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Accuracy-Speed Relationships of a Robotic Filament Winding Cell

Abstract

This thesis describes the background research and the development of a robot
based filament winding cell. The cell was implemented using an industrial robot (ASEA
IRB 6/2) and an in-house mandrel drive mechanism, both being coordinated by a personal
computer. Filament winding is a process in which continuous fibres are placed on a
rotating mandrel to cover the entire surface, under controlled tension forming a composite
component. Traditionally, filament winding is carried out on multi-axis numerically
controlles lathe-like machines. There are two major parts in this research. The first part
deals with the cell control structure theory and the second deals with the experimental

/
validation of the control structure. Communication protocols, user interface software,
control hardware specifications and procedures are elaborated in detail. To simplify the
experimental work, a highly automated robotic control software program was written.
This program, reduces the complexities of operating the robot and ensure accurate
repeatable results. The applications program was based upon on an expert system
approach. The factors studied were the speed versus the accuracy, the accuracy of the
payout eye position, the effects of the segment’s length and winding speed used for the
approximation of the fibre path. Validation of the controi theory 1s tested experimentally
using 2 simple cylindrical mandrel in various configurations and an asymmetrical S-

mandrel.
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Glossary

Aramid

AutoCAD

COM1

.DXF

Geodesic Path

Half duplex

- A generic name for a class of synthetic organic fibres called

aromatic polyamide fibres.

- Computer Aided Design (CAD) Software package from

AutoDesk.

- The RS232 communication pert 1 of the personal computer.

- The data file format that the AutoCAD uses for storing the
drawing information. It is used for transferring drawing

information into other application programs.

- These are stable paths. When a fibre is placed between two
points on a frictionless surface, the fibre will always shift to find

the lowest energy or stable position depending on the geometry.

- Communication protocol denoting, the case where only one party

of the communication link can transmit at one time.
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Harmonic drive

Host Computer

Payout Eye

Poly-line

Slave Computer

- A gear system, consists of three concentric parts: an inner
elliptical wave generator, a flexspline, and an outer rigid circular
spline. The teeth of the nonrigid flexspline and the rigid circular
spline are in continuous engagement at the apogees of the ellipse,
but are disengaged at the perigees, where they are misaligned by
half a tooth. The flexspline has two less teeth than the circular
spline. When the elliptical wave generator is turned through one
revolution, the flexspline moves relative to the circular spline by

a distance of two teeth.

- The computer that initiated the transmission link.

- The location where the fibre exit from the winding machine on

to the mandrel surface.

- A line type in AutoCAD. The line width is adjustable and can be

used with other segments to form a smooth curve.

- This denotes the computer that is currently receiving data or

command information.
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CHAPTER 1

INTRODUCTION

The first application of filament winding using steel wire was done in the middle
ages 1o increase the burst strength of a cannon [1]. The earliest recorded use of 2 modern
filament winding process was for the fibreglass rocket nozzle of the X248 solid rocket
motor by Hercules, Inc. in 1948. In 1989, there were over 1000 filament winding
machines located throughout the world [2). The equipment varied from a modified lathe
10 a custom microprocessor controlled multi-axis system. During the same time there
have been advances in the fibres and matrices that have been used in manufacturing of

composite materials.

1.1: Compaosite Material

Many modern components require complex combination of properties, such as low
density, high strength, high stiffness, corrosion and impact resistance. Composite
materials represent a relatively low cost means of obtaining these properties which are

virtually impossible to obtain in single phase materials.
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Composites are multi-phase materials that have a combination of properties that
are superior to each of the component phase. These materials are usually composed of

two phases; the matrix, and the dispersed phase (Figure 1.1).

g

S e e

-

RCEMENT FIBRE

Figcure 1.1: Fibre Reinforced Composite Material

The properties of the composite depends on the properties of the constituent
phases, volume fractions, the shape and orientation of the dispersed phase [3].
There are three types of microscopic composites.
(1) Dispersion Strengthened
- the matrix phase has very fine particles with diameters between
0.01 and 0.1 zm. Particle volume fractions up to 15%.
(2) Particle Reinforced

- the particle size is larger (>1 pm in diameter) and particle

-2-
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volume fraction is between 20-40%.

(3) Fibre Reinforced
- the microstructural shape has a large length to diameter ratio.
Typical diameters are in 10-12 um with fibre volume fractions up
to 70% (for unidirectional fibre orientation).

The matrix is used for binding the fibres together, thus acting as the medium by
which external loads are transferred and distributed to the fibres. It also helps to protect
the fibres from abrasion and harsh environments. The matrix and the interface (between
the fibre and the matrix) provide the main contributions to the toughness of the composite
material. The most common types of polymeric matrices are polyester, epoxy, phenolic,
silicon and nylon resins.

Since critical surface flaws are proportional to the fibre surface area, small
diameter fibres are inherently stronger than bulk material. Fibres have high strength, low
stiffness, low toughness and are brittle. Therefore, they are used for resisting the applied
forces in the composite materials. Fibres are classified by their diameters:

(1) Whisker
These are very thin single crystals that have extremely large length
to diameter ratios. They have superior strengths due to the high
degree of crystalline perfection. Whiskers are difficult to
manufacture and as a result very expensive. Common whiskers are

graphite, silicon carbide, silicon nitride and aluminum.

-3-
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(2) Fibre
Fibres have smaller length to diameter ratios than whiskers and
typically include such materials as nylon, carbon or graphite,
aramids, glass, boron, and aluminum oxide. They are used in
pressure vessels, chemical storage tanks, and sports equipment.
(3) Wire
These fibres have a larger diameter to length ratios than fibres or
whiskers. They are used to provide added strength in tires, rocket
nozzles, and many pressure vessels. The wires are typically made
from steel, molybdenum, and tungsten.

The strength of the composite depends on its ability to transmit loads from the
matrix to the fibre. This depends on fibre length and the fibre-matrix interfacial bond.
Increasing the fibre length will result in a higher reinforcement of the matrix. Short fibre
reinforced composite materials are generally used in commercial applications requiring
improved multi-directional properties. Continuous fibre reinforced composite materials
are used in high strength and stiffness applications as found in the aerospace, military,
and the sports equipment markets.

Fibre orientation also influences the strength of the composites. Continuous and
aligned fibres give highly directional strength but poor transverse strengths. Short

randomly oriented fibre composites have more uniform properties.
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Some major advantages of modern composites are:
1) high strength.
2) high stiffness.
3) low weight.
4) low thermal expansion.
5) excellent chemical resistance.
This thesis will deal primarily with the manufacturing of composite materials,

composed of continuous aligned fibres and formed using a winding technique.

1.2: Filament Windinge

Filament winding is a process for placing continuous resin-impregnated reinforcing
fibres on a rotating mandrel surface in a specified geometric pattern to achieve specific
mechanical properties. A filament winding machine consists of fibre supply spools, fibre
tensioner, resin impregnator, fibre delivery eye, and the mandrel drive unit (Figure 1.2).
During the winding process the fibres are supplied from one or more spools. These
fibres are impregnated with resin and dispersed throughout the delivery eye to the
filament path on the rotating mandrel.

When the winding is completed, the matrix is cured generally in an oven. After
curing, the mandrel is generally removed to leave the fibre reinforced composite shell.

Filament winding is an economical, medium capital cost process that can be adapted to

-5
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fabricate a variety of shapes and size of components.

MANDREL DRIVE UNIT

FIBRE DELIVERY EYE (PAYOUT EYE)

TENSION CONTROLLER
O [ ’
‘ L) P
O O 0%
FIBRE SPOOL /O
N
RESIN IMPREGNATOR
— ™

Figure 1.2: Filament Winding Machine

Traditionally, the winding machine was a modified lathe with the cutting tool
replaced by a fibre delivery eye. As with lathes, mechanical gearing was used to position
the fibre delivery eye. These machines produce simple geometry components such as
pressure vessels, cylindrical tubes, and rocket motor casings.

As part shapes or winding patterns became more complex, the delivery eye
positioning required higher degrees of flexibility. This characteristic was achieved by
using flexible machines with many independent axes such as the computer numerically
controlled machines or a robotic manipulator. These machines can produce complex

shapes such as turbine blades, pipe tees, elbows, robotic arms, and sports equipment.

-6-
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The process of winding has been simplified with the availability and advancements
of economical computer technology. Parametecs such as resin temperature, fibre tension,
fibre breakage, etc. can be controlled using computers in real time. The computer has
enabled alternative methods to "Teach-in" (where the filament delivery eye is guided
through its motion by an operator) by off-line simulation or by programming of the
machine's memory. Another benefit is that the same computer can be used for
determining the fibre paths off-line necessary to cover the entire mandrel surface. These
paths can be modified at any time by the designer to suit the product requirements. The
strength and stiffness of the components can be readily analyzed by finite element
programs after the simulation but before manufacture. This eliminates production waste
and assures consistent component quality.

Manufacturers are now selecting machines inat reduce overall production costs and
that are multi-faceted. Using robots can help reduce the cost of production due to their
flexibility, accuracy and repeatability. They can execute complex payout eye positions
and be programmed through an external computer on or off-line. They can also perform
other tasks such as loading/unloading of mandrels, drilling, trimming and painting of

composite components.
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1.3: Robots

In the early 1960's the first industrial robot was introduced by George Devol of
Unimation Incorporated [4]. The principal goal was to build 2 machine that was flexible
enough to do variety of tasks automatically and that could be easily reprogrammed. If
the components or processes change, the robot could accommodate its new job without
costly retooling.

A robot is a reprogrammable, muld-functional manipulator designed to move
material, tools, parts, or specialized devices through variable programmed motions for
the performance of a variety of tasks that are independent of direct human control [4].
Numerical controlled machines are not considered as robots because they lack sufficient

versatility.

1.3.1: Elements of Robot

The four features of a robot are (2) mechanical structure, (b) actuators, (c) control

system, and (d) tooling.

(1) Mechanical Structure
The mechanical structure consists of a central pedestal and appendages. Usually
the base is stationary but often the base rides along a track or rail io facilitate relocation

to a different work cell. The base can be mounted on the floor or on the ceiling of the

-8-
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shop. A ceiling mounted robot is called a gantry robot.

The robot arms are made from mechanical links connected with prismatic or

revolute joints (Figure 1.3).

Prismatic Joint Revolute Joint

ieure 1.3: Tvpical Robot Joint

As many as six aegrees of freedom (six independent ways to position) maybe
required to orient the end effector to any point in the robot working volume. The first
three degrees of freedom are required for positioning the end effectors to a given
lecation. The remaining degrees of freedom are used for orienting the end effector. The
workspace of a robot depends on the robot configuration. The four basic configurations
are (a) Cartesian, (b) cylindrical, (c) polar and (d) revolute. Figure 1.4 shows the basic

Tobot configurations and respective workspaces.

-9
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The Cartesian configuration (Figure 1.4 (a)) uses only prismatic joints and thus
defines a rectangular worksrace. The cylindrical configuration (Figure 1.4 (b)) is a
modified form of a Cartesian configuration with a revolute joint in place of a waist joint.
This configuration defines a cylindrical workspace. If the shoulder joint is replaced by
a revolute joint, 2 polar configuration (Figure 1.4 (¢)) is formed. It defines a spherical
thick shell workspace. Lastly, if all the joints were replaced by revolute joints, the
revolute configuration (Figure 1.4 (d)) is formed. This robot defines a complex thick-

walled spherical shell[5].

(2) Actuators
There are three types of actuators for robots:
a) Pneumatic actuators

Pneumatic actuators use pneumatic cylinders that can be extended
or retracted with the extension and retraction positions being
controller by mechanical stop. This type of actuator is used in pick
and place robots where no path control is required[5]. Some
advantages are: (a) low cost, (b) high speed, (c) clean operation,
(d) no fire hazard, (e) actuator can be stalled without damage and
(f) low maintenance and (g) high reliability. Some disadvantages
are: (a) reduced accuracy due to compressibility of air, (b) noisy,

(c) air filters may be required, and (d) very limited positional

-11-



Accuracy-Speed Relationships of a Robotic Filament Winding Cell

control.
b) Hydraulic actuators
Hydraulic actuators use hydraulic cylinders that can be extended or
retracted depending on the differential pressure between the two
chambers. The volume of fluid let into the chamber controls the
distance the cylinder moves. The ability to control the pressure of
the two chambers simultaneously allows positional control with
very little overshoot. Some advantages are: (a) large lift capacity,
(b) moderate speeds, (c) very good servo control, (d) self-
lubrication, (e) fast response, (f) use in flammable areas and (g)
smooth operation in low speeds. Some disadvantages are: (a) very
costly, (b) high maintenance due to wearing of seals, and (¢) high
pressures fluid requirements [5].
¢) Electrical actuators

Electrical actuators use stepper motors and direct current motors.
The stepper motors are driven by a series of electrical pulses. In
its simplest form a stepper motor consists of stator and rotor. The
sta.or is made of two separate coils which have a magnetic field
offset angularly by half a rotor pole. A rotating magnetic field is
generated by the alternating series of electrical pulses. The rotor,

which is polarized with alternating north and south poles, aligns

-12-
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itself with the magnetic field, and rotates with it [S]. Thus, each
pulse will turn the rotor through a single fixed step. A direct
current motors use similar components as in stepper motor. The
stator is either made from a wound coil or permanent magnet. A
commutator is a cylinder with copper contact placed in the
periphery. When these copper contacts are connected with the
carbon brushes, a distortion in the magnetic field between the rotor
and stator results. This resultant torque turns the rotor. Some
advantages are: (a) high accuracy, (b) high speed, (c) inexpensive,
and (d) fast response. Some disadvantages are: (a) low torque at
minimum revolution per minute, (b) poor accuracy due to gear
backlash, (c) unsuitable for flammable areas, (d) over heating
under stalled conditions, and (e) requirement of a positive locking

system when power is removed.

(3) Co#tro! Syster.,

A robot controller performs three essential functions:
(1) storing, sequencing, and positioning of data to memory.
(2) initiating and stopping manipulator motion at any given point.
(3) interacting with the external environment.

The controller consists of hardware and software elements and can be mechanical,

- 13-



Accuracy-Speed Relationships of a Robotic Filament Winding Cell

pneumatic, or electrical. Electrical controllers can be numerical controllers or computers.
The controller must be programmed to execute the desired motion profile. Its memory
can be programimed using the following methods:

(1) manually installing a sequence program.

(2) "Teach-in" physically leading the robot through a desire sequence of

motion.

(3) using a machine input control through a computer terminal.

(4) Tooling

Tools are usually attached to the end of the robot arm. Depending on the
applications, and on the role of the robot in the process, the tool can be a gripper, a drill,
a spray gun, a welding head, or 2 host of other tools. These end effectors are either
electrically or pneumatically controlled. Multifaceted robots can have interchangeable

tools and provision for automatic engagement and disengagement of such tools.

1.3.2: Robot Classification

Robots are classified by the nature of the application and controlier as follows:
(1) The purpose of the pick and place robot is to pick up objects and to
move them to desired locations. This function is used in loading/unloading,

palletizing, stacking and material handling. At these desired points a robot can
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perform various tasks such as spot welding, gluing, drilling, or deburring. This
method requires only the end point information be given.

(2) The continuous path control robot controller is given all the information
about the initial point and the path between the end points. In addition, the speed
and the acceleration must also be supplied for the robot. This method produces
a smooth path. This type of robot controller can be used for spray painting, seam

welding, cutting and inspection.

1.3.3: Suitabilitv of a Robot for Filament Windine

For a simply shaped mandrel, such as 2 cylindrical pipe, only two degrees of
freedom are required to guide the fibre. One degree of freedom is used for rotating the
mandrel and the other is for translating the payout eye parallel to the axis of the mandrel.
This can be achieved by using the traditional modified lathe winding machines.

A six degrees of freedom robotic cell is required to wind a mandrel with a
complex shape. Five degrees of freedom are for the robot manipulator and the sixth
degree of freedom is for the rotation of the mandrel. The robot base provides the degree
of freedom for the yaw motion. Two degrees of freedom are used for the motion of the
two links. The last two degrees of freedom form the pitch and roll motions of the wrist.

The advantages for using a robot in filament winding are as follows [6]:

(1) robots can perform other tasks, such as loading and unloading of
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mandrels and inspection.
(2) robotic filament winders are less expensive than some conventional
winders.
(3) the maximum winding speed of a robot is higher than a conventional
winding machine in some situations.

The disadvantages are as follows [6]:
(1) robot winding accuracy is lower than a conventional winding machine.
(2) it may be difficult to synchronize an off the shelf robot with a mandrel
drive unit that har not been designed to work together.

These last three points are addressed in detail in the thess.

1.4: Problem Definition

A robot with an auxiliary mandrel drive unit existed at the University of Ottawa
at the beginning of the thesis. Simple shapes had been filament wound using this
elementary winding cell. In this configuration an Apple computer was used as the pulse
generator for the stepper motor drive of the auxiliary mandrel. Control between the robot
and mandrel drive was through an output port of the robot. Payout eye positions were
entered manually into the robot memory. This setup was acceptable for winding very
simple shapes; however, a more sophisticated approach was required for complex axis-

symmetric and asymmetric mandrels.
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The objective of this thesis was to develop a complete control structure for a
robotic composite filament winding cell and to then study the accuracy and repeatability
of the cell for simple cylindrical and an asymmetrical S-mandrel. The fibre paths of the
S-mandrel were generated by an existing program called TRIASYM, by E. Bernard [7.
Bernard used the computer algorithm to determine the fibre paths for any asymmetrical
mandrel. The control structure of the cell consists of both hardware and software
elements. The hardware element contains the robot, robot computer and mandrel drive.
A control algorithm for the robot controller and the mandrel is first generated. Secondly,
an interface for sending data files into the robot memory and executing the data file at
random or sequentially is implemented. The third step will be to code a control software
with user friendly menus on a personal computer with a utility software to extract data
from the AutoCAD drawing files to produce payout eye paths. Experiments are then
conducted to evaluate the accuracy and repeatability of the winding cell for axis-

symmetric, offset axis-symmetric, axis-asymmetric and S-mandrels.

1.5: Overview of Thesis

This thesis is divided into five parts: () introduction, (b) literature review, (c)
control structure, (d) experimental procedures, results and discussion, and (e) conclusions.
Chapter 1, the introduction, presented the basic information on composite materials,

robots, and filament winding. Chapter 2, the literature review, elaborates on the past and
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current research in the field of filament winding. Chapters 3 10 5, the control structure,
examine the basis behind the theory, hardware, and software required in the developed
robotic winding cell. Chapter 6, the procedures, results and discussions, describes the
technique to verify the control structure. It reveals the accuracy and repeatability of the
robotic winding cell and sources of errors are discussed. Chapter 7, states the

conclusions 2nd the recommendations for the developed robotic filament winding cell.
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CHAPTER 2

LITERATURE REVIEW

This chapter will discuss the past and current filament winding machines as well
as a brief description of filament winding path prediction techniques.

In the past, the filament winding process was carried out using a modified lathe.
The payout eye of this machine was translated using mechanical components (gears,
sprockets, cams and chains, etc...). This limited the machine to the winding of simply
shaped mandrels. Therefore, new types of machines were required to produce complex
shape components. Two popular types of winding machines are the computer numerically
controlled (CNC) winding machine and a robotic filament winding machine. Winding
machines have now evolved from simple lathes to complex flexible machines.

Presently, the geodesic and non-geodesic fibre paths for complex shaped mandrels
are being predicted using a number of approaches. These theoretical fibre paths are
generated in explicit or numerical iteration form. These fibre paths are then used for

determining the payout eye and the mandrel rotational positions.
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2.1: Review of Filament Winding Path Prediction Techniques

One of the advantages of components produced with filament winding, is to cover
a mandrel using individual fibre bundles. Since the fibres are wound under tension onto
the mandrel surface, the fibres may not stay in the chosen position or direction. Thus,
a stable path must be found for the fibres to preveat them from shifting on the mandrel
surface. Two approaches to achieving a stable path are mechanical keying and by
considering surface friction between the fibre and the mandrel surface. Mechanical
keying utilizes pins, tags or some form of anchoring mechanism to confine the fibre on

the desired path.

stable fibre paths

S~

i 2.1: i hs on andrel
A stable path can also result from using the geometrical shape of the mandrel and
the surface coefficient of friction. When the coefficient of friction is not considered, i.e.,
equal to zero, the stable path will rely solely on the geometrical shape of the mandrel.

This will produce a geodesic path (Figure 2.1). The principle behind the geodesic path
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is the fibre will always move to find the lowest energy or stable position on a frictionless
surface. Non-geodesic paths are generated when the surface friction is considered. The
entire mandrel surface can be covered with the combination of the geodesic and non-
geodesic paths.

The two principle methods used for predicting stable paths are the geometric and
the mathematical. The geometric method uses vector algebra for finding the filament
paths. A geodesic path of a simple mandrel shape of standard geometries such as cones
and cylinders can be found by creating developed surfaces where the geodesic path is a
straight line. The geodesic path for a sphere is the great circle. When the mandrel is a
complex axis-symmetric geometry, an approximation can be made by dividing the
mandrel into a series of truncated cones and cylinders. As described before, these shapes
can be developed and the geodesic on their development is a straight line [7). Another
approach is 1o use triangular patches to define the mandrel surface where the geodesic
path is found for each patch. Middleton et. al. [8], incorporated the triangular patches
method and a utility program to generate control data into a software program called
CADFIL. This program was restricted to axis-symmetric mandrels. Bernard [7] extended
the triangular method to axis-asymmetric mandrels and produced a software program
called TRIASYM. Both authors concluded that triangulation method can be used for any
shaped mandrel and produced solutions faster than solving the mathematical equations
defining the geometry. However, the disadvantages of the triangular paich method are

low accuracy and the large memory requirements for the data (7,8].
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The mathematical method uses initial value and second order differential equations
[6,9] which requires numerical solution for complex shape geometries. In this method,
the starting point and direction are the only required data to predict a stable path. Wells,
et. al. [9], used a software program called SYSTRID which found the fibre paths by 2
piecewise solution of a second order differential equations. This program will generate
solutions until the fibre path on the mandrel has reached a surface discontinuity. A
similar software program called Computer Aided Filament Winding of Asymmetric
Shapes using Robots (CAWAR) was used by Scholliers [6]. This method produces high

accuracy dependent only on the integration steps used in the calculation.

2.2: Filament Winding with CNC Machines

The simplest Computerized Numerical Control (CNC) filament winding machines
have two axes (Figure 2.2). One axis is used to rotate the mandrel and the other to
translate the payout eye carriage. More axes can be added as indicated in Figure 2.3.
These axes are typically controlled by a microprocessor based control system which are

capable of controlling both linear and nonlinear motion of the payout eye.
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The payout eye and mandrel positions can be programmed either in the "Teach-in"
method or down loaded from an external computer. The "Teach-in" method requires a
trained 2xperienced operator to wind a complex geometry mandrel.

The second approach i.e. using an external computer to calculate the fibre paths
has been used by a number of researchers. Stewart [11] used CADFIL to generate the
control data for the FANUC CNC filament winding machine. Similarly, Middleton [12]
utilized the data from CADFIL for a three degrees of freedom CNC filament winding
machine. Boey [13] produce an economical CNC filament winding machine which
contained 2 BALDOR smart controller card that can be program externally. Similarly,
Olofsson [14] used a four degrees ot freedom winding machine with an external computer
controller to study the wet winding of thick-walled cylinders. He also considered

collision avoidance between the payout eye and the mandrel.
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2.3: Filament Windine with Multi-axis Robots

A robotic filament winding cell is very similar in its basic function to the
traditional Computer Numerically Controlled (CNC) winding machine. However, robots
are more flexible than 2 CNC machine. A robot can easily move a relatively light
payload through 2 complex motion and can be easily programmed to repeat such task.
Robots can also perform a host of other tasks such as drilling, trimming, painting, and
loading/unloading of mandrels. A robotic filament winder is less expensive, faster (in
some situations) and more easily adaptable than a conventional filament winder [10].

A robotic filament winding cell consists of a robot and mandrel driver or support
(Figure 2.4). Usually, the robot has five degrees of freedom and the mandrel has one
degree of freedom [10,12,15,16]. Six degrees of freedom robots with a stationary
mandrel were also used in filament winding [6,17,18]. Bubeck [15] and Seereeam [16]
at Automated Dynamics Corporation used 2 Robotic Winding System (ROWS) consisting
of a five degree of freedom gantry type Unimate 6000 series robot with 2 stationary
mandrel. Munro [10] used a five degree of freedom ASEA IRB 6/2 industrial robot with
arotating vertically mounted mandrel. Middleton [12] developed a flexible manufacturing
winding cell with five degree of freedom FANUC S1 robot with a horizontally mounted
mandrel drive. Scholliers [6], and Hummler [17] used a six degree of freedom
Unimation PUMA 762 with a horizontally mounted mandrel drive. Hence, a robotic

filament winding cell typically has at least six degrees of freedom.
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i 2.4: Robotic Filament Windine Machine

The robot and mandrel drive controller have generally been programmed from an
external source such as a microcomputer [6,10,15]. The control data was generated using
software such as CADFIL or SYSTRID. This data was used by the controller to

manipulate the robot and the mandrel in unison. Bubeck [15] used the DEC PDP 11
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controller to control the robot while Munro [10] utilized the controller provided by
ASEA,

Fibres are supplied froni a creel system during the winding process. These fibres
are tensioned prior to existing the payout eye. The tension can be applied through many
forms such as pneumatic or electrical brakes [10]. Munro [10] used an electric brake to
applied tension to the fibres where the fibres were supplied from a fibre spool, mounted
on the output arm of the robot.

Robotic filament winding was carried out by many researchers
[6,10,12,15,16,17,18]. All the researchers found favourable results from using the
robotic filament winding cell. These results provided support for the development of an

advanced robotic filament winding cell, as described in the next three chapters.



Accuracy-Speed Relationships of a Rubotic Filament Winding Cell

CHAPTER 3
ROBOTIC FILAMENT WINDING MACHINE

THEORY

3.1: Filament Paths Generation

For this project the geodesic paths for the S-shaped mandrel surface were obtained
using a simulation program called TRIASYM [7]. This program uses the AutoCAD work
environment. Custom commands (macros) were incorporated in the AutoCAD menu.

A spine model of the mandrel was first generated using poly-lines. The spine
model was carefully generated to reproduce the fibre path from engineering drawings or
by tracing the mandrel. The mandrel surface geometry was created using the specified
cross-sectional radius and a number of facets to define the circumference. The mandrel
surface was then approximated with triangular patches. Using the triangular meshed
mandrel surface, many desired fibre paths can be produced depending on the initial setting
such as the wind angle and the starting position on the circumference.

Afier generating the fibre paths, they may be viewed using AutoCAD. If the
paths do not satisfy the desired requirements or a collision between the mandrel and

payout eye is found, the process can be repeated with different initial settings.
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3.2: Pavout Eve Position

Filament winding is a process where continuous fibres are placed on a desired
path. Since the fibres are not directly deposited on the mandrel (similar to a cutting tool
on 2 lathe) the payout eye position becomes a critical element in the winding accuracy.
The payout eye must follow the mandrel without colliding and must accurately position
the fibre on the desired fibre path. The payout eye position needs to be tangent to the
mandrel surface and at a specific fibre winding angle. The primary disadvantage to this
technique is the tow distance that the payout eye must maintain between the mandrel
surface and the payout eye to avoid collisions. The effect on the fibre placement due to
errors in the payout eye position is minimal as the distance from the payout eye to the
mandrel increases; however, a longer tow distance will result in longer winding times due
to larger payout eye movements. The continuous fibres are placed on the mandrel surface
by using a tow distance that will minimize the winding time and ensure adequate collision
avoidance.

The calculations of payout eye position are based on the assumption that any
smooth curve can be represented by an infinite number of linear segments. Smaller
segments result in higher accuracy. The theoretical model produced a continuous fibre
path. Since the robot needs points to describe the path, the continuous path is divided
into equal length segments. The segment length will depend on the definition of mandrel
geometry. If the mandrel is of a complex geometry, segment length has to be kept small

to maintain good definition of the mandrel surface. In the model, the mandrel was
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assumed to be made up of many circular cross-sections. Each cross-section location
coincides with the end point of the segments. From these cross-sections, the angles (6)
that make the robot tangent 1o the ernd points of the segment can be determined (Figure
3.1). In each cross-section, TRIASYM gave the values of offset distance between the
rotational centre of the mandrel drive unit and the mandrel centroid (R), mandrel radius
(r), and the end point coordinate reference system (X',Y',Z") at the mandrel centroid.
Figure 3.1 shows that the robot is situated directly in front of the mandrel drive unit (on
the X axis) with a distance of b. The mandrel rotates about the rotational centre of the
mandrel drive unit with an offset distance of R. The mandrel drive unit has a coordinate
system of X,Y,Z located at the rotational centre and the mandrel has a relative coordinate
system of X',Y',Z' located at the mandrel centroid. The X' axis always lies along the
direction of R. The mandrel centroid is defined by (x,y,z) and the end point on the
mandrel surface is denoted by (X,Y,Z). Figure 3.1 indicates a typical situation where
the mandrel has been rotated an angle of 6 to make the robot become tangent to the end

point of the segment {direction of r becomes perpendicular to the direction of a).
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Figure 3.1: Tangent Position on the Mandrel Surface

The following development shows the equations used in finding the tangent angle
(8). With reference to Figure 3.1, the program TRIASYM produces a file of X' and Y*
which are the coordinates of points on the mandre! surface with respect to centroid of the

mandrel cross-section. The angle ¥ hence obtained from these information as follows:
Yf
L 4 =a:ctan(3{-,) G.1)

The mandre] centroid for a given cross-section relative to the rotational centre of the

mandrel drive unit is given by:
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R cos(8) (3.2)

L
n

y = R sin(6) (3.3)

The position of the point on the mandrel surface relative 1o the rotation centre of the

mandrel drive unit is given by Equations 3.4 and 3.5 as follows:

X = x + 1 cos(¥ +6) (3.4)

Y =y + r sin(®+6) (3.5

The distance ¢ between the robot fixed base position to the mandrel centroid can be

expressed as:

c2 = (x+b)2 + y'.! (3.6)
= 3+ (X+b)2 + Y2

Substituting Equations 3.1 to 3.5 in Equation 3.6 gives the tangent angle of the robot end

effector to the end point on the mandrel surface as follows:

e=arccos('r'i°°s('*’))-‘r 3.7)

The difference between two successive 6 values give the angle of rotation of the mandrel
between the beginning of 2 segment on the mandrel surface and the end of the segment.

Once the tangent angle (for the robot to a point on the mandrel surface) is
calculated, the payout eye position must be modified to maintain the desired wind angle

(Figure 3.2). Figure 3.2 shows that the mandrel has the same coordinate system as in

-32-



Accuracy-Speed Relationships of @ Robotic Filament Winding Cell

Figure 3.1. The payout eye position is calculated by translating from the end point
coordinate (X2',Y2',Z2"). The point (X1',Y1',Z1") is the previous tangent point on the
fibre path. The variable offser represents the distance between the payout eye and the

mandrel surface.

~ Mandrel Surface

'

LX1,Y1,Z21Y
~

~

N ]

N (X2,y2,z2)

Ficure 3.2: Angle of Fibre to the Mandrel Surface

The following is the development for finding the distance that the payout eye has
to translate. Equations 3.8 and 3.9 denote two angles that are needed to calculate the

relative position of the payout eye to the tangent point on the mandrel surface (Figure
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3.2).
z! -z
o = arctan(—';——lf) (3.8
X-n - Xl
! !
-Y
B = arctan(———>) (3.9)
- = Xl

The o angle, in Equation 3.8, represents the angle in the X'-Z' plane (Figure 3.2).
It is used for finding the distance to translate in the Z' direction. The B angle, in
Equation 3.9, in the X'-Y" plane, is used for translating the payout eye tangent to the
previously laid fibre position (Figure 3.2). Figure 3.2 shows that the x value is defined

by Equation 3.10.

x = k cos(p) (3.10)

Equation 3.11 defines the variable k using the Pythagoras theorem (Figure 3.1).

k =  offset® - (x tn(a))’ @.10)

Substituting Equation 3.11 into the Equation 3.10 and rearranging gives x as follows:

offset

\1 A - (3.12)
e R

X =

-34 .



Accuracy-Speed Relationships of a Robotic Filament Winding Cell

The variables y and z can then be found with respect to x, B, and a as follows:

y = x tan(p) (3.13)

x tan(e) (3.14)

N
1]

The above variables x, y and z represent the distance that has to be added to the
tangent point (X2',Y2',Z2') on the mandrel surface to obtain the correct payout eye

position (Figure 3.2).
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CHAPTER 4
ROBOTIC FILAMENT WINDING MACHINE
HARDWARE

4.1: Experimental Apparatus

The robotic filament winding cell makes use of hardware that is described in the
following sections. The items described in section 4.1.1 to 4.1.6 existed previously [19].

Items 4.1.7 and 4.1.8 were added as part of this study.

4.1.1: ASEA TRB 6/2 Five Degree of Freedoms Industrial Robot
The ASEA IRB 6/2, manufactured in Sweden (Figure 4.1), is a five degrees of

freedom industrial robot. It is a revolute robot with a stationary base nedestal and has
two rigid rectangular box links to form the manipulator. At the end of the robot arm,
there is a wrist attachment for end effectors. The wrist joint has pitch and roll but not
yaw motion. Servomotors drive the arms using harmonic drives and linkages. The
maximum speed of the robot with arm extended is 2300 mm/s, and 630 mm/s with arm

retracted. The rated capacity of the ASEA IRB 6/2 is 6 kg.
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Fisure 4.1: ASEA TRB 6/2 Five Deoree of Freedoms Industrial Robot

4.1.2: ASEA Robot Computer

The robot computer supervises all the motor drive units and is capable of storing
data files (Figure 4.2). The robot computer can control up to five drive motors and
oversee six inputs/outputs electrical signals [20]. It has a pendant with a keypad and a
Joystick to jog the robot manipulator. A disc drive was provided for storing programs
from the robot memory onto a diskette. The robot computer has 6 kilobytes of main
memory space that could store 470 plain positioning instructions or 300 positioning
instructions and 200 control instructions. The positioning instructions were made up of
point coordinate, velocity, and movement modes, which were used for moving the robot
manipulators. The control instructions are used for controlling the gripper or external

devices. The robot computer can be programmed by using the "Teach-in" mode, or from
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data files on a diskette, or via a communication link to an external computer. The
"Teach-in" process required jogging the payout eye to the desired position and then
storing it into the memory by an operator using the joystick and keypad. This positioning
data can be easily edited from the pendant keypad. A personal computer can also provide
equivalent operations through an external RS232 communication link. A special protocol
{Chapter 5) was required to establish a standard message syntax between the robot
computer processor and the personal computer. The robot computer can only perform
one task at a time which idles the robot manipulator during an external data link.

Therefore, the robot controller supervises the joint motors and can be programmed by

"Teach-in" or through an external communication link.

Figure 4.2: Robot Computer
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4.1.3: F5 ool, Tensioner and Pavout Eve Mechani

Fibres were supplied from a single fibre spool. The spool is located on link 2 of
the robot and rotates on a shaft that is attached to an electric brake (Figure 4.3). The
fibre travels from the spool and through many guide rollers to the payout eye mechanism.
The payout eye mechanism has 2 spring loaded rocker arm to take up any slack in the

fibre (Figure 4.4) and is positioned on the same axis as the roll axis of the wrist.

S

N

Figure 4.3: Tension Brake and Fibre Spool
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4.1.4: ndrel Drive Unit

The drive unit consists of a steel rectangular frame, two adjustable chucks, and
a gear train (Figure 4.5). The chucks are mounted vertically and are used for holding
the mandrel in a vertical posture. The top chuck rotates freely on a bearing and the
bottom chuck is connected to a gear train. The gear train has a ratio of 13 teeth for the
gear sprocket on the drive shaft to 60 teeth for the chuck gex~ sprocket. A timing beit
was used to transmit power to the gear train from the stepper motor. This unit can

accommodate a mandrel of 550 mm in length and 230 mm in diameter.
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Figure 4.5: Mandrel Drive Unit

4.1.5: YN ™ Translator
The translator converts the electrical pulses intc the switching sequence needed to

drive a SI.O-SYN stepper motor (Section 4.1.6). An SLO-SYN TM600U operates from
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a DC power supply and is capable of producing up to 10,000 pulses per second. The
electrical pulses can be from a personal computer or a dedicated indexer card. An
internally mounted indexer card in a personal computer was used to provide pulses for

the translator (Section 4.1.8).

4.1.6: SLO-SYN M112 FD25 Stepper Motor

An SLO-SYN stepper motor provides 840 oz-in torque to the mandrel drive and
consumes 12.7 amperes at 1.75 DC volts. It can be configured for full stepping giving
200 steps per revolution or half stepping with 400 steps per revolution. The resolution
in the full step mode is 1.8° or 0.9° for the half step mode. In this research, the half

step mode was utilized to obtain higher resolution.

4.1.7: A Micro Personal Computer

A 386 personal computer with four megabytes of random access memory (RAM)
and a 120-megabytes hard disk was used for this experiment. It was equipped with two
communication serial ports and one parallel port. Communication port, COM1, was
utilized for the serial link with the robot computer. COM2 was used for the mouse
interface. The parallel port was cenfigured to handle the input and output signals between

the robot and the personal computer. Microsoft Quick C version 2.5 was utilized for
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writing the robot and mandrel control software programs. AutoCAD version 10.2 was
used for graphical display of the simulation results. Calculations on the personal
computer were performed to obtain the fibre paths and the payout eye positions, and to

supervise the robot and the mandrel movements.

4.1.8: PC21 Compumotor Indexer Card

A microprocessor based indexer card, PC21 Compumotor, was mounted in the
personal computer. The indexer card can command the stepper motor to rotate to a
precise position and stop; rotate at constant velocity; alternate back and forth between two

angular positions; or use a combination of the above moves.
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CHAPTER 5
ROBOTIC FILAMENT WINDING MACHINE

SOFTWARE

5.1: Robotic Filament Winding Cell Controller

Filament winding requires that many fibre paths are used to cover the entire
mandrel surface. Each fibre path has corresponding robot and mandrel control files.
There are two methods for inputting the control files data into the winding machine's
controller memory. The "Teach-in" mode allows the individual points to be entered
manually when the payout eye is positioned by the operator. The second method is to
have an off-line technique. The second method was incorporated and specific software
written to control the robot. An intuitive user interface was created to simplify the
operation.

Prior to this work the payout eye positions were entered manually into the robot's
controller in "Teach-in" mode. The following sections will discuss the subsequent
additions 1.e. the aspects of the communication link, data specifications, and user interface

of the robotic filament winding cell software.
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5.2: Communication Between Personal Computer and Robot

The robot was purchased without the communication software, due to the high cost
of that softwaie. The communication protocol was therefore determined by exchanging
commands between the robot and a computer, and then through observation decipher the
code for that command. Communication between the robot computer and the personal
computer are established through the following protocols. There are four phases in the
communication protocol.

(1) Establish connection

(2) Transfer the telegram or message
(3) Verify transmitted message and
(%) Terminate the transmission.

Before any communication between any machines can take place, the connection
must oe established. In this phase the host station will transmit an ENQUIRE command
to the slave computer to verify a correct computer link. If the correct link is found, the
slave computer will answer with an ACKNOWLEDGE message back to the host machine.
If the communication link is faulty, the host computer will receive no message and a time
out (exceeded the time limit given for answering the enquiry) will occur. Therefore, the
communication between the robot computer and personal computer has to wait until a
‘correct link has been made.

After the correct link has been accomplished, messages can be sent between the

robot computer and the personal computer. Messages are utilized for entering commands
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into the robot memory. These messages involve three main parts. Each message
contains a start of text transmission, the telegram, and the end of text transmission. The
start of iext transmission indicates the beginning of the text in the telegram. A telegram
consists of 2 header, to identify the following command with the telegram length, and the
command description. There are 26 commands that can be sent from the personal
computer to the robot computer. After the telegram has been transmitted, the end of text
transmission byte is sent to the slave computer. Following the end of transmission byte,
the host computer will send a byte containing the sum of the message bytes to verify the
accuracy between transmitted and received message. This value will be compared with
the sum of the bytes received by the slave computer. If the values do not match, a
negative acknowledgement will be sent by the slave computer to the host computer. This
will make the host station repeat the message transmission. In the case of no difference
between the two values, the slave station will send an acknowledgement to indicate a
successful communication. After the verification is done, the transmission can be
terminated by sending the end of transmission. Therefore, a message can contain various
telegrams which includes detection for transmission errors. The details of the

communication protocols are described in a separate proprietary document [21].
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5.3: Controller Software

The controller software developed in this work is a menu driven program and was
written in Microsoft C language [22]. This software has been modified to accommodate
more user functions and adapted to accept external accessories. It uses graphical screens
and menus to interact with the operator. This software is called Robot Control
Communication Software (RCCS) [22]. Extensive error checking was used to maintain
the integrity of the data link. Assembly coded routines were used to ensure maximum
data throughput and minimize any handshaking delays. The entire program is made up
of many modules. Each module represents a main command. There are four main

commands.

(1) Mode
(2) Manual Control Mode
(3) File Control Mode

(4) Program Control Mode

5.3.1: Mode

The robot has to be in the appropriate mode for it to execute any commands. The
robot will be in either standby or operate mode. While it is in standby mode, the robot

will execute the given commands from memory without the participation of the robot
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arm. In the robot operational mode, the given commands are executed in memory along
with the robot arm. Standby mode permits verification of the syntaxes and coordinates
of the robot instructions. If there are any errors in the syntax or invalid command
positions, the robot will stop executing and display the error. This error checking
function will find most errors before executing in the operate mode. A continuous check
of the communication link is possible with the ENQUIRE command. The robot may alco
be synchronized to the home position. The home position allows the robot to rest in a

balanced posture.

5.3.2: Manual Control Mode

In the past, robot movements were taught to the robot memory by using the
"Teach-in" mode. This mode requires the robot to be jogged to the desired positions by
the operator using a joystick and storing the desired positions. In the manual control
mode, jogging with a joystick is now replaced with position coordinates provided by the
personal computer. Figure 5.1 shows the manual control display screen and a flow chart
is shown in Figure 5.2. All command positions are entered using the Cartesian
coordinate system in absolute or relative terms.

The starting point must be established before the robot can be commanded
manually. A typical robot instruction consisted of: (a) the robot's base speed, (b)

rectangular or robot (revolute) movements, (c) the program number, (d) the instruction
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number and (e) the Cartesian position. The robot's base speed is defined as the reference
speed. A percentage of the base speed is used by the robot instructions for movements.
The rectangular movement uses a straight line to move from point to point. The robot
(revolute) movement uses the shortest path in joint space to move from point to point and
thus results in an unpredictable path. To complete the robot instruction, the wrist's pitch
and roll angles have to be specified (Appendix A).

The mandrel instruction set consists of: (a) angular acceleration, (b) start and stop
limit angular velocity, (c) maximum constant angular velocity, and (d) the angle of
rotation. The acceleration input determines the time needed to reach constant velocity.
This value is also used for deceleration. Correct start and stop velocities will prevent the
mandrel drive motor from stalling. The stepper motor will start to operate if the velocity
has reached the start velocity, and stop operating when it rea