamarcs,
effeds the vay nowes are pefoned  In Mick Altermrete (ima), a nove Is niack 1o a position thet you oefire
with the Ogtance ) commrad. VWen the natar reedhes the qoedified distanee it reverses diredion ad
returs to the starting position This g/de will aartince urtill you Isste a Sqo ) a Kl )y comard

The vway the notar stoos Wena Siap s) comrard ks issued canbeset by usimgthessa acomad Tre
cefault is so Inmediately stop

Command Description

MA Sat to Alternate mode

A5 Set acceleration to 5 rps2
Vi Sol velocity to 1ips
01000 Setdslanco to 1,000 stops
G Execute the move (Go)

The natar nakes a positive nove 1.000 wunits In the GAHIredion It then revarsss diredion and noves
1,000 steps Inthe COAMIredian This notion aartinces urtil you Isste a Saop (9) or Wil (i comvad

MC Set Mode Continuous Version A
T Motion Attrilbutes
LSé[Ql”éBX <a>MCn Fl Buffered

s None J Device gxcific
Range None [J Saved independently
Default None [J Saved insequences
Response None

See alo A G, H MA MN, T, TR, V

The Mixk Gortinuous (me) comimard causes subsequant Noues o Igare any distaree paraneter ard noe
artinuoely. Yau can dear the vc caomrard with the Mbe Nom@ (mmy) - ar the Mick Altermate (ma)
acomrad
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Tre Indeer usss the Aodlaration Pead\Aadty ) comrands reech catinuous \dadty. Tre
direction of the nowve should be soadfiedwith the Hor H coomad. Wsing the Tine Delay (. Trigoer
(try, ad \dadty ) comrads, you can adhiewve besic \dadty pdiilirg

Command Description

hc SattoConinuoui mods
*5 Setacceleration to 5 ip62
VS Solvotodtyto5rps

t2 Move at 5 rosier 2 seconds
VO Change votodty to 0.00 fpa
B+ Satmove to CW

a Execute the move (Go)

The notor tums GAAE 5 s urtil it Is Helted by the Siop () comvard, Kill (R conrard], a it switdh, ar
by a ramdadty gaedfication (W dloned by a o conmarg).

MN Set Mode Normal \Vedon A

T M otion Attributes
% <a>MH M  Buffered

s None [1 Device gxcific
Range Nona tJ Saved independently
Defallt None [ Saved insequences
Response  None

See alo a, d, v, g, mc. mpi, mpa

The Mick Nomd (kn] comrard sets the systerto nocke nomral. In Mick Nomd, the noar noes tre
distarnoe gquadified with tre distanoe (9 coomard. To defire the acondlete nove pdfile, you must cefire

Aadeadian »). \dAadty (), ad Odace (O Themn commrad is used to daoe the nock of goeration
franMick Gorntinuous (me) or Mtk Altarreting (nah to the preset nock:

Command Description

2mn Set to Fc\mlmdam axis #2
2AS set aoelaElD0 5 rps*

2V5 Sotvelocity o 5 rps

2D1000 Settfctenca to 1.000 steps

2G Execute ihe move (Go)

MPA  Set Position Absolute Mode Vadn A

T set-up Attributes
?éﬁ‘e:ax_ <Ma>MPA [ Buffered

s None (] Device gxcific
Range None [ j Saved independentl
[Hﬁg,llt None [jJ Saved 'nsequencesy
Response  none

See alo d, fsa,mc, mn. mpi
This comrand sets the pasitioning nock to asdlute. Inthis nock dl nowe distances are referenced

asdute z2ra NietketlnMDbAthLte(mpaa’rsAl) Mtw o OO’Bean;ggJ( O aonmracs will
ﬂ&:ieﬂeﬁ'errdo’tonnedm since the noar will I“aemaﬂjns desired ute position at the erd of
first move

Mixk Rosition Asdue (mpa) 1s ost ussful Ingodlicatians that recuire noves to geedfic loctias
You can s=t the alsolute counter to zero by odling poner ar issuing a Raosition 280 () comrard,

Command Description

MN Set to Normal mode

MPA Sat to Absolute Position mcda

A5 Set acceleration to 5 rps2

Pz Setabsolute counter to zero

via Set velocity to 10 rps

02500(9 Sotdstance to 25,000 stops

a Move mow to absolute position 25,000
D12500 Set absolute position to +12,500 steps

s Move motor to absolute position +12.500 steps
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MPI Set Position Incremental Mode Vo3 A

T Set-Dp Al_:trltlltES
%RBX <a>MPI B ijf_ered -

its Nona [[] Device gxcific
Ranga None [ J Saved independently
Default None [) Saved insequences
Response  None

See alo D, FSA, MN, MPA

This command sets the positioning mode to Incremental. In Incremental mode, all move distances
specified with the Distance (d) command are referenced to the current position. Position Incremental mode
(mpi or 7SAD) Is useful In applications that require repetitive movements, such as feed-to-length
applications.

Command Description

1MN Setto Normal mode

1MPI Setto Portioning Incremental mode
1A5 Set acceleration to 5 rps2

Sotvotodt/ to 10 rpe
Setdstance of move to 10,000 stops
Move 10,000 steps CW

Jlg Move another 10.000 steps CW

MR Select Motor Resolution s A
T set-up Attributes
ﬁax <a>MRn [x] Buffered
s n * resolution codes [ J Device gxecific
Fgrgﬁ o- %6 [] Saved independently
t 10 [J Saved insequences
Response  none

See alo a, v, er

The Mitor Resdlution (vr) camimard sets the runroer o 1 steps per revduion acoading 1o the runreric auffix
n (see tade ko). This conmrand dllons the Indber to aontrdl drives of differat resdlutiors wrile
nainaining the conmanced aoceleration and \dadty.

Motor Volodty Max PuUe W. PC23 Motor Velocity Max PEJ/\Ise \;V PC23 J
i sec command Resolution rD» sec comman
Resgptlyn qg)) ® IS ) MRO 101s00 (59) 25 MR24
80 15 MR1 63488 15 50 MR25
CO 78 75 HR! 75800 13 50 MR2 6
4 HRS 81920 3» 25 MR27
too Jﬁ? 4 MR4 102400 19 25 MR2 a
3200 78 2 HRS 126978 15 .25 MR29
5000 500 1 HRS 128000 15 .25 MR3Q
78 1 KR7 153000 13 25 MR31
Tfﬁ) 93 1 HRS 163840 12 '%5 MR32
23 1 HR9 204800 9.7 .25 MR33
géggg 20 1 KR10 253962 78 25 MR3 4
25400 195 1 KR11 256003 7B 25 MR35
36000 138 1 KR12 307200 16 1 MR3 6
50000 10 1 KR13 327630 ao 50 MR37
50800 9.8 1 HR14 4CG600 24 50 MR33
4096 122 1 HR15 507904 19 .50 MR39
13500 39 t KRIS 521000 19 50 MR40
25600 195 1 KR11 614403 16 50 MR41
125C0 =0 1 KR18 655360 ao 25 MR42
16354 30 1 X3U9 819200 24 25 MR43
20000 25 1 HR20 1024000 19 25 MR4 4
25000 80 z HR21 2000 50 4 MR45
50000 25 MR22 4000 125 1 MR46
10X00 ﬁg 28 MR23

The motor resolution you select does not determine the resolution of the motor. The motor/drive
determines the resolution of the system. You use the MRcommand to match the motor/drive to your system,
so that you can program your acceleration (A), and Velocity (v) tn revolutions.

mand Description
% Sot to Normal mode
Sot motor resolution to 400 steps/rov

AL Sot acceleration lo 5 rps2
via Set velodty to 10 rpe

800 Sot cfettnea of mcuo to 800 stops
5 Execute the move (Go)
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A 400 step per revolution motor/drive will turn 800 steps (two revs) CW at an acceleration of 10 rps”™ and a
velocity of 10 rps after the a command.

Tthis commad st Is st to a nota/dive with a resdution of 4.000, the notarwill il tum 800 sleps
1/5 ofarae). Hhnes, the acual aocdeaionwadd alyle 0.5 rpsZard the act Al \elacitywoud

s Inober resdution and nota/dve resalution must atdh to get the comarced \daaty ad
ao=eration  This comrarnd does NOT affect dlatance.

MSL Identify Clock Source for Timed Data s A
Streaming Mode

T et- R Attrilutes
ﬁax k&8 1 Biffaad
]

Value for each Device gecific
0, 1, 2, 3, or x [ 1 Saved Independently
Default Naone [J Saved insequences

See alo Mss, TD, SD, 00, 02, Q3

Tre Idertify Aodk Source far Tined Data Srearving Mick (NH) command sets the Souroe/Receiver
relatiaship far dok souree far each axds Inthe tined data strearirg nocke. Tre fdloang takle defires
tre rlatiaship fareech axis. Ay axds ot In tinred data strearving roce can il recsive and esaute
ather mation comarck.

n Value Mods

" 0 Axis #1 is a slave and uses tie external rnidk

ni 1 Ax's #1 Is a master and uses its intana) tmdk

"t 2 Ax's *1 is a slave and uses axis tmdk

" 3 AXx's Hl is a stave and uses axis *3's tmdk

"l X The X axis is notin the timed data streaming mode and no master/slave spedlicaion is necessary

o9 0 Axis *2 is a slave and uses tie external rmdk

") 1 Axis *2 is a slave and uses axis #1's rmdk

" 2 Axis *2 is a master and uses its internal rmdk

" 3 Axis #2 isa slave and uses axis *3*3 rmdk

") X Axis #2 isno* in the timed data steaming mode and no master/slave specification is necessary

> 0 Axis *3 is a slave and uses tie external rmdk

>3 1 Axis *3 is a slave and uses axis It's tmdk

"3 2 Axis *3 is a slave and uses its internal rmdk

°3 3 AX's *3 is a master and uses axis *3s tmdk

03 X Axis *3 isnotinthe timed data steaming mode and no master&lave spetification is necessary

Command Description

MSL12X Axes *1 and #2 am in Timed Data Steaming mode. Both are masters. Axis #3 is independent.

MSLOXX Axis #1 is In Timed Data Streaming modeAxis #1 is a slave to the external RMCLK.

MSS Start Master Clock for Timed Data Streaming ~ \ersin A
Mode
Programming Attributes

T <a>MSS [ 1 Buffered
s None (J Device gxcific

None [ J Saved independently

Default None (] Saved Insequences

None

Rasponsa
Sea also MSL, TD, SD, Q0, Q2, Q3

The Start Mister Aok (nss) commrard Wil caLee e dads anarny nrester axes  tostart (Initiate Mibtian).

rfPfdiIirg(so) ammas arc staed Intre buffer, enteringttemss conmrard causss exeation of these
nowes. Sbseqent Sreanring Data (sd) mm\/\lllt:eemlajmﬂt_}allylnahﬁaaj

Cae must ke taken to not oaflonvthese buffars, 1t the buffer ks ey, o notion vl res.jtd,nrgﬂ’e

particular yxckte inenal.

Command Description
102 Set axis #1 to Time Distance mods
1TDOS Set update interval to6 ns
MSL1IXX Setaxis #1 8s a Master, using its internal rate multipier dock. Axis #2 and #3 are notinthe lime distance mode.
SD9028 Set distance to be moved dumg ina fist update interval
SD8045 Setdefence to be moved during tie nextupdate interval
D8045 Setdistance to be mwed during tie next update interval
SD8028 Sotdistance to bo moved during tie next update interval.
SD801D Setdesnoe to bo mewed during tie next update intwvsi.

Start Master Clock
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In $IBSSSHAFKSHHY

\V/\V4 Set Maximum Correction Velocity \ersin A

T Set-Op Attributes

%ﬁ%x <a>KVn ] Buffered

Mg oo™ H Sved inopencentt
0.01 - 20.00 [l

Default 0.2 [}Savedhsequenoesy

Response  none

Sea alo CG, CM, ER, FS

If the motor Is running with the enooder fesdhoadk (i), and position naintenence Istumed anfsci s
aoammad will gedfy the mraxdinumvdadty far caredion noes

The coredion nowe Is parfaned after the preset nowe is finded ad alywren the notar ks positiced
autsice the deed bard

Wl\)glmand %scr' ion i

iib i t motion 'n encoder mode L
posmon maintenance on
N End of Loop \ersin: A
T Programming AttrileE
%X <a>N IXI_ B.I'ﬁ':el'aj -
Uhits None [ Device gxcific
Raoe None [ Saved indeperdently
Default None [J Saved insequences

None

Sea alo C, L, PS, Y
This comad narks ttreed of laqp Ue this acommard Inoonjudtion withithe Lagp (1) command. Al

luffered comancs thet youenter the Land naommacs are eeouted as nany tines as the
runer thet yau enter fdloarg e Laomad. Yaunay rnest logs 8 leds dap

CGnmard Description

PS Pause the execution of buffered commands

M\ Set to Normal mode

~ Set acceleration to 5 rps2

S Sot velocity to 5

D10000 Setmo/adistance to 10,000 stops

Loop #10 loHowing ccmmands (wo times
Execute the move (Go)
End the loop

Clear pause and executes al the buffered commands
OUtpUt Version A

T Programming Attributes
%)( <a>0nnnnnn IX' Buffered
Lhits n = output [ Device sxcific
Range 0* off, 1 =on, x =don't change [ 3 Saved indeperdently
I;{E‘ﬁ;’l,llt None | § Saved insequences

()Sp()l 1SS None
Seo alo 10, FSE
The Quiput (Q conmrard tunrs the pragranmraidle ouput bits (FOB) anard dfe. This |s used far SigHlirg
rende lers, tuming on LE, or soudingwhistles. The can Indicate thet e notar Is In
position, tobegin s nowe, or Is at corstant \daadty, etc #1 Is aorirdled by the first position
after the \JROB#2 Is aotrdled by the secod position, etc
Cnmard Description
A Set acceleration to 5 rps2
\B Set velocity to 5 rps
020000 Sotmwe detanco to 20.000 steps

XXX Sot praspammable output lofl and output2 on (output 3 through 6 are the same)

Execute the move (Go)
QOOXXXXK AHer she movo ends, lum ott output 2
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0,D Output on the Fly \ersion

%ﬁa}( Programorr_]]able Ng"E;majll“lB

<=y 1 below)
s see below see e 1 i gsdfic
Range see below J:'Sxaj!rdqmda"ﬂy
Default. None Sadinsg as

N

S S
SVard <»aci»>0pppppp, Daaannn V\VEre p m bit pattern and n 3 distance
Uit p =Od), 1=(@), or X(dait dap fa each of the poganmade cuput bits, N =stes
Rro= <mdis 1, 2 a3

p - any combination of 0's, I's. or x's for a total of S bits.
Tre QDaonmrard dlons the user to programa aedified bt pettermn to goear antre aulpus, et a
goadfied distae.
Command D*tcription
A5 Sotacceleration to 5 rps*
\5
0101010
%(xxxm 13300

0IXXXXX Change the MSBto a 1when the mow s oomptote

The pattem 101010 VilJagpear and rervain on the autputs, priar to tre noe VWen 15.000 sties have
been garerated the cutput pettem will dange to 101011 Wen the nowe Is aandete, the pattem will
dae to ooioil.

OR Report Function Set-Ups \rsin A

Type Status Attributes

Syntax aOR ® Bufferad

Lhits None E_]: Device sxEaific
Range N J Saved i t
Igali‘fa.llt Nz:: [J Saved insequences
esponse arnnnnnnnn (a = axis number, n = 0, 1)

See alo os

This conmard results Ina regpart ohwnich softvare switdes heve een set by tte os comvard. e riedy
isedtdgts Ths commad rgpartsesa through o st setup status Inbinery fomrat
nnnnn nan

Invert encoder direction (csl )-
Backup to home (csa )-
Change polarity dronaswitch u
Change Z channel polarity -
Enable stall detect (031) -
Establish NA&Xjoystick velocity (osr )-
Set final Go Home direction -
Select final home position edga (osa ) ¢

Tre digts (N carespod to CB* through chaommads (left torigt). Qe (1) nears an os fudtian isan

OSA: Encoder Direction = Normal (0), = Inverted (1).

0S3; Backup to Home MDisabled (0), a Enabled (1).

Osc: Active State of Home Input *Hfgh(0), »Low(l).

0S0: Active State of Z Channel » High (0), mLow(l),

CSK: Enable Stall Detect * Disabled (0), " Enabled (1).

0s?: Set Max. Joystick Velocity = Use max. velocity [0). * Use last specified velocity (1).
0SG: Final Go Home Direction » CW (0). « CCW (1).

OSB:  Select Final Home Position Edge = CW (0). = CCW (1).

Command Description .
iosai s
10R R5a0eeIS1:10000000
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OSA Set Encoder Direction \ersin A

TyFE Set-Dp Attributes
%ﬂtax <a>0SAn Buffered
R s None J Device gxcific

e 0 1 j Saved independentd
Ifalnag,llt o [} Saved 'n%quencesy
Response  none

See alo FSB, OR

Bteringosai Inverts the yo/doan court diredtion ot the erooder. It causes the notar 1o eqoeat enoockr
pulses In the goposite diredtion of the otar pulses beirg sert out. This Is weefl If the erooder Isan
the lced ad Istuming Inthe diredion df tre notar dee to the nedanical oo on of the
system Aty syimptamof the enoocker counting Inthe gqaoosite diredion is. ifthe drifts at alowv
eladty In enooder nooke (fsbii).

Entering osao Wil dange the uyo/donn cournt of the enoodkr bedk to nomrd IF It hes been Inarted with e
caomad

osai

Command Description
10SA1 Invert lhe encoder drecjkn for axis #1.
FSBI Enable encoder mode
0SB Backup to Home Switch s A
1A set-up Attributes
%E%X <a>o0sBn Ed_ Bm _
s Mone [ i Device gxcific
Range 0, 1 L] Saved independently
Default 1 [J Saved insequences

Response  nNone
Sea alo fs, gh, or

oseo =D nat badk Yp to haore switch
osbi =Badk yp to hare switch

Ifthis fudian is dissbled (0s80). the PC23 will casicer the notar at Hore Ifthe hore input is edive &
the end of deodleration after enoountering the adive edbe of Hne regan. IF this fudtion is estdled
(osbi), the FRC23 will decelerate the noar to a stap after enoountering the adtive edbe of the Hare ragian
ad then nowe the o, In the ggacsite diredian oftie initial Go Hone nowe at .1 rev/sec urtil the adtive
ecbe of the Hne regian is enoountered. The RC3 will then corsider the notar at Hone - Tris waill coor
regardess ohwhether or not the hare Input is adtive at the ed of the deceleratian of the initial G Hoee
noe

0OSC Define Active State of Home Switch Version A
Tym Set-Up Attributes
Syntax <a>0SCn K Buffered

s n - active state, high/low [ J Device gxcific
Range 0 or 1 J j Saved independently
Default 0 [ 1 Saved in sequences

Response  None
GH, OSD, OR

acsoa = Adivestate of hore Inpue Is high

oscl = Adive state of hore Input is lov

This commrard Invarts the adive state of the hore Input It erdldles you to uese elther a momrally dossd ar
ie_lmrr{rﬂlqu’lw\itdqfa’mﬁrg osch reguires that a nomrally dosed switch be coreded to the hore
i nput

osci reguires that a nomrally goen switch be acareated to the hanre linrit Inpue

Command Description
osci Set the active state of the home Inputt low

240



OSD Define Active State of Z Channel

T sat-O p
%ﬁ‘aﬂx <ae0sm
s n - active state high/low
Rang* 0 or 1
Default
Response  nNone
See alo gh, osc, or

osbo  Adive state of ZChardl tshidh
osDI Adive state of ZGard Blowv

\ersin A
Attributes

P§ Buffered

[ J Device gxcific

[ ] Saved Independently
() Saved Insequences

This commad Invarts the adtive state ofthe eroocker Zdamdel input csca reguires thet the ZGamd
Inpout e an adive high input GO requires thet the eooder ZGard  Inoue be an adtive lov

WEde*daglx(HﬁmLssdfdmtBSSdMnrg(gh)My Inernxhrrrwb,w,lmsthave the

Zdard ative a tresane ti

Command Description
osDI Setthe active state ofthe encoder 2 Channel to low
OSE Enable Stall Detect
Tye Set-Up
S/_ntax <A>0SEn
uhits n = enable/disable

0 or 1
R [t 0
esponse None
Sxe alo FSB1, FSC1, FSD, FDE, OR OSH

oseo = Sall detedt disshled
osei = SAll detedt erdlded

ly horre the notar

\Vasan A
Attributes
] Cevics

( ‘oecific
[ 1 Saved independently
[ J Saved nsequences

Wenergbled (0 e si), astall Is datected Ifthe Indear recaives o eoocer pulses after novirg the notar

1/50th dFarev to 1 nedanical pde dfa 0qde

wren thre Indea ad

naa/dive systemresdution Is 25,000 steps/rey, 5CDste[B(25CXD050) are auput befaea sl b

Togop naaranadstall (rsdi), or totumn an ouput andall (1sei), edldle stall detedtian (osei).

Command Description
OSEO Disable Stall Detection
OSF Establish Maximum Joystick Velocity
%—éﬁ%x set-up
s Hone
I[QEI%U!EU e 1
ESDOIISS none
See alo or, v

0s70 MUk the madmumsystermvaadty

»._.* =
0OSG Set Final Go Home D|rect|on
T set-u
%ﬁ%ﬂx <at>ospen
Rai.rg NoneI

e ,
Defait 1
Response  none

See alo gh, or, osb, osc
0sG0 - Sets the fird partion of the go hore nowe seqeee to GV
ossl = Sea the fird partion of the go hore nove seguernce to GON
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as the Joydtidk naxdmumdadty
osrl = uelhe pa/laslyctaﬁra:i\eloaty(\a = ﬁehmmmmmﬂmty

\Vadn A
Attributes

X Buffered

[ J Device gxcific

J J Saved independently
[ J Saved nsequences

Varsin A
Atributes
J § Device gxcific

[J Saved independently
[J Saved nsequences



OSH Reference Edge of Home Switch \ersion - A
Té#ﬁ Set-Up Atl]"ib.ﬂm
s <a>ODHn S':E]ﬁc
] None
R , 1 Saedl
o Sy
Response None
See alo OR, OSG

G * SeledsﬁeO/\/sctedﬁ’el—b‘resg’alasﬂ"e&i wvhidh the firdl goproech will stap
oshi = Sdleds the QOA&Ke ofthe hore sigrel as the € which the firel gporoech will stop

O/\% the Hoae switch Is defired as the first switch trarsition seen by the Indeer when tradirng
dfo‘ lint In the COAbIredtion  Ifn =1, tte GONEe of the Hore switdhwill e refererced as

position. The GONECE of the Hne switch Is cefired as the first switch trarsition seen by tre
|rcber\/\r'entra,ellrg off of the QOMinit In the GAdIredian

Report Incremental Position asan A
T Status Altributes
é' . { vce gedfic

s None

Range N Saad ircgeachatly
Default Nﬁﬂi }SN—:dinsa;Hns
Response a:tnr\nnnnnn (n = 0 - 9)

PB, PR, PX, PXB, WI, W3

Ryoarts Inorerental dstermtra\eleddn ﬂelastrruelnd:drmm Tre coomrad
positias inans -digit nurer o (+-), addeMQ/amnqpralni Tre rae faor e
the rgpart ks Inenoodar steps. IF

positian repart Is O - 499,999, Ifﬂ'elrtberlsln erooder naook,
the indeer is in notar nock, ﬂ"erqocltlslnrruo’stern
Command Dssutptton
KN Setto Normal mode
FSBO Sot to Motor Stop mods
Al0 Sat decoloration to 10 (ps®
VS Sotvelocity to 5 rpe
D 25000 Setmove distance to £5.000 slaps
3 Execute tho move (Go)
1P Request Position
Response -1 :+mse2S000

PB Report Incremental Position (Binary) Wasion A
TypO Status Aitributes
E}r:ntax amB M Bfiaad

s None 1 Daidce gmEdfic
Range None 1 Sadirtgathtly
Default None ] Saedinsg e
Response  nnnnn

See alo hi, H3, p,pr, fx, pxh
This comrard reports backihe enooder’s (In fsbi nock) ar the motar's (In rsaa, rrugruemartd
pasition Inbinary ook The binery resparse carrespands to acedinal range of 0 - +22.147.483.647. Tre
resporee famret is five bytes (nire*1304113). The first byte (13.) is theexdisnuber (Ads 1 -3 . Tre et far
tytes (112113114115) are the nost significart bit o the leest Igificattit In 2's covginet noaion These
four bytes ghve the 32-bit enooder position

Convening 2's Compliment to Decimal .
Ifthe most significart byte is Inthe range 00 - I, the result Is positive.  IFthe rost significant byte Is In
the range 80 - IT, the result is recgtive.
For positive results, use the fdloarg aonversion procedire:
© Gnvart each byte (A8l daracte) to dadinal.
@ Mutiply each dedna nunber by the fdlonro:

a X 16,777.216

13 X 65,536
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n< X 256
as X 1

(€] Acd together the produats of step 2
Resooee framthe 1 BBoommad Is as fdlong:

O r a

© 02 =00 hex * 00 cdnd
nj =00 hex =00 cadnd
nd m 61 hex - 97 cdna
ng » AShex s 168 cedna
® m"2(00) x 16,777.2%6 - O
B(00) X 65.536 =0
r'kEg?) X 256 » 24,8
(163 x 1 - 1688
® 0 +0 +24,83 + 168 « 25,000. Thus, the last novewss 25,000 steps Inthe GAHIredtian
Binary Approach
© Gnvat the hexadsdnd resparse to binery fam
@  Grrgenet the biraery runer.
0 A 1 tothe birery nunir,
® Gnvart the binary result to a dedrd \aue
Tre resparse frantte 1B commrard IS 01EFFE2710. 01 Is the axis nurber ad EFFE2710 is the recetive
Increnrental position repart.
2 3

1 4
E = 1110 1110 = 0301 0001=0001 0001 =1
F=11 1111-0000 0000=0000 0000 =0
F=111 1111=0000 0000 - 0000 0000 -0
E = 1110 1110 . 0001 0001-0001 0001.1
2=0010 0010-1101 1101-1101 1101 = D
7= 0111 0111 = 1000 1000-1000 1000 .8
1=0001 €001 = 1110 1110-1111 1110 = F
0 =0000 0000.1111 1111-0000 1111=0
100108F0 hex -m268.556,528 deandl. The last novewss 268.556,528 steps Inthe GOAHIredian
Computer Approach

© Gnvart the hexadsdnra nunber to a dsdna nunoer.
@ Sirad 168 (=232 - 4,294,967,296) framthe dednal nunrber darived framstep 1L

The regoarse from the ipb command IS01EFFE2710. 01 Isthe adsnumber ad EFFE2710 s the recative
Incrervetal position report

© EFFE2710 hex = 4,026,410,768 decimal
@ 4.026.410,768 -4,294,967.296 - 268,556,528
Tre last novewss 268,556,528 steps Inthe GOAHIredian
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PR Report Absolute Position \ersin A

TVp. Status Atributes
(! aPR [X] Buffered
s None [ 3 Device gxcific
None [ 3 Saved indpendently
None [ J Saved in sequences
Resm"lsa a:xnnnnnnnn tn -0 - 9)
Sea also d, mn, mpa, mpi,p, ps, bz. w
"Ihslaa"letmuepnumccuter Itrqm‘tsrrdo’pnﬂm%ranitomm—tppnﬂm
aosdute position trackuypto 9999995’6[25 If the counter laovemun Inthe rdative

position nack, ﬂ'eabadue p)ytlcnwiltelnd
krjfi‘lnﬂ"lsa'cc:ohrr!u:t-z positionwill e reported Inenooder steps. Ifwe:eténrrmm itiacn wil

Innotar steps. Inpesetmu:la resporee to this aonmardwil noek
ctre Inoa’ancLsrrmb, resporee tothis caonmadwill ke reparted after the notar reedes aagtart

"ITeRHUmRap:]t(pR) aomrad resoacs with the aumdative position of the oo with respect to tre
zg0 pasition. The zro position can ke defired by the position o the noiar after a Rosition Za0 1)
aomad Is Issued ar by the suooessful aondetion ofa G Hne (d) commard

This comard can aly respod wen the notar Is it beirg conmanded to Soud yau reed
rdative positicdl Infanaionwren tte notar Is novdrg &Eﬂ"BFHntRHﬂm Rdaie to Sart of
Curert Noe () commrad

Command Description

Pz Set current position id absolute zero
WN Setto Normarf mode

FSBO Set to Motof Step mode

Al0 Set acceleration to to rps2

V5 Set velocity to 5 rps

025000 Set nxwe distance to 25,000 steps
G Execute the move (Go)

G Execute the move (Go)

1PR Roquest Position

Response m1:+00050000

The motar an ax4ds #1 will nowe 50,000 notar seps, then the indeer will rgoart the distance noved sirnee
the lest RZZaomad

PS Pause Version A
T Programming A ttributes
! <a>PS K Brffa‘ed_ )
ail'ts None [ ] Device sxcific
None [gSngvggrmmw
n
SEol S

1hscx:rrrm’d|:n,ses eation ofa aamad string ar ssgeee fdlonnrg the Pause (o) commrard uritil
Irnberrma\ga(}rnrue(c) amad Thscr:rrmu‘d Is useful Tfyou resd o erter a condete

string of comrancs befare you can exeaute your ather cammraos.

This commrard is wseful far Ineradtive tests ard Insyrdranizing muitiple Irobes thet heve lag commard

SINIngs.

Command Description

Pause execution of Mowing commands un8 axis # 1 receives the Continue (C) command
i Set aooeteration to 5 rp62
Vs Set velocity
D25000 Setrncvs distance to 25,000 steps

Execute the move (Go)

Deiay the move tor2seo

ExsqjU tfw move (Go)
C Continue Exocutbn

Wen ads #1 ramEives the ¢ commrard, the notar noves 25,000 steps twiee wWith a o secad cHlay
betwveen noves.
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PX Report Encoder Absolute Position (ASCII) version a

Té% Status Attributes

(A aPX [x] Buffered

] None | Devica gxcific

Range None Saved independently

ResponseDeraJlt None J Saved insequences
a:xnnnnnnnn (n - 0- 9)

See alo hi, «3,p, pb, pr, pxa

This commrad ernpoder pasition with respect 1o powner-Up position. The absolute position aounter

can tradk yp t0+99.990.990 enpoder steps. IF the courter ks overrun Inthe rdative position noce, the
aosdlute positionwill ke Indid

WWether In enooder step or notar step nocke positionwill e reparted Inenooder steps. In preset nock,
resporee to this comrard will be reparted after the noe Isdae.  Incontinuous nock, the resparse o
this conmad will be reported after the notar reedes constant \dadty.

The Rosition Repart (39 conmrarnd respancs with the cunrulative position of the enooder with respect to the
Zeyo position. The zar0 position can e defired by the positian of the enoockr after a Rosition Zao ()
aonmrad Is Issued ar by the suocessful carpletion dfa Go Hne (&) commrard

TH3 comrard can anly respod wen the notar ks nat lbeing conmanded tonove. Should you reed
rdative positicd Infarratianwhen the notar Is novrg see the Ryoart Roaition Rdative to Start of
Qurert Mbe w) commrard ar the absdlute enooder positian binery (pxb Joonmrard bdoww

Command Description
MN Satto Normal mod1
*10 Set acceleration
Vs Setvelocity US rps
04000 Sot mo/e distance to 4,000 encoder steps
a Execute the move (Go)
IPX Request position of axis 1
Hesponse = 1: +CW0<£500

Ads 1# mowes nowe 4,000 eroocker steps, then the inceer reparts the distanee that: axds #1 Just noved

PXB Report Encoder Absolute Position (Binary) version 83
T Status Attributss
%ﬁ%}( aPXB F:II %é\f/fered )

|| None ice gxcific
Range j Saved independentth
Default l’:‘lone H Sa\\;ed %%quencesy

ReSpOIISE nnnnn
See alo HI, W3, PB, PR, PX
This conmrad reparts back the enooder alsolute position In binery nocke Tre binary respaoese

to a dedna range of O m2,147,483,647. The resparee fandt Isfive bytes (nin*n”s). Tre
first byte (nj) Is the axis nuber tAds 1 - 3. The rexdt faur bytes (23 Br are the nost significart bit to
the leest significart hit In 2's cordinet noation: These four bytes ghve the 32-blt enoodker positian
Refer to thepr conmrard far procedures and exanrges of howto aonvart the binary position repart.

PZ Set Zero Position versin A

T Status i

e, o P

s None Device gxcific

None Saved i I

l%?f&llt None Sa\\;gd @muanesy

esponse N

See alo D,on:nN, MPI, MPA, PR, GH

This conmrard sets the absolute position counter tozzra. VWenyour Inoeer poners up, the aosdlute
aounter sets tozzro. After novirg e noar, the iz conmmrard Is used to reset the alosolute counter tozaa

In Aosdute Mixk (mpa), all the noves vl ke mracke with respect: to the aosoluie counter. VWenyou eeaue
tills commrad, the Rosition Repart (rr), Pauee (p), and Rgpart Absdlute Booder Rosition (px) aonmrancs
wil repart the zar0 position
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Command Description

PZ Set 9>eabsolute counter to zero

% Set to Preeet mode with naspoct to Absolute zero position
SotaocoteraSon to 5 rps2
Setvotodty to 5 rps

@500 Sot move db lance to 2.500 stop*
Execute tie move (Go)
IPR ReportAbsolute Position
Response »1:+0002300*3
Pz Set Dieabsdute counter to zero
IPR Reportabsolute position

Response >1:+00000000

Q Complete Current Command andClear Buffer Mrsion A
T Programming Attributes
fﬁ?eltax <a>Q Buffered

i'lS NOne %;/g; specific
Range Hone independent
Default None Saved MNsequences
Response None

See alo KS

The goomrad aonrpletes the curent aconmrard being exeousd and dears the renvainder of the conmrard
buffer on the goedfied axds.

This commard is ussful 1fyou b ot wish o Interrupt the curent nowe, ar any ather commrand bairg

Tre Kl (H comrard will stop any conmrand being executed and dears the renvainder of the conmrands In
the buffer on the goedfic axds.

Command ik
Q Completes currentcommand and cteare command buffer
Qo0 Exit Streaming Mode Version A
T Set-Up Attributes
] <a>Qo []
Uhits None [] Cxvice gdfic
Range None [ J Saedircgadatly
E{Eféu‘t None [ j Saved in sequences
None
See dlso Ql, 02, Q3, RM

Tre @ oommrad  Is an exit conmrad far adll strearing nocks. The notor vl sscapwhen @ s issted
Rfato Qad Q eanples.

o1 Enter Immediate Velocity Streaming Mode Wasan A
T Set-Up Attributes
%ﬁ%}( <a>Ql [1 B.ﬂ:e'm B

] None 1 |BA(ESHI"C
Range N Saad ircgatatly
Default Nz:: } Saed Insequences
Response None

RM

xis. Sm].HtRM arnratbvwlmsemlnmaedmlnnm
\elouty Ue 00 toedtﬂisrmda

mmand Description
@l Entef velocity Profiing mode
RMO0011 Go to rmvelocity of (11 hex) rm rps
0055 GotoRKVotodlyo[j5S hex) UKrpe
aa Go to rh velocity of (100 he*) RKrpe
RMO00S5 Go to SHvelocity of (5S hex) RH rps
RH0011 Go tome velocity o< (11 hex) FH rps

Gxit Velocity Profiling mode

Mbitar novenrert will stopwhen the 00 commad ks ertered. Seerv commrard) far nore detalls.
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Q2 Enter Time-Distance Streaming Mode vision a

T set-0p Attributes

%ﬁax <ol ]Bflaed
s None E' EFH]"_[I

Rar oe one Saved independentl

%@lt Eone H Saxed :1sequencesy
esmllse None

Sea alo w0, nd, nss to,

Tre Bter Tine-Clstance Streaning, amrad ;a3 tre Indeer to enter the Tine-Clstace

Srearring nocke far the soedfied axdis. "IT’e%rr&Dsta‘reSreemrgnu:bvxﬂl Irterpret\dl,esertered
\Aiﬁwﬂ’esdoawra’dastkermmti% Inthe uodEg
E% Treconmad bujjers te

Tﬁslrmcb Is Lseful Inglicatias that require multi-axds aotauring, sydranization, ar astamnowe

pofiles . 3
rfer o a4 Ao for a detsiled disaussian of the Tire-Distarce Srearving muck:

Q3 Enter Time VelocityStreamingMode varsin a
T set-D Attributss
%[e%ax <a>(;f [1 Bfied

s None [j Device gxcific
Range Nona [J Saved indepencently
Defallt None [ Saved insequences

Resporse None
Se also @3, msl, mss, to, so

Te E’terTm}\AelochSreaﬂrg nock (o commad casss the indeer to enter the Tine\Aaaty
1;;_}&eemrl‘:jrmolefa’ (qélﬁaﬁedams TreTtm,L\elodtySreem noce Wil Interpret values entered with

o s HIREO YT Wa THeCs

Rfer o OHIB‘ 4m:llca]mlmj) for a ctailed discussion of the \adity Strearing nock:

Q| Interrupt Status Report \ersin A
T set-op Attributes
E-g“etax <a>Qi []Buffered
s None [j Device sxcific
one [ j Saved independentl
Befajlt Eone [ i Saved hsequamy
esmllsa nnnnnnnn (n - 0 or X)
See alo qs

g conmrad Indicates any adive Intermupot caditias. Wemselsﬂ’eaﬁ'&sﬁjlo/mtyStns(A
thraugh H as desaribed Inthe table beloy: The bits do not need tobe erddled with the s conmrancs.
earde, bit Al ke high i trigger 1 Is adive Wrether ornot gsa! was entered

Bit Function. 10nS Valua
A Ti 1adme NO O)arYES n
B Gorplete NO @a'YES n
% Not Used NO @ 0 o 0
(rYES n
E L9 0
F ot Used 0
G Command Buffa il 8G’YES 8 n
H Motor Sl a’YES n

Tre ROVt |mrestan.sregster st Refer o G0 4, AP0 for noean
conmunicaion

Nveopidevll vasdgdeyares i eanifteCBonardisra eddad

Command ReaponM
Iqi Requestsource interrupt status toraw s#i. Response * 101000000

247



QIB Interrupt Status Report (Binary) \ersion A
A set-0p Attritutes
%ﬁ%ax <2>Q18 [] Bulfered

s None { 1 Device gxxcific

[ ] Saved Independently
| J Saved Insequences

R one
g%it EOHE
SEC
Tre Inferruyat Status Rypart (gib) carad with o bytes.  The first byte Is axds  nunrber (1-3.

55005055 E

0 or 1)

535 C)CD:SCD:S:S;;

OF/ON M)
CF/ON En—O,l

Interrupt on Signal Commands \ersin A

Set-Up

<a>QSxn

x - function

x - A, B, C, Dr E,
None

F, on/off

Attributes

K Buffered
Device gxcific
Saved independently
Saved insequences

respacs
The secod Istre bi equinelat oftheqi respose (e IsO - . Trefomat for the seood
Qmﬁnmé%gednm1 ! ( e
Se the In Inthe bi fard, the user must convart the binary\alle to A1 \alue of
\Mmtnﬁnﬁewﬁemﬁegg%m Y
A Triger lactive NO/YES n-0.13
8 Wove Complete NO/YES 1
C MotUsed
D LimitEncountered NO/YES ,.D
F Not Used
G Command Buffer Full NO/YES -0,1
H Motor Stall NO/YES 0,1 . .
*Theopsroy bit inthe status register Is set. I%fe’toOHE’4 mﬂ‘lm&ymjem
Meeondevll vasdylyas i eaniftesBomadisraedial
OR Report QS Command Function Enable Status varsin a
1\ Status Attributes
u%ﬁ'%ax aQR K Buffered
s None [ ] Device gxcific
None J 3 Saved independently
gggpgl“ss)e g:snannlnnnn {n
RgLest far the fudtias eddded or disslded by the s through ggh commands. Tre reply is eigt digits,
wdamgvhduxniﬁnmdsaeamw:éxﬁm; gt
Cptlons
CNﬂBﬁ
umﬂgutmﬁ OF/ON q&%o
it iealy
G TrasmtanCommand Bl
Q
%ﬂs
DefaJ; It
See alo OR
Theos conmracs dlowtihe RC23 to sed an Interrupt to the host conrputer when attertion Is recuired
Qe aedded os conmrands resice Inthe RC23's bed<groud during nomral goeration. Vken the aadiion
lhxpunsﬁehtmqisnuﬂvnﬁmuiBgnmﬂﬂ'ﬂew&nqisdﬂnmaﬂyﬁehﬂ

Function Options
E Ready toRespond™*
aommunication
Default None [J Saved insequences
AﬁqH
G%gh quN Q&%D
H Motor Sl
Response None
apuervatheqr orqoie commad  Tre Intermupt will be gererated each tinre the caodition coours, urtl
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the fudtion Is dissbled (Refer to the pararreter a In the desaription baxaowe. Wenn - e (off). Wenn
- 1 (on). KFmoe than ae Intemuat la parding, the rest are Igoed (Ifare Is buffered, the rest are Ias).

I%fa’to@ﬂ]ﬂ'él-m:ka]CHMﬁIIMmmsemrgmm\a’e Intermupts an the FChLs.

Bit Fuxction _
é Trg laie e
C N |
8 Hampton LmtErgmteraﬂ
E NotUsed .
H ampton Votor Sl
QSA  Interrupt on Trigger #1 High Version A
Set-Op Attributes
é%x <a>QSAn Ruffered
its n » function on/off Device gecific
Range 0 or 1 E Saved independently
Defeult 0 Saved insequences
Response None
See alo TR, TS, QR

osm = Dpnot send Intermupt on Trigoer #1 being high
osai = Intermupt sigal on Trigger #1 beirng High
BEteringqsai causss the indexer to trarsnit an intermupt si toﬂ"el”ostmterv\reaﬂmgm#ﬂ_

goes hi Howthe Interrupt is handled is dependent ypon the host conputer and your Interrupt routire
Within host.
QSB Interrupt on Move Complete \ersion A
T Set-Up Atributes
é}:i:’ax <a>QSBn [X] Buffered

s n - function on/off [J Devi%esmciﬁc '
Range 0 1 1 3 Saved independently
m&ult 00r T j Saved inseguences
eSpOHSG N

See alo cﬁe

ose3 = Dpnotserd Interrupt an nowve cardete
fisei = Intemupt sigel on nove cardete
Eteringqsb i causes the Indeer to transit an Interrupt Sigdl to the host corputer wherever a nowe hes

been eted Howthe | Is rerdled 5 the host ad 1
mr(éﬂpl focl Foat nterrupt dependent yoon conputer your Interrupt

QSD Interrupt on Limit Encountered \ersion - A
T Set-Op Attributes
?ﬁl_er%ax <a>QSDn [ Buffered
s n “ function on/off [ J Device gxcific
e or j Saved i )
gl b H Sved hatqenes

Response None
QR
QsDo Do nat interrupt sigal yoon reedhing a lindt
QsDI Interrupt signal yoon reaching a lirit
Bteringqsdi causes the Indeer to trarsrrit an | sigH to the host corputer wherever a GAbr

GOMirit hes been reached.  Howthe Intemyt Is ed Is deperdent upon the host computer and your
Intermupot routine within the host
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QSE Interrupt on Ready to Respond \ersin A

Téﬁ Set-Dp Attributes

T <a>QSXn Bfiaed

s n - function on/off D»uce gdfic
Range 9 or 1 1 S2ad Ircqatatly
pefallt 0 1 Saedinsq Bes
bsmlm None

Sea alo OR

G2 » Dpnat Intermupt when Indeer Is reedy to respad
el = Inemuptwen Indeer Bireedy torespod
Entering B causes the IndDer to traranit an Intermypt sigdl 1o the host corputer werever e Inceer

Is reedly to respod frama status comrard. Howtie Intermypt Is herndled Is dgparcirt ypon the host
aoputer and your Intermupt routine within the host.

QSG Interrupt on Command Buffer Full \ersion A
T Set-Up Attrihutes
%_:rt)ax <a>QSGn D Sflaed
s n * function on/off EBKBSCBJﬁC
Range or 1 Saadl
RIZEI%UIt b Saadinssgaess
esmlse None
See alo QR

QSGO O not Interrypt on buffer full (less than 32 bytes fred)
QsG1 Interrupt an buffer full

Erten i casss the Indeer to traraitan | S to the host whereer the
Nggsgi rterrupt sigd aoputer

Isful. Fowthe Intemuat Is hardled is dgpanoent ypoon the host conrputer and your
intermupt routine within the host

QSH  Interrupt on Motor Stall \ersion A
T Set-Up Attributes
%B%ax <a>0SAn Bilaed

s n " function on/off ﬁ ME{mﬁC
Range 0 or 1 S%ﬂjllmmﬂy
le;cult 0 [} Sadinssgaos
W gg?eOSEl, OR

QsHo * Dpnot Interrupt onstall
GH « Intermyat on stall detect

Ertengqsh casss the Indeer to trarsrit an Intermupt sigdl to the host werewer astall is
oK Howthe Interrupt is handled Is deperdant yoon the host corputer YOUr OAN pragramwitiin

This conmrard is fudtioral anly ifyou erelde stall detedionwithtte oesi comad Wenereded, a
stall Is deteaed Ifthe indexer recaives o enoodkr pulses after novirg the nmotar 1/50th ofFaurev

(corespack to 1 medrenical pde of a e . Thus, wen Indeer ad naa/drive system
resolution is 25.000 steps/rov, 500 steps (25.000 +50) are autput befare a gall is deteded

BEntering (Hla causes o interrupt to ke traranritted by the Inoeerwnen astall ks dateasd
Gommand AR i idvillite taitit, tehs thenasan anis.
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R Report Indexer Status \ersin A

Typ* Statis Attributes

agl_:tax aR [] Buffered

R s None E:_l gg\/ie?je_spxiﬁc .
a one J Saved independently

Ilg‘rﬁlet :one [J Saved insequences

Response *x ix =r, b, s, or g
See alwn ra, rb, rc

Yau can e the RegLest Indeer Status (R aonmrand toreviewtte status of the Inoeer. Rossikdle
resporees ae:

Cefinitian
*r
*s % Atterntion Nesoed
*B Bey
«C B.ey, Attertion Nesced
Wen the Indeer is prepared to exeaute an immrediate conrarg, the fdloang acoditias cHlay the
eeotiax
O Rafonrgapestnoe
O AxdHaaingycs=adirgdnirgaartinos noe
O AtnecHayisin pagyes (t camag
o Paused ()
O \Wartingon aTrigoer (tr)
O Girgt-tne
O Beaatirgalap
Tre fdlonnrg coditias caLee ermor resoorses.
O Ak ara ardtionedts
O Gl falad
O Linit hes beeneocoutared

Donot wse this comrard to deternrire ifa noweis aadate Ue 1t after a nowe Is aongdete  to dgtemire
ifother ermrars or faults exist Ue a buffered status request commrand such as a afCGariageRtum) ora
pragamrede output to \aify nove aordetion

CGrnmard Response

1R 1:»r Axis#l is ready to accepta command—no error conditions require attention

RA Report Limit Switch Status Vasian: A

T Status Attributes

éﬁax aR [ ) Buffered

R s None [ ] Device sxcitdc
ange None [ 1 Saved independently

Default None [ Saved insequences

Resmllse ** X-3, A B, C, D E F, G, H X J, K L, M N, 0)

Sea alo R, R(B, RC, LD o

The Linit Shitdh Status Repart (ra camrard regponos with the status of the ed-oi-trand lints during tre
last nowe as vdl as the present aadition  This is doe by regoodilg with ae of 16 daraders
representing the coditiors listed belowv
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Reaponaa Laal Hava Terminated By Current Uove Limited By
Character CW Limit cC imit CwW It CCVWH

iy i
RABAEEraraass
GBS SERNEBEE:
AeeEaEses:
Rasese

3

Thera aamradis wseful \Wenthe notarw i ot nowe Ineither or both diredia s, The repart bedkwil
Indicate Whether ar ot the last nove wss temrirated by ae or bath end of trad linits.
Fyauwish todissde tre lirrit Inputs, yaunay IssLe the LE3 (Oissdle bath lindts) comad

Command Reaponaa
2RA 2%«

This resporee Indicates thet: the last nove anaxis 2 was it termrireted by a linrit ad thet ro lints are
aurertly adinve

R B Report Loop, Pause, Shutdown, and Trigger ~ \esin A
Status i

Type Status Attributes

i Non [% Device gxcific

tS one >
Raoe :0ne [J_Saved independently
Defauit None L] Saved insequences
m *x (x - 0, a, b, ¢, d, e, f, g,h, i, j, k, I, m n, or o)
% al$ L, PS, R, ra rc, st, tr

Trer» commard respacs with the status of the conmrard buffer IF 1t is presarthyeeating alap () ara
Sudoan (si) comad itwill also Indicae fa Pause (rs) command s beinppeaued. o ifa Trigoer ()
aodition Is presertly beirg waited an

The acontrdller responos with ae of 16 differat deraders, each ofwnidh reresents ae of the aaditias
listed o

Rssporue Loop
Character Active

AiEaEasaanaaE
mwééééﬁmmééééég
ARt

*0
This commrard Is Lseful 1o detenrire the present status of the exeaution buffer, espedidly wen eeation
is held up or the resparse is udear.

Wenyou sad a buffered conmrard and te indeer does not eeaute the coomard, you nay eeaute this
aomrard to receive a status of the Inoeer.

R
Sopmand 173 Ads. sanetlyeentiga lop
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......................... 4 Mﬂ'w ~

RC Report Closed Loop and Go Home Status wersin a
T status Attributes
T aRC Buffered
%ﬂs None Device gxcific
R None J Saved independently
B 't None Saved Insequences
*x (x — 0, a,9, or ci
gponsaalw r, rb, ose,gh, I, fsc

Tre Aaod Acd G Hore Satus aomrad witha dharacter that ae
R SRRy S o e s

O Homing Function Failure —In this aadition the aatrdler readhes bath ed-oftrad linits a ae
cf%.erd posside Stiop commrands ar aadiias. The G Hne ndtion was coduced, but ot a

O Stall—lnlhsard’ucn, the aotrdller datedts either a deviation betwween notar and enooder positian
thet is a’ga’ﬂ’a’urepjedthendo’vhlenmrg ar adavigian larger than ae pde ofthe notar
plus the badkdash paranreter fdlonrg a diredion dae

Responsa Sall Go Home Static Loss
v

Charecte Detected Unauccesaful
*g NO NO O
‘A YES NO 0
B NO YES 0
xc YES YES NO
*1 NO NO YES
*| YES NO YES
* ] NO YES YES
*x YES YES YES

Command Response

This mears that while attenpting Its last nowe, axdis 1 detedtied a Sall.

RM Rate Multiplier in Immediate Velocity Streaming version a
Mode _
T Ftp Attributes
é[%x <a>RM xxxx []Bmﬂj
s Xxxx — rate multiplier value (hexadecimal) [ JDevice secific
Range 0000 - ffff [ JSaved independently
Bﬁ','fa,llt 0000 [ Saved insequences
None

See Al qi, gb

Trerm conmrad, fdloned by 4 hexedsdinal digits, represents an Inmediate \dadty setting. The verisdle

mm Is a hexvalue (InASAl fomat) rarging framn0000 - FAFRwhich carrespponds to 15.259 Hr - 500 Kk

In Inoemeats of 15.250 Hz. The \aladty is Instartarnecus. There Is no aoodleratiarydeceleration
betveen\eladties.  Alirrit snitdh-dosure stoos novenat wile Inthe axds Is In\d%pdillrg
but does nat cause the RC23 to et Innmediate \dl strearing nocke. Hexvalues

result InCOMdation  Heaxovalues 8000 tdHHRresUlt In raationHecalues 7H4- TH-ad FHH -

HH-are goedia values that you can ussto set ROBs (refer toGrgater 4, AgdlicatiailDesign far cetailed

Infomration on contauning).

Command Descrlptlon

i adstHl
s i
RM
RM1332 Jump ©3
RM1998 ump 14
RM1332
RMaccc 1D
RVMO6S6 Jup©l
RM0000 Jump to 0 rps _
Q0 BGt\glniygueanlrgmods

The motor Junps to 1 s wenyau IssLe the first mvalle. Treaaaty Inoeesss by 1 pos wenyau Issie
the next three RVbomrarncs. The subsecLent moomrancs deaeese the notar wveladityin 1 s
Inoenents urtil the notor stops. WemuItGUHeﬂ"atelqth\Aeenﬂ'elmdeedﬁrm
aomrad detenrines the eadt ndion pdfile
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RV Report Software Part Number \ersin A

T Status Attributes
é%x_ <a>RV ] Bifflaad

] 53 None [J m/l(qumf[: '
Rang* ] Saved independent
Defallt EEEZ H Saved 'nsequenoesy

gggponse zzr-]remnnnn-nn(xn){n 0-9, x - A- 2
Tre R/ocomrard responds with the softvware part nurber and its redsian led. Tre resparee |s Intte
famshonn ko

92-nnnann-nn<xa>
part number <revision level>

The part nunber identifies whnidh product the software is written far. as wall s arX%JBaal features thet tre

SIflV\HEh’WII"dL[b. Tre revisian led idartifies when the software was maywart torecad
this Infarration tn onn recards far fuure wese. This Infamratian ks useful wrenyou consudt Parker
Gorpunroas catias Bgineering Departrer

Command Reaport**

1RV 92-006887-01X

The procuct Is icertified by 92-006887.  The revision led Is Idartified by QK

Stop \ersiln A
T M otion Attributes
Shtax s [] Biffersd
s None 11 Device gxcific
Nore [J Saved independently
Default None [1 Saved Nsequences
Se* also E,Onst ssh, a

Tills commrard decelerates the motor to a stop weing the last defired Aadadation ) commard. This
aonmrad norally dears any rervaining conmmrands in the comrand buffer;, unless prevented frandaing o
by the Save Gomrard Buffer On Stop (S3H) comard. Wen the SSH acomard is exeauted, the s
aomrand stgos anly the current nove and goes an to the etk commardl in the buffer.

Command Description

MC Seta Continuous mode

Al Set acceleration to 1 rps2

via Setvelocity to 10 rps

S Execute the move (Go)

S Stopnotor— motoreomesto0 s atacelaration rtsof L ipe2

The s comrand cannat e put Into the buffer since it Ban Innediate conmrand. As soon as the Incber
receives the s commrard, |t stops notion

SA Stop All \ersin A

TVo* M otion Attributes

é_ﬁta)( <a>SA [:_IB":'_—GIG:I -

5 s l:lone I[j g:;jeismcrﬁc by
Defallt None [ Saved insequences
Rssponsa None

Saa alo s, X
The Stop All conunand kagunalattoa IS, 2S5, S.
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SD Define Timed Data Mode Streaming Data \erdm

T Programming Attributes
%[%X <a>SDn |X| Buttered

s n - hex digit up to 3 sets of 4 % gg\n%esm:lﬁc y
Range 0-F 1 Saved iindependent
Defallt None [J Saved insequences
Response None

Q2, 03# TD, MSL, MsS

This camrard dlons you to defire streamingdaia. In tre tinedistace (@) nock odfy tre

you can
nuTber of steps thet the notarwill nove per Inend with this coomad. Inte tdnedadty () nocs,
yau can gedfy the \vaadty that the notarwill nowe per Inend. You can set the tine inenal withtte TD
aomrad

Yau nay defire streaming celawith ae ar two ar three faur-digit heeckdrd runbers. ifalyaeads ks
Ina tined data strearring nmb,diydefar—dgtl”e(mrm’lsmjred(m Ifwvwaes aeina
Urrajchtasireanrgrru:b,t\mfur-dgtmaba rubars are required (sonnnnnnnn). iiyaubhave as
ads system yaureed to sad s four digit hexadsdimal nunbers spnnnnnnnnnn.m) You can cefire data far
dl three axes with a si'de socomad. BEech so aconmrard 1s afyeeousd duringa dirge ia Intendl.

Ifyl,l\/\a’ttocteﬁrecbtafd(reaas ina
Dir/VEB Data tined data streanring nocke, Lse the
. afiggaionsarm | wart to cefire daia
fa hoaes Ina tined strearring nack
2nd MSB MsS - most significantbil - Lse the aorfiguratian sonnnnnnnn. The first four
Ls8 - least significant bit  EXNUITIDErs ceEfire dhta far the lonar runrbered
© ads. The rext four hex nunrbers cHfire data for
the higer nunbered axds.

"3 Tre fudicndfeachbyte (1 *2 "3 ad ™) ks
s desaribed Idow

3rd MSB

1 sets the diredtion Inwich the axds vill noe A0 Inthe nost sigrificart bt

ndion Al Inthis postion Indicates GANTHON "ITeremxnrgtheehiscflhs _ﬁ:ﬁ3l\/&BD
cHfire tre magnituce of distanoe (2 nook) orpgjadty I o). *2 is the nost Sigificart

sovet caa "3|sﬂ‘er9<tm)§t3| ﬁfﬂ ?ssgrertdsta *4 lstheleestsgtﬁ t%ﬁrftyle
ofssgret ciia The weidt ofeadh bi |I"IQIS*1 *2 *3, ad™4 is as fdlove:

nuock, this byte Indicates the nunrber of tre noar Wil nowe per tine inenal.  In Q@ nach
ths Indicates the \dadty that the mator will nowe per tine inend. Yau canset the tine inend
withtrei« comad Inthe 3 nodk, the\d desired per yockte Intend ks related to the faur hexx
digits as fdlons (disregarding the nost dgnificat it whidh Is the diredtion hit):

Vel (in rps for a 25000 step/rev motor) = (nnnn * 15.2591/25000

Command Re»pon»a
1SD90 64 Assuming that axis 11*in a tined data streaming mode, this command specifies a distance ol 4,196 CW slaps
faran 1. Referto the graphic depiction below.
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S b 1dbupdor F1 4pioq

Certain 80 data points allow you to turn on
outputs, wait on triggers, and loop. Refer to

Directiai” Chapter 4, Application Design, for more
+1- CW,0- CCW 4B e 0 [ B » 4 - 4B Information.
segment Cata |
SR Report Configuration Status \ersin A
T Status Attributes
%!_:E.BX aSR E( Blrﬂ_ el )
RI‘tS Hone ggvgéelsgmﬁc :
ange wved Independent
Defallt Eﬂﬂi Saved hsequenoesy
: axis number, n - 0 or 1)
$aRSSp0|al$lsa :Snnnnnnnn (a

The s> comrard lsaqmd status request commrard. This comrand provicss Infamratian an the status
of up O 5 softvare switdes that you Lee to tum aafiguation gatias cnad df. Yau can st these
gaias with the ss comrancs.

The table beowlists the resporse fudias that you can raeive status Infarration an

Code Function On/Off Status
A Not Used wA
(B: Nonchd 0 =Disabled, 1>»Bebled
0 AtareteMods Slap 0- Cyde B, 1w Immedate
E Not Used m
F 0 - Nomel, 1mlow
G Command on Linit 0 -Rute, 1-Save
H Command Bifferon Stop 0 -Fute, F=Sae
Gonard Rssponsa . .
1SR 1:00000100 This Indicates that axds #1 Is In the loradadty raoe
SSD Mode Alternate Stop Mode \ersin A
Typa Set-Up Attributes
%ﬂtax <a>SSDn B Buffered
s n - function (on/off) [ 1 Device gxcific
Range 0 or 1 [J Saved independerttly
Default 0 [J Saved insequences
Responss None

Saa adlo MA, SR
This conmrand determrines the nrethod of staoping wen Inthe ma nove nock

ssbo = Sop Immrediaely
ssoi = Sp at the end of the current lap

Ifyou erede ssnl, upon receirg the Sap () conmrad, the notar will nove badk to the starting positian
then stagp ndtion  ifyou use the ssca conmrad, the natar will deoelerate to a stap Inmediately.

Command Description

ssdi Stopatend ol laysin mode aterata
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SSF Normal/Low Velocity Range \ersion A

Tnﬁﬁ set-CPp Attributes

(f <a>SSrn E Buffered

e n - function (on/off) J § Device gecific
Range 0 or 1 § Saved indeperdently
Defaiit m O Ej Saved insequences
Response  none

See alo SR, V

This commrad sets the dadty race far the \dadty ) coymad Tre maomral race (ssra) fara 25,000~
step/revnoar Is AL - 20 s, The lomrange (ssri) fara 25,000-step/rev natar Is .001 - 2.00 s

Command Description _

SSF1 Set lowdadtyragefor ax* ffl

SSG Clear/Save the Command Buffer on Limit asan A

T Set-0 Attributes

S%/I/peﬁiax <§>SSpGn M Buffered

Lhits n — function (on/off) @] gg/‘le%es;mﬁc by
Range 0 1 J Saved independent
Default 0 J Saved insequences
Response  None

Se alo D, R

Inmost cases. |t Is desirable thet yoon adtivating an ed of travd it oo, al notion shoud cease urtil
tre pddemcasirg tre ova-trad ks redified wil ke assured Ifdl comrancs parding eeation In
the g]mardhﬂe_’aed_esrechmﬁttirx‘?alirﬁt Thslstte cae ifssgo is goaafied Hssgi 1s
godified ad a linit ks adiveted, the nowe Isabated, but the renaining conmrands Inthe buffer

atinetobe

Command Doacrtptlon

sssi Soto buffer on limit

*s SetaosoleraBon lo 5 (ps2
VS So! velocity to 5 rps
025200 Satcfctoncs b 25.000 step#
S Exscute tfio rnovc (Go)
OH Turn on outputs 1and 2

Ifa linit siitch s encountered wile exeauting the noe, ocutpus 1ard 2 will still goan

SSH Clear/Save the Command Buffer on Stop \ersin A
T Sec-up Atributes
LS%B%?X <a>SSHn K Buffered

s n - function (on/off) Dev(i;(:jes;miﬁc
Range or Say independentd
Defallt %) ' Sa\\;ed :weqjenoe;y

Response N

See alo s,ongR

ssHo = deara conmmrad buffer an siop
ssH1 == Saves cammard buffer anstlop

In Nomval Qperatian (sshb) the Sap () comard vl cause any conmrarcs Inthe conmmrard buffer to ke
deared Ifw%l&tﬂe%e@nmdﬁﬁa@&m(s_ﬂl)mmaﬁa%(s)mm&dvﬂlﬂy
stop eeotion ofanowe Inpragess.  twill not stop exeaution of any that rerrain Inthe boffer.

Command DoicripUon
SSHO C ter command bufferon shp
AS Setaccetofafcn to 5 rps2
\'S Setvefotity to 5 rps
D25000 Setcfctance to 25.000 stops
L50 Loop 50 Timas
Execute the move (Go)
Pause Jw motor 500 rrs
End Loop
S Stop motion

Wemyau IssLe the s commad, the Indeer will dear the buffer and stop the noe
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ST Shutdown \ersim A

T Set-Op Attributes
its N i Device gedific
] n - function (on/off)
Range or 1 Saved i
Default ?) Saved Nsequences

Response N
See’ alo Nons
The Sudonn (sa) conmrad rapidly deareeses the notar curent tozza. The system igares noe
aommacs that you lsace after the sil comad Tague an the notar Is nat raintained after you Isste
the sil commad

The sTo cammadrapidly Inoreases the natar curert tomamral led. Qreyou restare the curat, you
can eE0Ee NDES.

This comrard Is ussful far reduding notar heating and dlloas you to manLelly position the lced. The
notar position counter la set to zeyo wWen yau reerergze the nmotar using trests> comrard
mmg%rmdi\&kaeasml dagwith Sep and Oiredion inpus. The sil commad
adtivates shudonn input of the dive, di |rg%0.rr€rtg]rgtfmghﬂ"5n’dd

golnmand Description
| Shuts off current to the motor

Time Delay \ersin A

T Programming Attributes

yim <a>Tn Eﬂ Buffered
a:lts n - seconds Ejlgg\/i(ée_qﬁjﬁc '
Rallge 0.01 to 999.99 Ve ||dape|daty
I?‘r’cult None [ Saved insequences
eSFX)Ilse N
See’ alo None
Tre Tine Deay (I) commrand causes the indexer to wait the nunroer of ssooncs thet you ify befare it
ecoUes the rext commrard Inthe buffer. This cammand Is ussful wrerever you reed to cHlay the noar’s
actias.
Command Description
HN Set'oNormal mode
AS Setacceleration to 5 ips2
\Dlgsooo ﬂm@))t)%ij%’r
T10 Pausemow mwemer™ 10ssats
a Beaite ttemove (D)
IS Pauso ttenotor krSSeoods dflatemcvo eds
S Bewte ttemove (0)
TD Set Time Interval for Timed Data Streaming \ersin A

Mode .

T M otion Attributes

_15 <a>TDnn E B‘m [aajqﬂjf[:

I - S
Rangs 0 - 50 Saved roqETEtly
Default 10 i Saved nsegaees
Response None

Sea alo MSL, MSS, SD, Q0, 02, Q3

This commad sets the tine Intenal far eeaution of ssgrents defired with the so comad. BEach d
amadwill be eeoted during ae tine inend aly. In Qnuode, the ssgrert prdfile will be darived
franthe tine (In millissoods- ) goedified by M, where =02 to 50 @0 50 s In incremrents of 2
ma) , ad the segrent distance goedfied withan so acommad (l.e, the notar will nowe the distanoe—In
steps— goedified with the so commrad Inthe tine setwiththe 1« conard).  In gz node, the ssgret
pdfilewll be darived franthe tine goedfied by, and the \eadty (in steps per seoad) goedfied by tre
sd aommmad  Le The notorwill adhieve the \dadty soedfied with the s« aonmad in the tine set with
thetd conmad
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Command Description
02 Enter Time Distance mods

TDO04 Sets upddffl *mo Id 4 mitiseoonds

KSL11X Axis *1 and mbs #2 are in Time Distance modo

SD00008028 Mow axis *2 40 step* within the update time

sSD01000028 Move axis it 256steps, axis #2 40slaps wilhin4ms

MSS Start master clock (Upon entering this command, moves defined by sd command will start)

TR Wait for Trigger

Version A
Attributes

T Programming
I <a>TRnnnnnn Ix] Bfladd
s n - function [ 1 Device gxcific
Rangs (0 - open-on/off, 1  closed, x - don't care) (J Saved independently
RDeraJesp(!ﬁse 0 [J Saved insequences
None
See adlo Is, Ts

mmwmm Inde>er

iaswith edarda evats. Theycanbe used Dinpdeneta

are sixtrigoers (see bdon).

Wenir commradis used ina buffer, the Ind>erwill gt tothiscommand and wait until the input pattern
is nretdhed befare gaing an to the niext coomardl

Command Description
TR1I0XXXX Wait tor input #1 to be grxinded and input #2 to be opened before going on to the next command. Inputs #3 - #6
are ignored.
AS Set acceleration to 5 rps2
A\ Setveloaty to 5 rps
%28000 Setdefence to 25,000 steps
Execute the move (Go)
TS Report Trigger Input Status versin A
Tym status Attributes
T aTs Buf I_éned _
a:ItS None Device spEcific
Range None Saved independently
Default None Saved insequences
Rssponsa a:nnnnnn (a - axis number, n - o, 1)
is, tr

The Trigoer Status comrand retrieves the status ofthe trigoer inpuUts.

. —=1(lnpuis

. n=0 (Input is +H

Snee the IS conmrard Is Inrediiate, the host contrdller can detenmrire the status of the trigoer Inouts at
any tine, even during exeoution of ather conmacs. Yau can wee this aconmrard to nake sure that your
trigoer pattemn Is net. whenyou have Issued the Trigoer (1) commrard
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Irs i 1:101011 ___ :
Tnoggr bits 1, 3 5&6aeadinve g bita 2 and 4 are Iredive

Pause and Wait for Continue \ersin: A
T rogrammin Attributss
%X Za>g ’ Buffered

None ] Device gedific

one Saved Il(HH(BIIly
Défa.llt :one [} Saed insequences
R%pmsa None
Se alo c, Ps
This comrard causss the Inoeer to aavdete tte noe In thenwait util It recehves a GQrtine
© toresure poessing . S tre uffer ssaved, tre artines toeeate tre pogam(at tre

intwere itwss inemypted). Tre Indeer aatinues processirng wen It recanes the c conmrard. This
gmadlst;ptﬁlybwjmstqoarmhrevhleltlsumerrgi

i Bk

Sat otxotorabon to 5 rps2
D Caop eency T
Q0p jndennrtGty
D25623 Sﬂiamo 25,600 slaps

S Execute Hie move (Go)
0 Wait 10seconds afertho move
BJI End loop
Halt execution unffl the indexer receives the Continue command.

This commard string peawees at the pointweare tre acoard ks eatered. AGrtinee (© aaomard
s eeadion oreaune at tre paintwee ltwes paused  Inthiseenpe, tre lopsgs a teed d
anoe ad resuns wen tte indeer reacenes ttre c comad

UR Report Scale Factor Status \ersin A
T Status Atributss

I atlR [xj Buffered

s None [ j Device sEcific
Ranga None [ J Saved indepercently
Default None [J Saved insequences
R%ponse a:nnn (nnn = 001 to 255)
Se alo cs

the sce fadar set ws acommrad Treactud nuboer. of serttoﬂ”errdo’dnednrg

a noewll ke the dsae paarue’sanrgmjuﬂla:lb/hssﬂefmn’ Treraogefar
M is 0L toZh.
Command Qajcripiion
M Setto Continuous mode
110 Set acceleration to 10 rps2
V5 Setvetodw to S rpe
0820 Sof scste factor to 20
lira Request scale factor. The response is 1£20 (verifies thatscale factor s sot to 20)
D20000 Sotdstance to 20.000 stops
a Execute the move (Go)

Ads #1 serds ot 20.000 « 20 =400,000 steps.

Us Set Position Scale Factor \ersion A
(e set-op Atiributes

L <a>0Sn Bﬂ'era:l

ns n - distance multiplier Pi i 3
Ranga 1 - 255 [J_ Sadi t
Default ,\:!. J Saved nsequences
Sea alo DR

This conmrard sets the distace sle fadar fram1 o256, Ay disanoe vdlle set with the Doomrad wil
ke mutigied by thenalue set by s aammrad. This value will renainndid urtil the Ineer lsresst ar
util arevwwus \dle s cefired



For the 0s command to be effective, you must laaue a distance (d) command after the os command.

If200 icld 0.001 Indes of roary novenet, you can Issie a 05200 comrard and - program
distance In ~-Inch Increnrents.
mmmand éu;::"%?lm' mods
Al0 Setmlaag%mlonﬁ
\ésszoo MZD
010000 Sotcfctaneeto 10.00stgs
HYttemove (D)

Set Velocity \ersin A
T Motion Attributes
LS%TDT%HX <a>Vn K Buffered

s rps Device gxcific

Range 001 to 160.000 {Motor dependant) Saved independertly
Default Saved insequences

Response None
Sea al A, D, G, MR

We\ém%mmdoﬂiresﬂ’enmwuﬂsmatmhdqﬂ’enmmﬂl runwen ghen the Qo (o)
of the nrotor ar freqerr,yoﬂhe Indeer will \ery, ctaperdrgmﬂ’e
notor dive resdlution "ITedeO/\rrgfdmjaISLEedtocbtermre output freqpercy ofthe Inobear:

The nmotor resduion Is a fudtion of the nola/drive. Honewer, you nay metdh the RC3 to the
notor/dive's resdlution wsing the Mbtar Resdution (VR ) commrard
Frequency - (n) < (Motor Resolution) in sceps/rav.

Te Soeed of the notar drive s linrited by tre notar type BEtering a\dadity hi then the Soed
datr(’rpétdm\egﬂanMImseﬂ"ewUnt’bt/osdladnwmﬂr’gem\eto F’H P

Command Description
MC Sotto Continuoos mods
AS Setacceleration io 5 rjs2

Se! velocity » 5 rps
6 Exocute the move (Go)
In preset nooke, Mick Nomva (mn) the nwdnun\daityrra)/dmbelimredvvmﬁereajtirg noe
pdile s rangdar.  In Mibdk Gortinuous (me) aG:)éa) aj’rrnard lsarrﬂeted—the Indeer noes anto
the ret comad Inthe buffer ace tre

W Report Immediate Position s A
T Status Attributes
ypa awn [] Buffered
a;lts a - form of response [ J Device secific
Range 1 mbinary, 3 * hex ASCII [ Saved independertly
Default 1 [ Saved insequences
Response iWl - a:nnnnn or xxxxxxxx (n - position in binary)

IW3 - a:xxxXxxxxx (n = axis number, x ” position in hex ASCII)

See alo FSB, P, PB, PR, PX, PXB

Tre Immediate Rosition Request (W comrand provices a position repart of a goedified avds while the natar
Is noirg  The repart Indicates position relative to the start of the curent nowe or the cardetion of the
last nowe This commrand warks in both enooder step rock (FsB1) and notor step ook (FSBO).

If goedfy the variabdle nas 1, the resporse fanat will be a Sopte birery nuber (\with no cami
reu,)eJn) %ﬁﬂ%lsﬂ’emsnntﬂardﬁ’erermnrgtytessﬂ‘epmnm InZs mlmage
notation

Ifyou ify the variable nas 3 the resparse farrat will be an gaiadl axis nunber, a adan, and eigt
hex Al In t\wos covplerert siged notation (with a carriage retum).

Interpreting Hexadecimal Position Reports

This famof positian report (a:xxxxxxxx) Is garerated by thews commard. It carsists of an an gatiarel
ads nuber and a adan, fdlonad by eigt hexedednal deraders; 0 -9 and A- E  The position repart Is
fdloned by a carriage retum.
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The dedinral \alle of the hexaededinral eqaression can be detenrired wsing the tednigue denmorstrated In

Tades 51 ad 52 "IT'eraxIBelaanS(n‘rﬂemartrdetlmreﬂem diredtian; recative nurbers
Iy COAdion Both commrands are designed far conputer aontrdll shﬂla’svmereﬁeanp,ter
can trarslate the hexackdnal.

Interpreting Binary Position Reports

This famof position report (reren), mstsdﬁ\e%"ﬁeﬁrst Is the axds nunrber, fdlonad by far
bytes that nust ke linked together (concaterated) 32blthreryru1ba' AtypcelFQ?»
aomrunications algarittmeqoeds to harndle dreradters rather birery nunbers and nay henve
pradlens with this kKind of resporse. Am,rreﬁ‘atareqweeay\de’ttoﬂ’e/ﬁejld’aa:tels*s t,o
ad/ (s refersuggeClR_ keyard |, an utrinsble dreradter) Isgven  The birery aoce far this
resporse shaul

A # 0 /
00000000 00100011 00110000 00101111
This aocke hes tobe Interpreted aconputer. The four daeradters st be converted to their A01

axiemrbersa’ﬂmjuﬂledwwﬂ’ewaemmdﬂ Tre first deracter received Is the nost
sigiificat byte Refer to the fdloairg takle far a conversion tedmigue faras # 0 /. The fommua used
far the binery aconversion ks

ASCII  Value ¢« Character Multiplier <« Character Value
Response ASCS Hex Value ASCII Decimal Value Character Multiplier Conversion (steps)
»g 0 0 16,777,216 (2S63) 0
# 23 35 65,536 (2562) 2,293,760
0 30 48 256 (25S1) 12,2aa
/ 2F 47 1 (256°) 47

Position Total: 2,306,095
If the position tatal Is 22.147,483,648. then the position tatal Is doning a Zs cordi
Toes(zakilshﬂ’ea]“rectgjsltlmtdd subtract 4, 234, 967, 296 (<232 —168)ﬁu7wre£%\ﬁm\etfe
mfd'rectregamerlrrber For eanple tfﬁerespamlsﬂsmley face)+as, the coversion would ke
= fdloNs

Response ASCII Hex Value ASCII Decimal Value Character Multiplier Conversion (steps)
+ F6 246 16,777,216 (2563) 4,127,195,136
£ E4 228 65,536 (2562] 14,942,208
a 61 97 256 (2561) 24,832
8 38 56 I (256°) 56
Position Total: 4,142,162,232

Toestablish the caredt positian, suotract 4, 294, 967, 296 fran4,142,162.232. Tre result ks -152,806,064.
Tharefare, the last position tata Indicated 152,806,064 steps vware noved In the COAMiredtian

Positive rr3 Response Interpretation
The systerm providss resparsss In the fdloang famat:

MSD LSD
XXX XXXXX

Weﬁmdgtsﬂem\31ﬁmdgt(msd) Tre last digit Is the lesst significart digit (1sd). Refer to

the fdlonirg tadle far the of eech digit
Digit Digit Muktaplier
X (MSD) X 167 - h e« 268, 435, 456 -
X x -166 - h m 16,777,216 -
X x -16 - n = 1048576 -
X x *16~ = n + 65536 =
X X -163 - h « 4,096
X x -162 - h e+ 256
X X '16* = h - 16
h (LSD) x -16° - h - 1
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The decimal (h) may have one of the values shown In Table 5-3.

Decimal Hexadecimal Value Decimal Hexadecimal Value
\de

0 0 8 a

1 1 9 9

2 2 10 A

3 3 u a

4 4 12 C

S 5 13 D

6 6 14

7 7 15 F

WHng the previaus tables, revewtihe dedna \value that wauld be calaulated !
WV\BS000433X L.

He@decimal Character Multiplier Converalon (atepa)
0 « 263,435, 456
0 0 + 16,777,216
0 - 1,048,576
4 ® 65,536 262,288
3 ® 4,096 12,238
X 3 ® 256 763
(- 10 ®16 160
g Qﬂ 14 1 14

Total Steps: 275,374

Negative w3 Response Interpretation

If the first digit of portion of the resocnseéx XXXXXXXX Is & 9. A.s, ¢c. d, e. or «. the
rep’esertsaturis%m rurber. Ay other reix:rms”ujdmlrterpetedpeer:le 1

There are saveral Ways to aonvert an 8-didgit twds aconrdenret hexadednal runrboer to
The Binary Approach

© Gnvat the hexadedimal resparse to birery fam

© Gorpearet the binary nunoer.

<$ Ad1ltothe binaryresut

© Gnvart the binary result to dedna \alle

Respose to 1w3 Is ize ffe 2710.

© S F F E 2 7 1 0
1110 1111 1111 1110 0010 0111 0001 0000
© 0001 0000 0000 0001 1101 1000 1110 1111
® 0001 oocoo 0000 0001 1101 1000 1111 o000
© 1 0 0 1 D 8 F 0 1001D3F0 hex=268,556,523 decimal.

Therefare, the result Is 268,556,528 steps in the GOAbIredion

The Computer Approach

© Gnvart the headednd resporse to cedinal.

© Sudtract 4,294,967,296 €232 =168) framtihe dsdnal runioer.

Respose to 1w3 IS1:EFFE2710.
© Gonvert hex to dedinal as fdlons:

Hexadecimal Character Mubtiplier Conversion (step*)

S (- 19 14 + 268, 435,456 3, 758,096,384

v < is 15 = 16,777,216 251,658,240

r (- 1% 15 ® 1,048,576 15,728,640

a < 14 14 * 65,536 917,504
2 2 ® 4,096 8,192
7 7 ®256 1,792
1 1 . 16 16
0 0«1 0

Total Steps: 4,026,410,763

© 4,026,410,768 - 4,294,967,296 —'268,556,528. Thaefas, the result is 268.556,528 steps in the
Ndiredion
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Y Stop Loop s A

e, o e

nE Sra,,
Default mg f Sedinsg B
See alo L, N

Tre Sop Lap () command takes out of Inrer lagpwhen the lagp corpletes its curert pess. This
mﬂmdctm(rzxrdtmrg%ﬁem?ﬁelapuﬁ)ﬁ’e Indeer processss reech e lat
acomrad oftre curert lagp A thet ting, the Indeer eeautss the comrard thet fdlons the Bd Lap 1)

Command it
P E

Ve

aad

2

-

nae(@

jZ
e
f
Tre lap reguires the notar to nowe 25.000 steps and trenyit for tvoseoocs. Tre lagp temiretes &
the erd of the lapode It is eeaimgwen it recaies the " comad
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Appendix B KS-Drive Commands

All of the commands may be prefixed with a device address. Any
command that will cause the drive to transmit information to the RS-232
port MUSTbe prefixed with a device address. This is to prevent several
units from transmitting at the same time.

Responses and reports from the drive will have a * as a leading
character to prevent the response from being interpreted as a command
by other drives on the communication link.

Invalid commands will be ignored by the drive.

You may send either upper or lower case characters to thekK
drive, However the Echoed characters from the drive will always be
Upper case. Thus in practice it is best to use Upper case to avoid
confusion.

GENERAL . COMMANDS
[ FF TS KKK Kk

E Enable the RS-232.

NOTE: 1IF YOU DO NOT GET ANY RESPONSE ON THE RS-232 LINK YOU
PROBABLY DID NOT ISSUE THE E COMMAND.

The E command may be precededby a deviceaddress l1to 15,
for example 1E will enable only device number one. Sending

an E without a device addresswill enable all of theRS-232
ports on all of the drives on the daisy chain atthe same
time,

Enabling the RS-232 tuning function will disable the
pushbutton tuning.

SV Save new values.
SAVE

This is the same as pushing all three mode buttons down and
releasing them. The "SV" command will cause the controller

to save the gains as they are now adjusted and exit the

tuning process, meaning the tuning mode will be exited.

The save command will save any new values you have given

the drive. For those values that were not changed the last
value to have been saved will be resaved.
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OFF
STO

ON
ST1

RFS

HELP

ESCAPE KEY

DFS

Exit the RS-232 mode and return to front panel control.

The F command will return control to the front panel
pushbuttons. Any changes that have been made to the
controller®s gains are retained In volatile memory. However
if a SAVE command is not issued the values will be lost on
the next power loss or reset.

Turns the power amplifier off.

No current flows through the motor. AC power to the
amplifier remains on.

Turns the power amplifier on.
Allows current to flow through the motor.
Returns the drive to factory .gettings.

All settings are as they were when the drive was shipped
from the factory. This Is the same as pushing the P and 1
buttons at the same time.

Returns help menu

Provides a list of commands and a brief description of each
command. Note that the Help command is the only command
that Is not device specific. It will respond without a
device address. ITf you have several units on a daisy chain
and you type HELP the result will be that all of the units
on the chain will transmit at the same time. You will have
a great deal of confusion. Don"t do it!

Will take you to the out of the help menu.
Display all of the servo status flags

Syntax: <a>DFSd
Type: Status, Immediate, Device Specific

Description: Returns all servo status flags as 32 bits
where the response is
*bbbb_bbbb_bbbb_bbbb_bbbb_bbbb_bbbb_bbbb*[cr] where the
order of the bits is

ok U I I A R I RN
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bit

31
30
29
29

oo N

OFrRrNW

RSE

27
26
25
24

23 19 15 these bits are all reserved for future use

2 18 14 they all return zero®s
21 17 13
20 16 12

enable circuit O - enabled 1 - disabled

high voltage problem no - 0 yes - 1

indexer sending pulse at power up no - 0 yes - 1
failed crc check no - 0 yes - 1

power dump overtejnp no - O yes -1

average current exceeded no - 0 yes - 1

max position error exceeded no - 0 yes -1

remote shutdown from indexer (non X version) no - 0 1 — yes

driver error undefined O- no error 1 -pwm hardwareshutdown
drive over temp 0 - no 1 - yes/shutdown

overcurrent 0 - no. 1 - yes/shutdown-error..

RS 232 CMD 0 - on/stl 1 - off/st0

Reports Servo Errors.

If an error condition in the servo drive exists, such as
excessive following error or an EEPROM failure, it will be
reported. Errors are 'soft errors™ that are indicated with
the ERROR LED and display codes. To clear an error one
must reset the drive. The possible error messages are
listed below

#11_amplifier_overheating__
#16_amplifer_off___

#17 indexer shutdown

#18

#19_amplifier_overcurrent____
#20_exessive_position_error____
#22_ excessive_average_current__
#23_drive_enable_ plug not_inserted
#24 regen overheating___
#30~failed_CRC_in_EEPROM__

#60 rs232 command_
#61_indexer incoming pulses__
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RV

KILL

STOP

Resets the drive. ('IE" must be entered after a "Z")

The drive will act as if power was cycled. This command
implements a software reset of the system. Any changes
that have not been saved before issuing this command will
be lost.

Software Revision level reported.

This command is for determining the software revision level
of the controller software. It will report the part number
that is written on the label of the controller®s EPROMs.
Using this command means it isnot necessary to open the
Drive amplifier®s box in order to determine the revision
level of the software.

STOP POWERING THE MOTOR

Issuing this command will cause the microprocessor to stop
commanding power to the motor until the ON, ST1, or Z
command is received. All pulses/position will be lost.
These commands remove power from the amplifier and allow
the motor to freewheel. These commands were added so that
if during the tuning procedure over the RS-232 link the
user makes the servo go unstable he has some means of
stopping the system. This will normally be a panic
situation so the commands were selected to be those most
likely to be selected in this situation. The commands
function exactly the same as the OFF or STO command.

It should be noted that In the KX versions the S and Stop
commands are controlled by the acceleration settings. So
the function of these commands change between the indexer
and non indexer versions.

CONFIGURATION COMMANDS

*khkkhkhkhkhkhkhkkhkhkkkhkhkikikikikik

The following configuration commands are designhed to let you the
user set up the system to meet your requirements. Normally the factory
settings for the motor driver combination are all that you would need.

However,

to allow for your special situation we have added the

following commands. In the event that you have to replace a. motor the
first command that you would execute is the CMTR if and only if you
have changed the type of motor that the drive was origionally set up
for. After the drive is properly set up for the motor size, The FMCA
command will £ind the fiotor Commutation Angle of the notor/resolver
combination for the particular motor you have. This is seldom a
requirement but It is necessary before any of the other commands can be
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expected to execute In a normal fashion. CAUTION THE FMCA COMMAND
CAUSES MOTION, SEE COMMAND LIST.

The next command needed vIill be the CMR command. This selects
the motor resolution that you desire to work with. (The drive must be
in shutdown mode before the CMR can be executed). The motor resolution
will affect any command or report that is in motor steps. Therefore you
should choose the motor resolution before you do ouch else.

CMTR Configure/report Motor Type

Use this command to configure the drive to the motor size that is being
used with the drive. Normally this is done for you at Compumotor®s
factory. This command selects the proper current values and factory
defaults for the various motor sizes used with the drive. The possible
configurations are:

Example: 1CMTR This will report the present set up as *CMTR

1CMTR210 Setsthe drive up for the KS210 motor
1CMTR220 Setsthe drive up for the KS220 motor
1CMTR230 Sets.the drive up for the_K5230 motor
1CMTR240 Setsthe drive up for the KS240 motor
1CMTR250 Setsthe drive up for the KS250 motor
1CMTR260 Setsthe drive up for the K5260 motor

Like the FMCA (see below) command it is not necessary to do a save
after issuing *">CMTR command withm» parameter as it will automatically
save the new motor type vhan -the command la Issued.

FMCA Find Motor Commutation Angle

Use this command if a new motor is being used or if a new resolver has
been mounted on the motor, or if a resolver has been re-mounted on the
motor. The use of this command is highly unusual, it will cause the
motor to rotate under program control in the drive. TOTLF. IT IS
ROTATING THE USER EAS HO CONTROL OVER THE MOTOR. ONCE TOU START THIS
SEQUENCE OF EVENTS TOU UILL HAVE TO CUT OFF THE AC POWER IF TOU VISH TO
STOP THE MOTOR BEFORE THE COMKDTATION PROCEDURE 1S COMPLETED. (For
safety reasons you would normally find the connutatlon angle with the
motor disconnected from the load). It is not necessary to save after a
this command as the offsets are automatically aaved.

CMR Configure Motor Resolution definition/report numeric
parameter expected (1000 to 32,768 for KS250 and 260
motors, 1000 to 16,384 for all other RS-Serlas motors).
The drive must be shut down bafore the CMR cmd can be
executed.
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Define/report motor resolution. Enter a number between 1000 and the
maximum allowable resolution for the particular motor size (32,768,
16,384, or 8,192 depending on resolver configuration) the value entered
represents the number of steps of resolution you want the resolver
reading to have per revolution of the motor. If you choose a binary
value the positioning vlIl be slightly more accurate than a non binary
value will provide. The math is done as an interger value so truncation

error within a single revolution can occur. This error is not
cumulative.

IT a valid integer number is sent then the new resolution will be that
number of steps per motor revolution. If no value is sent then the
current resolution is reported. Factory Default is 16384 (KS210 - 240)
or, 25000 (KS250.260) steps per revolution.

The 250 and 260 motors actually function at 32,768 steps per rev, and
the 210 through 240 at 16,364 steps per rev, in all cases. So changing
the motor resolution does not affect dynamic performance. The
microprocessor simply converts the number of incoming Indexer pulses to
the appropriate absolute resolver position mathematically. Thus a.
binary number converts to an exact resolver position>whereas a non
binary number may be rounded off for a given position. However since
the KS converts the absolute Indexer count into the position there is
no accumulation of error.

TOR EXAMPLEMN-: IT the resolution-is set to 5000 steps per rev we
compute the scale factor as (32,768*65536)/5000 — 429496.7296 but
because we have 16 bit precision the .7296 is truncated.

IT you command a move with D500000 Then the conversion from user
friendly units back to resolver units is done as follows:

(500,000 *429496)/65536 - 3276794.434 but because we can"t move
to a fractional position the motor actually moves to 3276794 counts of
the resolver. So where you would expect the motor to go axactly 100
revolutions (500,000 / 5000) for this move the motor will actually go
3276794/32768 - 99.99981689 revolutions. This error does not accumulate
because i1f you gave a second move of the same distance the calculation
will use the absolute distance to calculate the next move.

If all of this turns out to be a bother and the truncation error
is a problem to you. You can simply choose a resolution that does

Divide evenly into (32,768 * 65536) or 2147483648. a.g. 4096, 8192,
16384 etc.

~ This example assumes the use of a KS260
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Since a change in resolution could cause major dynamic
discontinuities the motor resolution can not be changed while the
system is active. You must issue the STO or OFF command to disable the
drive before you can change the motor resolution.

Be certain to save any changes you vish to retain before cycling power
to the drive. NOTE:THIS COMMAND CHANGES THE VALDES AND RESPONSES OF
ANY OTHER COMMAND THAT USES MOTOR STEFS. TOU SHOULD CONFIGURE MOTOR
RESOLUTION BEFORE USING ANY OF THE OTHER CONFIGURE COMMANDS.

Before the CHR command is active you must Issue either the OFF or STO
command to shut down the drive. This Is to prevent the motor from
making large unexpected moves when the Resolution is changed. After the
CKR is implimented you will need to issue the ON or 5T1 to reenable the
drive. The new Resolution you have just issued will not take effect
until you issue a Distance command after the CHR command.

CCA Configure Current, Average, limit* Definition/report.
Numeric parameter expected.( O to 10.000 Amps)

IT no parameter is supplied this.command will report the currently
defined maximum allowed average current,” in-amps. |If « parameter Is
supplied that approximate number will be used as the new maximum
average current. The acutal resolution of the control is .00122 amps
so integer values are rounded to the nearest approximation. The
controller continuously computes an average current to the amplifiers
over a 2.56 second time span. If the average current command exceeds
the value defined by the this command the controller will disable the
Amplifier and indicate an error. The factory default setting is motor
dependant.

CCP Configure Current Peak definition/report.
Numeric parameter expected.( O to 20.000 Amps)

Define/report the peak current limit. This number defines the maximum
current command that will be sent to the motor. This command is
included for diagnostic and other special purposes. |If a valid number
in amperes 1is entered, the approximation will become the new peak
current limit.The actual resolution of the value is .1568 amps so
integers are rounded to the nearest value. If no value Is sent this
command will report the present value defined for the maximum peak
current, in amps. The maximum current is the absolute maximum current
that will be sent to the motor, It is not the maximum average current
command but the maximum transient current. It Is the upper limit of
how large the current can ever be. The Factory setting will depend upon
the motor size. This is not an error er shutdown limit. This command
sets the maximum current that the drive will put out. In effect It Is a
torque limit.
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CDB Configure DeadBand definition/report.
Numeric parameter expected.( 0 to 32,767)

IT no parameter is supplied this command will report the current value
of the deadband, In motor steps. |If a number Is supplied that number
becomes the new deadband. The slip fault line to the Indexer is used
to indicate when the absolute value of the following error is within
the deadband region. The slip fault line to the indexer connector will
be on to indicate that the following error exceeds the deadband and off
to indicate that the absolute value of the following error Is within
the deadband. (The slip fault line is active high). The default
factory setting is zero. This Is useful In situations when you n«ed to
know if the motor rotor is within a certain tolerance range with
respect to the Indexer command. If you wish to use this output to an
external computer, you will need to connect wires from pin 10 and pin
22 of the indexer connector on the KS to your computer.

CPE Configure Position Error definition/report

Numeric parameter expected (0 to 65,535 Steps)

)

Define/report maximum following error. |If the absolute position error
is greater than this number, the amplifier will shut itself off. |If a
valid number iIn steps is entered, it will become the new maximum
following error. Otherwise, the current setting is reported.
Exceeding the maximum following error is an error condition that will
cause the amplifier to be shutdown. [If the aexiaum following error is
defined as zero the "shutdown motor on following error exceeded”
function is disabled and no amount of following error will generate an
error condition or shutdown the motor. The factory default setting is
one revolution of the motor.

The value of the following error is only ealulated when the CPE command
is given. The stored number Is in terms of motor revolutions. So that
Changes of the CMR resolution will leave the following error actual
distance unchanged unless a new CPE command is issued.

This command differs from the CDB command in that being outside
deadband only affects the slip fault output. The CPE settings will shut
off the drive.

You should be certain to SAVE your settings to the EEPROM If you wish
it to be permanent.

Example: 1CMR5000 1CPE1000 will set the following error to one fifth of

a revolution of the motor, issuing 1CKR25000 1CPE will get a response
of *position error 5000 since it is still one fifth of a rev. 1CPE1000
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issued after the 1CMR25000 would set the position error to 1/25th of »
rev.

TONING COMMANDS

*hkhkhkhkhkkhkhhhkdhkhkiiiik

The following tuning commands are accessed Vvia pushbutton
tuning or the RS-232 communication link. The values represent a
percentage of the maximum value that the term is allowed to achieve.
The following commands change the percentage only and the range is
limited from 1 to 99.To change the maximum value of the term it is
necessary to use the configuration maximum commands, push buttons allow
only integer values of the percentage. The display will show only the
integer.

the form of the equation for the tuning set up is:
Gain value — term maximum X term percentage

CVG Configure Velocity Gain definition/report.
numerical parameter expected (0 to 99)

The velocity gain is related to the error in the motor speed with
respect to the commanded velocity from the indexer. If a valid
numerical parameter is enter then the Velocity gain will be
recalculated using the new percentage of the maximum. Otherwise, the
current setting will be reported.

CDG Configure* Differential Cain definition/report,
numerical parameter expected (0 to 99)

The differential gain is related to position error changes with respect
to time. If a valid number is entered, a new differential gain will be

calculated using the percentage of the maximum. Otherwise, the current
setting is reported.

CIG Configure Integral Gain definition/ report.
numerical parameter expected (0 to 99)

The integral gain is related to position error with respect to time.
IT a valid number is entered, a new integral gain will be calculated
using the percentage. Otherwise, the current setting is reported.

CFG Configure Proportional Cain Definition/report,
numerical parameter expected (0O to 99)

The proportional gain is related to the position error. 1f a valid

number is entered, a new proportional gain will be calculated baaed on
the percentage. Otherwiae, the current eetting is reported.
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CONFIGURE TERM MAXIHUHS
+icist+icirtt'k'kicirk'iri: k AAAA'AK

The following tuning commands are accessed only via the RS-232
communication link. The values:

CWM Configure Velocity Maximum. Definition/report,
numerical parameter expected (1 to 32767)

This command allow you to change the factory value for the Maximum gain
that the Velocity term can achieve. This would normally be changed only
if the values provided for your motor were not satisfactory for your
application.The default values are motor dependant. If a valid
parameter is sent that value will become the new maximum, otherwise the
current setting is reported.

CDM Configure Differential Maximum Definition/report,
numerical parameter expected (1 to 32767)

This is the gain of the portion of the controller which amplifies the
derivative of the position error with respect to time. |If a valid
number is entered, it will become the new differential gain maximum.
Otherwise, the current setting is reported.

CIM Configure Integral Maximum Definition/report.
numerical parameter expected (1 to 32767)

Defines the maximum of the integral of the position error with respect
to time. ITf a valid cumber is entered, it will become the new integral
gain maximum. Otherwise, the current setting la reported.

CPM Configure Proportional Maximum Definition/report,
numerical parameter expected (1 to 32767)

Defines the maximum of the term which amplifies the position error. |If
a valid number is entered, it will become the new proportional gain
maximum. Otherwise, the current Betting is reported.

NOTES:
IT you supply an invalid parameter to a command the command will
not be performed. |Invalid commands are simply ignored.

Any changes made to parameters using these commands are NOT

permanent UNTIL THEY ARE SAVED. To make a change permanent the SAVE
command (SV) must be Issued. The SAVE command will save all changes
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that have been made into the EEPROM. Thu*, if changes are Bade with
these commands and then the machine is reset the changes are lost
unless the SAVE command was Issued before resetting the machine.

DISPLAT/REPORT COMMANDS

Each of the display/report commands results in the drive
periodically reporting the appropriate parameter to the terminal where
it is displayed Approximately every 130 milliseconds as the value is
reported to the terminal. When any of these conmands is issued no
other command may be issued until the reporting is terminated. To
terminate a report hit any key to send a character to the drive. All
display report commands must be prefixed with a device address. This is
to prevent several units from trying to report at once. These commands
do MOT display values to the two number display on the pushbutton
tuning panel.

DCA periodically Displays/reports Current (average) in Amperes.

The average current flowing through the motor is reported and
repeatedly updated until a key is pressed. To get this number 128 data
points of the instantaneous current are read at 512 microsecond
intervals. These 128 pointseare averaged to provide a value computed at
65 millisecond intervals. This value is averaged with the last 256
similar values to provide the average current over the last 16.67
seconds. The new average current is reported on every other calculation
to be displayed at 130 millisecond intervals.

DCI periodically Displays/reports Current on an Instantaneous basis

This number is reported in Amperes and is repeatedly updated until a
key 1s pressed. This number is a single sampling of the current at
read and reported at a 128 millisecond rate.

DCP periodically Displays/reports the Peak Current

This number is reported in Amperes and is repeatedly updated until a
key 1is pressed. This command samples the iInstantaneous current at 500
microsecond intervals. Each reading is compared to the largest previous
reading, if the new value is larger then it will become the new value.
This value is reported at 128 millisecond Intervals. This reading
accumulates from the time the command is sent, so that the highest
Instantaneous current ever seen by the motor over long periods of time
may be captured.

DFA periodically Displays/reports the Position Actual

This number is reported in steps and is repeatedly updated until a key
is pressed. This number is the absolute rasolver position scaled in
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motor steps since the drive was enabled. The resolver of the KS
actually counts at 32,768 counts per revolution of the aotor shaft. The
value that is displayed Is calculated by creating a scale factor when
the CMR command is issued. (32,768*65536)/CMR - scale factor. The scale
factor is carried out to 16 bits. The rest is truncated, this can cause
a small non cumualative error in position if the CMR resolution does
not evenly divide into 2147483648.

The value is read and reported at about 150 millisecond intervals
DPE periodically Displays/reports Position Error.

This command reports the difference between setpoint and actual
position in steps. This number is used by the position control
algorithm to determine what sort of current should be sent to the
motor.The difference between the command setpoint and the actual
position is also used to determine if the motor is within the Deadband
specified in the CDB command. This number Is reported In motor steps
and is repeatedly updated until a key is pressed. This number is a
single instantaneous value read and reported at about 150 millisecond
intervals.

R periodically Displays/reports -the -Position Resolver. .

This number is reported in steps and is repeatedly updated until a key
is pressed.This value is the resolver position in aotor steps within a
single revolution of the motor shaft. This is an absolute value with
the zero referenced to how the resolver is mounted on the shaft. This
data would be useful to diagnose a resolver problem. This number is a
single data point read and displayed at about 150 millisecond intervals

DPS periodically Displays/reports the Position Setpoint

This number is reported in steps and is repeatedly updated until a key
is pressed. This number is the absolute number of pulses cent to the
drive from the indexer since the drive was enabled (or reset). This
counter is read and reported at about a 150 Billisecond rate.

DIC periodically Displays/reports Indexer Counter

Periodically reports the contents of the Indexer counter In steps.

This number is reported and repeatedly updated until a key is pressed.
This is the raw number of pulses sent to the drive from the Indexer. It
differs from the setpoint in that the Indexer counter only displays the
last 4096 counts from the Indexer. This command is used to detect
problems in the Indexer to drive Interface. The counter is read and
reported at about a 150 millisecond rate.

DVA periodically Displays/reports Velocity Actual
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This number is reported in steps per second end is repestedly updated
until a key is pressed. This value iIs the actual velocity being read
from the resolver, it is the actual shaft velocity over a 500
microsecond period. It is displayed every 28 miliseconds.

DVS periodically Displays/reports Velocity Setpolnt

This number 1is reported in steps per second and is repeatedly updated
until a key is pressed.This number Is calculated at 500 microsecond
intervals, and reported at 28 millisecond intervals. This value is the
velocity being sent to the velocity part of the servo loop by the PID
loop.
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Appendix C AutoL ISP Simulation Program

; This AutoLISP program is used to simulate the additive protoyping process in
; AutoCAD/AutoSurf environment.

; The radius of the initial cylinder core is 5 mm.

; The solid model is a cone with four internal cylindrical cavities.

; Creating the 10 mm diameter cylindrical core.

(entmake
'((0 . "3DSOLID") (5. "9A") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry") (70 . 1) (1 . "noi lon o NAL."=0& I {m{n{nI)a.

9@)+r3Gr>++-6= {m {m {m fo L {kIMN @ ."3*2/ {rn {m { {o1") (1 ."-:961:2:1+ {mMoooo
ogknfffffgiggifhgnj ooom I") (1 . "):-+'@+:2/3>+: {mlong I"Y (X .",7:33 {rn {rn {r {i {m I") (1.
"9><: {rn {h {g {i {rn {f90-(>-; ,6183:1) (1 . "9><: {no {nn {nm {i{rn {nl 90-(>S ,6183: I") (1 . "300/
{rn {nk {nj {i 1) (1 ."<01:r,*-9><: {rnnoonjooonojoonVVonoVVVV I)(1.
9@)+r3(r>++-6= {rn {rn {rn ﬂ']{l {rn 1) (1. "9><: {ni {rn {nh {] {rn {ng 90-(>-; ,6183: 1") (1 . "300/
{rn {rn {nf {h I") (1 ."/3>1:r,B89><: {mnoonoooornornoooVVVV I")(1."300/ {rn {in {mo {i
") (X ."<0:8: {rn {nj {nj {nf{mnn {g{m 1" @ ."-:9@)+r3(;r>++-6= {rn {rn {rn {nn L {rn I") (1 .
"300/ {rn {rn {mm {nn I") (1 .73>l:r,*-9><: {rnnoomoooononoooVVVYV I)(1."<0:8: {rn {nf
{nf {nj {mn o {nm {rm 1") (1 ."<0:;8: {rn {mo {mo {mm {mIn {nk {rn 1) 1 .":;8: {rn {mk {mk {nf {mj

ol ."<0:8: {rn {mm {mm {mo {mlo {nh {rm I") (1 .":;8: {rn {mi {mi {mm {mho I") (1. {m
{mn {mg I") (1 . ™:336/,;r<*-): {rnnoonoooornojoonVyV I")(1. {rn {ml {mfI") (1 .
":336/,:r<*-): {rnnoomoo oonojoonVyV I (1."/061+ {rnnoj noooI") (1 .7061+ {rn noj moo o
)

; Creating additive prototyping tool head.

(entmake

((0."3D.snT.TD") (5 . "A2") (100 . "AcDbEntity") (67 .0) (8 . "TEXT") (100 .
"AcDbModelerGeometry") (70 . 1) (1 . "noijono NA"=0& {n {m {m {m 1) 1.

"9@=0;&r3(;r>++-6={m L {m {o I @ ."3*2/ {k {rn { {o1") (1 ."-:9@)+r3(;r>++-6= {rn {rn {n {o {i
1)@ "-9@)+r3¢Gr>++-6={m {m{m{m {i{h 1M @."7:33 {g{rm {m {Ff{mI) @ ."-:961:2:1+ {rn
0000 oghmjgigfkoljlifljjooom I") (1 ."):-+'@+:2/3>+: {mlong I") (1 ."-:9@)+r3(;r>++-6= {rn {rn
{n {{{h1M@."o><: {no {nn {nm { {rn {nl 90-(>-; ,6183:1") (1 . "99><:r3(;r>++-6= {rn {nk {rn {f
" @ ."9><: {nj {ni {nh { {rn {ng 90-(>-; ,6183:1") (1 . “300/ {r {nf {mo {f1") (L ."<021:r,*-9x: {m
noo moo imgj o ornmgj o o n'V V roglnimmhhiioniglhfk ogfkgigimfgojojnlhhoVV V V 1) (1 .
9@)+r3(Gr>++-6= {rm {rn {no {f {i {m I") 1 ."99><:r3(;r>++-6= {rn {mn {rn {nn I") (1 . "9><: {mm
{rn {ml §{ {rn {mk 90-(>-; ,6183: I") (1 . "300/ {rn {mj {mi {nn I") (1 . "<01:r,*-9><: {rn noo moo tj 0 o
rnjoonVVonoVVVV I")y@."300/ {rn {rn {mh {f1") (1 ."<0:;8: {mg {mo {mo {mf {lo o {nm
{rn 1" @ ."-:9@)+r3Gr>++-6= {r {rn {nj {nn {i {rn I") (1 . "99><:r3(;r>++-6= {rn {In {r {ni I") (1 .
"300/ {rn {rn {Im {ni I") (1 . 73>1:r,*-9><: {rn noomoo nmooonrnoooVVVV I")(."300/ {rn
{rn {mf {nn 1") (1 . "<0:;8: {1 {mi {mi {Im {lk n {nh {r 1") (@ . "<0:;8: {lj {mh {mh {m {li n {nf {rn 1)
@2 ."<0/>-r3(;r>++-6= {rn {rn {rn {mo 1) (1 . "<0:;8: {Ilh {mf {mf {mo {lon {mj {r 1) (1 .";;8: {lg {If
{If {mf{koo I") (1 ."-:9@)+r3(;r>++-6={rn {rn {mm {ni {i {rn 1") (1 . "<0:;8: {kn {Im {Im {mi {lk o
{ml {rn 1) (1 . "<0/>-r3(;r>++-6= {rn {rm {rn {mi I") (1 . ":;8: {km {kI {kl {Im {kk o I") (1 . "<0/>-
r3Gr>++-6= {rn {rn {rn {mh 1") (1 . ":;8: {kj {ki {ki {mh {rno I") (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {mf
") @ .":/>-r3(Gr>++-6= {rn {rn {rn {lo I") (L ."):-+:" {rn {lo {kh I") (1 . ":336/,:r<*-): {rn noo moo ho 0 o
mjoonVVIY)@."<0/>r3(r>++-6= {m {rm {rm {Im I") (1 . ":/>-r3(;r>++-6= {rn {m {m {k I") (1 .
")o-+: {rn {Ik {kg I") (1 . ":336/,:r<*-): {rnnoo moo nmooonjoonVV I)(1."/>r3(r>++-6= {rn
Len Len i 1M @ ")+ {en {i {kFI") (2 . "/061+ {rn noj moo ho I") (1 .'7061+ {rn noj moo nmo I") (1 .
7061+ {rn noo moo jj 1")

)

; Pause for about 3.5 seconds.
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(setq counter 1.0)
(while (<= counter 500000)
(setg counter (1+ counter))

(princ) ;1 The function will not return the 500001 at the command line upon completion. I;

; Render the objects.
(command "_avrender")

; Pause for about 2 seconds.

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ) ;1 The function will not return the 300001 at the command line upon completion. I;

; Change to South-West isometric view.
(command "vpoint" "-1,-1,1")

; Render the objects
(command "_avrcnder")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to South-East isometric view.
(command "vpoint" "1,-1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to North-East isometric view.
(command "vpoint" "1,1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds
(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to North-West isometric view.
(command "vpoint" "-1,1,1")
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; Render the objects
(command "_avrender")

: Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

(princ)

; Creating the 20 mm diameter unfinished model.

(entmake

'((0 . "3DSOLID") (5 ."99") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry”) (70 . 1) (1 . "noi fk n o N@Q.=0& {n{m {m {mI) (1.

"9@=0;&r3(;r>++-6= {mn L {rn {oI") @ ."3*2/ {k{m { {o 1" @A ."-:9@)+r3(;r>++-6= {rn {rn {n {o {i
{thiIm@."9@)+r3¢r>++-6={m{m{m {m{i{h1@."7:33 {g{m {m {f{mI) (1 ."-961:2:1+ {rn

0 0 0 0 ogknfffffgiggifhgnj ooom 1) (1. @+:2/3>+: {rnlong I") (1 ."-:9@)+r3(;r>++-6= {mn
{n{m §{GhIH@a. 9><: {no {aM {nm { {rm {nl ,6183:1% (1 . "99><:r3(;r>++-6= {rn {nk {rn
{f1"m @ ."9><: {nj {ni {nh { {rm {ng ,6183:1%) (1 . "300/ {rn {r {nf {fI") 1 .73>l:r,*-9><: {m

nnigollmlllhglhmfn njorakonnnoooVV VYV I")(1."-:9@)+r3(;r>++-6= {rn {rn {no {f {i {rm 1) (1
L"99><ir3(;r>++-6= {rn {mo {rn {nn 1")(I ."9><: {mn {mm {ml { {rn {mk90-(>-; ,6183: I") (1 . "300/
{rn {rn {mj {nn I") (1 ."<01:r,*-9><: {rn non noo mk o n o njgolimfilhglhmfogoonVVonoVVVYV
") (1 ."<0:;8: {mi {mh {mh {mg {mfo {nm {rn I") (1 ."-:9@)+r3(;r>++-6= {rn {rn {nj {nn {i {rn 1) (1 .
"99><:r3(;r>++-6= {rn {lo {rn {ni I") (1 . "9><: {In {Im {1 {j {rn {lk 90-(>-; ,6183: 1) (1 . "300/ {rn {rn
{lj {ni 1"y (@ ."/3>:r,*-9><: {rnnoonoooornornoooVVVV I")(1."<0:8: {li {lh {lg {If {koo
{nh {rn I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {nf 1) (1 . "<0:;8: {kn {nf {nf {Ih {kmo {nm {rn I") (1 .
"<0:;8: {kl {If {kk {nf {mfn L {rn I") (1 .":;8: {kj (ki {kh {mg {kgoI") (1 ."-:9@)+r3(;r>++-6= {rn
{rn {mn {ni {i {r 1") @ ."99><:r3(;r>++-6= {rn {kf {rn {mm 1") (1 . "9><: {jo {rn {in { {rm {im 90-(>-;
,6183:1" (1 . "300/ {rn Ll {k {mm I") (1 . "<01:r,*-9><: {rn noo njooono nooonVVonoVVVYV
") (@ . "<0:;8: {jj i i {lg fihn {ml {rm I") @ . "<0/>-r3(;r>++-6= {rn {rn {rn {mj 1) (1 . "<0:;8: {jg {jf
{mj (mh {km n {nh {rn 1") (I . "<0:;8: {io {mj {jf {lj {ih o {nh {rm I") (1 . "<0:;8: {in {jk {mg {mj {ko n
{0 L 1M (1580 {im {il {ki {If {iko I") (I . "<0/>-r3(;r>++-6= {rn {rn {rn {mh I") (1 . ":;8: {ij {kh {ki
{Ih {iioI") 1 .7"<0/>-r3(;r>++-6= {rn {rn {rn {mg 1) (1 . "<0:;8: {ih {mg {k {f {ign L {rn I") (1 .
"I>-r3(Gr>-H-6= {rn {rm {rn {mf1") @ ."):-+:" {rn {ko {if I") (1 ."):-+:" {rn {ig {ho I") (1 . ":336/,:r<*-):
{rmnoonjooormonooonVVIY)@.":9@)+r3(;;r>++-6= {rn {m {In {mm {i {m 1") (1.
"99><:r3(;r>++-6= {rn {hn {rn {Im I") (1 . "300/ {rn {rn {hm {Im I") (1 . "/3>1:r,*-9><: {rn noo moo o0 0
nonoooVVVV I")@."300/ {rn {rn {hi {mm I") (1 ."<0:;8: {hk {kk {If {ji {hjn L {rm I") (1 .
"<0/>-r3(;r>++-6= {rn {rm {rn {0j 1) (1 . "<0:;8: {hi {lj {lj {jk {hj o {ml {m I") (1 . ":;8: {hh {hg {il {lj
{hfo I") 1 ."<0/>-r3(;r>++-6= {rn {rn {rn {Ih 1") (1 . "<0:;8: {go {lg {Ih {kk {igo {nh {m I") (1 . "<0/>-
r3(;r>++-6= {rn {rn {rn {Ig 1") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {If I") (1 . ":/>-r3(;r>++-6= {rm {rn {rn
{ko Iy @ . "):-+:" {rn {hj {gn I") (1 .",+->687+r<*-): {rn nolqglllojlikimnnl noo fgmlinnmmhikgiimmk o
noVVIY)@."/>r3Gr>++-6= {rn {rn {rn {km I") (1 . ":336/,:r<*-): {rn non njo mk o rn o
njgolimfilhglhmfog oo nV V I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rm {kk 1") (1 . ":;8: {gm {kh {hg {kk {gl
ol1") (1 .7061+ {rn nolgglllojlikimnnl njo fgmlinnmmhikgiimmk 1) (1 . 7061+ {rn figfkglmlhjnhfihlj
njo fgjmmfgijnolknhfj I") (1 . "-:9@)+r3(;r>++-6= {rn {rn {jo {Im {i {r I") (1 . "<0:;8: {gk {hm {hm {hi
{gj o {in {rm I") (1 ."<0:;8: {gi {hi (hi {hm {gj n Ll {rn I") 1 ."<0/>-r3(;r>++-6= {rn {rn {r {k I") (1 .
";:8: {gh {hg {il {ji {ggo I") (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {i I") @ . ":/>-r3(;r>++-6= (rn {rn {rn
{h 1"y @ . ")+ Lrn {ig {gf I") (1 . ":336/,:r<*-): {rn non noo mk o rn o njgolimfilhglhmfogoonV V I")
@ ."<0/>-r3(r>++-6= {rn {rn {rn {jf I) (1 . 7061+ {rn nolqglllojlikimnnl noo fgmlinnmmhikgiimmk 1")
@ . "/>-r3Gr>++-6= {rn {rn {rn {ig I") (1 . ",+->687+r<*-): {rn figfkglmlhjnhfihlj noo fqjmmfgijnolknhfj
ornoVV I")(1."<0/>-r3(;r>++-6= {rn {rn {r {hm 1") (1 . ":;8: {fo {fn {fn {hm {fm o I") (1 . "<0/>-
r3(;r>++-6= {r {rm {rm {hi I") @ . ":/>-r3(;r>++-6= {rn {rn {rn {hj 1") (1 . ":336/,:r<*-): {rn noo noo o o
monooonVV I")y(1.7061+ {rn figfkglmlhjnhfihlj noo fqjmmfgijnolknhfj I") (1 . ":/>-r3(;r>++-6=
{rn {rn {rm {gj I") @ ."):-+" {r {gj {fl I") (1 . ":336/,:r<*-): {rn noo moooononooonVV I")(1.
7061+ {rn nno moo o 1"))

)

: Pause for about 3.5 seconds
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(setg counter 1.0)
(while (<= counter 500000)
(setg counter (1+ counter))

)

(princ)

; Render the objeds
(command "_avreiuler")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to South-West isometric view,
(command "vpoint" *'-I,-1.1")

; Render the objects
(command ,|_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ countcr))

(princ)

; Change to South-East isometric view,
(command "vpoint’1"1,-1,1")

; Render the objects
(command "_avrender”)

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to North-East isometric view,
(command "vpoint” "1,1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setg counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to North-West isometric view,
(command "vpoint" "-1,1,1")



; Render the objects
(command "_avrender")

: Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

(princ)

; Creating the 30 mm diameter unfinished model.

(entmake

'((0 ."3DSOLID") (5 ."9A") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry") (70 . 1) (1 . "noi fk n o NA"=0& I {m (n {mIM) (1.

9@)+r3(Gr>++-6= {rn {rn {rn {o L {kIH @ ."3*2/ { {rn {i {o1") (1 ."-:961:2:1+ {rnoooo
ogknfffffgiggifhgnjooom 1"y (1 . "):-+'@>+:2/3>+: {rnlong I") (1 . "-:9@)+r3(;r>++-6= {rn {rn {m
Mm@ ."7:335h{m{m {g{inl")@."-:9@)+r3(;r>++-6={rmn {m {rm {i L {k1") (1 ."9><: {m
{f {no {i {rn {nil ,6183:1 (1 . "9><: {nm {nl {nk {i {rn {nj ,6183:1") (1 . "300/ {rn {rn {ni
{91 (@ ."<0l:r,*-9><: {rn non noo ink o n o njgoHmfilhglhmfogoonVVonoVVVYV ") (.
9@)+r3Gr>++-6= {rn {rn (rm {FL {m 1I") (I . "9><: {rn {nh {ng {i {r {nf ,6183:1 (1 . "300/ {rn
(rn {mo {fI") (1 ."<0Lir,*-9><: {rnhhnjooono rntoonVVonoVVVV I")(1."<0:;8: {rn {mn
{mm {ml {mk o {no {m I") (1 ."9><: {rn (mj {mi {i {rn {mh 90-(>-; ,6183: I") (1 . "300/ {rn {rn {mg
{1 @ .73>:r,*-9x: {rn nnigollmfilhglhmfn njomkononoooVVVYV I (1."<0:8: {rn {mf
{lo {in {Imo {nk {rn I") 1 . "<0:;8: {m {II (ni {Ik {lj o {no {rn 1") (1 ."<0:;8: {rn {ni {1 {li {lhn {no
{rn I") (1 . "<0:;8: {rn {lg {If {ni {mkn {mi {rn 1) (1 .":;8: {rn {ko {kn {ml {kmo I") (1 ."9><: {kl {kk
{kj {i {rn {ki 90-(>-; ,6183:1%) (1 . "300/ {rn {rn {ml {nh I") (1 . "<01:r,*-9><: {rn noo njooononj 00
nVVonoVVVV ") ."<0:;8: {r {li {li {lg {kho {ng {rn 1) (1 ."<0:;8: {kg {kf {mo {jo{jno {nk
{rm 1" @ ."<0:;8: {im {mo {kf {jl {iko {nk {rn 1) (1 . "<0:;8: {rm {If {jj {mo {Imn {mi {m I") (1 .":;8:
{rn {i {ih {In {jgo I") (1 . "<0:;8: (rn (mm {ran (T {ioo {no {rn I") (1 . "<0:;8: {rn {in {im {mn {lj n
{kj (rmm 1) (@ . ":8: {rn {kn {il {Ik {iko I") (1 ."<0:;8: {rn {mg {mg {mm {lho {ng {rn I") (1 .":;8: {m
{ko {ij {mm (iio1") (1 ."<0:8: {r (jf {ml {mg {kh n {mi {rn 1) (1 . "<0:;8: {rn {ml {In {in {ihn {mi
{rn 1M @ . ")—"{rn {ink fig!") 1 . ")=—=" {m {j {if I") 1 .",+->687+r<*-): {rn fngkfloflikihjhfgk noo
nmqljkkjkkInlgjohfornoV V I") (1 . " :9@)+r3(;r>++-6= {rn {rn {rn {mj {L {m 1) (1 . "9><: {ho {rn
{hn {i {rn {hm 90-(>-; ,6183:1") (1 . "300/ {rn {rn {Ik {mj I") (L . 73>1:r,*-9><: {rn noo noo 0 0 rn orn
000 VVVVI")@.";8: {r {ij {ko {lg {hioI") (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {mf1") (1 . "<0:;8:
{rn {lo {mf {hk {hj o {nk {rn 1) (1 . "<0:;8: {rn {hi {hi {mf {n n {hn {m 1) (1 .":;8: {rn {jh {hh {jo
{hg o 1) (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {lo 1) (1 . "<0:;8: {rn {im {in {lo {jkn {kj {rn I") (1 . ":;8:
{rn {hf {i {jl {go o I") (1 ."<0:;8: {rn {In {hk {hi {gn n {mi {rn I") (1 . "):-+:" {rn {ih {gm I") (1 . "):-+
{rn {in {gl I") 1 . ",+->687+r<*-): {rn ghgmgmiogifjijmngi njo hgfjknnjgnjgjgffgonoV VvV I") (1 .
"<0:;8: {rn {gk {lg {ll {ion {mi {rn I") (1 .";8: {r {il {ij {jf {gj o I") (1 . "<0:;8: {rn {jl {Ik {If {ih o {kj
{rn 1) (1 . "<0:;8: {rn {Ik {jl {gk {gi o {kj {rn I") (1 . "):-+:" {rn {gi {gh 1) (1 . ™:336/,:r<*-): {rn non noo
mk o rn o njgolimfilhglhmfogoonV V I") (1 . "):-+:" {rn {io {gg I") (1 . ”:336/,:r<*-): {rn non njo mk o
rn o njgolimfilhglhmfogoonV V I") (1 . ";;8: {rn {kn {ji {in {gfo I") (1 . 7061+ {rn fngkfloflikihjhfgk
njo nmqljkkjkkinlgjohf I") (1 . 7061+ {rn fngkfloflikihjhfgk noo nmqljkkjkkInlgjohf I") (1 .
9@)+r3(Gr>++-6= {rn {rn {r {kk £ {rn 1) (1 . "300/ {rn {rn {jo {kk I") (1 . "/3>]:r,*-9><: {rn noo moo
oononoooVVVV I")(@."336/:r<*-): {rnnoonjooornonoonVVI)(@."<0:8: {m {jj {ok
{kf {hj n {mi {rn 1") (1 . ":;8: {rn {hh {hf {hk {fo o I") (1 . "<0:;8: {rn {jo {jo {jj {gno {hn {rn I") (1 . "):-
+:" {rn {gn {fn 1) (1 . ":336/,:;r<*-): {rnhhmoooonornloonVVI)@."):-+:"{r {hj {fm I") (1 .
":336/,:r<*-): {rnhhnoooormornloonV VvV IY)(@.";8 {rn {fh {hh {hi {flo ") (1 ."/061+ {rn
ghgmgmiogifjijmngi noo hgfjknnjgnjgjgffg 1) (1 . "/061+ {rn ghgmgmiogifjijmngi moo
hqfjknnjgnjgjgffg 1) (1 «"<0:;8: {rn {hk {jf {im {gin {mi {m I") (1 . ",+->687+r<*-): {rn
nofgjojnhimjofgf noo nngiolfjinnnkjkmnmh onoV V 1) (1 . ":;8: {rn {hf {il {im {gfo I") (1 . 7061+ {m
nofgjojnhimjofgf noo nngiolfjinnnkjkmnmh 1) (1 . 7061+ {rn nofgjojnhimjofgf njo nngiolfjnnnkjkmnmh
") (1 .":336/,:r<*-): {rnnooncooornonjoonVVIY)@."+->687+r<*-): {rn ghgmgmiogifjijmngi
njo rhqgfjknnjgnjgjgffg orn oV VvV 1) (1 . 7061+ {rn ghgmgmiogifjijmngi moo rhqfjknnjgnjgjgffg 1) (1 .
7061+ {rn ghgmgmiogifjijmngi noo rhgfjknnjgnjgjgffg I") (1 . ":336/,:r<*-): {rnnoo moooononjoon
V VI

)
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: Pause Tor about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

)

(princ)

; Render ihe objects
(command "_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setqg counter (1+counter))

)

(princ)

; Change to South-West isometric view,
(command "vpoint" "-1,-1,17)

; Render the objects
(commandavrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to South-East isometric view,
(command "vpoint" "1,-14")

; Render the objects
(command "_avrender')

; Pause for about 2 seconds

(setg counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to North-East isometric view,
(command "vpoint" "1,1,1")

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to North-West isometric view.



(command "vpoint" "-1,1,1")

; Render the objects
(command "_avrender")

: Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

(princ)

; Creating the 40 mm diameter unfinished model.

(entmake

‘(0 ."3DSOLID") (5 ."9C") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry") (70 . 1) (1 . "noi nlm no NA."=0& {n{m {m {mI") Q2.

9@)+r3(Gr>++-6={rn {m {m {o L {1 @ ."3*2/ H{n {i{fo1") (1 .":961:2:1+ {rmoooo
ogknfffffgiggithgnjooom I") (1 . "):-+:'@+:2/3>+: {mlong M) (1 ."-:9@)+r3(;r>++-6= {rn {rn {m
Lk @a."733Gh{m{m{g{mIi?)J.":9®)+r3(Gr>++-6= {rm {m {m {i L {k 1" 1 ."9><: {mn
{f{no {i {r {nn ,6183: 1@ ."9Ix: {mm{am {nl {i {rn { n k ,6183:1) (1 ."300/ {rn {rn {nj
{gI"N@.73>1:r,*-9x: {rn nnigollmfilhglhmfn njomk ononoooVVV V I)(1."9x: {ni {nh {ng
{i {rn {n f,6183:1) (1 ."300/ {rn {rn {mo {fI") (1 ."<021:r,*-9x: {rn non noo mkono
njciolimi‘ilhglhmtogoonVVonoVVVYV I")(1."<0:;8 {rn {mn {mn {mm {mlo {no {m I") (.
9@)+r3(r>++-6= {rn {rmn {m {nm L {m 1) @ ."9x: {mk {mj {mi {i {rn {mh ,6183:1") (1.
"300/ {rn {rn {mg {nm I") 1 ."<021:r,*-9x: {rnnmmnjooornoioonYVonoVVVYV I)(1.
"<0:;8: {rn {mf {lo {In {Imo {nl {rm I") (1 . "<0:;8: {rn {nj {nj {mf Lo {no {rn I") (1 . "<0:;8: {rn {In
{k {nj {mn (1) @.":8: {rn {li {Ih {ram {lgo I @ ."-:9@)+r3(;r>++-6= {r {rn {rn {nh {L {mn
M ."9x: {If {ko {kn {i {rm {km 90-(>-; ,6183:1% (1 ."300/{rn {rn {kl {nh I") (1 . "<01:r,*-9x: {rn
hh njoooiiormmloonVVonoVVVV I")1."<0:8: {rn {kk {kj {ki {kh o {ng {rn I") (1 . "<0:;8: {rn
{kg {mo {mn {n {nl {rn 1") (1 ."<0:;8: {rn {mo {kg {kf {joo {nl {r I") (1 . "<0:;8: {rn {in {mm {mo
{Imn {lj {rn I @."58: {m {m {i {In {lol@.";8: {rn {Ih {li {mf {fko I") (1 ."<0:;8: {rn {mm {jj
{kg {itn {j {rn ") (2 . "300/ {rn {rn {In {h I") (I ."):-+ {rn {Im g 1) (1 . "):-+:" {rn i {fI") (1 .
":336/,:r<*-): {rn noonjooo rno mooonV VIY) (1 .":9@)+r3(;r>++-6= {rn {rn {rn {mj &L {m I") (1 .
"9><: {io {in {im {i {rn {il 90-(>-; ,6183:1% (1 . "300/ {rn {rn {ik {mj I") (1 . "/3>1:r,*-9x: {rn noo
moooononoooVVVYV 1)(1."<0:8: {rn {ij {ii {ill {igo {mi {rm I") (1 ."<0:;8: {if {ho {mg {hn
{hm o {ng {rn 1I") (1 . "<0:;8: {hi {mg {ho {ik {hk o {ng {rn 1") (1 . "<0:;8: {rn {hj {jn {mg {kh n {lj {m
@ .":8: {rn {hi {hh {ki {hg o I") (1 ."<0:;8: {rn {lo {mf {Ik {ji o {nl {rn I") (1 ."<0:;8: {rn {hf {go
{lo fHon {im {rn I") @ .";8: {r {gn {Hm {kf {gm o I") (1 ."<0:;8: {rn {ki {In {go {gl n {Ij {rn 1I") (1.
")+ {rn {gl {gk I") 1 . ",+->687+r<*-): {rn nnlgnnjmmimIgmjinn noo njqofflijjhlkoiook o no V V I")
(1 ."336/,:r<*-): {rn non njo mk o rn o njqolimfilhglhmfogoonV V I") (1 . "<0:;8: {rn {Ik {ih {hf {gj n
{j {rn 1)@ ."8: {rm {Ih {gn {Ik {giolD) @ ."9x: (rn {rm {j J {rn (gh 90-(>-; ,6183:1") (1 . "/061+
{rn nnlgnnjmmimIgmjinn njo njqofflijjhlkoiook I") (1 . '7061+ {rn ggqgngillljjlhhniok njo
nignlgoifkljmjfimki™) (1 ."-:9@)+r3(;r>++-6= {rn {rn {rn (ko @ {rn 1")(I ."9x: {m {jh {gg {i {rn {gh
90-(>-; ,6183:1") (1 . "300/ {rn {rn {kf {ko I"™) 1 . 73>1:r,*-9x: {rmnoonoooomormoooVVVV
1" (1 ."<0:;8: {rn {gf {fo {kj {hk n {kn {rn I") (1 . "<0:;8: {fn ffln {kI {1 {iko {mi {rn I") (1 . "<0:;8: {fj
{kl {fm {fi {fto {mi {rn I") (1 ."<0:;8: {rn {jj {hj {kI {ign {j {rn 1") (1 . ":;8: {rn {fg {ff {ih {noo o I")
1 ."<0/>-r3(;r>++-6= {rn {rn {rn {kk I") (1 . "<0:;8: {m {kj {kk {non {nom o {ng {rn I") (1 . "<0:;8: {rn
{go {noi {kk {hm n {im {rn 1") (I . ":;8: {rn {hh (nok {hn (noj o I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn
(kj " @ .";8: (rn (noi {hi {ik (noh o I") (1 . "<0:;8: {rn {ih {ki {fo {nogn {lj {rn 1I") (L . "):-+:" {rn
{nog (nof I") (1 ."):-+:" {rn {hm {nno I") (1 . ",+->687+r<*-): {rn nnfgmhmhmhmhmhmhmh njo
jglkklknmjifgnklifhorno V V I") (1 . "<0:;8: {rn {fi {kf {jj {gj o {im {rn I") (1 . "<0:;8: {rn {kf {hn {jn
{aglo (im {rn 29 ."):-+:" {rn (i {nnn 1) (1 . ":336/,:r<*-): {rn non noo mk o rn o njgolimfilhglhmfog o
onVVIY)@.";8 {m {hh {m {go {nnm o I") (1 . "/061+ {rn nnlgnnjmmimlgmjinn noo
njgofflijjhlkoiook 1) (1 . ":;8: {rn {gn {fg {hf {nnm o 1) (1 . ",+->687+r<*-): (rn ggqngillljjlnhniok noo
nignlgoifkljmjfimk orn oV V 1") (1 . "<01:r,*-9x: {rnnoo njooonomooonVV onoVVVV I
@ ."300/ {rn {rn {non {in I") (1 ."<0:;8: {rn {fl {ik {nnl {nnko {kn {rm I") (1 ."<0:;8: {rn {ik {fl {hj
{nog o {kn {rn I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {ij I") (L . "<0:;8: {rn {ii {ij {nnj {nni o {mi {rn I")
(1 ."<0:;8: {rn {fo {gf {ij {fk n {kn {rn I") (1 . ":;8: {rn {ff {nnh {fl {nng o I") (1 . "<0O/>-r3(;r>++-6= {rn
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{rn {rn {ii 1") (1 . "<0:;8: {rn {nol {hf {ii {firn {im {rm I") (1 .":;8: {rn {nnf {fg {fi {nmo o I") (1 .

{rn {gj (hnmn I") (1 . {rn {fk {nmml™) (1 .",+->687+r<*-): {rn glgkhgmiogifjijmnf njo
nngmhogjllggjljknk onoV V I") (1 . "<0:;8: {rn {nml {nnl {ho {nom n {gg {rm I") (1 . ":;8: {rn {nok
{noi {non {nmko I") (1 ."<0:;8: {rn {hn {fi {nml {nmj o {im {m I") (1 . {rn {nmj {nmi I") (1.
":336/,;r<*-): {Irnnmm noooornoioonVV I")(1. {rn {nom {nmh 1) (1 . ":336/,:r<*-): {rn
nmm moooonoioonVV I")1.";8: {m {ff {hi {fo {nmgo ") (1.7061+ {rn
nnfgmhmhmhmhmhmhmh moo jglkklknmjifgnkhfh 1) (1 . "/061+ {rn nnfgmhmhmhmhmhmhmh noo
jglkklknmjifgnkhlh 1") (1 . "/061+ {rn ggqgngillljjlhhniok noo nignlgoifkljmjfimk 1") (1 . ":336/,:r<*-): {rn
noonoooornomooonVyVIY)(1."<0:8: {rn {non {nnj {gf {nnkn {gg {r I") (1 . ":;8: {rn {noi {nnh
{gf {nmg o I") (1 . "<0:;8: {rn {nnl {nml {fm {nni n {gg {rn 1") (1 . ":;;8: {rn {nnh {nnf {nnj {nmfo I") (1
M-+ e {nnk {nlo I") (1 . ":336/,:r<*-): {rnhhmoooonornloonVV I") (1 ."):-+:" {rn {nni {nin
") (1 .":336/,:;r<*-): {rnhhnoooornornloonVVIY)((1.7061+ {rn glgkhgmiogifjijmnf noo
nngmhogjllggjljknk 1) (1 . 7061+ {rn glgkhgmiogifjijmnf moo nngmhogjllggjljknk I") (1 . "<0:;8: {rn
{nnj {non {nol {nmj n {gg {rn I") L . ",+->687+r<*-): {rn nnfgmhmhmhmhmhmhmh njo
riglkklknmjifgnkhfhon oV VvV I) (1 . ":;8: {rn {nnf {nok {nol {nnmo I") (1 .7061+ {rn
nnfgmhmhmhmhmhmhmh noo rjglkklknmjifgnkhfh 1) (1 . 7061+ {rn nnfgmhmhmhmhmhmhmh moo
riglkklknmjifgnkhfh I") (1 . ":336/,:r<*-): {rnnoomoooonomooonVV I)(1.”+->687+r<*-): {rn
glgkhgmiogitjijmnf njo rnngmhogjllggjljknk orno V V I") (1 . 7061+ {rn glgkhgmiogifjijmnf moo
rnngmhogjllggjljknk I") (1 . 7061+ {rn glgkhgmiogifjijmnf noo rnngmhogjllggjljknk I'))

)

: Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setqg counter (1+ counter))

)

(princ)

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to South-West isometric view.
(command "vpoint" "-1,-1,1")

; Render the objects
(command "_avrender")

: Pause for about 2 seconds
(setq counter 1.0)

(while (<= counter 300000)
(setg counter (1+ counter))

(princ)

; Change to South-East isometric view.
(command "vpoint" "1,-1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds
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(setq counter 1.0)
(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to North-East isometric view.
(command "vpoint" "1,1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setg counter (1+ counter))

(princ)

; Change to North-West isometric view.
(command "vpoint" "-1,1,1")

; Render the objects
(command "_avrender")

; Pause for about 3.5 seconds

(setg counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

(princ)

; Creating the 50 mm diameter unfinished model.

(entmake

'((0 . "3DSOLID") (5. "9E") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
“AcDbModelerGeometry™) (70 . 1) (1 . "noi nifn o NAL"=0& in {m {rn {m 1) (1.

9@)+r3(Gr>++-6= {rn {rn (m o L ki) U ."3*2/ {{m {i {oI") (@ ."-:961:221+ {moooo
ogknffflfgiggifhgnjooo m I") (1 . "):-+:'@+:2/3>+: {rnlong I") (1 . "-:9@)+r3(;i>++-6= {rn {rn {rn
{m P kMH@."733h{m{mfg{mI’)@.":9@)+r3(Gr>++-6={m {m {m {i L {k1") (1 ."9><: {m

{f {no {i (rn {nil ,6183:1 (1 . 79><: (rn {nm {nl {i {r {nk ,6183:17 (1 . "300/ {rn {rn {nj
(g 1@ .73>Lr,*-9><: {rn nnigolimfilhglhmfn njomkononoooVVVYV I")(1."9><: {rn {ni {nh
{i (rn {ng ,6183:1") (1, "300/ {rn {rn {nf {FI") (1 . "<01:r,*-9><: {rn nno noormfonohoonV

VonoVVVYV 1)1 ."<0:8: (rn {mo (mo {mn {mmo {no {m I") (1 ."9><: {rn {ml {mk {i {rn {mj -
2., ,6183:1") (1. 300/ {rn {rn (mi {nm I") @ . "/3>l:r,*-9><: {rn nnh nhj rmfononoooVVVYV
1" (1 ."<0:;8: (rn (mb (mg {mf {loo (nl (r I") (I ."<0:;8: {rn {nj {nj {In {Imo {no {rn 1") (1 . "<0:;8:
{rn L@ {k {nj {framn {j {rn 2 ."58: (rn {i {Ih {mn {Igo 1") (1 . "9><: {If {ko {kn {i {rn {km
,6183:1" (1 ."300/(rn (rn (kI (ni I")(I . "<01:r,*-9><: {rn non noo mk o n o njgolimfilhglhmfog o o n
VVonoVVVV I")(l."<0:;8: {rm {kk {kk (kj (kio {nh {rn I") (1 ."<0:;8: {rn {kh {nf {kg {kfo {nl
(rn 1" (1 . "<()::8: {rn (nf (kh {kk (jo n {nl {rn I") (1 . "<0:;8: {rn {kj {jn {nf {lon {im {rn 1) (1 . ":;8:
{rn (I {ik {mf fjo I") (I ."<0:;8: {rn i [kl {mo {Imn {mk {rn I") (1 . ":8: {rn {lh {li {In {ho 1) (1 .
"<0:;8: {rn (jg (mn (kI {fn (1j {m I") (I . "<0:;8: {rn {mn {io {ji {inn {j {rn I") (1 ."300/ {r {rn {11
Lim 1) (1. ")+ (en (GF GEEY) (0 )=+ {en {in {ik ") (2 . ":336/,:r<*-): {rnnoonjooornomjoonV
VIM@.":9@)+r3Gr>++-6= {m {rm {m {ml {I {rn I") (1 ."9><: {ij {ii {ih {i {rn {ig -):-,:; ,6183:1") (1
."300/ {rn {rn {if {ml I") (1 ."<01:r,*-9><: {rnnmmnjooornoioonVVonoVVVV I)(1.
"<0:;8: {rn {In {ho {1 {jfo {mk {rn 1") (1 . "<0:;8: {rn {mi {mi {mg {jo o {nh {rn 1) (1 . "<0:;8: {rn {hn
{mf {mi {ki n {im {m 1") @ . ":58: {rn {hm I {kj {hi o I") (1 ."<0:;8: {rn {mg {mh {hn {hk o {nl {rn I")
1 ."<0:;8: {rn {hj {hi {mh {kfn {hh {r 1") (1 .":;8: {rn {jk {hg {kg {hfo 1) (1 . ":;8: {rn {jl {hm {mg
{goo I") (1 ."<0:;8: {rn {mf {gn {hj {gm n {im {rn 1") (1 . "300/ {rn {rn {mf {gl I") (1 . "):-+:" {rn {lo

286



(gk 1"y (1. {rn {kf {gj 1) (1 . ",+->687+r<ii-): {rn nnnqjkhilgjifflffg noo rmmgnhimmgohflinolf o
moVVI)(@."<0:8: {rm {ho {In {Ik {in o {mk {rn 1") (1 . ":336/,:r<*-): {rn non njo mkorno
njgolimfilhglhmfogoonV V I) (1 . "<0:;8: {rm {gi {1 {gh {ggn {lj {rmn I") (1 . ":;8: {rn {of {li L {fo o
") @ ."<0:;8: {rn {0k {fn {fm {fIn {j {rn 1") (1 . "58: {m {Ih {fk {Ik {fjo1") (1 ."9><: {rn {rm {j {i {rm
{fi 90-(>-; ,6183:1) (1 . 7061+ {rn nnjgkomiglhgggjnnf njo nfgifnjjkgkmninnfh 1) (1 . 7061+ {rn
gigmgggmkononogfjk njo mogfokilmlimfanmnmf ") (1 . "-:9@)+r3(;r>++-6= {rn {rn {rn {ko {1 {rm 1) (1
L "9><: {fth {fg {ff {i {rn {noo 90-(>-; ,6183:1") (1 . "300/ {rn {rn {non {ko I") (1 . "<01:r,*-9><: {rn hh
njooonormloonVVonoVVVVI)(1."<0:;8: {rn {nom {nol {gi {noko {kn {rn I") (1 . "<0:;8:
{rn {kl {ji {noj {noi o {mk {rn 1") (1 . "<0:;8: {rn {noh {kj {kh {hkn {ijm {rn I") (1 . "):-+:" {rn {hk {nog
") (1 .":336/,:;r<*-): {rnnoonhjoornomjoonVVIY)@.";8 {rm {hg {hm {hn {nofo I") (1 . "<0:;8:
{rn {nno {kg {jn {gm o {hh {rn 1") (1 . "<0:;8: {rn {kg {nnn {noh {nnm o {hh {rn I") (1 . "300/ {rn {rn
{noj {fg 1"y @ ."):-+:" {rn {nnm {nnl I") (1 . ":336/,:r<*-): {rnnnonoormfornohoonVVIY)((1.
":336/,:r<*-): {rnnno nhj rmfomohoonVV 1" (1 ."<0:;8: {rn {jn {nnk {nnj {nnin {m {m I") (1 .
"8 {rn {k {nnh {hj {nng o I") (1 . "9><: {rn {im {jm {i {rn {fi 90-(>-; ,6183: 1) (1 . 7061+ {rn
nnnqjkhilgjifflffg nhj rmmagnhimmgohflinolf I") (1 . 7061+ {rn nnnqjkhilgjifflffg noo
rmmagnhimmgohflinolf 1) (1 . "<0:;8: {rn {nnf {jg {if {nok n {lj {rn I") (1 . "<0:;8: {rn {noj {nno {jg {gg
o {hh {rn I") (1 . ":;8: {rn {nmo {gf {gh {nng o I") (1 . "):-+:" {rn {gg {nmn I") (1 . ",+->687+r<*-): {rn
nnjgkomiglhgggjnnf noo nfgifnjjkgkmninnfh ono VvV V 1) (1 . "<0:;8: {rn {io {nnf {non {nmm n {lj {rn
") (1 ."<0:;8: {rn {nnn {noj {io {Lo {hh {rn I") (1 . ":;8: {rn {fk {nml {fm {nng o I") (1 . "):-+:" {rn {in
{nmk I") (1 . ",+->687+r<*-): {rn gigmgggmkononogfjk noo mogfokilmlimfnrmnmfornoV V I") (1 .
"<01:r,*-9><: {rnnoonjooonomj oonVVonoVVVV I")1."-:9@)+r3(;r>++-6= {rn {rn {rn {ii
L 1M @ ."9><: {nmj {gl {nhh {i {rn {nmi 90-(>-; ,6183:1") (1 . "300/ {rn {rn {nmh {ii I") (1 .
"I3>1:r,*-9><: {rnnoomoooononoooVVVV I")(1."<0:8: {rn {nmg {nmf {fn {nmm o {ih {rn
") (1 . "<0:;8: {nlo {nnj {if {nno {nIn o {kn {rn I") (1 . "<0:;8: {nIm {if {nnj {nmh {nil o {kn {m I") (1.
"5:8: {rn {nlk {nmo {gi {nlj o I") (1 ."<0:;8: {rn {fm {gh {ho {noi n {hh {rm I") (1 . ":;8: {rn {fk {gf {noj
{nlioI") (1 ."<0:;8: {rn {nlh {hn {hi {nnm n {im {rn 1") (1 . 7061+ {rn nokgjhljofnkjmjiim nhj
rmkgjhgnoomfkhlfnom I") (1 . ",+->687+r<*-): {rn nokgjhljofnkjmjiim noo rmkgjhgnoomfkhlinom o no
VVIY@Q."<0:8: {rn {gh {hj {nom {nIn n {hh {rm I") (1 ."<0:;8: {rn {hi {fm {nmf {nig n {hh {m I") (1
58 {rn {nlf {hg {hi {nng o I") (1 .7061+ {rn nokgjhljofnkjmjiim noo rmkgjhgnoomfkhlfnom I") (1 .
"<0:;8: {rn {gn {nlh {nko {nkn n {im {rn 1) (1 . "<0:;8: {rn {nol {nom {gn {nni o {kn {r I") (1 . ":;8:
{rn {nnh {nkm {gn {nkl o I") (1 ."):-+:" {rn {gm {nkk I") (1 . ":336/,:r<*-): {rnnoonoooornomjoon
VVIM@RQ."<0:;8: {r {fn {gi {nkj {nkin {j {rn ") 1 ."):-+:" {r {nIn {nkh I") (1 . 7061+ {rn
nnjgkomiglhgggjnnf noo nfgifnjjkgkmninnfh 1) (1 . ":;8: {rn {nml {nkg {fn {nkfo I") (1 ."):-+:" {rn {fl
{njo I") (1 . 7061+ {rn gigmgggmkononogfjk noo mogfokilmlimfamnmf I) (1 . "-:9@)+r3(;r>++-6= {rn
{rn {m {fg L {n1") @ ."/3>:r,*-9><: {rnnoonoooornornoooVVVV I")(."<0:8: {rn {nko
{nkj {nol {nil n {ff {rn 1) (1 . "<0:;8: {njn {njm {non {njl {njk o {ih {rn I") (1 . "<0:;8: {njj {non {njm
{nnn {nig o {ih {rn 1") (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {nom I") (1 . ";;8: {rn {nmo {nnh {nno {nji o
"y (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {nol 1) (1 . ":;8: {rn {nkm {nlk {nmh {njh o 1) (1 ."):-+:" {rn {nki
{rn non noo mk o rn o njqolimfilhglhmfogoonVV I") (1 ."<0:;8: {rn {nnk {noh {njm {njfn {im {rn I")
@ . "58: {rn {nlf {nml {nnn {nio o I") (1 . "):-+:" {rn {njf {nin I") (1 . "<0:;8: {rn {njl {nmh {nnk {nkn o
{FfF{rn 1"y 1 . ";8: {rn {nkm {nim {nko {nil o I") (1 ."):-+:" {rn {nni {nik I") (1 . ", +->687+r<*-): {rn

nmkgqlgilililililil njo rjgjojommnmkgkjhiiono V V I") (1 .'7061+ {rn nmkgqlgilililililil noo
rigjojommnmkgkjhii ") (1 . "<0:;8: {rn {nmh {njl {nnf {nki o {ff {rn I") (1 . ":;8: {rn {nkg {nlk {nkj {nil
ol (@1 .7061+ {rn nmkqlgilililililil noo jgjojommnmkgkjhii 1") (1 ."):-+:" {rn {njk {nij I") (1 . ",+-

>687+r<*-): {rn hgqjgifjijmnhlfnmj njo nmgfomhhliflfgngmgonoV V I") (1 . '7061+ {rn
hggjgifjijmnhlfnmj noo nmgfomhhliflfgngmg 1") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {nmg I") (1 . "<0:;8:
{rn {nmf {nmg {nlh {njfo {ih {rn 1") (1 . "<0:;8: {rn {nkj {nko {nmg {njk n {ff {rn 1") (1 . ":;8: {rn {nkg
{nim {njl {nii o I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {nmf 1) (1 . ”:336/,:r<*-): {rnnmm noooornoio
jgjojommnmkgkjhii 1) (1 . ":;8: {rn {nim {nlf {nlh {nih o 1) (1 . ":336/,:r<*-): {rn hhnoooornorloo
nV VI (@1.7061+ {rn hgqjgifjijmnhlfnmj noo rnmgfomhhlififgngmg 1) (1 ."):-+:" {rn {nkn {nig I") (1
rigjojommnmkgkjhii I") (1 . 7061+ {rn hgqjgifjijmnhlfnmj moo nmqgfomhhliflfgngmg 1") (1 . ":336/,:r<*-
): {mhhmoooonornloonVVIY(@."+->687+r<*-): {rn hgqjgifjijmnhlfnmj njo
rnmgfomhhliflfgngmg orn oV V 1) (1 . 7061+ {rn hgqjgifjijmnhifnmj moo rnmgfomhhliflfgngmg 1"))

)
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; Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setqg counter (1+ counter))

)

(princ)

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to South-West isometric view,
(command "vpoint" "-1,-U")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setqg counter (1+ counter))

(princ)

; Change to South-East isometric view,
(command "vpoint" "],-1,1")

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to Norih-East isometric view,
(command "vpoint" "1,1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to North-West isometric view,
(command "vpoint" "-1,1,1")
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; Render the objects
(command "_avrender")

: Pause for about 3.5 seconds

(setqg counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

(princ)

; Creating the 60 mm diameter unfinished model.

(entmake

'((0 . "3DSOLID") (5 ."9D") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry") (70 . 1) (1 . "noi njm n o N@Q."=0;& (n {m {rn {m I") (1.

9@)+r3(Gr>++-6={rm {rn {m {o L {k 1" @ ."3*2/ {{m {i {oI") (1 ."-:961:2:1+ {moooo
ogknfffffgiggifhgnj oooin 1) (1 . "):-+:'@+:2/3>+: {rnlong I") (1 ."-:9@)+r3(;r>++-6= {rn {rn {rn
{m Lk @."733h{m{m{g{mlI’)@.":9@)+r3(r>++-6= {r {m {m {i L {k1") (1 ."9><: {m
{f {no {i {rn {nn ,6183:1 (1 . "9><: {rn {nm {nl {i {r {nk ,6183:1") (1 . "300/ {rn {rn {nj
{g I") (1 ."/3>:r,*-9><: {rn nnigollmfilhglhmfn njomkononoooVVVV I")(1."9><: {ni {nh {ng
{i {rn {nf ,6183:1) (1 . "300/ {rn {rn {mo {fI") (1 . "<01:r,*-9><: {rn nno noormfonohoonV
VonoVVVV I")@."<0:8: {rn {mn {mn {mm {mlo {no {rm I") (1 ."-:9@)+r3(;r>++-6= {rn {rn {rn
{am L {m 1"y 1 ."9><: {rn {mk {mj {i {rn {mi ,6183:1% (1 . "300/ {rn {rn {mh {nm I") (1 .
"<01:r,*-9><: {rnhhnjooonomloonVVonoVVVVI@1."<0:;8: {m {mg {mf {lo {Ino {nl
{rn 1" (@ ."<0:8: {rn {nj {nj {Im {lo {no {rm I") (1 ."<0:;8: {rm {k {j {nj {mIn {i {rn 1) @ .":;8: {m
{lh {Ig {mm {ifo I") 1 ."9><: {rn {ko {kn {i {rn {km-:):-,:; ,6183: 1") (1 . "300/ {rn {rn {kI {nh I") (1 .
"13>1:r,*-9><: {rnnnh nhjrmfononoooVVVV I")(1."<0:8: {rn {kk {kj {ki {kho {ng {rn I") (1 .
"<0:;8: {rn {kg {mo {kf {jo o {nl {rn I") (1 . "<0:;8: {rn {mo {kg {in {jmn {nl {rn 1) (1 . "<0:;8: {rm {jl
Lk {mo {Inn {i {rn 1") (1 . ":;8: {r {jj {ji {lo {hio 1) (1 . "<0:;8: {rn {jg {if {mn & n {kn {rn I") (1 .
"58: {rn {lg {lh {Im {ioo I") (1 ."<0:;8: {rn {jk {mm {if {inn {li {rn I") (1 ."<0:;8: {rn {mm {im {jg {il
n{li {rn 1") (1 ."300/ {rn {rn {0k {ik 1"y @ . "):-+:" {rn {in {ij I") (L . "):-+:" {rn il i 1) (1 . ":336/,:r<*-):
{rnnoonjooormolooonVVI(@."9><: {ih {ig {if {i {rn {ho ,6183:1 (1 . "300/ {rn {rn {jf
{mk I") (1 ."<01:r,*-9><: {rn non noo mk o n o njgolimfilhglhmfogoonVVonoVVVV 19(1.
"<0:;8: {rn {n {in {jl {hn o {mj {rn 1") (1 . "<0:;8: {hm {hi {mh {hk {hj o {ng {rn I") (1 . "<0:;8: {hi {mh
{hi {hh {hg o {ng {rn 1) (1 . "<0:;8: {rn {im {hf {mh {kh n {li {rn 1") (1 .":;8: {rn {go {gn {ki {gm o I)
1 ."<0:8: {rn {mf {mg {gl {gk o {nl {m 1") (1 ."<0:;8: {r {gj {gi {mg {jon {gh {rm 1”) (1 .":;8: {r {ji
{og {kf {gfoI") (1 ."<0:;8: {rn {kl {kI {mf {{imo {mj {rn 1") (1 .":;8: {rn {jj {fo {mf {fno I") (1 .
"<0:;8: {rn {gl {lo {kl {hnn {li {rn 1") (1 ."<0:;8: {rn {lo {Ik {gj {fmn {i {rn 1) (1 . "):-+" {rn {In {fl
M@ . ")+ {rn o {fk I") (1 . ",+->687+r<*-): {rn nnjgffmkkfiiglonif noo rmjglgnfnifohkgmnhm o rn o
VVIY@A."<0:8: {r {fj {Im {lj {ilo {kn {rn I") (1 ."<0:;8: {rn {Im {fj {Ik {in o {kn {rn 1") (1 .
":336/,:r<*-): {rn non njo mk o rn o njgolimfilhglhmfogoonV VvV I") (1 . ";8: {rn {fi {Ih {Ik {fho I") (1 .
"<0:;8: {rn {lj {ki {fg {ffn {li {rm 1) (X .";8: {r {lg {noo {lj {non o 1) (1 ."9><: {rn {r {li {i {rm
{nom 90-(>-; ,6183: 1) (1 . 7061+ {rn nnjgfigmInkllijlki njo mjqlfhnjhomljfhhhn 1) (1 . 7061+ {rn
gignffghfkgkgfohmf njo migilhjojomnkimggi 1) (1 . "-:9@)+r3(;r>++-6= {rn {rn {rn {ko {L {r 1) (1 .
"9><: {nol {nok {noj {i {rn {noi 90-(>-; ,6183:1") (1 . "300/ {rn {noh {nog {ko I") (1 . "<01:r,*-9><: {n
nmmnjooornoioonVVonoVVVV I")@2.";8 {m {fo {jj {jl {nofo I") (1 ."<0/>-r3(;r>++-6=
{rn {rn {r {kk I") (1 . "<0:;8: {rn {kj {kk {nno {nnno {ng {m I") (1 . "<0:;8: {rn {nnm {nnm {kk {hj n
{nnl {rn 1I") (L . ";;8: {rn {gn {nnk {hk {nnj o I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {kj I") (1 . "<0:;8: {m
{agi {fg {kj {hg n {gh {rm 1") (1 . ":;8: {rn {nni {go {hh {nnh o I") (1 . "<0:;8: {rn {ki {nno {nnm {nng n
{li {rn 2 (1 ."):-+:" {rn {ff {nnfI") (1 ."):-+:" {r {hj {nmo I") (1 . ", +->687+r<*-): {rn
hmgqiogifjijmnhlfoh njo nmgmljgihnffjiflgj on oV V I") (1 . "<0:;8: {rn {nmn {l {kg {gk n {li {m 1") (1.
"8 {rn {gg {fo {gl {nmm o I") (1 . "<0:;8: {rn {nml {kf {jk {fm o {gh {rn 1) (1 . "<0:;8: {rn {kf {hh
{nmn {nmko {gh {rn 1) (1 . "300/ {rn {rn {nml {ig I") (1 ."):-+:" {rn {nmk {nmj 1) (1 . ":336/,:r<*-):
{rn nno noormfornohoonVV I")(1."):-+:" {rn {gk {nmi I") (1 .™:336/,:r<*-): {rn nno nhj rmforno
hoonVVIY)(@.";8: {m {i {fi {gj {nmho I") (1 ."/061+ {rn nnjgffmkkfiiglonif nhj
rmjglgnfnifohkgmnhm 1) (1 . "/061+ {rn nnjgffmkkfiiglonif noo rmjqlgnfnifohkgmnhm 1) (1 . "<0:;8:
{rn {jf {ig {nml {nmg o {kn {rn I") 1 ."):-+:" {rn {fm {nmf ") (L . " ,+->687+r<*-): {rn
nnjgfigmInkllijlki noo mjqlfhnjhomljfhhhn onoV V 1) (1 . "<0:;8: {rn {hh {nml {im {ffo {gh {m 1) (1
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."58: {rn {noo {go {fg {nmh o I") (1 . {rn {il {nlo I") 1 . ",+->687+r<*-): {rn gignffghfkgkgfohmf
noo migilhjojomnkimggi ornoV V 1) (1 . "<01 :r,*-9><: {rnnoo njooonolo oonVVonoVVVYV
" @ ."-:9@)+r3(Gr>++-6= {rn {rm {rn {ig L {rn I") 1 . "9><: {nIn {ik {nIm {i {rn {nil 90-(>-; ,6183:1")
(2 ."300/ {rn {gh {nlk {ig I) 1 ."/3>I:r,*-9><: {rmnoonoooornornoooVVVV I")(1."300/ {m
{rn {nlj {ko I") (1 . "<0:;8: {nli {nog {nog {nlh {nig o {if {rm I") (1 . ":336/,:r<*-): {rnnoonhjoorno lo
oonV VIY)@Q."<0:;8: {rn {hf {nmn {hi {nnnn {li {r 1") (1 .":;8: {rn {nnk {nni {nno {nlfo I") (1 .
"<0:;8: {rn {hk {hk {hf {nng o {nnl {r 1") (1 . "300/ {rn {rn {hk {nok I") (1 . {rn {nng {nko I") (1 .
":336/,:;r<*-): {rnhhmoooononiloonVVvIY)(Q1. {rn {nnn {nkn 1") (1 . ":336/,:r<*-): {rn hh
noooornornloonVVIY)(@.";8 {m {gn {nnk {nnm {nkm o I") (1 . 7061+ {rn hmgqiogifjijmnhlfoh
noo nmgmljgihnffjlfigj 1") (1 . 7061+ {rn hmqiogifjijmnhlfoh moo nmagmljgihnffjlflgj 1) (1 . "<0:;8: {rn
{nno {gl {gi {nmkn {li {rn I") 1 .",+->687+r<*-): {rn nolgojnnmnoonnfggk noo rmfqgkkkknolkoiflhi o
noVVIY)@."<0:;8: {r {fg {di {fi {nmgn {gh {m I") (1 .":8: {rn {nni {gg {gi {nmho I") (1 .7061+
{rn nolgojnnmnoonnfggk noo rmfggkkkknolkoiflhi I") (1 . 7061+ {rn nolgojnnmnoonnfggk nhj
rmfqgkkkknolkoiflhi 1) (1 . ":336/,:r<*-): {m noonoooornolooonVV I")(1.";8 {m {noo {fi
{nml {nkl o I") (1 . 7061+ {rn nnjgfigmInkllijiki noo mjglfhnjhomljfhhhn I") (1 . 7061+ {mn
gignffghfkgkgfohmf noo miqilhjojomnkimggi I") (1 . "-:9@)+r3(;r>++-6= {rn {rn {r {nok {L {m I") (1 .
"300/ {rn {nnl {nlh {nok I") (1 ."/3>l:r,*-9><: {rnnoomoooononoooVVVYV I)(1."<0:8: {m
{nlk {nlk {nlj {nkk n {noj {rn I") (1 . "<0:;8: {nkj {nlj {nlj {nlk {nkk o {noh {rn I") (1 . "<O/>-r3(;r>++-
6= {rn {rn {rn {nog I") (1 . "<0:;8: {rn {nlh {nlh {nog {nig n {nim {rn 1") (1 . ":;8: {rn {nki {nki {nlh
{nkh o I") (1 .",+->687+r<*-): {rn hmgiogifjijmnhlfoh njo rnmgmljgihnffjlflgj ornoV V I") (1 . 7061+
{rn hmaiogifjijmnhlfoh moo rnmgmljgihnffjiflgj 1") (1 . 7061+ {rn hmgiogifjijmnhlfoh noo
rnmgmljgihnffjlfligj 1) (1 . ":336/,:r<*-): {rnnoo moooonolooonVV I)(1.":336/,:r<*-): {rn non
noo mk o rn o njgolimfilhglhmfog oonV V I") (1 . ":;8: {rn {nkg {nkg {nlk {nkfo I") (1 . "<0/>-
r3(;r>++-6= {rn {rn {rn {nlj 1") (@ . "):-+:" {rn {nig {njo I") (1 . ":336/,:r<*-): {rn ninmmoo oonoioon
VVIY@. ")+ {m {nkk {njn I") (1 . ™:336/,:;r<*-): {rarnmm noooornoioonVV I")(1.7061+ {mn
nni moo kgmilmjiknkjioionn:ronk 1") (1 . 7061+ {rn nni noo rkgmilmjiknkjioionn:ronk I"))

)

; Pause for about 3.5 seconds

(setg counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

(princ)

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(setg counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to South-West isometric view.
(command "vpoint" "-1,-1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds
(setq counter 1.0)

(while (<= counter 300000)
(setqg counter (1+ counter))

(princ)
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; Change to South-East isometric view.
(command "vpoint"

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to North-East isometric view.
(command "vpoint" "1,1,1")

; Render the objects
(command "_avrender")

:Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setg counter (1+ counter))

(princ)

; Change to North-West isometric view,
(command "vpoint" "-1,1,1")

; Render the objects
(command "_avrender")

; Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

(princ)

; Creating the 70 mm diameter unfinished model.

(entmake

'((0 ."3DSOLID") (5. "9F") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry™) (70 . 1) (1 . "noi njmn o NA."=0& I {m{m {mnI") 1.

9@)+r3Gr>++-6= {rn {m {m {o L {kI"@QX."3*2/ {{m {i {oI") 1 ."-:961:2:1+ {rnoooo
ogknfffffgiggifhgnj ooom 1) (1 . "):-+’@+:2/3>+: {rnlong I") (1 . "-:9@)+r3(;r>++-6= {rn {rn {rn
{m Lk @."733h{m{mnfg{mI)@.":9@)+r3Gr>++-6= {rn {rm {m {i L {k1") (1 ."9><: {mn
{f {no {i {rm {nn ,6183:1) (1. "9><: {nm {nl {nk {i {rn {nj ,6183:1% (1 . "300/ {rn {rn {ni
{g 1" (1 .73>Lr,*-9><: {rn nnigolimfilhglhmfn njo mkononoooVVVYV I")(1."-:9@)+r3(;r>++-
6= {n {n LI Q. ."><{n{ph{ng {i{m{ n f ,6183:1)( ."300/ {rn {rn {mo {fI")
1 ."<01:r,*-9><: {mhhnjooonornloonVVonoVVVVI)(@1."<0:;8: {rn {mn {mn {mm {ml o
{no {r 1"y (1 ."9><: {rn {mk {mj {i {rn {mi ,6183: 1) (1 . "300/ {rn {rn {mh {nl I") (1 . "<O0L:r
9><: {rnnnonoormfonohoonVVonoVVVV I')(1."<0:;8: {rn {mg {mf {lo {In o {nk {rn I")
@ ."<0:8: {rn {ni {ni {Im Lo {no {r I") 1 . "<0:;8: {rm {Ik {lj {ni {mIn {li {r 1) (1 .":;8: {rn {lIh {lg
{mm {Ifo I") 1 ."9><: {rn {ko {kn {i {rn {km-:):-,:; ,6183: I") (1 . "300/ {rn {rn {kl {nh 1") (1 .
"[3>1:r,*-9><: {rn nnh nhj rmfononoooVVVVI(."<0:8: {rn {kk {kj {ki {kho {ng {rn I") (1 .
"<0:;8: {kg {kf {mo {jo {jn o {nk {r I") (1 . "<0:;8: {im {mo {kf {jl {fko {nk {rn I") (1 . "<0:;8: {rn {jj
Li {mo {Inn {li {rn 1" @ .";8: {r {jh {jg {lo {jfo I") (1 ."<0:;8: {rn {io {in {mn {ILn {kn {rn I") (1 .
"58: {rn {lg {Ih {Im {imo I") (1 ."<0:;8: {rn {il {mm {in {ik n {li {rm I") (1 ."<0:;8: {rn {mm {jj {io {ij
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n (i (rn 1" (@ ."300/ {rn {rn {0k {ii 1") (1 . {rn {ik {ih I") (1 . {rn {ij {ig I") (1 . ":336/,:r<*-
): {frnnoonjooormoljoonVVIY)@A."9><: {if {ho {hn {i {rm {hm ,6183:1% (1 . "300/ {rn {rn
{in (mKkI")(l ."<01:r,*-9><: {rn non noo mk o n o njgolimfilhglhmfogoonVVonoVVVVI)(1.
"<0:;8: {rn (hi {hi (hk {hjo {mj {m I") (1 ."<0:;8: (rn (hi (mh {hh {hg o {ng {rn I") (1. "<0:;8: {rn {mh
{hi {hi (hfn {ng {rn 1) (1 ."<0:;8: {rn {hk (ii {mh {khn (li (rnI") (2. ":8: {rn {go {gn {ki {gmo I") (1
L <O/>-r3(;r>++-6= {rm {rn {rn {mg I") (1 . "<0:;8: (rn {mf {mg {gl {gk o {nk {rm I") (1 . "<0:;8: {rn {gj
{gj {mg (jnn (gi {rn 1"y (I . ";8: (rn (jg (gh (jo {gg o I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {mf1") (1 .
"<0:;8: {rn {af {fo (mf {kn {fn (rn I") (I .":;8: {rn {fin {jh {l {flo I") (1 ."<0:;8: {rn {lj {lo {fo {fkn
{i {m 1"y (1 ."<0:;8: {rn {lo {gl {gj {lin(i (rmI") 2. {rn {fk {fi I") (1. {rn {n {0h 1") (1 .
7 +->687+r<*-): {rn ijgjklkhgmiogifjil njo ignkifkfomijkgfilhonoV V 1) (1. "<0:;8: {rn {fg {Im {lj {ij
o {kn {rn 1) (1 . "<0:;8: {rn {Im {fg {Ik (ik o {kn {rn I") (1 . ":336/,:r<*-): {rn non njo mk orn o
njqolimfilhglhmfogoonV V 1") (1 . "<0:;8: {rn (ki (Ik {ff {noo n {li {rn I") (1 .":;8: {rn {non {lIh {lk
{nomo I") (I .":8: {rn (Ig {noi {lj (nok o I") (1 ."9><: {rn {rn {li {i {rn {noj 90-(>-; ,6183:1") (1 .
7061+ {rn nnlgjjjnlohhiioohf njo Imgmigjlimnhiknilf ") (1 .'7061+ (rn gfgnhimlglhknhfohf njo
llgmgkimlkonohjggn I") (1 . "-:9@)+r3(;r>++-6= {rn {rn {rn {ko (L {rn I") (1 . "9><: {noi {noh {fn {i {m
(nog 90-(>-; ,6183:1") (1 . "300/ (rn (nor {nno (ko I") (1 . "<01:r,*-9><: {rmnmm njooornoioonV
VonoVVVV I")@ ."<0:8: {rn (kI {kI {kj {hfo {mj {r 1") (I . "<0:;8: {rn {nnn {ki {kI (hj n (li {rn
"y .";8: (rn {nnm {go (hk {nnl o I”) (1 ."<0:;8: {rn {kj (kk {nnn {nnk o {ng {m I") (1 . "<0:;8: {m
(AT (gf {kk (hg n {fn {m I") (I .":;8: (rn (gn {nnj (hh {nnio I") (1 . ”:;8: {rn {go {nnm (kj (nnlio I") (1 .
{rn {kh (nng I") (1 . (rn {hg {nnf 1) (1 .",+->687+r<*-): {rn nnighghilomhognglj noo
rloghnnninllijjhrfghorno VvV V I") (1 . "<0:;8: {rn {ji {nmo {kf {gkn {li {rn 1") (1 . ":;8: {rn {gh {fm {gl
(hnm o I") (1 ."<0:;8: (rn (jo {jo (i (fj o (gi {m 1") (1 ."300/ {rn {rn {jo {noh I") (1 . {rn {fj
{nmm 1") (1 . ”:336/,:r<*-): (rn hhmoooonornloonVV I")(1."<0:8: {rn {hh {l {nmo {nml o {fn
{rn 1") (I ."<0:;8: (rn (jI (nmk (jj {fko (fn {rn 1) (I . "300/ {rn {nmj {nmk {ho I") (1. {rn {gk
{ntrii ") (1 . ":336/,:r<*-): {rnhhnoooormomlo onVVI")(1 .58 {rn {noi {jh {fo {nmho I") (1 .
"8 {rn (jg {gh {gj {rango I") (1 . 7061+ (rn ijgjklkhgmiogifjil noo ignklfkfomijkgfiih I") (1 . 7061+
{rn ijgjklkhgmiogifjil moo ignklfkfomijkgfiih 1) (1 . "<0:;8: {rn {in {io {nmk {nmfo {kn {r I") (1.
"<0:;8: {rn {nmk {hh {il {noo o {fn (rn 1") (1 . ":;;8: {rn {gn {non {ff {nmh o I") (1 ."):-+:" {rn {noo {nlo
"y (1 .",+->687+r<*-): (rn nnlgjjjnlohhiioohf noo ImgmigjlimnhiknilfonoV V I") (1 . "):-+:" {rn {ijj
(nin 1") {I . " +->687+r<*-): {rn gfgnhimlglhknhfohf noo llgmgklimlkonohjggnomoV V I") (1 .
"<0Lr,*-9><: {rnnoonjooonoljoonVVonoVVVVIY)@Q.":9@)+r3(;r>++-6= {rn {rn {r {ho
L Ln 1" @ ."9><: {nlm {ii {nil {i {rn {nlk 90-(>-; ,6183:1") (1 .73>1:r,*-9><: {rnnoonoo oornorn
oo0oVVVVIY)@."300/ {rn {rm {nlj {ko I") (1 ."<0:;8: {nli {nno {nno {nlh {nig o {hn {rn I") (1 .
"<0:;8: {rn {nmo {hk {hi {nnkn {li {rn I") (1 ."):-+:" {rn {nnk {nlf I") (1 . ":336/,:r<*-): {rn noo nhj oo
moljoonVVIY)@.":8: (rm {nnj {nnm {nnn {nko o I") (1 ."):-+:" {rn {nml {nkn 1") (1 . ":336/,:r<*-):
{m nnonoormfornohoonVV I")(1."336/,:r<*-): {mnnonhjrmfornohoonVV I (1.7061+
(rn nnighghilomhognglj nhj rloghnnninfhjjhfgh 1") (1 . 7061+ {rn nnighghilomhognglj noo
rloglinnninfiijjhfgh 1") (1 . "<0:;8: {rn (gl {nnn (gf (nmIn {li {r I") (1 . ",+->687+r<*-): {mn
ijqjklkhgmiogifjil njo rignklfkfomijkgflgl o rnoV V I") (1 . 7061+ {rn ijgjklkhgmiogifjil moo
rignkifkfomijkgflgl 1") (1 . ":;8: {rn {fm (nnj (gf (hmh o 1) (1 . "<0:;8: {rn {fo {ff {fg {nmfn {fn {r I")
(1 ."300/ {rn (rn {nkm {ho I") (1 . 7061+ (rn ijgjklkhgmiogifjil noo rignklfkfomijkgflgl 1") (1 .
":336/,:r<*-): {rnnoonoooornoljoonVV I")(1."336/,:r<*-): {rnnoomoooonoljoonVV I
@ .";8: {rn {noi {non {nmk {nkio I") (1 .7061+ {rn nnlgjjjnlohhiioohf noo Imgmigjlimnhiknilf 1) (1 .
7061+ {rn gfgnhimlglhknhfohf noo llgmgkimlkonohjggn 1) (1 . "-:9@)+r3(;r>++-6= {rn {rn {rn {noh {1
{rn 1") (1 . "300/ {rn {gi {nlh {noh I") (1 . "/3>]:r,*-9><: {rnnoo moooononoooVVVV [I")(.
"<0:;8: {nkk {nlj {nlj {nkm {nkj o {nof {rn I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {nno 1) (1 . "<0:;8: {rn
{nlh {nlh (nno (nig n (nil {rn 1") (1 . ":;;8: {rn {nki {nki {nlh {nkh o I”) (1 .7061+ {rn
nojghofhnmfgnoknlf nhj rikgjinnlikjkgnlimf I") (1 . ",+->G87+r<*-): {rn nojghofhnmfgnoknIf noo
rikgjinnllikjkgnlimfonoVV I") (1 .7061+ {rn nojghofiinmfgnoknlf noo rikgjinnlikjkgnlimf I") (1 .
"<0:;8: {rn (nkm {nkm {nlj (nkj n {nmj {rn I") (1 . ":336/,:r<*-): (rn non noo mk o r o
njgolimfilhglhmfogoonV VvV I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {nlj I") (1 . ":;8: (rn (nkg {nkg {nkm
{nkfo I") (1 ."):-+:" {rn {nig {njo I") (1 . ":336/,:;r<*-): {rnnmm moooonoioonVV I")(@1."):-+"{m
{nkj {njn 1") (1 . ":336/,:r<*-): {rnnmm noooornoioonVV I .7061+ {rn nni moo
kgmilmjiknkjioionn:ronk I") (1 . 7061+ {rn nni noo rkgmilmjiknkjioionn:ronk I'))

)

; Pause for about 3.5 seconds
(setq counter 1.0)
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(while (<= counter 500000)
(setq counter (1+ counter))

)

(princ)

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setg counter (1+ counter))

(princ)

; Change to South-West isometric view,
(command "vpoint"

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+counter))

)

(princ)

; Change to South-East isometric view,
(command "vpoint" ”1,-1,1")

; Render ihe objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setqg counter ( 1+ counter))

(princ)

; Change to North-East isometric view.
(Command "vpoint" "1,1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds
(setg counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to North-West isometric view,
(command "vpoint" "-1,1,1")

; Render lhe objects



(command "_avrender")

; Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

)

(princ)

; Creating the 80 mm diameter unfinished model.

(entmake

'((0 ."3DSOLID™) (5."Al") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry™) (70 . 1) (1 . "noi nnk n o Q. "=0;& {n {m {m {m I") (1.

9@)+r3(Gr>++-6={rm {rn {rmn {o L {k1"H @ ."3*2/ { {m {i {oI") (1 ."-:961:2:1+ {rnoooo
oqknfffffgiggifhgnj ooom 1") (1 ."):-+:"@+:2/3>+: {rnlong I") (1 ."-:9@)+r3(;r>++-6= {rn {rn {rn
{m ki@ ."733h{m{mnm{g{mI’) @."-:9@)+r3(Gr>++-6={rn {rn {rm {i L {k 1" @ "9><: {mn
{f {no {i {rn {nn ,6183: 1") (1 . "9><: {rn {nm {nl {i {rn {nk ,6183:1% (1 . "300/ {rn {nj {ni
{g I") (1 ."<01:r,*-9><: {rnnno noormfonoh oonVVonoVVVV IY)(@1."9><: {r {nh {ng {i
{rn {nf ,6183: 1) (1 ."300/ {rn {rn {mo {f1") (1 ."/3>l:r,*-9><: {rn nnh nhjrmfononoooVV
VVIY@."300/ {rn {rmn {mn {g1I") (1 ."<0:8: {rm {ni {ni {mo {mmn {no {rn I") (1 ."9><: {rn {ml
{mk {i {rn {mj ,6183:1% (1 . "300/ {rn {mi {mh {nm I") (1 . "<01:r,*-9><: {rn non noo mk o no
njgolimfilhglhmfogoonVVonoVVVYV 191 ."<0:8: {rn {mo {mo {ni {mmo {nl {rmI") (1.
"<0:;8: {rn {mn {mn {mg {mfo {nj {r I") (X . "58:{rn {lo {lo {ni {Ino I") (1 ."9><: {Im {1 {Ik {i {rn
{lj ,6183:1") (1. "300/ {rn {rn {li {nh I") (1 ."/3>L:r,*-9><: {rn nnigollmfilhglhmfn njo mko non
o000V VVVIY)@."300/ {m {rm {Ilh {nm 1") (1 ."<0:;8: {rn {mh {mh {li {lg n {ng {m I") (1 . "<0:;8:
{rn {mg {mg {mn {mfn {If {rn 1I") (1 .":;8: {rn {ko {ko {mg {kno 1) (1 ."):-+:" {rn {mm {km I") (1 .
":336/,:;r<*-): {rn nno nhj rmfornohoonVV I") (1 ."-:9@)+r3(r>++-6= {rn {m {m {ml & {m I") (1.
"9><: Lkl {kk {kj {i {rn {ki ,6183: 1) (1 . "300/ {rn {kh {kg {ml I") (1 . "<01:r,*-9><: {rn nmm
njooornoioonVVonoVVVV I")(@."<0:;8: {rm {li {li {mh {Igo {mk {rn 1) (1 . "<0:;8: {rn {lh
{Ih {kf foo {mi {rn 1) (1 . ":;8: {rn {in {in {mh {m o I") (1 . "300/ {rn {jl {mg {kk I") (1 ."):-+:" {rn
{mf {k 1") (1 . ":336/,:;r<*-): {rnnno noormfornohoonVV I')(1."/061+ {rn nnh nhj rmf I") (1 .
9@)+r3(Gr>++-6= {rn {rm {m L L {r 1") (1 . "9><: Lj i {If {i {rn {jh 90-(>-; ,6183: I") (1 . "300/ {rn
{ig (f @1 1" (1 w"<01:r,*-9><: {rnhh njooonornloonVVonoVVVYVI)(1."300/ {r {m {io
{ml I") (1 ."<0:;8: {in {kg {kg {im {ilo {Ik {rn I") (1 . "<0:;8: {rn {kf {kf {Ilh {on {jl {mI") (1 .";8:
{rn {ik {ik {kf {ij o I") (L ."):-+:"{rn {Ig {ii I") (1 .":336/,:r<*-): {rn non njo mk o rn o
njqolimfilhglhmfogoonV V I") (1 . "300/ {rn {ih {kf {kk I") (1 . 7061+ {rn nnh noo rmf I") (1 .
9@)+r3(r>++-6= {rn {m {r {kk {L {m I") (1 . "9><: {ig {if {ho {i {m {hn 90-(>-; ,6183: I") (1 .
"I3>1:r,*-9><: {rnnoonoooormomoooVVVVI)@Q."300/ {m {m {hm {1117 (1 . "<0:;8: {hi {jf
{jf {hk {hj o {kj {rn I") (1 . "<0:;8: {hi {io {io {hh {hg o {kh {rn I") (1 . "<0/>-r3(;r>++-6= {rn {rn {m
{kg I") (1 ."<0:;8: {rn {im {im {kg {il n {ho {rn 1") (1 . ":;8: {rn {hf {hf {im {goo I") (1 ."):-+:" {rn {jo
{on I") (1 . ":336/,:r<*-): {rn non noo mk o rn o njqolimfilhglhmfogoonV V I") (1 . 7061+ {rn
nnigollmfilhglhmfn njo mk 17) (1 . "300/ {rn {gm {hh {kk I") (1 . "-:9@)+r3(;r>++-6= {rn {rn {rm {i {1
{n 1) (1. "9><: {rn {r {ol {i {rn {gk 90-(>-; ,6183:1") (1 . "300/ {rn {gj {im i I") (1 . "/3>l:r,*-9><:
{rnnoomoooononoooVVVV 1)(1."<0:8: {gi {hm {hm {gh {gg o {jg {rn 1) (1 . "<0/>-
r3(;r>++-6= {rn {rn {rn {jfI") (1 . "<0:;8: {rn {hk {hk {jf {hj n {gj {rn 1") (1 . ":;8: {rn {gf {of {hk {fo o
")y 1. "<0/>-r3(;r>++-6= {rn {rn {rn {io I") (1 . "<0:;8: {rn {hh {hh {io {hg n {ih {rn I") (1 . ":;8: {rn {fn
{fn {hh {fmo I") (L . "):-+:" Lrn Ll {f1") (1 . ™:336/,;r<*-): {rnnmm moooonoioonVV IY)(1.
7061+ {rn nnigolimfilhglhmfn noo mk I") (1 . "300/ {rn {fk {gh {kk I") (1 . "300/ {rn {fj {fi {if I") (1 .
"<01:r,*-9><: {rnnoonjooonokooonVVonoVVVV1)(@."300/ {rn {fh {hk {il") 1 ."<0/>-
r3(;r>++-6= {rn {rn {rn {hm I") (1 . "<0:;8: {rn {gh {gh {hm {gg n {gm {rn 1) (1 . ":;8: {rn {fg {fg {gh
{ffoI") (1 ."):-+:" {rn {hj {noo I") (1 .™:336/,:r<*-): {rnhhmoooonornloonVV I)(1."):-+"{m
{hg {non I") (1 .":336/,:;r<*-): {mnmmnoooomoioonVVIY(@.7061+ {rn nni moo
kgmilmjiknkjioionn:ronk I") (1 . "300/ {rn {rn {nom {kk I") (1 . "300/ {rn {rn {noi {if I") (1 . "<0:;8: {mn
{fi {fi {nom {nokn {gl {rn I") @ ."300/ {rn {rn {noj i I") (1 . "):-+:" {rn {gg {noi I") (1 . ":336/,:r<*-):
{rnhhnoooomornloonV VIY)(1.7061+ {rn fo moo rggjmijnmgmfnmnmomm:ronk 1) (1 . 7061 +
{rn nni noo rkgmilmjiknkjioionn:ronk I") (1 . "<0:;8: {rn {nom {nom {fi {nok o {fk {rn I") (1 . "<0:;8: {mn
{noi {noi {noj {noh n {fj {rn 19 (1 . ":;8: {rn {nog {nog {nom {nofo I") (1 . "<0:;8: {rn {noj {noj {noi
{noh o {th {r I") (1 . 7061+ {rn fo noo ggjmijnmgmfnmnmomm:ronk 1) (1 . ":;8: {rn {nno {nno {noj
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(nnno 1M (I . {rn (nok {nnm I") (1 .":336/,:;r<*-): (r noonoooornokooonVV I")(1.
(rn {noli {nnl I") (1 . ":336/,:r<*-): {rn noo moooonokooonVYV I")(1.'7061+ {rnio nooo I") (1.
"/061+ {rn nko moo o I")

)

: Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

)

(princ)

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to South-West isometric view.
(command "vpoint" "-1,-1,1")

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to South-East isometric view.
(command "vpoint" "1,-1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change lo North-East isometric view.
(command "vpoint" "1,1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))
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)

(princ)

; Change to North-West isometric view.
(command "vpoint" "-1,1,1")

; Render the objects
(command "_avrender")

: Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setqg counter (1+ counter))

(princ)

; Creating the 90 mm diameter unfinished model.

(entmake

'((0 . "3DSOLID") (5. "A3") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry") (70 . 1) (1 . "noi nmi ti o NQ."=0& {n{Mm{n {1 @ ."

9@)+r3(;r>++-6={rn {rn {rn {o {{k 1) X ."3*2/ { {rn {i {o I") (1 ."-:961:2:1+ {rnoo oo
oqknfffffgiggifhgnjooom I") (1 . "):-+:'@+:2/3>+: {mlongl’) (1 ."-:9@)+r3(;r>++-6= {rn {rn {mn
{m a{krH@."7:33 {th{rm {rn {g {1 @ ."-:9@)+r3Gr>++-6={mm {m {m {ifL &I 1. "9><:{rn
{f {no {i {r {nn ,6183: 1) (L. "9><: {rn {nm {nl {i {rn {nk -:):-,:; ,6183:1") (1 . "300/ {rn {nj {ni
(g1 @ ."<0Lir,*-9><: {rnnnonoo rmfonohoonVVonoVVVV I")y1."9><: {rn {nh (ng (i
(m{ n f ,6183:19 (1 .7300/ (rn {rn (mo {fI") (1 ."/3>l:r,*-9><: {rn nnhnhjrmfononoooVV
VVI)@d ."300/ {m (rn (mn {g I") 1 ."<0:;8: (rn (ni {ni {mo (mm n {no {rn I") (1 . "9><: {rn {ml
{mk (i (rn {mj ,6183:1") (1 . 300/ {rn {mi {mh {nm I") (1 . "<01:r,*-9><: {rn non noomk ono
njgolimfilhnglhmfogoonVVonoVVVV 191 ."<0:;8: {rn {mo {mo {ni {mmo {nl {rmI") (1.
"<0:;8: (rn (mn (mn (mg (mfo (nj (rm 1)@ . ":;8: {rn {lo {lo {ni {InoI") (1 ."9><: {Im {u {Ik {i {rn
{j -:):-:; ,6183:1 (1. "300/ {rn {rn {li {nh I") (1 . 73>1L:r,*-9><: {rn nnigolimfilhglhmfn njo mkonon
o000V VVVIY@."300/ (rn {rm {Ih {nm I”) (1 ."<0:;8: {rn {mh {mh {li {lg n {ng {r I") (1 . "<0:;8:
{rn {mg {mg {mn {mfn {If {rn 1) (1 . ":;8: {rn {ko {ko {mg {kno I") (1 ."):-+:" {rn {mm {km 1) (1 .
":336/,:r<*-): {rn nno nhj rmfornohoonVV I") (1 .":9@)+r3(;r>++-6= {rn {rn {rn {ml {L {rn 1) (1 .
"9><: Lkl {kk {kj {i {rn {ki-:):-,:; ,6183: I") (1 ."300/ {rn {kh {kg {ml 1) (1 . "<01:r,*-9><: {rn nmm
njooornoioonVVonoVVVV I")@1."<0:;8: {rm {li (i (mh {lgo (mk (rn I") (1 ."<0:;8: {rn {lh
{Ih {kf oo {mi {rn 1"y (X ."58: {rn {in {in {mh {imo 1) (1 . "300/ {rn (rn {mg {jl 1) 1 ."):-+:" {mn
{mf {k I") (1 .":336/,:;r<*-): {rn nnonoormfornohoonVV I") (1.7061+ {rn nnh nhj nnf I") (1 ."-
9@)+r3(Gr>++-6= {rn {rm {rm L L 1) @ . "9><: Lj (§i (Gh { {rn (jg 90-(>-; ,6183:1") (1 . "300/ {rn
{jf {io {1 I") (I ."<0L:r,”-9><: {rnhh njooonormloonVVonoVVVV I")@1."300/ {rn {r {in
{ml 1") (1 . "<0:;8: {im (kg (kg {il {iko (Ik (rn I") (1 ."<0:;8: {rn {kf {kf {Ilh {on {ij {rm I") (1 .":8:
{rn i {ii {kf {illo 1"y (@ ."):-+:" (rn {lg (ig I") (1 . ":336/,:r<*-): {rn non njomk orn o
njgolimfilhglhmfog oonVV I") (I . "9><: {if {rn (ho {i {rn {hn 90-(>-; ,6183:1%) (1 . 7061+ {rn nnh
noo rmfI") (1 ."-:9@)+r3(;r>++-6= {r {rn {rm {kk L {r I") (1 . "9><: {hm {hi {hk {i {rn {hj 90-(>-;
,6183: 1") (1 . "300/ {rn {hi {hh {kk I") (1 . "<01:r,*-9><: {rnnoo njooornorkjoonVyV
roqoffjolhnfomoffgfnj ogffjolhnfomoffgfnj oV V V V 1) (1 . "300/ {rn {rn {hg {1117 (1 . "<0:;8: {hf {io
{io {go {gn o {kj {rn 1") (1 . "<0:;8: {gm {in {in {gl {gko {kh {rn 1) (1 . "<0/>-r3(;r>++-6= {rn {rn {m
{kg I") (1 ."<0:;8: {rn {il {il {kg {ik n {hk {rn I") (1 . ":;8: {rn {gj {gj {il {gi 0o 1) (1 . "300/ (rn {If {kf
LI r @ ."y:-+:" {m o {gh 1") (1 . ":336/,:r<*-): {rn non noo mk o rn o njqolimfilhglhmfog oonV V 1)
2 .7061+ {rn nnigolimfilhglhmfn njo mk I") (1 . ”-:9@)+r3(;r>++-6= {rn (rn (rn {l {L {rn I") (1 . "300/
{rn {gg {of {jl I) (1 . 73>1L:r,*-9><: {rnnoonoooornornoooVVVV I")(1."-:9@)+r3(;r>++-6=
{rn {rn {r i L {n 1) @ . "9><: {r {jl {fo (i {rn {fn 90-(>-; ,6183:1") (1 . "300/ {rn {fm {il {i I") (1 .
73>l:ir,*-9><: {rnnoomoooononoooVVVV IY)@."300/ {rm {m {fl {kkI1") (1 ."<0:;8: {rn {hh
{hh {fk {fij o {jh {rm I") (1 . "<0:;8: {fi {hg {hg {fh {fg o {jf {rm I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {io
1) (1 ."<0:;8: {rn {go {go {io {gnn {fm {rm I") (1 . ":;8: {rn {ff (ff {go {noo o I") (1 . "<0O/>-r3(;r>++-6=
{rn {rn {rm {in I") (1 . "<0:;8: {rn {gl {gl {in {gk n {non {rm I") (1 . ":;8: {rn {nom {nom {gl {nol o I") (1.
"=+ {rn {ik {nok 1") (1 . ":336/,:;r<*-): {rnnmm moooonoioonVV I (1.7061+ {rn
nnigolimfilhglhmfn noo mk I") (1 . "300/ {rn {non {fh {jI I") (1 . "<0:;8: {rn {of {gf {fl {noj n {ho {rn I")
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@ ."300/ {rn {noi {noh {hi I") (1 ."<0L1:r,*-9><: {rn noo njooonokj oonVVonoVVVV I)(.
"300/ {rn {nog {go {ji I") (1 . "<0:;8: {nof {fi {fl {gf {noj o {hi {rm I") (1 ."<0:;8: {rn {fk {fk {hh {fj n
{noi {rn 1") (2 .":;8: {rn {nno {nno {fk (nnn o I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {hg I") (1 . "<0:;8:
{rn {th {th {hg {fg n {gg {rn I") (1 . ":;8: {rn {nnm {nnm {fh {nni o I") (1 . {rn {gn {nnk I") (1 .
":336/,:r<*-): {rnhhmoo oonornloonVV I")(1."300/ {rn {ij {gl il I") (1 . {r {gk {nnj 1)
(1 .™336/,:;r<*-): {frnnmmnoooornoioonVV I")(1."061+ {rn nni moo kgmihnjiknkjioionn:ronk
M @.";8: {rn {nni {nni {gf {nnho I") (1 ."300/ {rn {rn {fk {hi I") (1 . "<0:;8: {rn {noh {noh {nng {nnf

n {fo {rn 1) (2 . 300/ {rn {rn {nng {ji I") (1 . "<O/>-r3(;r>++-6= {rn {rn {rn {fl 1I") (1 . {rn {fj
{nmo I") (1 . ™:336/,:;r<*-): {rnnoonjooormnmokjoonVVI)(1. {rn {fg {nmn 1) (1 .
":336/,:;r<*-): {rnhhnoooornornloonVVIY)(1."061+ {rn fo moo rggjmijnmgmfnmnmomm:ronk
I (1 ."/061+ {rn nni noo rkamilmjiknkjioionn:ronk I") (1 . {rn {noj {nmm 1) (1 ."™:336/,:r<*-):

{rnnooncooonorkooonVVI(1."<0:8: {rn {nng {nng {noh {nnfo {nog {rm I") (1 .":;8: {m
{nml {nml {nng {nmk o I") (1 . "/061+ {rnjj njo lgnmilggolhlkkkkog:ronl 1) (1 . "/061+ {rn fo noo
ggjmijnmgmfnmnmomm:ronk I") (1 . 7061+ {rnio noo o I") (1 ."):-+:" {rn {nnf {nmj I") (1 . ":336/,:r<*-
): {rmnoomoooonokjoonVV I (1.7061+ {rn nkj moo o I"))

)

: Pause for about 3.5 seconds

(setqg counter 1.0)

(while (<= counter 500000)
(setg counter (1+ counter))

(princ)

; Render the objects
(command "_avrender™)

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to South-West isometric view.
(command "vpoint" "-1,-1,1")

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setqg counter (1+ counter))

(princ)

; Change to South-East isometric view.
(command "vpoint" "1,-1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setg counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)
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(princ)

; Change to North-East isometric view.
(command "vpoint" "1,1,1")

; Render the objects
(command "_avrender™)

; Pause for about 2 seconds

(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to North-West isometric view.
(command "vpoint" "-1,1,1")

; Render the objects
(command "_avrender")

: Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setq counter (1+ counter))

(princ)

; Creating the complete model.

(entmake

'((0 . "3DSOLID") (5 ."Ab5") (100 . "AcDbEntity") (67 .0) (8 . "CENTRE") (100 .
"AcDbModelerGeometry") (70 . 1) (1 . "noi njjn o @Q."=0& {n {m {m {m 1Y) (1.

"9@=0;&r3(;r>++-6={m L {rn {o I @ ."3*2/ {k{m { {oI") A1 ."-:9@)+r3(;r>++-6= {rn {rn {n {o {i
{hi") (1 ."-:9@)+r3(Gr>++-6= {rn {rn {rn {m {i {hi") @ .",7:33 {g {r {rm {f {mI") (1 ."-:961:2:1+ {rn
0000 ogknfffffgiggifhgnjooom I") (1 . "):-+'@+:2/3>+: {rmlongI") (1 ."-:9@)+r3(;r>++-6= {rn
{rn {rn { {i{h 1" @ ."9><: {no {nn {nm { {rn {nl -:):-,:; ,6183:1) (1 . "99><:r3(;r>++-6= {rn {nk {rn
{f1"m @ ."9><: {nj {ni {nh { {rn {ng ,6183: 1") (1 . "300/ {rn {nf {mo {fI") (1 ."<01:r,*-9><: {rn
nno noormfonoh oonVVonoVVVV I")(1.7%:9@)+r3(;r>++-6= {rn {rn {no {f{i {mn I") (1.
"99><:r3(;r>++-6= {rn {mn {rn {nn 1") (1 . "9><: {mm {ml {mk { {rn {mj -3):-,:; ,6183:1") (1 . "300/ {rn
{rn {mi {nn I") (1 . "/3>L:r,*-9><: {rn nnh nhj rmfononoooVVVV I")(@1."300/ {rn {rn {mh {f1")
1 ."<0:;8: {mg {mo {mo {mi {mfn {nm {rn I") (1 ."-:9@)+r3(;r>++-6= {rn {rn {nj {nn {i {rmn 1) (1.
"99><:r3(;r>++-6= {rn {lo {rn {ni I") (1 . "9><: {In {Im {1 § {rn {lk-:):-,:; ,6183:1%) (1 . "300/ {rn {lj
{li {ni I") (1 ."<01:r,*-9><: {rn non noo mk o n o njgolimfilhglhmfogoonVVonoVVVV I")(1.
"<0:;8: {lh {mi {mi {mo {mfo {nh {rm I") (1 ."<0:;8: {Ig {mh {mh {If {ko o {nf {m I") (1 . "<0/>-
r3(;r>++-6= {rn {rn {rn {mo I") (1 . ":;;8: {kn {km {km {mo {klo I") (1 . "-:9@)+r3(;r>++-6= {rn {mn
{mm {ni {i {rn I") (1. "99><:r3(;r>++-6= {rn {kk {rn {ml I") (1 . "9><: {kj {ki {kh { {m {kg-:):-,:;
,6183: 1) (1 . "300/ {rn {rn {kf {ml I") (1 . "/3>L:r,*-9><: {rn nnigolimfilhglhmfn njo mkononoooV
VVVIY)@."300/ {rm {rn {jo {ni I") (1 ."<0:;8: {jn {li {li {kf {imn {mk {rm I") (1 ."<0/>-r3(;r>++-6=
{rn {rn {rn {mi I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {mh I") (1 . "<0:;8: {jl {If {If {mh {ko n {jk {rn I")
@ .8 gy i g {Af ho 1M @ . "/>-r3(Gr>++-6= {rn {r {rn {mf1") (L ."):-+:" {rn {mf {g I") (1 .
":336/,:r<*-): {rn nno nhj rmfornohoonVV 1)@ ."-:9@)+r3(;r>++-6= {rn {rn {In {ml {i {m I") (1 .
"99><:r3(;r>++-6= {rn {jf {rn {Im I") (1 . "9><: {io {in {im { {rn {il -1):-,;; ,6183:1) (1 . "300/ {rn {ik
{ij {Im 1M 1 ."<01l:r,*-9><: {rnnmm njooornoioonVVonoVVVV I")(1."<0:8: {ii {kf {kf
{ii {imo {1 {r I") (1 ."<0:;8: {ih {jo {jo {ig {ifo {lj {rn I") (1 . "<0/>-r3(;r>++-6= {rmn {rm {m {i I") (1 .
";8: {ho {hn {hn {li {hmo I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {If I") (1 . "300/ {rn {rm {If {hi I") (1 .
">-r3(r>++-6= {rn {rn {rn {ko I") (1 . "):-+:" {rn {ko {hk I") (1 . ":336/,:r<*-): {rn nno noormfornoh
oonVV I")(1."061+ {rn nnh nhj rmf I") (1 . "-:9@)+r3(;r>++-6= {rn {rn {kj {Im {i {r I") (1 .
"99><:r3(;r>++-6= {rn {hj {rn {ki I") (1 ."9><: {hi {hh {hg {j {rn {hf90-(>-; ,6183: I") (1 . "300/ {rn
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{go {gn {ki I") 1 . "<01:r,*-9><: {rnhhnjooonomloonVVonoVVVVI(."300/ {rn {m
{ogm {Im 1") (1 ."<0:;8: {al {ij {ij {gk {gj o {kh {m I") @ . "<0/>-r3(;r>++-6= {rn {rn (rn {kf1") (1 .
"<0/>-r3(;r>++-6= {rn {rn {rn {jo I") (1 . "<0:;8: {gi {ig {ig {jo {if n (gh {rn 1") (1 . ":;8: {gg {af {of {ig
{fooI")y @ .":/>-r3(;r>++-6={rn {rn {r {im I") (1 . {rn {m {fn I") (1 . ":336/,:r<*-): {rn non njo
mk o rn o njqolimfilhglhmfog oonV V I") (1 . "9><: {fm {rn {fl {§ {rn {fk 90-(>-; ,6183:1") (1 . "/061+
{rn nnh noo rmf I") (1 . "-:9@)+r3(;r>++-6= {rn {rn {io {ki {i {rn 1") (1 ."99><:r3(;r>++-6= {rn {fj {mn
{in 1"y @ . "9><: {fi {hi {fh { {rn {fg 90-(>-; ,6183:1") (1 . "300/ {rn {ff {noo {in I") (1 . "<01:r,*-9><:
{rn noo njo o orn o rkj 0 o n V V roqoffjolhnfomoffgfnj ogffjolhnfomoffgfnjo VvV VvV V I) (1 . "300/ {rn
{rn {non {ki I") (1 . "<0:;8: {nom {gn {gn {noi {noko {im {rn I") (1 ."<0:;8: {noj {gm {gm {noi {noho
{ik {rn I")y (1 . "<0/>-r3(;r>++-6= {r {rn {rn {ij I") (1 . "<0:;8: {nog {gk {gk {ij {gj n {th {r I") (1 . ":;8:
{nof {nno {nno {gk {nnn o I") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {ig 1") (1 . "300/ {rn {jk {ig {hi I") (1 .
">-r3(Gr>++-6= {rn {r {m {if I") (1 . {rn {if {nnm 1) (1 . ":336/,:r<*-): {rn non noomk orno
njqolimfilhglhmfog oonV V 1) (1 . "/061+ (rn nnigollmfilhglhmfn njo mk 1) (1 . "99><:r3(;r>++-6=
{rn {nnl {rn {hi I") (1 . "300/ {rn {nnk {nnj {hi I") (1 ."/3>L:r,*-9><: {rnnoonoooormormoooVVV
VI)@Q."-:9@)+r3(;r>++-6= {rn {rn {hi {in {i {rn I") (1 ."99><:r3(;r>++-6= {rn {nni {rn {hh I") (1 .
"300/ {rn {nnh {gk {hh 1) (1 . 73>I:r,*-9><: {rnnoomoooononoooVVVV I")(1."300/ {m {m
{nng {in 1") (1 . "<0:;8: {nnf {noo {noo {nnj {nmo o {hg {rn I") (1 . "<0:;8: {nmn {non {non {nmm {nml
o {go {m I") (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {gn I") (1 . "<0:;8: {nmk {noi {noi {gn {nokn {nnh {rn
@ . "8 {fnmj {nmi {nmi {noi {nmh o I") (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {gm I") (1 . "<0:;8: {nmg
{noi {noi {gm {noh n {nmf {rn 1) (1 . ":;8: {nlo {nIn {nIn {noi {nIm o I") (1 . "<0/>-r3(;r>++-6= {rn {rn
{rn {gk I") (@ . ":/>-r3(;r>++-6= {rn {rn {rn (gj I") (1 . {rn {gj {nil I") (1 .™:336/,:r<*-): {rn nmm
moooonoioonVV I')(1.7061+ {rn nnigolimfilhglhmfn noo mk 1) (1 . "-:9@)+r3(;r>++-6= {rn
{rn {fm Lhi {i {rn I") (1 ."300/ {rn {nmf {nmm {hi I") (1 . "<0:;8: {nlk {nnj {nnj {noo {nmo n {fl {rn I")
@ .":9@)+r3(;r>++-6= {rn {rn {fi {hh {i {rn 1") (1 . "300/ {rn {nlj {noi {hh I") (1 . "<0:;8: {nli {nng
{nng {nlh {nig n {ff (rn I") (1 . "<0/>-r3(;r>++-6= {rn {rn (rn {noo I") (1 . ":;8: {nlIf {nko {nko {nnj (nkn
ol") (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {non 1) (1 . "<0:;8: {nkm {nmm {nmm {non {nml n {nnk {rn 1)
@ .":8: {nki {nkk {nkk {nmm {nkj o I") (1 ."<0/>-r3(;r>++-6= {rn {rn {rn {noi I") (1 . ":/>-r3(;r>++-6=
{rn {rn {rn {nok I") (1 ."):-+:" {rn {nok {nki I") (1 . ":336/,:r<*-): {rmhhmoooonomloonVVI)(.
"<0/>-r3(;r>++-6= {rn (rn {rn {noi I") (1 . "300/ {rn {gh {noi {hi I") (1 . ":/>-r3(;r>++-6= {rn {rn {rmn
{noh I") (1 . "):-+:" {rn {noh {nkh I") (1 .":336/,;r<*-): {rnnmmnoooornoioonVV I")(1.7061+
{rn nni moo kgmilmjiknkjioionn:ronk 1) (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {nnj 1) (1 . "300/ {rn {rn
{nlh {hh 1") (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {nng I") (1 . "<0:;8: {nkg {nlh {nlh {nng {nig o {nlj {m
"y (1 . ":;8: {nkf {njo {njo {nlh {njn o I") (1 . ":/>-r3(;r>++-6= {rn {rn {rn {nmo 1) (1 ."):-+:" {rn {nmo
{njm 1") (1 . ":336/,:r<*-): {rnnoonoooonorkooonV VI (1."<0/>-r3(;r>++-6= {rn {rn {rn {nmm
"y @ . ":/>-r3(Gr>++-6= {rn {rn {rn {nml 1") (1 . "):-+:" {rn {nml {njl 1") (1 . ":336/,:r<*-): {rn hh noo 0 0
mornloonVV1)(1."/061+ {rn fo moo rggjmijnmgmfnmnmomm:ronk I") (1 . 7061+ {rn nni noo
rkgmilmjiknkjioionn:ronk 1) (1 . "<0/>-r3(;r>++-6= {rn {rn {rn {nlh 1") (1 . ":/>-r3(;r>++-6= {rn {rn {rn
{nig 1) (1 . "):-+" {rn (nig {njk I") (L . ":336/,:r<*-): {rnnoo moooonojooonVV I)(1.7061+ {m
ionooo I")y (1 .7061+ {rnfo noo ggjmijnmgmfamnmomm:ronk I") (1 . 7061+ {rnjo moo o I"))

)

; Pause for about 3.5 seconds

(setq counter 1.0)

(while (<= counter 500000)
(setg counter (1+ counter))

(princ)

; Render the objects
(command "_avrender")

; Pause for about 2 seconds
(setq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)
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; Change lo Souih-West isometric view,
(command "vpoint" "-1,-1,1")

; Render tlie objects
(command "_avrender")

: Pause for about 2 seconds

(setg counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

(princ)

; Change to South-East isometric view,
(command "vpoint" "1,-1,1")

; Render the objects
(command "_avrender")

; Pause for about 2 seconds

(setqg counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to North-East isometric view,
(command "vpoint" "1,1,1")

; Render the objects
(command "_avrender")

: Pause for about 2 seconds

(selq counter 1.0)

(while (<= counter 300000)
(setq counter (1+ counter))

)

(princ)

; Change to North-West isometric view,
(command "vpoint" "-1,1,1")

; Render the objects
(command "_avrender")



Appendix D Extract.c Program Source Codes

/* Extract.c is a program that extracts 3D surface points from a dxf file. The extracted points are then
stored inside another text file. All the points in the destination tile are consist of X, Y and Z coordinates.
*1

#include<stdio.h>

#include<stdlib.h>
#include<errno.h>
#include<slring.h>

#define OUTPUT_FILE "c:\\temp\\extract.txt"
#definc READ r"

#define WRITE "w"

#define STRING_LENGTH 81

#define STRIKE_2D "AcDb2dVertex"
#define STRIKE_3D "AcDb3dPolylineVertex"
#define TEN "10"

#derine TWENTY "20"

#define THIRTY "30"

main()

{ FILE *data;
char filename[STRING_LENGTH];
FILE *new_data;
char axis[STRINGJLENGTH];
float x_coor, y_coor, z_coor;
char string[STRING_LENGTH];
int counter;

printf("Please specify the file with correct path such as\n”);

printf("c:\\folder\\folder2\\filename.txt\n\n");
gels(filename);

/* attempt to open files */
data = fopen(filename, READ);
new_data = fopen(OUTPUT_FILE, WRITE);

if (data == NULL Il new_data == NULL)

printff'file cannot be opened\n”);
exit(errno);
counter —0;

while (! feof(data))
fscanf(data, "%s", suing);
if ((strcmp(string, STR1KE_2D)) == 0 Il (strcmp(string, STRIKE_3D)) == 0)

fscanf(data, "%s", axis);
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if (counter !=0)

fprintf(new_data, "\n");

¥

else

{
¥

if ((sircmp(axis, TEN)) = 0)

{
)

fscanf(dala, "%s", axis);

counter ++;

fscanf(dala,& x_coor);

if ((strcmp(axis, TWENTY)) == 0)
t

}

fscanffdata, "%s", axis);

fscanf(data, "% f&y_coor);

if ((strcmp(axis, THIRTY)) == 0)

fscanf(data, "% f&z_coor);

¥

/* the x, y & I value will have 6 decimal point */
fprintf(ncw_data, "% 10.6f%10.6f%10.6f, x_coor, y_coor, z_coor);

¥

felose(data);
Iclose(ncw_data);

printf("The 3D data file is in c:\\tcinp\\extract.txt");

return O;
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Appendix E Convert.c Program Source Codes

/* Convert.c is a program thal extracts points from an external text file. The extracted points are then
converted from x_coor, y_coor and z_coor into x mm, r mm and Rx degree (from Cartesian co-ordinate
system to Cylindrical co-ordinate system). Assume thal the XY plane reference point is (100,100). Z
value will be converted into float number with 1 decimal places. */

#include<stdio.h>
#include<stdlib.h>
#include<errno.h>
#include<math.h>

#define OUTPUTJ7TLE "c:\MempWocoiiveri.ixi"
#define READ "r"

#define WRITE "w"

#define STRINGJ.ENGTH 81

#define Pl 3.141593

#define XREF 100

#define YREF 100

maiil()
{ FILE  *xyz_data;
char filename[STEUNG_LENGTHJ;
FILE *xrRx_data;
float X_coor, y_coor, z_coor;
float X, I, RX;
int counter;

printf("Please specify the file with correct path such as\n");
printf("c:\\folderl\\folder2\\filename.txt\n\n");
gets(filename);

I* attempt to open files */
xyz_data = fopen(filename, READ);
xrRx_data = fopen(OUTPUT_FILE, WRITE);

if (xyz_data == NULL IIxrRx_data == NULL)

prinlf("file cannot be opened\n™);
exit(errno);

}

counter = 0;

while (! feof(xyz_data))
fscanf(xyz_data, "% f, &x_coor);
fscanf(xyz_data, "% f, &y_coor);
fscanf(xyz_data, "%f", &z_coor);

if (counter '=0)

|
fprintf(xrRx_data, "\n");
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else

{ _
cotinLer -

¥

X = z_coor;

if (x_coor==XREF lly_coor==YREF)

if (y_coor==YREF && x_co0i->XREF)

if (x_coor==XREF && y_coor>YREF)

Rx = 90;

f (y_coor==YREF && x_coor<XRBF)

Rx = 180;

if (x_coor==XREF && y_coor<YREF)

Rx = 270;

else
Rx = ((atan((y_coor-YREF)/(x_coor-XREF)))/P1)* 180;
if (x_coor>XREF && y_coor>YREF)

Rx = Rx;

1(x_coor<XREF &&y_coor>YREF)

Rx = 180+ Rx;

f (x_coor<XREF && y_coor<YREF)

Rx = 180 + Rx;

(x_coor>XREF && y_coor<YREF)

Rx =360 + RXx;

r = sqrt(((y_coor-YREF)*(y_coor-YREF)) + ((x_coor-XREF)*(x_coor-XREF)));

/* x will have 1decimal place */
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fprintf(xrRx_data, "%5.1f %10.6f %10.6f", x, RX, r);

fclose(xyz_data);
fclose(xrRx_data);

printf("The 3D data file is in c:\\temp\\convert.txt");

return O;
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Appendix F Sortadd.c Program Source Codes

/* Sortadd.c is a program that rearrange the x mm, Rx degree and r mm so that the Rx will always start at
the lowest angle in each layer(cross sectional profile) of the 3D model. | extra point is added at the
beginning and at the end of of each layer so that the 1st point starts at Rx = 0 degree and the last
pointends at Rx = 360 degree.
Assumption - maximum points in each layer are 4000

- data will be sorted layer by layer
The data will be arranged so that the motion will be continuous from the !d point to the last point.
The r mm at 0 and 360 degree will be calculated (linear interpolation) based on the 1st and last r mm of
the sorted layer. *t

#include <stdio.h>
Ainclude <sldlib.h>
#include <errno.h>

#define OUTPUT_FILE "c:\\tempttsorted.txt"
#define READ V

#define APPEND "a"

#defme STRINGJLENGTH 81

#define FIRST_POINT 0.000000 /* 0 degree */
#define LAST_POINT 360.000000 /* 360 degree */

void insertion_sort(int size);

float x[4000];
float Rx[4000];
float r[4000];
main()

{

FILE *xRxr_data;
char filename[STRING_LENGTH];
int index;

printf("Please specify the file with correct path such as\n");
printf("c:\\folderl\\folder2\\filename.txt\n\n");

gets(filename);

/* attempt to open files */
xRxr_data = fopen(filename, READ);

if (xRxr_data == NULL)
printf("%s cannot be opened\n”, filename);
exit(errno);

index = 0;

while (! feof(xRxr_data))

{

fscanf(xRxr_data, "%f", &x[index]);
fscanf(xRxr_data, "%f", &Rx[index]);
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fscanf(xRxr_data, "%f", &r[indcx]);

if(x[0] != xfindex]) /* compare subsequent x with the 1st x of the same layer *1

[

/* when the subsequent x is not equal to the 1si x then, start
sorting */

inserlion_sort(index);

/* assign the array’s last element value lo the subsequent layer's
array's 1st clement value */

x[0) = x[index];
Rx[0] = Rxfindex];
r[0] =r[index];

index = 0;
else
iT (feof(xRxr_data) && x[0] == xlindex)) /* if ii is end of file */
{ /* and the 1st x same as */
insertion_sort(index); /* the last x */
index ++;

¥

iclo.sc(xRxr_da(a);
printfC'The sorted file is in c:\\teinp\Ysoried.txl.\n");

return O;

J

/* Sorting the x, Rx and r into ascending order(from less to more) and save the sorted data into another
external file. ¥/
void insertion sorl(int size)

{

FILE *sorted_data;

int counter, location, idx;

float current_x, cunent_RX, current_r;

float alpha, beta, distance, angle, dist_per_deg, z, incr_decr,,dist;

sorted_data = fopen(OUTPUT_FILE, APPEND);
if (sorted_data == NULL)

printf("sorted_data.txl cannot be opened\n");
exit(errno);

¥

if (xfO] !=x[sizej)

{

/* sorting procedures for the 1st layer until the 2nd last layer */
for (counter = 1; counter <= size - 1; counter ++)

{

current_x =x[eounter];
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current_Rx = Rx[counter];
current_r = rfcounter];

location = counter;

while (location > 0 && Rx[location - 11 > current_Rx)

{

x[location] = x[location - 1J;
Rx[location] = Rxflocation -1 J;
r[location] = rflocation - IJ;

location

}

x[localion] = currcnt_x;
Rx[location] = current_RX;
relocation] = current_r;

else
/* sorting procedures for tlie last layer */

for (counter = 1; counter <= size; counter ++)
current_x = x[counter];
current_Rx = Rx [counter];
current_r = rfcounter];

location = counter;

while (location > 0 && Rx[location - 1] > current_RX)
I

x[iocation] = x|location- 1];

Rx[location] = Rx[location - 1J;

r[location] =r[location- 11,

location —

}

x[location] =currcnt_x;
Rx[iocation] =current_RX;
r[location] =current_r;

if (x[0] !=x[size])

distance = r[0] - rfsize - 1];

else

distance = r[0] - r[size];

if (distance < 0)

distance = (-1) * distance;
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beta = Rx[0] - 0.000000;
if (x[0] != xfsize])

alpha = 360.000000 - Rx[si/.e - 1J;
else

alpha = 360.000000 - Rx[size];

)

angle = alpha + bela;
if(x[0) =x[sizej)
if ((angle = 0) && (Rx[0] == 0.000000))
z =r[0];
if ((angle = 0) && (Rxfsize - 1j = 360.000000))

z =r|size - 1];

}
else
t
if ((angle == 0) &&, (Rx[0] == 0,000000))
z = r[0];
if ((angle == 0) && (Rx[si/.e) == 360.000000))
Z = rlsil.c];
}
)

dist_per_deg = distance / angle;
incr_decr_dist = dist_per_deg * beta;

if (X[0] !'=x[size])

{ if (r[0] > r[size- 1])
z = r[size - 1]+ incr_decr_dist;
if (r[size- 1]1>1i[0J)
( z =r[0] + incr_decr_dist;
if (rlsize- 1] = r[0])
z = r[0];
)
else
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if (r[0] > r[size])
z = r[size] + incr_decr_dist;
y o
if (r(size] > r|0])
{ L _
z =11 Q) + incr_decr_disl;
if (r[size] == r[0])
7.=r[0];
}
fprintf(sorted_data, "%10.6f%10.6f%10.6 An", x[0], FIRST_PO1INT, z);
if (x[0J = x[size])
for (idx = 0; idx <=size - I;idx ++)

fprinlf(sorted_data, "%10.6f %10.6f %10.61\n", x|idx|, Rx[idx], r[idx]);

else
for (idx = 0; idx <= size; idx ++)
fprintf(sorled_data, "%10.6f %10.6f %10.6An", xlidx], Rx[idx], rfidx]);

if(x[0] !'=x|sizc))

fprintf(sorted data, "%10.6f %10.6f %10.61\n", x[0], LAST_POINT, 2z);

fprinif(sorted_dala, "%10.6f %10.6f%10.6f", X[0], LAST_POINT, 2);

}

fclose(sorted_data);
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Appendix G Vd.c Program Source Codes

/* Vd.c will convert axis I's (x mm), axis 2's (r mm) and axis 3's (Rx degree) into their respective velocity
and incremental or decremental motor step. The new data will be stored into another external text file.
The program will ask the user to key in the file location, file name, desired feed rate and radius

of the raw material block, */

#include<stdio.h>

#include<stdlib.h>
#include<errno.h>
#include<string.h>

#define OUTPUTJFILE "c:\\temp\\vd.txt"
#define STRING_LENGTH 162

#define READ "r"

#define APPEND "a"

float axis_I_incremental_step(float x_mm);
float axis_3_incremental_step(float Rx_deg);
float axis_2_inde_step(float r_mm);

float axis_|_step; /*axis I's incremental steps to be moved */
float axis_3_step; /*axis 3's incremental steps to be moved */
float axis_2_step; /*axis 2's incremental or decremental steps to be moved */

float radius; /* radiusof the raw material block *1

main ()
float feed_rate, RX_V;/* RX_V is in rev/sec */
float axis_l_mm; /* absolute distance from reference point */
float axis_3_deg; /* absolute angle of rotation */
float axis_2__mm; /* 3D model thickness at certain angle */

FILE *data;

char filename[STRING_LENGTH];
FILE *vd;

float r_v, X_v;

int counter;

float x_step, r_step, Rx_step;

printf("Please specify the file with correct path such as\n");
printf("c:\\folderl\\folder2\\filename.txt\n\n");
gets(filename);

printf("\nPlease specify the desired feed rateAn");

printf("The feed rate is ranging from 0.015 mm/sec to 0.75 mm/sec\n");
scanf("%f'\ &feed_rate);

RX_V = feed_rate / (0.0003 * 5000); /* 0.0003 step/mm, 5000 step/rev */
printf("\nPlease specify the radius of the raw material block in mm.\n");

scanf("%f", &radius);
printf("\n");
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data = fopen(filename, READ);
if (data == NULL)

prinlf("%s cannot be opened\n”, filename);
exil(crmo);

¥

/* assumptions : axis 1coordinate is Ol the left side of the table
axis 3 coordinate is on the middle of the table
axis 2 coordinate is on the right side of the table */

counter = 0;
while (! feof(data))

fscanf(data, “%f", &axis_J_mm);
axis_l_incremental_step(axis_!_mm);

fscanf(data, "%f", &axis_3_deg);
axis_3_incremenlal_step(axis_3_deq);

fscanf(data, "%f", &axis_2_mm);
axis_2_inde_step(axis_2_mm);

x_step =axis_|_step;

r_step = axis_2_stcp;
Rx_step = axis_3_step;

vd = fopen(OUTPUT_FILE>APPEND);

if (vd == NULL)

printf("%s cannot be opened\n”, vd);
exit(errno);

¥

if(Rx_step !=0)
(
if (r_step =0 && x_step !=0)
r_v = (r_step/Rx_step)*RX_V;

X_V = (x_step/Rx_slep)*RX_V;

¥

if (r_step =0 && x_slep == 0)
(

r_v = (r_step/Rx_step)*RX_V;

X_V =RX_V;

}

if (r_step == 0 && x_step 1=0)

rv=RXYV,
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if (x_v <0)

{
¥

if (x_v>=5)

{
¥

if (r_v<0)

{
¥

if (r_v >=5)

(
¥

if(r_v>0&&r_v<0.0001)

{
¥

if (r_step = 0 && Rx_step — 0)

(
¥

if (counter 1=0)

X_V = X_V*(-1);

X_V =5

r_v=r,v*(-l);

rv=y;

r v =20.0001;

r_.v=RX_V;

fprintf(vd, "\n");

by

else

{
¥

fprintf(vd, "%10.4f %10.0f %10.4f %10.0f %10.4f %10.0f", x_v, x_step, r_v, r_step,

counter ++;

RX_V, Rx_step);

fclose(vd);

fclose(dala);
printf("The file is in cAllenipWvd.txt");

return O;

)

/* Convert axis I's absolute distance to incremental motor step */

float axis_I|_jncremental_step(float xjnm)

{ /* assumption :axis 1's reference point is on the other end of the rotary shaft of axis 3
: the 1st value for axis_I_mm is 0 */

static float prev_x_mm = 0;
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axis |_step = (xjnm - prev_x_mm)/(0.3E-03);
prev_x_mm = x_mm;

return (axis_l_step);

}

/* Convert axis 3's absolute angle to incremental motor step */
float axis_3_ineremental_step(float Rx_deg)
{ /* assumption : axis 3's reference point(or axis) is the axis itself */

static float prev_Rx_deg = 0;

if (Rx_deg == 0)

{

axis_3_step = 0;
else

axis_3_step = (Rx_deg - prev_Rx_deq)/(0.72E-03);

¥

prev_Rx_deg = Rx_deg;

return (axis_3_stcp);

¥

I* Calculating machining distance(incremental or decremental motor steps) */
float axis_2_inde_step(float r_mm)
{ /* assumptions :axis 2's reference point is on the axis 3
axis_2_step is the incremental or decremental steps to be move by the motor */

sialic float prev_r_mm =0;
sialic float counter = 0;

if (counter == 0)

{
¥

axis_2_step = (prev_r_mm - r_mm)/(0.3E-03);

prev_r mm = radius;

prev_r_mm =rjnm;
counter = counter ++;

return (axis_2_step);
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Appendix H VsvMt.c Program Source Codes

/* VsvMt.c send the commands of axis 1, 2 and 3 together in one time. The motions of all the axes are
synchronised. Us functions arc to construct commands and send them out to the PC-23 indexer for
execution. It is calculating the total production time as well as each individual machining time. The
remaining time of the production is also calculated.*/

#include<stdio .h>
#include<stdlib.h>
#include<conio.h>
#include<errno.h>
#include<string.h>

#define FAIL 0X20

#define BIT2MASK 0X04
#define READY 0X16

#define CB 0X60

#define IDB_M 0X10

#define CHAR_READY 0X70
#define ODB 0X8

#define ACK 0XEO

#define ALDONE 0X02

#define HALT (CB IBIT2MASK)
#define RESTART 0x40 /* byte to restart the pc23 */
#define BADADDR 0XFF

#define ADDRESS 0X300 /* PC23's address */
#define STCTRL_ADDR 0X301 /* Status and Control byte address */

#define STRING_LENGTH 162
#define READ "r"

#define CMD_TRSF_TIME 0.2 /* 0.2 sec for transferring 1 command line */
void initialise(void);

void single_machining_time(float x_step, float r_step, float Rx_step);
void send_axis_123_cmd(float x_v, float x_step, floatr_v, floatr_step, float Rx_v, float Rx_step);

void write_command(char *c);
void write__character(char gamma);

void read_answer(char *a);
char read__character(void);

float speed; /* steps per second */
float total_time; /* total seconds needed to produce a model */

main()
FILE *data;
char filename[STRING_LENGTH];
char *message;
float step = 0;
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float counter, total_cmd_Irsf_time, machiningjime, total_hour;
float axis_l_v, axis_|_step, axis_2_v, axis_2_step, axis_3_v, axis_3_step;

pi intf("Please specify the file with correct path such as\n");
printf("c:\\folderl\\folder2\\filename.txt\n\n");
gets(filename);

data = fopen(filenamc, RI2AD);

if (data= NULL)

printf("%s cannot be opened\n”, filename);
exit(enno);

¥

/* Tlie source codes below are for calculating total machining time */
counter = 0;
while (! feof(data))

{

fscanf(data, "% f*, &axis_I_v);
fscanr(data, "% f, &axis_|_step);
fscanf(data, "% f't &axis_2_v);
fscanf(data, "% f\ &axis,,2_step);
fscanf(data, "%f", &axisJ3_v);
fscanf(data, "% f, &axis_3_step);
if (counter == 0)

step = axis_2 step;
else if (axis_I_slep == 0)

step = step + axis_3_step;

else if (axis_3_step = 0)

{
)

step = step + axis_|_step;

counter = counter ++;

}

printf("\n\nTotal step = %!10.0\n", step);
printf("Total command line = %10.0J\n", counter);

totaLcmd_trsf_lime = counter * 0.2; /* 0.2 seconds per 1 command transfer */
printf("Command transfer time = %10.0f secondsW, total_cmd_trsf_time);

speed = axis_3_v * 5000; /* 5000 steps/rev */ /* speed in steps/sec. */
printf("Machining speed = %10.0f steps/revolution\n", speed);

machining_time = step / speed;
printf("Machining time = %10.0f seconds\n", machining_time);

total_time = totai_cmd_trsf_time + machining_time;
printf("Total time to produce the model = %10.2f seeondsVn", total_time);
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totalJiour = tolal_time / 3600; /* 3600 see = 1hr */
printf'("Toial time to produce the model = %10,4f hours\n", total_hour);

fclose(data);

I* The above source codes are for calculating total machining time *1
data = fopenffilename, READ);
if (data= NULL)

printf(”%s cannot be opened\n”, filename);
exit(crrno);

}
initialise();

message=" 1IMR6 2MR6 3MR6 "; /* matching the motor resolution of PC23 and KS drive */
write_command (message);

while (! feof(data))

{ fscanf(data, "%f", &axis_l_v);
fscanf(data, "%f", &axis_I_slep);
fscanf(data,& axis_2_v);
fscanf(data, "%f", &axis_2_step);
fscanf(data, &axis_3_v);
fscanf(data, "% f\ &axis_3_step);

single_machining_time(axis_|_step, axis_2_step, axis_3_step);
send_axis_123_cmd(axis_I_v, axis_|I_step, axis_2 v, axis_2_step,axis_3_v,
axis_3 step);

)

fclose(data);

return 0;

¥

/* Reset the PC23 board. Assuring that the board is ready to accept commands from the user program. */
void initialise(void)

{

unsigned char statbyte;

oulp(STCTRL_ADDR, HALT); /* initialise procedure */

while (’((statbyte = inp(STCTRL_ADDR)) & FAIL));

if(statbyte == BADADDR)

I
printf ("\n\ninvalid address, check PC-23 dipswitches\n\n");
exit(l);

outp(STCTRL_ADDR, RESTART);
Outp(STCTRL_ADDR, CB);
while( ( (statbyte=inp(STCTRL,,ADDR)) & READY) !=READY );

)

/* Calculating individual machining/motion lime *!
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void single_machining_lime(float x_step, float r_slep, float Rx_stcp)
static float pre_remaining_time = 0;
static float counter = 0;
float step = 0;
float machining_timc, remainingjiour, remaining_time;
if (r_step < 0)

{

r_step = r_step * (-1);

if (x_step == 0)
if (r_step 1=0)
(

if<Rx_step !=0)

step = Rx_step;

step = r_step;

else

step = Rx_step;

else
if (r_step 1=0)
if (Rx_step '=0)
step = Rx_step;
else

step = x_step;

else
if (Rx_step '=0)
{
step = Rx_step;

else

step = x_step;
)

maehiningjjme = step / speed;
prinlf("\n\nThe machining time for this segment is %10.2f seconds\n", machining_lime);
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¥

if (counter == 0)

{
¥

remaining_time = (pre_remaining_time - machining_time) - CMDJTRSFJTIME;
printf("The remaining time for producing the model is %10.2f seconds\n", remaining_time);

pre_remaining_time = total_time;

remaining_hour = remaining__time / 3600; I* 3600 seconds per hour */
printf("The remaining time for producing the model is %10.4f hours\n\n", remaining_hour);

pre_remaining_time = remaining_time;
counter = counter ++;

/* Constructing and sending command string of axis 1, 2 and 3 to PC23 and getting position response
string and display it on the screen. The axis 2 motor step is incremental or decremental */
void send_axis_123_cmd(float x_v, float x_siep, float r_v, floatr_step, float Rx_v, float Rx_step)

{

int sig =7,
char axis_123_cmd[STRING_LENGTH];

char *axis_I_vs = " 1VS",
char axis_l_vs_str[81]; /* axis I's initial velocity */

char *axis_| v ="1V";
char axis_l_v_str[81]; /* axis I's velocity */
char *axis_I_d =" ID";

char axis_|_step_str[81]; /* axis I's integer motor step in char/string form */
char *axis_I_i =" 1";

char *axis_2_vs = " 2VS";

char axis_2_vs_str[81]; /* axis 2's initial velocity */

char *axis_2_v = " 2V";

char axis_2_v_str[81]; /* axis 2's velocity */

char *axis_2_d =" 2D";

char axis_2_step_str[81]; I* axis 2's integer motor step in char/string form */
char *axis_2_i = " 21",

char *axis_3_vs = " 3VS";

char axis_3_vs_str[81]; I* axis 3's initial velocity */

char *axis_3_v = " 3V";

char axis_3_v_str[81]; /* axis 3's velocity */

char *axis_3_d = " 3D";

char axis_3_step_str[81]; /* axis 3's integer motor step in char/string form */
char *axis_3_i = " 31"

char *axis_123_end = " G123 ";

char *message, *answer;
answer =

/* constructing axis I's motion commands */

strepy(axis_123_cmd, axis_l_vs);
gevt(x_v, sig, axis_Il_vs_str);
strcat(axis_123_cmd, axis_l_vs_str);
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strcal(axis_123_cmcl, axis_I_v);
gevt(x_v, sig, axis_I_v_slr);
strcat(axis_123_cmd, axis_1 v_str);
strcat(axis_123_cmd, axis_|_d);
gevl(x_siep, sig, axis_|_step_str);
slrcat(axis_123_cmd, axis_|l_step_str);
strcat(axis_123_cmd, axis_1_i);

/* constructing axis 2's motion commands */
strcat(axis_123_cmd, axis_2_vs);
gevt(r_v, sig, axis_2_vs_str);
strcat(axis_123_cmd, axis_2_vs_str);
strcat(axis_123_cmd, axis_2_v);
gevt(r_v, sig, axis_2_v_str);
strcat(axis_123_cmd, axis_2_v_str);
strcat(axis_123_cmd, axis_2_d);
gevt(r_step, sig, axis_2_step_str);
strcat(axis_123_cmd, axis_2_step_str);
strcat(axis_123_cmd, axis_2_i);

/* constructing axis 3's motion commands */
strcat(axis_123_cmd, axis_3_vs);
gevt(Rx_v, sig, axis_3_vs_str);
strcat(axis_123_cmd, axis_3_vs_str);
strcat(axis_123_cmd, axis_3_v);
gevt(Rx_v, sig, axis_3_v_str);
strcat(axis_123_cmd, axis_3_v_str);
strcat(axis_123_cmd, axis_3_d);
gecvt(Rx_step, sig, axis_3_step_str);
strcat(axis_I123_cmd, axis_3_step_str);
strcat(axis_123_cmd, axis_3_i);

strcat(axis_123_cmd, axis_I 23_end);
write_command(axis_123_cmd);
printf("\ri The motion command is :\n");

printf("%s\n", axis_123_cmd);

while((inportb(STCTRL_ADDR) & ALDONE) != ALDONE);
PmWaits for the axes to stop */

printf("\n The axes positions are :\n ”);

message=" IP "; /* AXIS 1POSITION */
write_command(message);
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read_answer(answer);
printf(answer,"\n\n");

message=" 2P /* AXIS 2 POSITION */
wrile_command(message);
read_answer(answcr);

printf("\n ");

printf(answer);

messaged’ 3P /* AXIS 3 POSITION */
write_command(message);
read_answer(answer);

printf("\n");

printf(answer);

printf("*\n\n");

¥

/* Wrilcs a command string to the PC23 */
void write_command(char *c)

while (*c)

{
¥

write_character (13);

write_character (*c++);

return;

}

/* Writes a single character to the PC23. PC23 commands arc generated by sending multiple characters to
it */
void write_character (char gamma )

while (1(inp(STCTRL_ADDR) & IDB_M));

outp (ADDRESS,gamma);

outp (STCTRL_ADDR, CHAR_READY);

while (inp(STCTRL_ADDR) & IDB_M);

outp(STCTRL_ADDR,CB);

while (!(inp(STCTRL_ADDR) & IDB_M));

return;

}

/* Reads a complete PC23 status request response string */
void read_answer (char *a)

while ((*a++ = read_character()) !'= 13);
*a = M0,
return;

¥

/* Reads one character of a PC23 response to a status request and returns the character response. */
char read_character()
{ char gamma=0;

while (!(inp(STCTRL_ADDR) & ODB));

gamma = inp(ADDRESS);

outp (STCTRL.ADDR, ACK);
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while ((inp(STCTRL_ADDR) & ODB));
outp (STCTRL_ADDR, CB);
return(garama);
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Appendix | ExWax.c Program Source Codes

/* ExWax.c is a program that extract points from a dxf Hie. The extracted poinls are then stored inside
another text file. All the points in the destination file are consist of X, Y and Z coordinates. The
destination file contains all the internal and external points of a three-dimensional surface model with
internal cavities. */

#include<stdio.h>

#include<stdlib.h>
#include<ermo.h>
#include<string.h>

#define OUTPUT_FILE "c:\\temp\\exIract,txt"
#define READ "r"

#define WRITE "w"

#define STRING_LENGTH 81

#deline STRIKE_2D "AcDh2dVertex"
#define STRIKE_3D "AcDb3dPolylineVertex"
#define TEN "10"

#define TWENTY "20"

#define THIRTY "30"

main()

(

FILE *data;

char filename! STRING_LENGTH];
FILE *new_data;

char axis[STRING_LENGTH];
float x_coor, y_coor, z__coor;

char string[STRING_LENGTHJ;
int counter;

printf("Please specify the file with correct path such as\n");
printf("c:\\folderl\\folder2\\filename.txt\n\n");
gets(filename);

[* attempt to open files */
data = fopen(filename, READ);
new_data = ropen(OUTPUT_FILE, WRITE);

if (data == NULL Il new_data == NULL)

printf("fi)e cannot be openedW);
exit(errno);

}

counter = 0;
while (I fcof(data))

{

fscanf(data, "%s", string);

if ((stremp(string, STRIKE_2D)) -= 0 Il (stremp(string, STRIKE_3D)) == 0)

{
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fscanf(data, "%s", axis);

if (counter !'=0)

(
¥

else

fprinlf(new_data, "\n");

counter ++;

}

if ((stremp(axis, TEN)) = 0)

fscanf(data, "%f", &x_coor);

fscanf(data, "%s", axis);
if ((strcmp(axis, TWENTY)) == 0)

fscanf(data, "%f", &y_coor);

fscanf(data, "%s", axis);
if ((strcmp(axis, THIRTY)) == 0)

fscanf(data, "% f', &z_coor);

}

fprintf(new_data, "%10f %10f % 10.1f", x_coor, y_coor, z_coor);
>

fclose(data);
fclose(ncw_data);

printf("The 3D data file is in c:\\temp\\cxtract.txt");

return O;
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Appendix J Group.c Program Source Codes

I* Group.c is a program that group the X, y, z coordinates based on z coordinates because the arrangement
of the data in the extracted text file is not base on z coordinates.
Assumptions: 1) The model is 100 mm in height.

2) The step over in the section cuts model is 3 mm .

3) The last layer is at 99mm. */

#include<sldio.h>
#include<stdlib,h>
#include<errno.h>

#define OUTPUT_FILE "c:\\temp\\group.txt"
#define READ V

#dcfine APPEND "a"

#dcfine STRING.LENGTH 81

mainQ
{ PILE *xyz_data;
char filename[STRING_LENGTH];
FILE *group_data;
float X_coor, y_coor, z_coor, z;
int counter;

printf("Please specify the file with correct path such as\n");
printf("c:\\folderl\\folder2\\filename.txt\n\n");
gets(filename);

for (z=0.0; z <=99.0; z += 3) /* 0 is the 1st layer value */
{ /* 99 is the last layer value */
/* each step over is 3 */
/* attempt to open files */
xyz_data = fopenffilename, READ);
group_data = fopen(OUTPUT_FILE, APPEND);

if {xyz_data= NULL Il group_data == NULL)

printf(“file cannot be openedV");
exit(errno);

}

counter = 0;

while (! feof(xyz_data))
fscanf(xyz_data, "% f, &x_coor);
fscanf(xyz_data, "%V\ &y_coor);
fscanf(xyz_data, "% f, &z_coor);

if (z_coor==2z&& z '=99.0) /*99.0 is the largest z value */

fprintf(group data, "%10f %10f %5.1i\n”, x_coor, y_coor. z_coor);
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else
if (z_coor ==z && z == 99.0)
{ if (counter 1=0)
fprintf(group__data, "\n");
else

counter ++;

fprintf(group_data, "%10f %10f %5.1f", x_coor, y_coor,
Z_coor);

fclose(xyz_data);
fclose(group_data);

printf("The 3D data file is in c:\\temp\\group.txt™);

return 0;
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Appendix K ConWax,c Program Source Codes

/* ConWax.c is a program that extract points from an external text file. The extracted points are then
converted from x_coor, y_coor and z_coor into x nun, r mm and Rx degree. Assume that the XY plane
reference point is (100,100). */

#include<sldio.h>
#include<stdlib.h>
#include<ermo.h>
#include<math.h>

#define OUTPUT_FILE "c:\\temp\\convert.txt"
tfdefine READ "r"

#define WRITE "w"

#dcfine STRING_LENGTH 81

#define PI1 3.141593

#define XREF 100

#dellne YREF 100

main()
{ FILH  *xyz_data;
char filename[STRING_LENGTH];
FILE *xrRx_data;
float X_coor, y_coor, z_coor;
float X, I, RX;
int counter;

printf("Please specify the file with correct path such as\n");
printf("c:\\folderI\\folder2\\filcname.txt\n\n");
gets(filename);

[* attempt to open files */
xyz_data = fopen(filename, READ);
xrRx_data = fopen(OUTPUTJ’ILE, WRITE);

if (xyz_data == NULL Il xrRx_data == NULL)

printf(“file cannot be openedW);
exit(errno);
counter = 0;

while (! feof(xyz_data)J

{

fscanf(xyz_data, "%f", &x_coor);
fscanf(xyz_data, "%f", &y_coor);
fscanf(xyz_data, "% f', &z_coor);

if (counter !'=0)

fprintf(xrRx_data, "\n");
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else

{

counter ++;
}
X = z_coor,;

if (x_coor=XREF lly_coor=YREF)

if (y coor=YREF && x_coor>XREI7)
{

if (x_coor=XREF && y_coor>YREF)

Rx = 90;

if (y_coor=YREF && x_coor<XREF)
Rx = 180;

if (x_coor==XREF && y_coor<YREF)
Rx =270;

else

Rx = ((atan((y_a>iM-YREF)/(x_coor-XREF)))/P1)*180;

if (x_coor>XREF && y_coor>YREF)
Rx = Rx;

if (x_coor<XREF && y_coor>YREF)
Rx = 180+ RXx;

if (x_coor<XREF && y_coor<YREF)
Rx = 180 + Rx;

if (x_coor>XREF && y_coor<YREF)
Rx = 360 + Rx;

r = sqrt(((y_coor-YREF)*(y_coor-YREF)) + ((x_coor-XREF)*(x_coor-XREF)));

fprintf(xrRx_data, "%5.1f % 10.6f %10.6f", x, Rx, r);
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fclose(xyz_data);
fclose(xrRx_data);

printf("The 3D data file is in c:\\temp\\convert.txt");

return 0;
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Appendix L SaWax.c Program Source Codes

/* SaWax.c is a program that re-arrange the x mm, Rx degree and r mm so that the Rx will always start at
the lowest angle in each layer (cross section profile) of the 3D surface model. 1 extra point is added in the
beginning and the end of of each layer so that the 1st point starts at Rx = 0 degree and the last point ends
at Rx = 360 degree.
Assumption - maximum points in each layer are 4000.

- data will be sorted layer by layer.
The r mm at 0 and 360 degree will be calculated (linear interpolation) based on the 1st and last r mm of
the sorted layer, r mm will be stored as zero decimal point float value. */

#include <stdio.h>
#include <stdlib.h>
#include <errno.h>

#define OUTPUTJFILE "c:\\temp\\sorted.txt"
#define READ "r"

#define APPEND "a"

#define STRINGJLENGTH 81

#define FIRST_POINT 0.000000

#define LAST_POINT 360.000000

void insertion_sort(int size);

float x[4000];
float Rx[4000];
float r[4000];
main()

{

FILE *xRxr_data;
char filename[STRING_LENGTH];
int index;

printf("Please specify the file with correct path such as\n");
printf(“c:\\folderl Wfolder2\\filename. txt\n\n");
gets(filename);

/* attempt to open files */
xRxr_data = fopen(filename, READ);

if (xRxr_data == NULL)
printf("%s cannot be opened\n”, filename);
exit(errno);

index = 0;

while (! feof(xRxr_data))

{

fscanf(xRxr_data, "%f", &x[index]);
fscanf(xRxr_data, "%f", &Rx[index]);
fscanf(xRxr_data, "%f", &r[index]);
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if (x[0] !=x[index]) I* compare subsequent x with the 1st x *!

{

insertion_sort(index);

x|0] =x[indexj;
Rx[0] = Rx[index);
r[0] =r[index];

index =0;

else if (feof(xRxr_data) && x[0| == xtindexj) /* if it is end ol file and */
/* and the 1st x same as */
inseriion_sorl{index); /* the last x */

}

index ++;

¥

fclose(xR xr_data);
printf("VnThe sorted file is in c:\\temp\\sorted.IxtAn");

return O;

/* Soiling the x, Rx and r into ascending order(from less to more) and save the sorted data into another
external file. */
void insertion_sort(int size)
{ FILE *sorted_data;
int counter, location, idx;
float  current, x, current_Rx, current_r;
float  alpha, beta, distance, angle, dist__per_deg, z, incr_decr_dist;

sorted.data = fopen(OUTPUT_FILE, APPEND);
if (sorled_dala == NULL)

printf(“sorted_data.Ixt cannot be openedW);
exit(errno);

}

if (xfOJ 1= x[size])

{

for (counter = 1; counter <= size - 1; counter ++)

{

current_x = x[counter];

current_Rx = Rx [counter];

current_r =r[counter);

location = counter;

while (location > 0 && Rx[location - 1] > current_RXx)
x[locationl =x[location -1];

Rx [location] = Rx[location - I];
r[location] =r[location * I];
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location
>

x[location] = currenl_x;
Rx[location] = current_RX;
rllocation] = currenl_r;

else

for (counter = 1; counter <= size; counter ++)

{

current_x = x|counter];
current_Rx = Rx[counter];
current_r = r[counter];

location = counter;

while (location > 0 && Relocation - 1] > current_Rx)

{

x[location] =x[location- 1J;
Rx[location] = Rx[location - 1J;
rflocation] = (‘[location - 1];

location —

¥

X[ location] =current_x;
Rx(location| = current_RX;
(m[location] = current_r;

¥

if (x[0] !=x[size])

distance = r[0] - rlsize - 1J;

else

distance = r[0] - r[size];

¥

if (distance < 0)

distance = (-1) * distance;

)

beta = Rx[0| - 0.000000;
if (X[0] != x[size])

alpha = 360.000000 - Rx[size - 1];
else

alpha = 360.000000 - Rx|[si/.e];
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angle = alpha + beta;

ii'(xIO! I=x][size])
if ((angle = 0) && (RxIO] = 0.000000))
{

z = r[0;

if ((angle == 0) && (Rx[size - 1] = 360.000000))

{ z =r[size - 1];
}
else
t _ .
if ((angle = 0) && (Rx[0] == 0.000000))
z = r[0];
if ((angle == 0) && (Rx[sizeJ = 360.000000))
z = r[size];
}

disl_pcr_deg = distance / angle;
incr_decr_dist = dist_per_deg * beta;
if (x|0] != xfsizel)
if (r[0] > r[size - 1])
z =r[size - 1] + incr,decr_dist;
if (r[size- 1] > r[0])
z = r[0] + incr_decr_dist;
if (r(size - 1 == r[0J)

z = r[0];

else
if (r[0] > rtsize])
z = r[sizel + incr_decr_dist;
if (r[size] > r[01)
z = rfO] + iricr_decr_dist;
1
if (r[size] = r[0J)

z = r[0];
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}

fprintf(sorted_data, "%5.1f %10f %5.0(V\ x[0], FIRST_POINT, 2z);
if (xfOJ I=x[size])
for (idx = 0; idx <= size - 1; idx ++)

fprintf(sorled_data, "%5.1f %10f %5.01\n", x[idx], Rx[idx], r[idxj);

else
for (idx = 0; idx <= size; idx ++)
fprintf(sorted_data, "%5.1f %10f %5.0f\n", x[idx], Rx[idxI, r[idxj);

if(x[0] !=xfsize])
fprintf(sorted_data, "%5.1f %10f %5.0i\n", xJO]. LAST_PO!NT, 2);

else

1
¥

fclose(sorted_data);

fprintf(sorted_data, "%5.1f %10f %5.0f", xIO], LAST_POL1NT, 2);
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Appendix M Select.c Program Source Codes

/* Select.c is a program that select points from an external text file. Only the specified radius value data
set(3 values in a row) will he selected.
Assumption - the largest radius of the model is an integer */

#include<stdio.h>
#include<stdlib.h>
#include<errno.h> *

#define OUTPUT.FIIJE "c:\\temp\\selccl.Ixt"
#define READ "r"

#define WRITE "w"

#define STRING_LENGTH 81

main()
{ I-ILE *sorted_data;
char filename[STRING_LENGTH L
fill; *selecled_data;
lloat X, RX;
int radius, r, counter;

printf("Please specify the file with correct path such as\n");
prinlf("c:\\folderl\\folder2\\filename.txt\n\n");
gets(filename);

printf("\nPlease specify the largest radius of your data file in integer An”);
printf("(radius is ihe third column value of the data file.)\n\n");
soanf("%d", Aradius);

[* attempt lo open files */
sorted_data = fopen(filcname, READ);
,Selected_data = lopen(OUTPUT_FILE, WRITE);

if (sorted_data= NULL llselected_data == NULL)

printf(“file cannot be opened\n");
exit(errno);

¥

counter = 0;

while (! feof(SOited_data))

{

fscanf(sorted_data, "% f\ &x);
fscanf(sorted_data, "% f\ &Rx);
fscanf(sorted_data, ""%d", &r);

if (r == radius)
1

if (counter 1=0)

fprintf(selected_dala, "\n");

336



else

counter

fprintf(selected_data, "%5.1f % 10f %5d", X, RX, r);

}

fclose(sorted_data);
fclose(selected_data);

printf("\nThe 3D data file is in c:\\temp\\select.txt");

return 0O;
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Appendix N Deposit.c Program Source Codes

I* Deposit.c contains a lot of functions. The functions are for

(1) Reading data from a file. The data is consists of axis I's travel distance(mm), axis 3‘s rotational
angle(degree) and axis 2’ travel distance(mm). They are the absolute distance and angle.

(2) Calculating incremental motor step to be travelled by axis 1.

(3) Calculating incremental motor step to be travelled by axis 3.

(4) Reset the PC23 board. Assuring that the board is ready to accept commands from theuser program.
(5) Constructing and sending command string of axis 1 to PC23 and getting positionresponse string and
print it on the screen.

(6) Constructing and sending command string of axis 3 to PC23 and getting position response string and
print it on the screen.

(7) Constructing and sending command string of axis 2 to PC23 and getting position response string and
print it on the screen.

(8) The model will be transferred back to its original position once it reached 99 mm in height (total step
over distance).

(9) Writes a command string to the PC23.

(10) Writes a single character to the PC23. PC23 commands are generated by sending multiple characters
to it.

(11) Reads a complete PC23 status request response string.

(12) Reads one character of a PC23 response to a status request and returns the character response.

Assumption: Motor at axis 2 is used to push the semi-liquid material/wax onto core cylinder block.
The rotational motion of the motor will be converted to linear motion of the shaft which
push the wax/semi-liquid material. Thus, the motor step of axis 2 is directly
proportional to the quantity of the deposition material.

There is no stoppage time between axis 3 and axis 2. Stoppage time will have to be
estimated once the actual process works.

The total step over distance is 99 mm */

#include<stdio.h>

#include<stdlib.h>
#include<conio.h>
#include<errno.h>
#include<string.h>

#define FAIL 0X20

#define BIT2ZMASK 0X04
#define READY 0X16

#define CB 0X60

#define IDB_M 0X10

#define CHAR_READY 0X70
#define ODB 0X8

#define ACK 0XEO

#define ALDONE 0X02

#define HALT (CB IBIT2MASK)
#define RESTART 0x40 /* byte to restart the PC23 */
#define BADADDR 0XFF

#define ADDRESS 0X300 /* PC23's address */
#define STCTRL_ADDR 0X301 /* Status and Control byte address */
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#define STRING_LENGTH 81
#define READ "r"

float axis_|_incremental_slep(float x_mm);
float axis_3_incremenlal_step(float Rx_dcg);

void initialise(void);

void scnd_axis_I_cmd(floal x_step);
void send_axis_3_cind(float Rx_step);
void send_axis_2_cmd(void);

void send_retract_axis_I_cmd(void);

void write_command(ehar *c);
void write_character(char gamma);

void read_answer(char *a);
char read_character(void);

float  axis_I_step; /* axis I's incremental steps to be moved */
float  axis_3_step; /* axis 3's incremental steps to be moved */
float axis_2_stcp; /* steps arc directly related to the size of droplet of the semi-liquid/wax */

main()
float axis_|_mm; /* absolute distance from reference point */
float axis_3_deg; /* absolute angle of rotation */
float radius_mm; /* 3D model thickness at certain angle */

FILE *data;
char filename[STRING_LENGTH];
int radius;

char Amessage;

printf("Please specify the file with correct path such as\n");
printf("c:\\folderl\\folder2\\filename.txt\n\n");
gels(filename);

printf("\nPlease specify the largest radius(mm) of your data file in integerAn");
printf("(radius is the third column value of the data file.)\n\n");
scanf("%d", &radius);

printf("\nPlease specify the steps that you want the motor to move so thal");
printf("\nthe plunger will push out the desired droplet size/amount onto ");
prinlf("\nthe core cylinder blockAn\n™);

scanf(”% f, &axis_2_step);

data = fopen(filename, READ);

ir (data == NULL)

printf("%s cannot be opened\n”, filename);
exit(errno);

/* assumptions : axis 1coordinate is on the left side of the table
axis 3 coordinate is on the middle of the table
axis 2 coordinate is on the right side of the table */
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initialiseQ;

message=" 1MR6 2MR6 3MR6  /* matching the motor resolution of PC23 and KS drive */
write_command(mcssagc);

while (! feof(data))

{

fscanf(data, "%f", &axis_l_mm);
axis_1 incremental_step(axis_1 mm);
send_axis_|l_cmd(axis_I_step);
fscanf(data, "%f", &axis_3_deq);

axis_3_incremental_step(axis_3_deg);
send_axis_3_cmd(axis_3_step);

fscanf(data, "% f&radius_mm);
send_axis_2_cmd(); /* the motor at the deposition equipment will rotate */

}

fclose(data);

scnd_relract_axis_l_cmd();

printf("\n\nY our %dmm radius cylinder block has been built by deposition\n", radius);
printf("process");

return 0O;

}

/* Convert axis I's absolute distance to incremental motor step */
float axis_l_incremental_step(flbat x_mm)

{ /* assumption : axis 1's reference point is on the other end of the rotary shaft of axis 3
: the 1st value for axis_I_mm is 0 */
static float prev_x_mm = 0;
axis_I_step = (x_mm - prev_x_mm)/(0.3E-03);

prev_x_mm = x.mra;

return (axis_I_step);

}

/* Convert axis 3's absolute angle to incremental motor step */
float axis_3_incremental_step(float Rx_deg)

{ /* assumption : axis 3's reference point(or axis) is the axis itself */
static float prev_Rx_deg = 0;
if (Rx_deg ==0)

axis_3_slep = 0;

else

axis_3_step = (Rx_deg - prev_Rx_deg)/(0.72E-03);
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prev_Rx_deg = Rx_deg;

return (axis_3_step);

}

/* Reset the PC23 board. Assuring that the board is ready to accept commands from the user program. */
void initialise(void)

{

unsigned char statbyte;

outp(STCTRL_ADDR, HALT); /* initialise procedure */
while (!((statbyte = inp(STCTRL_ADDR)) & FAIL));
if(statbyte == BADADDR)

printf ("\n\nInvalid address, check PC-23 dipswitches\n\n");
exit(l);

outp(STCTRL_ADDR, RESTART);
outp(STCTRL_ADDR, CB);
while( ( (statbyte=inp(STCTRL_ADDR)) & READY) I=READY);

}

/* Constructing and sending command string of axis 1to PC23 and getting position response string and
print it on the screen. */
void send_axis_I_cmd(float x_step)

{

int dec = 0;
int sign = 0;
int ndig = 0;

char axis_|I_cmd[STRING_ LENGTH]J;

char *axis_I_front =" 1VS10 1Vv10 ID";

char *axis_|_step_str; /* axis I's integer motor step in char/string form */
char *go_axis_I =" 11 1G "

char *answer, *message;
answer =

strepy (axis_1 cmd, axis_1 front);
axis_|_step_str = fcvt(x_step, ndig, &dec, &sign);
strcat(axis_l_cmd, axis_|_step_str);
strcat(axis_I_cmd, go_axis_I);

write_command(axis_I_cmd);

printf("\n The motion command is :\n\n");
printf("%s\n", axis_I_cmd);

while((inportb(STCTRL_ADDR) & ALDONE) != ALDONE);
/* Waits for the axis to stop */

printf(*\n The axis 1 position is :\n\n ");
message=" 1P ", /* AXIS 1POSITION *1
write_command(message);

read_answer(answer);
printf(answer,"\n\n ");
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}

/* Constructing and sending command string of axis 3 to PC23 and getting position response string and
print it on the screen. */
void send_axis_3_cmd(float Rx_step)

{

int dec = 0;
int sign = 0;
int ndig = 0;

char axis_3_cmd[STRING_LENGTH];

char *axis_3_front = " 3VS 10 3Vv10 3D";

char *axis_3_step_str; /* axis 3's integer motor step in char/string form */
char *go_axis_3 ="313G "

char *answer, *message;
answer =

strecpy(axis_3_cmd, axis_3_front);

axis_3_step_str = fcvt(Rx_step, ndig, &dec, &sign);
strcat(axis_3_cmd, axis_3_step_str);
strcat(axis_3_cmd, go_axis_3);

write_command(axis_3_cmd);

printf("\n The motion command is :\n\n");
printf("%s\n", axis_3_cmd);

while((inportb(STCTRL_ADDR) & ALDONE) != ALDONE);
/* Wails for the axis lo stop */

printf("\n The axis 3 position is :\n\n ");

mcssage=" 3P ", /* AXIS 3POSITION */
write_command(message);
read_answer(answer);

printf(answer,"\n\n ");

)

/* The motor will rotate. Hence, the lcadscrew will move downward and push the droplet of the semi-
liquid material/wax onto the core cylinder block */
void send_axis_2_cmd(void)

{

intdec = 0;
int sign = 0;
int ndig = 0;

char axis_2_cmd[STRINGJLENGTH];

char *axis_2_fronl = "2V S102V 10 2D";

char *axis_2_step_str; /* axis 2's integer motor step in char/string form */
char *go_axis_2="212G ",

char *answer, *mcssage;

answer = "
strcpy(axis_2_cmd, axis_2_front);

axis_2_step_slr = fevl(axis_2_step, ndig, &dec, &sign);
strcat(axis_2_cmd, axis_2_step_str);
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strcat(axis_2_cmd, go_axis_2);
write_command(axis_2_cmd);

printf("\n The motion command is :\n\n");
printf("%s\n", axis_2_cmd);

whilc((inportb(STCTRL_ADDR) & ALDONE) = ALDONE);
/* Waits for the axis to stop */

printf("\n The axis 2 position is :\n\n ");

message”’ 2P /* AXIS 2 POSITION */
write_command(message);
read_answer(answer);

printf(answer,"\n\n ");

}

/* Sending command string of axis | lo PC23 to retract to the original position and getting position
response suing and print il on the screen. */
void send_retract_axis_1 cmd(void)

char Manswer, *message, *axis_1 retract_cmd;

answer =

axis_1 relract_cmd =" 1VS10 1V10 ID-330000 Il IG
write_command(axis_|I_retract_cmd);

printf("\n The motion command is :\n\n");
printf("%s\n", axis_I_retract_cmd);

while((inportb(STCTRL_ADDR) & ALDONE) != ALDONE);
/* Waits for the axis lo stop *1

printf("\n The axis 1 position is :\n\n ");

message=""1IP "; /* AXIS 1POSITION */
write_command(message);
read_answer(answer);

printf(answer,"\n\n ");

¥

/* Writes a command string lo ihe PC23 */
void write_command(char *c)

while (*c)
write_character (*c++);
return;

¥

I* Writes a single character io the PC23. PC23 commands are generated by sending multiple characters to
it */
void write_character ( char gamma )

while (1(inp(STCTRL_ADDR) & IDB_M));

outp (ADDRESS,gamma);

oulp (STCTRL_ADDR, CHAR_READY);

while (inp(STCTRL_ADDR) & IDB_M);
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oulp(STCTRL_ADDR,CB);
while (1(inp(STCTRL_ADDR) & IDB_M));
return;

}

/* Reads a complete PC23 status request response string *1
void read_answer (char *a)

while ((*a++ = read_character()) != 13);
*a="'0"
return;

¥

/* Reads one character of a PC23 response to a status request and returns the character response. */
char read character()
{ char gamma=0;

while (!(inp(STCTRL_ADDR) & ODB));

gamma = inp(ADDRESS);

oulp (STCTRL_ADDR, ACK);

while ((inp(STCTRL_ADDR) & ODB));

outp (STCTRL._ADDR, CB);

return(gamma);
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Appendix O DpsSlp.c Program Source Codes

/* dpsslp.c contains a lot of functions. The functions are for

(1) Reading data from a file. The data is consists of axis I's travel distance(mm), axis 3's rotational
angle(degrce) and axis 2's travel dislance(mm). They are the absolute distance and angle.

(2) Calculating incremental motor step to be travelled by axis 1.

(3) Calculating incremental motor step lo be travelled by axis 3.

(4) Reset the PC.23 board. Assuring that the board is ready lo accept commands from the user program.
(5) Constructing and sending command string of axis 1lo PC23and getting position response string and
print it on the screen.

(6) Constructing and sending command string of axis 3 to PC23 and getting position response string and
print it on the screen.

(7) Writes a command string to the PC23.

(8) Writes a single character to the PC23. PC23 commands are generated by sending multiple characters
to it.

(9) Reads a complete PC23 status request response string.

(10) Reads one character of a PC23 response to a status request and returns the character response.

(11) The model will be transferred back to its original position once it reached 99 mm in height (total step
over distance).

It will enable axis 3 to stop for over 1 second between each motion. So that the external control wax
depostion equipment can do the deposition task by dropping a specific amount/size of semi-liquid
material/wax onto the core cylinder block.

Assumption: The deposition equipment is not control by the same program. The program will need
further integration with the program had handle the deposition equipment.

The maximum step over distance is 99 mm */

#include<stdio.h>

#include<stdlib.h>
#include<conio.h>
#include<errno.h>
#include<string.h>

#define FAIL 0X20

#define BIT2ZMASK 0X04
#define READY 0X16

#define CB 0X60

#define IDB_M 0X10

#define CHAR. READY 0X70
#define ODB 0X8

#define ACK 0XEO

#define ALDONE 0X02

#define HALT (CB IBIT2MASK)
#define RESTART 0x40 /* byte to restart the pc21 */
#define BADADDR O0XFF

#define ADDRESS 0X300 /* PC23's address */
#define STCTRL_ADDR 0X301 /* Status and Control byte address */

#define STRING_LENGTH 81
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#define READ "r"

float axis_|_incremental_step(float x_mm);
float axis_3_incremental_step(float Rx_deg);

void initialise(void);
void send_axis_Il_cmd(float x_step);
void send_axis_3_cmd(float Rx_step);

void send_relract_axis_|_cmd(void);

void write_cbmmand(char *c);
void write_character(char gamma);

void read_answer(ehar *a);
char read_character(void);

float axis_|_step; /* axis |’s incremental steps to be moved */
float axis_3_step; /* axis 3's incremental steps to be moved */

main()
float axis_l_mm; /* absolute distance from reference point */
float axis_3_deg; /* absolute angle of rotation */
float axis_2_mm; /* 3D model thickness at certain angle */
FILE *data;
char filenamel STRING_LENGTH];
int radius;
unsigned long |
char message;

printf("Please specify the file with correct path such as\n");
printf("c:\\folderl\\folder2\\fllename.Ixt\n\n");

gets(filename);

printf("\nPlease specify the largest radius(mm) of your data file in integerAn");
printf("(radius is the third column value of the data file.)\n\n");

scanf("%d", &radius);

data = fopen(filename, READ);

if (data == NULL)

printf("%s cannot be opened\n”, filename);
exit(errno);

/* assumptions : axis | coordinate is on the left side of the table
axis 3 coordinate is on the middle of the table
axis 2 coordinate is on the right side of the table */

initialise();

message=" 1MR6 3MR6 "; /* matching the motor resolution of PC23 and KS drive *7
write_command(message);

while (! feof(data))
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fscanf(data,“%f", &axis_I_mm);
axis_l_incremental_step(axis_I_mm);
send_axis_l_cmd(axis_|_step);

fscanf(data, "% f’, &axis_3_dcg);
axis_3_incremental_step(axis_3_deg);
send_axis_3_cmd(axis_3_step);

/* stop the motion for over 1second in a Pentium Il 300MHz PC */
for (i = 0; i < 30000000; i++)

fscanf(data, "%f", &axis_2_mm);

}

fclose(dala);
send_retract_axis_Il_cmd();

printf("\n\nY our %dmm radius cylinder block has been built by deposition\n", radius);
printf("process");

return O;

¥

/* Convert axis I's absolute distance to incremental motor step */

float axis_l_incremental_step(floal x_mtn)

{ I* assumption :axis I's reference point is on the other end of the rotary shaft of axis 3
: the 1st value for axis_I_mm is 0 */

static float prev_x_mm =0;

axis_I_step = (x.mni - prev_x_mm)/(0.3E-03);

prev_x_mm = x_mm,;

return (axis_I_step);

}

/* Convert axis 3's absolute angle to incremental motor step */

float axis_3_incremental_step(float Rx_deg)

{ /* assumption : axis 3's reference point(or axis) is the axis itself */
static float prcv_Rx_deg =0;
if (Rx_deg == 0)

{

axis_3_step = 0;

axis_3_step = (Rx_deg - prev_Rx_deg)/(0.721i-03);

¥

prev_Rx_deg = Rx_deg;

return (axis_3_step);
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/* Reset the PC23 board. Assuring that the board is ready to accept commands from the user program. */
void initialise(void)

{

unsigned char statbyte;

oUuip(STCTRL_ADDR, HALT); /* initialise procedure */
while (!((statbyte = inp(STCTRL_ADDR)) & FAIL));
if(statbyte = BADADDR)

printf ("\n\ninvalid address, check PC-23 dipswitches\n\n");
exit(l);

outp(STCTRL_ADDR, RESTART);
outp(STCTRL_ADDR, CB);
while( ( (statbyte=inp(STCTRL_ADDR)) & READY) != READY );

}

/* Constructing and sending command siring of axis 1to PC23 and getting position response string and
print it on the screen. */
void send_axis_Il_cmd(float x_stcp)

{

int dec = 0;
int sign = 0;
int ndig = 0;

char axis_|_cmd[STRING_LENGTH];

char *axis_|_front =" 1vS10 IV10 ID";

char *axis_J_step_str; /* axis I’s integer motor step in char/string form */
char *go_axis_! =" Il IG "

char *answer, “message;
answer =

strepy(axis_l_cmd, axis_I_front);
axis_|_step_str = fcvt(x_step, ndig, &dec, &sign);
strcat(axis_l_cmd, axis_1 step_str);
sticat(axis_I_cmd, go_axis_I);

write_command(axis_l_cmd);

printf("\n The motion command is :\n\n");
prinlf("%s\n", axis_I_cmd);

while((inporlb(STCTRL_ADDR) & ALDONE) != ALDONE);
/* Waits for the axis to stop */

printf("\n The axis 1position is :\n\n ");

message="1i p /*AXIS 1POSITION */
wrile_command(message);
read_answer(answer);

prinlf(answer,"\n\n ");

¥

/mConstructing and sending command string of axis 3 to PC23 and getting position response string and
print it on the screen. */
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void send_axis_3_cmd(fioat Rx_step)

{

ini dec = 0;
ini sign = 0;
ini ndig = 0;

char axis_3_cmd[STRINGJLENGTH];

char *axis_3_fronl = " 3VvS10 3Vv10 3D";

char *axis_3_step_str; /* axis 3's integer motor step in char/string form */
char *go_axis_3 = " 31 3G

char *answer, “message;
answer =

strepy(axis_3_cmd, axis_3_fronl);

axis_3_step_str = fcvt(Rx_step, ndig, &dec, &sign);
strcat(axis_3_cmd, axis_3_slep_str);
strcat(axis_3_cmd, go_axis_3);

write_command(axis_3_cmd);

printf(*\n The motion command is :\n\n");
printf("%s\n", axis_3_cmd);

while((inportb(STCTRL*"ADDR) & ALDONE) != ALDONE);
/* Waits for the axis to stop */

printf("\n The axis 3 position is :\n\n ");

message=" 3P "; /* AXIS 3 POSITION */
write_command(message);
read_answer(answer);

printf(answer,"\n\n ");

/* Sending command string of axis 1 lo PC23 to retract to the original position and getting position
response string and print it on the screen. */
void send_retract_axis_I_cmd(void)

(

char *answer, *message, *axis_|_retract_cmd,;
answer =

axis_I_relract_cmd =" 1VS10 1Vv10 ID-330000 Il I1G";
write_command(axis_|_rctract_cmd);

printf("\n The motion command is :\n\n");
prinlf("%s\n", axis_1 retract_cmd);

while((inporlb(STCTRL_ADDR) & ALDONE) != ALDONE);
/* Waits for the axis to stop */

printf("\n The axis 1 position is :\n\n ");
messaged' IP "; /* AXIS 1POSITION */
write_command(message);

read_answer(answer);
printf(answer,"\n\n ");
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/* Writes a command string to the PC23 */
void writc_command(char *c)

while (*c)
write_characier (*c++);
return;

}

/* Writes a single character to the PC23. PC23 commands are generated by sending multiple characters to
it *1
void write_character (char gamma )

{ while (I(inp(STCTRL_ADDR) & IDB_M));
outp (ADDRESS,gamma);
outp (STCTRL_ADDR, CHAR_READY);
while (inp(STCTRL_ADDR) & IDB_M);
outp(STCTRL_ADDR,CB);
while (1(inp(STCTRL_ADDR) & IDB_M));
return;

}

/* Reads a complete PC23 status request response string */
void read_answer (char *a)

while ((*a++ =read_character()) != 13);
*a ="0"
return;

}

/* Reads one character of a PC23 response to a status request and returns the character response. */
char read_character()
{ char gamma=0;

while (I(inp(STCTRL_ADDR) & ODB));

gamma = inp(ADDRESS);

outp (STCTRL_ADDR, ACK);

while ((inp(STCTRL_ADDR) & ODB));

outp (STCTRL_ADDR, CB);

return(gamma);
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ABSTRACT

Prototyping technologies can be categorised into
subtractive and additive processes. Additive prototyping
processes are stereolilhography (SLA), fused deposition
modelling (FDM), selective laser sintering (SLS), and
others. NC subtractive prototyping process was created in
1960s and continues to evolve into CNC processes.
Additive prototyping technologies can reduce the
prototyping time. However, introducing a robotic-based
subtractive prototyping process can also shorten the
prototyping time significantly. Moreover, the new
configuration is more versatile, cheaper and occupies less
floor space than the conventional CNC process.

The present paper describes the hardware and software
design of a robotic manipulator based subtractive
prototyping system. A four degrees of freedom robotic
manipulator was powered by a. c. brushless servomotors,
which are controlled by separate drives. The drives accept
direction and distance signals from an indexer, which in
turn is controlled by the user-developed software through
a high specification PC. The manipulator is used lo hold
and manipulate the model material (polystyrene) for ball
nosed end milling process. A commercial CAD software
is used lo develop the NURBS surface engineering
models. User-developed C programs are used to
communicate and control the robotic manipulator. Several
prototypes produced using this facility have shown
satisfactory results.

Keywords: Manufacturing, Mechatronics, Robot Control,
Rapid Prototyping.

1. INTRODUCTION

There are two important challenges for product
manufacturing industry at present. One of it is lo find a
better way in reducing the product development lime
substantially. Another challenge is ihe improvement on
flexibility for manufacturing small batch size products and
a variety of types of product Il]. Decreasing product
development time will shorten the lead-time to market and
subsequently, an organisation can secure a bigger market
share earlier than its competitors. In fact, more than 70%
of senior management staffs rale the lead-time lo market
as one of the three most important criteria that drive them
in the businesses. Thus, the key lo success for most of the
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manufacturers is the capability to provide quality products
to market, at the shortest possible lead-time with the right
cost [2].

One of the ways to shorten the product lead-time to
market is to reduce the prototyping time. Some of the
advantages of having a shorter prototyping time are:

1) Visualisation. The touch of the real life objects can
reveal unexpected problems and sometimes lead lo a
better design modification.

2) Verification and Optimisation. ~ With  shorter
prototyping time, the design concept verification and
optimisation tasks can be accomplished faster.

3) Iteration. With shorter prototyping lime, it is possible
to go through numerous design iterations within a
short time.

4) Planning and Tooling. By having the physical
product at an earlier design stage, process planning
and tooling design can be speeded up.

5) Marketing. A prototype can be used lo demonstrate lo
the customers regarding the concept, design ideas and
the company’s capability in producing it.

There are two ways of reducing product prototyping
lime significantly. One of it is to develop new prototyping
technologies like stereolilhography apparatus (SLA),
selective laser sintering (SLS), fused deposition modelling
(FDM), and so on [3]. These methods are categorised
under additive prototyping processes. Another method is

to improve ihe principal existing technique like
integrating a precision robotic manipulator into
conventional machining process like ball nosed end

milling. The latter method is considered as subtractive
prototyping process.

This paper is concerning about lhe improvement of the
CNC based machining method by introducing a precision
robotic manipulator into the prototyping system. The
improved system will save as much as 40% of floor space
with the same size of workspace [8], The rig is a general-
purpose robotic system suitable for additive and
subtractive prototyping processes. However, the current
research is focusing in the subtractive prototyping aspect.
The hardware of the rig includes a ball nosed end milling
equipment, a four degrees of freedom precision robotic
manipulator [6], a. c. brushless servomotors, KS-drives
[5], PC-23 indexer [4] and a high specification PC. The
major software used in the project includes the AutoSurf
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and the ANSI C programming tool. High density extruded
polystyrene is used as the model material in the
prototyping process. With the above hardware and
software  configurations, various three-dimensional
complex shaped objects were produced.

2. HARDWARE

Figure 1. General layout ofthe rig

General layout of the rig is shown in Figure 1. A
Pentium 11 300 MHz personal computer is used to control
the system by sending commands and receiving responses
from the PC-23 indexer. The indexer will in turn
communicate with the KS-drives for controlling the a. c.
brushless servomotors. The a. c. brushless servomotors
drive a four degrees of freedom precision robotic
manipulator. The manipulator feeds the polystyrene
cylindrical block to the ball nosed cutter for milling three-
dimensional complex shaped objects.

2.1 Precision Manipulator

Figure 2. Side and Plan View ofthe Precision Robotic Manipulator

The precision robotic manipulator is shown
schematically in Figure 2. In the diagram, the plan and
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side views of the manipulator are shown. The length of
the manipulator is 1270 mm. Its width and height are 616
mm and 440 mm respectively. The four degrees of
freedom are y linear motion axis, x linear motion axis, roll
(rotation around y-axis) and pitch (rotation around x-axis).
The directions of motion for each motion axis are also
shown in the figure by the double arrowhead lines. The
weight of the manipulator is about 55 kg. Aluminium
alloy (BS HE30 TF) that has the tensile strength of 280
MN/m2 was used to manufacture the main parts of the
manipulator. All the shafts used have hardness of 60
HRC.

The manipulation unit around the x-axis consists of an
a. c. brushless servomotor (KS 210) in conjunction with a
harmonic drive gearbox (HDUC 14) having a gear ratio of
100:1 for driving a pair of three-pin grippers. The motor
for the pitch manipulation can travel an angular distance
of 7.2 x 10"4 degrees per full motor step at a maximum
torque of 15 Nm. The range of the work piece size that
can be held by the grippers is 120 mm to 125 mm in
length and 40 mm to 150 mm in diameter.

The manipulation unit along the y-axis consists of an a.
c. brushless servomotor (KS 220), a flexible coupling
(Compumotor No. CPG. 2 - 6), a lead screw with pitch of
1.5 mm and two 16 mm diameter steel shafts. The motor
can travel a linear distance of 3.0 x 10'4mm per full motor
step. The total linear distance that can be travelled by the
unit is 130 mm.

The manipulation unit around the y-axis (roll) consists
of an a. c¢. brushless servomotor (KS 220) in conjunction
with a gear box (Drivematic No. SA1002) having a gear
ratio of 18:1 for generating the rotational motion around
y-axis. The gearbox is attached to a 30 mm diameter steel
shaft by a rigid coupling. The motor for roll motion can
travel an angular distance of 4.0 x 10'3 degrees per full
motor step at a maximum torque of 17 Nm. The maximum
rotational angle around y-axis is 130 degrees.

The manipulation unit along the x-axis consists of an a.
c. brushless servomotor (KS 220), a flexible coupling
(Compumotor No. CPG. 2 - 6), a lead screw with pitch of
1.5 mm and a pair of 20 mm diameter steel shafts. A
maximum distance of 240 mm can be travelled by this
manoeuvring part along x-axis. The motor can travel a
minimum linear distance of 3.0 x 10'4 mm per full motor
step.

All the prototypes are of cylindrical shapes. As a result,
three motion axes are sufficient at the moment. The
required motion axes are the manipulation unit along the
y-axis, along and around the x-axis.

2.2 Interface System

The successful control of the robotic manipulator based
rapid prototyping system requires appropriate interfacing



of the machine/device with the PC. The interface system
consists of a PC-23 indexer, three KS-drives and three a.
c. brushless servomotors. Figure 3(a) illustrated the
interface system schematically where the system is
bounded by the thickest dotted line.

(a) Interface System

PC’s High Level
Commands

(b) Indexer System Diagram

Figure 3. Interface System and Indexer System Diagram

2.2.1 PC-23 Indexer

Figure 3(b) shown the PC-23 indexer system diagram.
The indexer uses a 16-bit microprocessor for controlling
the motion of up lo three motor axes, independently or
simultaneously. The indexer is used with an IBM
microcomputer (PC, XT or AT) or compatible and
suitable for any kind of drive systems that can accept
pulsed control signals. There is an indexer main circuit
board incorporated into the ISA slot of ihe PC’s
motherboard. The indexer operates as an intelligent
peripheral in which the onboard microprocessor interprets
the PC’s highlevel commands and  generates the
necessary pulse stream to control themotor velocity,
acceleration, position and direction. There are
approximately 106 commands for specifying different
conditions and operating modes for generating any
complexshaped models. Better motion control and
responses from the indexer lies in (he selection of suitable
commands for any particular set of motion sequence.

2.2.2 KS-Drive

The KS-drive consists of an analogue amplifier board
and a digital control board. The digital control board
handles all the positional compensation PID (proportional,
integral and derivative) and V (velocity) gains. The digital
control board sends two digitised waveforms from its
DAC to the analogue amplifier board. The analogue
amplifier board generates its own third phase command
and measures (he actual motor current lo determine the
correct pulse widlh of the voltage to be applied to the
motor windings. The drive can be tuned by using either
the front panel pushbuttons or the RS-232 port that is link
with the PC’s serial communication port. There are about
45 commands available for checking, setting, performance
optimising and saving the desired parameters into the non-
volatile EEPROM memory. Figure 4 illustrated the KS-
drive schematically.

For accurate speed control, each indexer axis needs to
know the resolution of its controlled motor. The settings
of the motor resolution on the KS-drives and the PC-23
indexer must match. The standard motor resolution setting
for all the axes on the PC-23 indexer is 25000 steps per
revolution. Whereas, the KS-drives for motors KS 210
and KS 220 are configured in the range of 1000 to 16384
steps per revolution. In this project, the KS-drives settings
are kept at 5000 steps per revolution. The indexer motor
resolution is also set at 5000 steps per revolution although
it supports motor or drive resolutions up to 50000 steps
per revolution. As a result, the indexer and drives offer the
flexibility to change the motor resolutions to suit any
particular application.



Power supply

Non-volatile
EEPROM
Power
memory ifi
-RS-232. amplifier
link to P
the PC OV\{e_r
DAC amplifier
Motor
Power
pPC-23 amplifier
Indexer Microprocessor
commands iti
Positional
feedback
RDC eedbac Resolver
Pushbuttons Display

LLU LU C-~TZ

DAC = digital to analogue converter
RDC = resolver to digital converter

Figure 4. KS-Drive Servo System
2.2.3 A. C. Brushless Servomotor

The a. c. brushless servomotor rotates when the rotor
magnetic field tries to follow ihe stator mining magnetic
field created by the three phase a. c. current. By changing
the three phase current frequency, the motor achieves
different velocities. Step pulses applied first slowly, and
then more quickly have the effect of accelerating the
motor. The advantages of a brushless motor are:

1) Reduced maintenance.

2) Increased torque/volume ratio.

3) Increased torque at high speed.

4) Simplified in protection compare with more
conventional motors.

2.3 Ball Nosed End Milling

The selected subtractive prototyping process is a ball
nosed end milling process. A ball nosed cutter has cutting
edges at the end and around the cutter. As a result, single
point cutting can be accomplished by using the cutting
edge at the end of the cutter. The cutting edges at the
periphery of the cutter enable multiple cutting operations
to be carried out at different intervals of time. The size of
the milling chips is relatively small if compare to other
machining processes. Hence, the produced surfaces are
smoother. The ball nosed end milling can produce
virtually any kind of surface if compares to other kind of
milling processes. It has the advantage of making holes if
compare to the conventional end milling.

The milling material used in the project is an extruded
polystyrene. The material is found to be a good choice for
milling because minute chips can be removed during the
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prototyping process and a smooth surface can be created.
Its property is not the same as the normal white colour
polystyrene that is used in protecting electrical appliances
in ihe packaging industry. The material’s minimum
density is 32 kg/m3. Its thermal conductivity is 0.028
W/mK (measured at 10°C). The compressive strength is
300 kN/m2.

3. SOFTWARE

The AutoSurf package is used to create complex
shaped surface models that are section cut into multiple
cross sectional layers. The section cut models are then
converted from graphic files into neutral formal files. The
CAM programs are specially devised for extracting
surface co-ordinates from the neutral format files,
converting the data into different co-ordinate system,
sorting, creating motion parameters, communicating with
PC-23 indexer and controlling the precision robotic
manipulator.

3.1 Surface Modelling

The AutoSurf R3.2 is a window-based, two and three-
dimensional mechanical design and drafting software
from Autodesk, Inc. Its’ modelling system is based on
NURBS (non-uniform rational B-spline) curves. A
reduced instruction set processor (RISC), with a limited
number of instructions is built into the processor to reduce
the response time for running some applications on the
software development system [7|. Crosshairs and a
computer mouse are used to locate geometric shapes
within the work area. An X-Y construction plane is used
for the two-dimensional mode that uses a three-point
origin placed by the user, known as the user co-ordinate
system (UCS). In default setting, the Z-axis is
perpendicular to the personal computer screen and
pointing directly to the user.

AutoSurf has open architecture for easy customisation
of menus. The screen menu is the main menu, which
includes the drawing editor, configuration, plot, file
utility, and operating parameter menus. A dialogue box
appears when the selected item is chosen from the pull-
down menus to assist the user. Besides using the pull-
down menus, the user can type in the commands into the
command prompt to call up the functions. The software
commands are path dependent. For example, the ‘undo’
command will remove the screen image and any previous

drawing layers up to the earlier drawing level. If
compared to the AutoCAD, the AutoSurf has more
features and is user-friendlier. In addition, only the

AutoSurf can be used to modify the created surface
models at a later stage. As a result, the AutoSurf was
chosen for the surface modelling process.

There are four different types of surfaces in terms of
the methods used to construct them in AutoSurf:



1) Surface Primitives. Created directly by the AutoSurf
like cone and cylinder surfaces.

2) Motion-based Surfaces. Produced by moving wires
through space. Examples are revolved, extruded,
tubular and swept surfaces.

3) Skin Surfaces. Constructed by applying over a
wireframe such as ruled surface.

4) Derived Surfaces. Generatedfrom the
surfaces like blended surface.

existing

Ruled surface modelling is chosen since it is the best
method for creating complex shaped surface models. Its
models are asymmetric, complex and have predictable
bump height and saddle depth (contributed to the
predictable milling depth). The created surface models can
be section cut into multiple cross sectional layers and
converted into DXF (drawing interchange format) entities
files. Figure 5(a) and 5(b) illustrates the surface model
that was built by using a square and a circle polylines, and
its section cut model respectively.

Square

Circle

(a) Ruled Surface

34 cross
sectional layers
with stepover
distance of
1.5 mm

(b) Section Cut Surface Model

Figure 5. Ruled Surface and Section Cut Surface Model

The stepover distance of the section cut process
determines the amount of layers of the model. At least 400
co-ordinates are generated in each section cut layer. The
surface roughness is directly proportional to the amount of
co-ordinates in each layer and the number of layers of the
models.

3.1 CAM Programs

All computcr-aided manufacturing (CAM) programs in
this project were written in American National Standards
Institute (ANSI) C programming language. The source
codes were compiled in Borland C++ version 4.5. ANSI C
programming language was used in this project because of
the following reasons:

1) It is powerful and flexible. The language itself places
no constraints on the user.

2) Itis a portable language. A C program written for one
computer system (an IBM PC, for example) can be
compiled and run on another system (a DEC VAX
system, perhaps) with little or no modification.

3) Itisa language of few words. It contains a handful of
terms, called keywords, which serve as the base on
which the language’s functionality is built.

4) 1t is modular. C code can be written in routines called
functions. These functions can be reused in other
applications or programs.

Five programs were created so that the data processing
procedures can be computerised; path generation process
is automated and so on. The programs are listed
sequentially as below. All data files have to be processed
according to the sequence.

1) Extract.c. It is for extracting the entire surface co-
ordinates from the DXF entities files. The DXF
entities files were transferred from the section cut
models.

2) Convert.c. It is for converting all the data from
Cartesian co-ordinate system to cylindrical co-
ordinate system to suit the precision robotic
manipulator.

3) Sortadd.c. It is for sorting all the co-ordinates
according to the height of the model, angles and
creating the first and last point for each machining
section (layer).

4) Vd.c. It is for converting all the distance from
millimetre and degree to motor step. It is also
calculating all the synchronised velocity for each
motion axes.

5) VsvMt.c. Itis the ultimate motion control program. Its
functions include machining time estimation,
command construction, communication with the PC-
23 indexer, sending commands and receiving
responses.

4. RESULT

A number of polystyrene prototypes were produced by
using the system. One of the them is shown in Figure 6
together with its milling parameters, time and
measurements.



Square

Circle
(1st layer)

Machining Parameter & Results

Cutter diameter :6 mm
Spindle velocity : 1000 rev/ sec
Feed rate :0.375 mm/sec along x-axis
: 0.9 degree/see around x-axis
(The feed rate along y-axis is synchronised with
the other two motion axes)
Step over :1.5 mm
Machining time :3.82 hours
Production time :4.39 hours

Properties of Circle’s 1st layer

Designed diameter :31.2566 mm
Measured diameter : 31.225 mm
(average)

Error 101 %

Figure 6. Milled Prototype with Machining Parameter, Time and
Measurements

5. DISCUSSION

Various polystyrene prototypes were produced by
using the subtractive prototyping system with the aid of
the precision robotic manipulator. The ruled surface
models were generally composed of two or more polyline
profiles. The profiles were circle, heart, complex, square,
cross, star and pentagon. The surface finish of the
products is fairly good. Some of the milling chips were
still attached on the model surface due to the natural
properties of extruded polystyrene block. The surface
finish can be further improved if the section cut surface
models have more than 34 cross sectional layers - which
will contribute to smaller stepover distance and longer
production time.

Most of the milling starting points (0°) and ending
points (360°) were observed to have a deeper milling
depth. The deeper milling depth may be due to the
following causes:

1) The starting points were created by the author by
using lineal' interpolation, which is different from the
NURBS curve of the engineering models.

The cutter was dwelling at the 0° and 360° location of
each cross sectional profile for a longer time. It is due
to the nature of the Sortadd.c program that may add

2)
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redundant co-ordinates at the start and end points of
each cross sectional layer.

The PID and V gains setting of the KS-drives may
not be the optimum although the shapes of the milled
models were matching the designed models.

3)

The milled polystyrene models were found to have
craters. It might be caused by the vibrations of the bail
nosed cutter drive unit. The cutter drive can be made more
stable if its base is supported from the ground instead of
being overhung in the air as at the moment. Fixing an air
cushion to it can also reduce the cutter drive vibration.
The dimensional accuracy of the product is very good.
The dimension of the circle to square shape has been
measured and the result is shown in Figure 6. The
percentage of error is only 0.1%. The dimensional
difference may be due lo the positioning system of the
manipulator, ihe milling equipment and the machining
vibration. The actual machining time is different from the
overall production time because at least 20% of the
production time was used in commands transfer and
execution.

The difference in command execution speed between
the microprocessors of the indexer and the Pentium Il PC
has affected the interface smoothness in the initial stage.
An evaluation program, Mo'Slo vIl.32 was used to slow
down the execution speed of the PC to be at par with the
indexer, but it failed. The issue was later solved by
changing the control program so that the PC will wait
until it gets the answer from the indexer before continuing
to execute its commands.

The original ball nosed cutter was attached to a Bosch
hand drill. The hand drill was found to be not suitable
because it cannot continuously run for a few hours. As a
result, the IKA drive unit that can stand long machining
hours was used to replace the Bosch hand drill as the
subtractive prototyping tool. The new drive unit has the
advantage of controlling the rotating speed of the cutter.

The postprocessor program (Extract.c) for the DXF file
can extract all the surface co-ordinales from the model in
seconds. The postprocessor was found to be very efficient
since all the surface co-ordinates of the section cut model
can be extracted out from the section cut models.
However, the post-processor programs are solely for the
AutoSurf section cut surface model’s DXF entities file.
The product files of the Extract.c were verified to be
correct by plotting the cross sectional profile data into
Microsoft Excel. Due to the memory limitation of the PC,
the maximum co-ordinates thal can be handled by the
Sortadd.c program is set at 4000.

6. CONCLUSION
On the whole, a rapid prototyping system using a

precision robotic manipulator has been created. The
system is comprised of a personal computer, interfacing



system (PS-23 indexer, KS-drives and motors), a four
degrees of freedom precision manipulator and a ball nosed
end milling equipment. The hardware is integrated with
the commercial available CAD software (AutoSurf) and
self-developed CAM programs (for data processing and
motion control) for producing subtractive prototyping
models.

The system has the following advantages:
(1) Low Cost. The hardware and software configuration
is cheap.
Effective. The system can produce complex shaped
objects with high accuracy.
Time Saving. Complex shaped objects can be
produced in hours without sacrificing the surface
roughness and accuracy.
Space Saving. The needed space is much less than the
CNC based machines.
(5) All in One. All the CAD/CAM activities can be done

in one personal computer.

The system can be further improved by:
(1) Replacing the lead screws with ball screw that will
provide backlash free motions.
Reducing the vibration of the ball nosed end milling
equipment with air cushion.
CAM programs can be linked or integrated to reduce
data processing time and error.
For perfect accuracy, the methods of getting the home
position of the manipulator in subtractive and additive
prototyping processes has to be carried out.

@)
®)

(4)

@)
®)
(4)

A hybrid rapid prototyping system that comprises of
additive and subtractive processes can be created. Objects
with internal cavities and out of line of sight areas can be
created layer by layer in additive process. The subtractive
process can smoothen up the surfaces after each layer is
built.

7. REFERENCES

[1] X. Yan and P. Gu, A Review of Rapid Prototyping
Technologies and Systems, Computer-Aided Design,
28(4), 1996,307-318.

[2] L. Styger, Rapid Prototyping and Tooling
Technologies, Materials World, 1(12), 1993, 656 - 658.
[3] J.P. Kruth; M.C. Leu and T. Nakagawa, Progress in
Additive Manufacturing and Rapid Prototyping, Annals of
the CIRP, 47(2), 1998.

[4] Compumotor Division, PC-23 Indexer User Guide
(U.S.A.; Parker Hannifin Corporation, 1987)

[5] Compumotor Division, KS-Drive User Guide (U.S.A;
Parker Hannifin Corporation, 1987)

[6] M.T.L. Bhatti, Effectiveness of Computer Controlled
Robotic Precision Manipulator (lreland; Dublin City
University, 1991)

[71 R.C. Dorf and A. Kusiak, Handbook of Design,
Manufacturing and Automation (New York; John Wiley
& Sons Inc., 1994)

-23-

[8] D. A. Belforte, Robotic Manipulation for Laser
Processing, Proceedings of the SPIE-High Power Lasers
and Their Industrial Applications, Vol. 650, 1986, 262 -
270.



