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ABSTRACT

A technique has been developed for performing mechnical assembly without
active sensory feedback when using a programmable assembly machine or assembly robot
that has positional errors more than an order of magnitude larger than the clearances
of the pieces to be assembled. Most of the past research in programmable automatic
assembly has been focused on adding either visual or force feedback to overcome the
accuracy problem. The technique discussed in this thesis is based on designing a
passive compliance structure or mechanism that will essentially mimic an active force
feedback system. In response to a lateral positional error, the passive compliance
system allows the part being assembled to realign laterally, provided that the parts
have chamfered edges and that the parts can be brought together with an initial
positional error less than the dimensions of the chamfers. In response to an angular
misalignment, the passive compliance allows the part to realign rotationally. A
lTocking mechanism is used to hold the compliance device in a relatively rigid state
while the parts to be assembled are being transported and positioned. This allows
the compliance system which otherwise has a low natural frequency to be positioned
using high velocities and accelerations.

This thesis shows both theoretically and experimentally that the forces that
occur during the assembly process are a function of (a) the values of the compliance
matrix (a 6 x 6 symmetric matrix of the compliance seen at the assembly interface),
(b) the initial positional errors, (c) the relative clearance of the pieces, and (d)
the coefficient of friction between the pieces. This thesis also shows that the im-
portant parameters for the insertion of a shaft or a peg into a hole are the spatial
center of compiiance, the lateral stiffness, and the rotational stiffness.

The compliance system was used both in experiments that measured assembly
forces and moments and as part of a programmable assembly d=monstration project.
Seventeen parts of an automobile alternator were assembled in approximately two
minutes thirty seconds using the compliance system mounted on an electrically actu-
ated four-degree-of-freedom programmable assembly machine. The nominal clearances
between the parts were as small as 0.01mm (0.0004 in).

Using a properly engineered compliance system for automatic assembly instead
of force feedback has a numuer of important advantages. A force sensor is not re-
quired nor is any additional computational power required. As the compliant struc-
ture or mechanism allows small corrective motions, many assembly operations can be
performed using a programmable assembly machine with fewer than six degrees of '
freedom (generalized force feedback requires a minimum of six active degrees of
freedom). The speed at which the assembly can be accomplished is limited only by
the impact dynamics and the speed of the assembly machine.

While the compliance system was developed for use in programmable automatic
assembly, it could also be used with transfer 1ine or fixed automation machines. The
use of compliance should reduce the design, tolerance, alignment, and debugging re-
quirements and make it possible to perform tasks that could not otherwise be per-
formed automatically because of problems with the stack-up of tolerances.

Thesis Supervisor: Richard S. Sidell, Associate Professor, Department of Mechanical
Engineering



FOREWORD

This thesis compfises six chapters and seven appendices. Chapters 1 and 2
describe the problem; its. relevancy, the proposed solution, and a review of other
work in the field. Chapter 3 presents the theory behind the proposed solution and
some limitations of the solution. Chapter 4 briefly describes the equipment and
procedures used to measure forces during the parts assembly experiments using the
cbmp]iance system. Chapter 5 contains the results of these experiments. Chapter 6
contains conclusions and reconmendations.

Appendix A briefly describes the use of the compliance system in the experi-
ménta] assembly of an automobile alternator with a four-axis programmable assembly
machine or assembly robot. The reader may wish to read this Appendix after reading
Chapters 1 and 2. Appendices B and C describe the limitations of the compliance
system caused by impact forces and impact dynamics. These appendices should be read
only by the reader interested in problems of high-speed insertions. Appendix D dis-
cusses in detail the design of the compliance element and Appendix E discusses the
experimental technique used to determine the 6 x 6 compliance matrix of this ele-
ment. Appendix F discusses the design of the six axis force sensors used to measure
the assembly forces and Appendix G discusses the palibration procedures for these
sensors. The last four appendices should be read only by the reader specifically

fnterested in the detai]s of the hardware.
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1. INTRODUCTION

The concepts presented in this thesis were developed in support of research
work on programmable automatic assembly. However, these same concepts should prove
equally useful for the design of conventional or fixed automatic assembly equipment
to assembie close-fitting parts and may also be useful as an aid in manual assembly.

The aséemb]y of discrete parts is one area of the manufacturing sector where
the increase in productivity has lagged. It is possibie to build special purpose
fixed automatic assembly equipment for some products. However, the relatively high
capital cost, the costs associated with the long setup and tuning or debugging times,
and the limited adaptability of this equipment requires that the given product be
assembled in large volume over a -long period of time [21]. If the assembly is to be
fully automated, the parts must be of a limited size and weight such that they can
be oriented and fed automatically. As faulty or even out-of-tolerance but other-
wis/ functional parts will cause this equipment to jam and malfunction, high quality
parts are required for the assembly machine to have sufficient uptime. Once a fixed
automatic assembly machine is in operation, there is a great reluctance to make any
product change that might affect the performance of the assembly machine.

Because the bulk of discrete products are assembled in low to moderate
vdiume batches, most assembly is presently performed manually. Also a large number
of products that are assembled in sufficient volume to warrant fixed automation
are otherwise unsuited for automation and are now being assembled'manua11y. The con-
cept of programmable or flexible automatfc assembly is being developed primarily to
economically automate the assembly of these products.

Programmable automatic assembly is sometimes referred to as robot assembly as
most of the machines built to date bear a strong resemblance to the so-called in-
dustrial robots. However, the term robot must be used with some caution as it has
been used to describe a wide range of devices that perform some automatic or pre-
programmed function. The machines used in the programmable automatic assembly re-
search that has been done to date are primarily mechanical manipu]ators or arms that

have between two and six separate motions or degrees-of-freedom. Conceptually,
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prdgrammable automatic assembly is analogous to numerically controlled (NC) machin-
ing. In NC machining, a machine tool equipped with servo actuators is programmed to
perform a sequence of operations that a human operator would normally perform. In
programmable assembly, a servo actuated machine is programmed to follow a sequence
of assembly tasks. A major difference between the economics of NC machining and
programmable assembly is that in the machining operation, a machine tool is required .
even when the machining is performed by a machinist while manual assembly is per-
formed by a person using simple hand tools. In NC machining, the machine tool is
automated in a programmable manner while, in programmable assembly, a machine must

be constructéd that can compete with a person.
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2. BACKGROUND

The basic concepts and problems in programmable automatic assemby are dis-
cussed in the first section of this chapter. The second section is a brief history
of the initial work that led to the use of the present compliance system. This sys-
tem is described in the third section. The final section is a review of past and

concurrent work in tne field of programmable automatic assembly.

2.1. Basic Concepts and Problems

A major problem in programmable automatic assembly is designing a fast low-
cost machine capable of assembling close-fitting parts that can compete economically
with manual labor. The traditional approach to the design of transfer line or fixed
automatic assembly machines is to build a machine that has positional accuracy equal
to or greater than the clearances of the parts to be assembled. This is achieved by
making the machine structurally stiff and by using precision bearings and slides.

The stiff accurate type of programmable assembly machine is used successfully
to insert electronic components in printed circuit boards. To assemble larger parts,
the requirements for stiffness and accuracy imply a fairly massive machine. Both
the cost of the machine and the power needed to accelerate and decelerate the large
inertial loads have made it impractical to design a multi-axis manipulator or robot
arm for assembly that can compete economically with manual assembly. Even with a
highly accurate machine, it is still not possible to assemble parts where the stack-
up of tolerances between the machine and the parts exceeds the assembly clearances.
Because of this problem, the current transfer line technology is not entirely suc-
cessful in the assembly of close-fitting parts.

One potential solution to the accurary problems of high-speed manipulator arms
is using sensory feedback. Two basic types of sensory feedbéck have been tried
to a limited extent: visual feedback and force feedback. A person normally uses
both these types in manual assembly, using vision to acquire the parts and to

make gross positional moves while sensing forces to actually fit the parts together.
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Experiments in using vision to aid assembly have ranged from locating parts
on a conveyor using silouette techniques to analyzing complex scenes under ambient
light and then using this. information to guide a manipulator arm in stacking up .
parts. It is relatively difficult, however, to make use of visual feedback in
making the final small corrective motions to assemble parts because the tools and
fixtures and the parts that are being assembled tend to block the view of the
aésemb1y interface. In the near future, the use of visual feedback in assembly
probably will be limited to identifying parté and their location and orientation
under controlled lighting conditions.

Conceptué]]y, force feedback is more applicable to the problem of sensing and
removing small positional errors between the parts that are being assembled. Most
force feedback assembly research has involved using forces and torques resolved at
the assembly interface to generate feedback signals to null the positional errors of
the assembly machine. For the common example of inserting a shaft or peg into a
close-fitting hole, the problem, once the insertion has been started, is to null the
lateral forces and moments while continuing the 1nsertion: If either or both of
the parts are chamfered and the initial positional errors are not larger than the
chamfers, starting the insertion is simply a matter of nulling the lateral forces
after the parts come into contact. Until the shaft is actually into the hole, there
should be only a single-point contact and therefore no moments. If the positional
errors are larger than the chamfers or if there are no chamfers, the probiem is
censiderably more compliex but feasible. If the magnitude of thé position$1 error
and the geometry of the shaft and hole is such that the centerline of the shaft
lies between the centerline of the hole and the line of contact between the two
parts, a moment will exist that will tend to tip the shaft into the hole (Figure
2.1). By measuring this moment, it is possible to generate a corrective motion
to center the shaft over the hole [35],([26].

Although possible to use, force feedback suffers from several practicé] pro-
b]ems. If the dirgction of thg applied force vector is outside certain bounds, it

is possible that the parts being assembled may become jammed [34]. When this
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Top view

Side view

Figure 2.1. Forces that cause a tipping moment during a chamferless
. insertion,

occurs, the componert of force in the insertion direction no longer causes the in-
sertion to proceed. At the same time, the friction forces become ambiguous and the
reaction forces cannot be properly resolved. An analogy exists in manually assem-

bling close-fitting parts. Once the parts become jammed, it is not possible to

ascertain from the reaction forces in which direction the force vector should be
applied to free the parts. If sufficient forcé is applied to parts that are jammed,
it is possible to cause deformations such that no force vector applied in the in-
sertion direction will cause the inserticn to continue.

The spead at which a force feedback assembly operation can be accomplished

is limited by the permissible assembly forces. The lateral forces and the moments
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that occur during the assembly operation or insertion are proportional to both the
stiffness of the assembly machine at the assembly interface and the instantaneous
positional error at the assembly interface. For a given machine with a certain
stiffness and inertia, the positional error during an assembly operation is pro-

portional to the speed at which the machine is driven.

2.2. Work Leading to the Use of Compliance

An auxilliary device attached to the end of the manipulator arm or assembly
machine capable of making small, high-speed, high-resolution motions could be used
to increase the speed of a force feedback system. While this device would need six
degrees of freedom to correct general positional errors, it might not he necessary
for the assembly machine proper to have six degrees of freedom. Although this
system would be faster, the add1t1onal cost wou]d make the economics questlonable

Prior to the start of th1s work the effect of compliance had been noticed
when parts had been assembled without force feedback even though positional errors
existed that were eonsiderably larger than the available clearance. The part-grip-
ping tools used for these experiments had sufficient play so that gripping point
could be modeled as a compliance. If the parts being assembled have a clearance of

c and an insertion depth of d, the assembly has a permissible wobble angle of:

0 = & 2.1
(Figure 2.2). Assuming that the part is gripped compliantly at a distance £ from
the assembly interface, the assembly machine can have a maximum lateral error of:
g, = 02 2.2
and still fully insert the part into the hole without the possibility of jamming.
If the parts are chamfered and the lateral error is less than the dimensions of the
chamfers, it is possible to assemble the parts by simply pushing them together. v
The initial assembly system using compliance was designed to utilize this
wobble angle effect. A cantilever beam spring was used to provide the necessary
compliance while the part-gripping tools were designed to hold the parts rigidly

(Figure 2.3). A locking mechanism was designed and constructed that allowed the
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CEaling

Figure 2.2. Maximum lateral error with a single-point contact.

system to be locked in a relatively rigid state to retain the stiffness of the basic
assembly machine while the parts to he assembled are being transported and posi-
tioned.

In addition to being potentially very fast, a compliance-based assembly sys;em
is relatively simple. If certain conditions are met, the system can operate in a
totally passive manner. The parts must be chamfered and the lateral position errors
must be less than the dimensions of the chamfers to initiate the assembly operation.
To use the wobble angle effect, the required angle must be less than the angle
defined in equation 2.1 for a given clearance and insertion depth. The combhined

lateral and angular error that can exist and not exceed the maximum wobble anglé is
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Figure 2.3. Schematic drawing of the first compliance system.

given by:
€
=+t % <o 2.3
where €y is the lateral error and €9 is the angular error,

The original intent was to use a simplified form of force feedback when the
combined error was greater than the maximum permissible wobble angle. Two-point
contact will cause a moment at the assembly interface. Resolving and measuring
this moment would yield a feedback signal with which to servo the assembly machine.
Consideration was also given to designing an auxilliary small-motion, high-speed
device with two lateral degrees of freedom. This device could be servoed directly
to null any moments measured at the assemb]y interface. Although there was no dif-

ficulty in resolving the moment after two-point contact occurred, this simplified
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form of force feedback was not tried.

When the insertion of the shaft into the hole was continued after the intial
two-point contact, the moment, the lateral force, and the insertion force became
large but remained finite. Jamming did not occur, largely because of the inherent
compliance of the tooling, the test fixtures, and the parts. From these initial ex-
periments it was clear that by designing a compliance that would yield lateral dis-
placements in response to lateral forces at the assembly interface and would yield
rotational displacements in response to moments at the assembly interface, force
feedback or active accommodation would not be needed for these tasks (See Figure 2.4).
As making lateral displacements in response to lateral forces and rotational dis-
placements in response to moments is exactly what was originally desired from force
feedback, this type of compliance can be considered a mechanical analog of force

feedback. Or, force feedback can be considered simply synthesized compliance.

H i ! H
1 t N H
| 1 H 1
' ' H 1
[} [ H 1
H ] ) 1
'I_ A " A
' i |
¢ ! |
A — A
F—
a. Response to applied lateral b. Response to applied moment.
force.

Figure 2.4. Desired reponse of compliance system to applied forces and
moments.
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2.3. Brief Description of the Compliance System

The second compliance system comprised a deformable structure to provide the
necessary compliance, a compliance-locking mechanism, and an automatic tool-change
mechanism (see Figures 2.5 through 2.7). This system was used both for experiments
that measured assembly forces and moments and.for assembly experiments that used
a programmable assembly machine. The experimental assembly of an automobile alter-
nator using this system mounted on a programmable assembly machine is discussed in
detail in Appeﬁdix A. A six-axis force sensor was used during experiments that
measured assembly forces and moments but was not used during assembly experiments
with the programmable assembly machine. The deformable or compliant structure used
to provide the desired compliance properties was designed to have a center of compli-
ance approximately 200mm (7.9 in) from the top of the structure, a lateral stiffness
of 10 N/mm (5.7 lbf/in), and a rotational stiffness at the center of compliance of
0.40 MNm/mrad (3.5 in-lbf/mrad). See Appendix D for detailed discussion on compli-
ance design.

The compliance is locked with a pneumatically actuated single-taper collet
with a large expansion/contraction range. The collet also acts as a limit étop for
the compliance in the unlocked state. In the locked state, the compliance is es-
sentially set to zero to allow the system to be positioned using high velocities and
accelerations.

The automatic tool-changing mechanism is incorporated to facilitate the use
of different tools needed for the programmable assembly demonstrafion. Functionally,
this mechanism is similar to the tool changers used on many numerically controlled

machine tools.
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Figure 2.5. Cross-sectional drawing of complete compliance system.
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Figure 2.6. Schematic drawing of the deformable structure used to provide
the desired compliance.
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Photograph of the second compliance system mounted on the

Figure 2.7.

programmable assembly machine. The system js shown with a

tool holding an alternator rear housing/stator subassembly.
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INTENTIONAL DUPL1CATE EAFUSURE

d on the
The system is shown with a

Figure 2.7. Photograph of the second compliance system mounte

programmable assembly machine.
tool holding an alternator rear housing/stator subassembly.
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2.4. Review of Other Work in the Field

Most of the earlier work at M.I.T. and the Charles Stark Draper Laboratory
(previously the M.I.T. Instrumentation Laboratory) was concerned with the control
of remote manipulators [42], [43]. Some significant developments in this work were
resolved motion rate control (a technique for obtaining straight-line controlled
rate motion with a multi-jointed manipulator arm) [38], the design and construction
of a series of six-axis hand controllers and a six-axis force sensor, the design
and constructibn of a laser ranging and pointing system for determining the lo-
cation of parts, and some of the original work on the use of force feedback steering
or accommodation for part insertion or assembly [18], ([39].

The first work at Draper Laboratory specifically directed toward programmable
automatic assembly was the design of a high-performance six-axis manipulator arm
with a maximum reach of approximately 1 metef (40 in) [22]. All'the axes wereAto be
difect]y actuated with specia]]y designed hydféu]ic vane actuators. The'primary
design goals were to make a typical point-to-point move within one-half second
aqd hé;e a hositioﬁai.accuracy to within 0.25mm (0.010 in). Although some compo-

.nents were built and tested, the arm was not constructed due to termination of
funding.

The more recent work on programmable automatic assembly at the Draper Lab-
oratory has been part of a larger study on this subject funded by the National
Science Foundation. Several different research groups were given different parts
of the overall problem to investigate. The Draper Laboratory was funded to in-
vestigate the interaction of the parts during the assembly process (sometimes re-
ferred to as parts mating) and tc investigate the use of force feedback accommoda-
tion in assembly. Stanford Research Institute received funding for investigating
the use of vision and pattern recognition in assembly while the Stanford University
Artificial Intelligence Laboratory was funded to develop a general purpose computer
language for grogrammable assembly. The use gf yisioy and pattern recognition in
acquiring and orienting parts is being investigated at the University of Rhode Island

while more conventional parts feeding and orienting techniques are being investigated
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for use in programmable assembly at the-University of Massachusetts. In addition,

a feasibility study for a pregrammable assembly demonstration system is underway at
Westinghouse Research and Development Center. This project, jointly funded by NSF

and Yestinghouse, is designed to use some of the technology being developed by the

other NSF grantees.

This thesis represents only one part of the work done at the Draper Labora-
tory under the NSF funding. A series of reports covering the overall work have been
issued under the title "Exploratory Research in Industrial Modular Assembly"([23], [24],
[25], (26]. These reports cover the development of force sensor technology, the
description of assémb]y tasks and an analysis of task geometry, the development of
the assembly demonstration equjpment, the development of control algorithms, the
development of the computer software systems, an amalysis of the economics of pro-
grarmmable assembly systems, an analysis of the causes qf parts jamming, and some of
the preliminary work on the use of compliance that led to this *"esis.

A more complete analysis of assembly system design criteria based on economic
and techno]ogica]lmodeling can be found in the doctoral thesis "Economic-Technologi-
cal Modeling and Design Criteria for Programmable Assembly Machines" by Lynch [21].
One of the conclusions is that the measure of value of a programmable assembly
machine is the price-time product, i.e., the cost of the machine multiplied by the
time it takes to complete an operation. The smaller this number, the greater the
va]de of the machine. Lynch uses this criterion to compare projected programmable
assembly machines to manual assembly and tixed automatfon.

An analysis of the causes of parts jamming and criteria for the avoidance of
jamming are presented in the paper "Force Information in Assembly Processes" by
Simupovic [34]. Further work on parts interaction-.and jamming along with work on
the use of estimation theory to assemble parts with large positional errors is pre-
sented in the dobtora] thesis "An Information Approach to Parts Mating" by
Simunovic [35].

Ongoing work at the Stanford Research Institute is presented in a series of

reports entitled "Exploratory Research in Advanced Automation" [28], and "Machine
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Intelligence Applied to Industrial Automation” [30]. The work includes the use of
vision to locate and identify parts in a random orientation on a moving conveyor
line, to palletize parts in a moving box, and to spray-paint parts on a moving con-
veyor. Two manipulator arms, a conveyor line, and various sensors have been inter-
faced to a minicomputer. Software and hardware have been developed to teach and
control the manipulators with the aid of joysticks and voice control. In addition
to the above work, an overview of the general field of programmable automation is
presented in the paper "Programmable Industrial Automation" by Nitzan and Rosen [29].

Earlier work at the Stanford University Artificial Intelligence Labhcratory
included programming a manipulator arm to assemble a waterpump using both visual
and force feedback [10]. The waterpump parts included a tase casting, a gasket,

a number of screws, and a cover plate with the impeller and pulley. Force feedback
was used to lTocate holes in conjunction with a search pattern. The forces were
sensed indirectly by monitoring currents in the drive motors. Present work includes
the development of a high level language for programmable automatic assembly that
has been named AL. This work is documented in a series of progress reports titled
“Exploratory Study of Computer Integrated Assembly Systems" [6], [7].

Current work at the University of Rhode Island is presented in a series of
progress reports titled "Robot Computation for Orienting Workpieces" [8], [9].
Digitized television images are being used to identify individual parts in a bin
filled with randomly oriented parts. An algorithm based on identifing key features
in two views is used to determine the exact orientation once an individual part
has been acquired bx the robot. Earlier work on using a device with an array of
lights in conjunction with a television camera to aid iﬁ programming a manipulator
arm is presented in a paper titled "Visual Robot Instruction" by Seres, Kelly, and
Birk [33].

A major part of the NSF funded work at the University of Massachusetts is
the development of a unified code to classify small parts for conventional parts-
feeding techniques. Techniques for feéding and 6rienting the parts are provided for

the different code numbers. Information is also provided on the efficiency in feed-
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ing the parts. In addition, work is being done on developing feeders that can be
easily modified to feed families of similar parts. The work is being published as
a loose-leaf handbook titled "Handbook on Feeding and Orientating Parts" [11I, [12].

While considerable work has been done by researchers at the MIT Artificial
Intelligence Laboratory in the general field of machine intelligence and robotics,
only a relatively small amount pertains to industrial assembly. In the paper "Force
Feedback in Precise Assembly Tasks" by Inoue [20], an experimental assembly system
is described. A number of parts including two ball bearings, several spacers and
washers, a threaded shaft, and a nut are assembled using a combination of strategies.
The initial positibning is done with a landfall navigation search (an initial 6ffset
larger than any expected positional error is made in one direction so that the
search need be made in only one direction). Force feedback was used for the assembly
or parts mating. The parts with close fits were chamfered.

There has been'considerable industrial interest and experimentation in pro-
grammable automatic assembly. However, to a great extent the work is considered
proprietary and therefore most but not all, of this work is unpub]i;hed. At the
IBM T.J. Watson Research Center, a computer controlled system has been developed for
mechanical assembly experimentation. A multiple-degree-of-freedom manipulator with
linear hydraulic motors is used in conjunction with touch and force sensors and a
sonic proximity sensor. This work is documented in the paper "Computer Controlled
Mechanical Assembly" by Will [40] and "An Experimental System for Computer Controlled
Mechanical Assembly" by Will and Grossman [41].

A four-axis programmable manipulator has been developed at Westinghouse
Electric Corporation to perform arc welding. This work is presented in a paper
titled "Robot-Arc Welder with Contoufing Teach Mode" by Abraham and Shum [1]. As
previously mentioned, Westinghouse is currently involved in a programmable assembly
demonstratjon project which is funded jointly by NSF and Westinghouse. This work is
documented in a series of progress reports titled "Programmable Assembly Technology
Transfer to industry" [2]. Also a review of the past and current work titled "State-

of-the-Art in Adaptable-Programmable Assembly Systems" has been written by Abraham,
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Stewart, and Shum([3]. It is lafgely an evaluation of the applicability of the
available technology to their project. It does, however, contain a very complete
1ist of references.

Kawasaki Heavy Industries, a Japanese liscensee of Unimation, has demonstrated
one of the more impressive programmable assembly experihents. Small gasoline engines
are assembled on a pilot line with five work stations. Each work stqtion has two
minicomputer-controlled small Kawasaki Unimate robots with special tools and fix-
tures. The assembly is performed without sensory feedback. However, at least some
of the work pallets are floated on air-bearing pads to provide some compliance.

While this eXpe;imental system was technically successful, it is too slow and ex-
pensive to be cost effective. The work has been documented in a paper titled
“Development and Application Report in the Arc Welding and Assembly Operation by
a High Performance Robot" by Siko and Toda [32].

Hitachi of Japan has developed a series of experimental systems for perform-
ing precision insertion operations. The présent "HI-TI-HAND" or tactile controlled
robot system makes use of an engineefed compliance in an attempt to mimic the
rocking or orbital motion often employed by people attempting to assemble a close-
fitting piston in a cylinder. After the insertion has been initiated, the deviée
is driven downward inserting the piston into the cylinder until a present axial
force limit is exceeded. The search pattern is then re-entered. As presently im-
plemented, the "HI-TI-HAND" will successfully assemble close-fitting parts while
exerting only small forces on the parts. It does, however, require that the parts
be chamfered. Earlier experiments involved tipping the piston at a slight angle
and dragging it across the mouth of the cylinder to determine the exact'1ocafion
of the hole. The present device requires five to ten seconds to complete a typical
insertion. The work has been documented in several papers by Goto, Inoyama, and
Takeyasu [16], [17]. Also a United States patent has been issued for the device[36].

A device that is very similar to the present "HI-TI-HAND" has been designed
and constructed at the University of Stuttgart. The work is documented in a thesis

titled "Design and Construction of a Self-Steering Robot Hand" by Schneider [51].
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Olivetti of Italy is presently marketing a programmable assembly system or
robot for the assembly of small parts. The as;emb]y robot is part of a family of
similar machines that also includes a numerically controlled drilling machine, hot
riveting machine and plasma torch cutter. The mini-computer controlied assembly
machine is equipped with a wrist that allows small relative motions in the x,y, and
z directions. Transducers ére used to detec£ this motion and p}ovide signaﬁs for.
servo correction. A pape; titled “Sigma - An Integrated General Purpose System for
Automatic Manipulator" by d'Auria and Salmon documents some of the features of this
machine [13].

Considerable work has been done at fhe University of Nottingham in both the
fields of programmable assembly and fixed automation. A manipulator-mounted
television camera has been used to identify and determine the position and orienta-
tion of objects. The television camera is mounted on a turret with the part-grip-
ping tools. The cameré is rotated out of the way after the arm has been centered
over the object. A paper on this work titled "Robot Research at the University of
Nottingham" has been published by Heginbotham, Page, and Pugh [19].

The above work pertains mostly to programmable automatic assembly or robot
assembly. Additional published work exists in the more general field of industrial
rébotics and also in the field of artificial or machine intelligence. A review of
robotics titled "Robots Systems" has been published by Albus and Evans [4]. They
‘have also be;n involved in the development of a hierarchical control system for a _
manipulator at the National Bureau of Standards. This work has been published in a

paper titled "A Hierarchical Structure for Robot Control" [5].
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3. THEORY

This section is divided into two parts. A quasi-static analysis of the
forces resulting from the assembly of two parts using compliance is presented in
the first part. A simplifying assumption made throughout is that the assembly is
the insertion of a round shaft or peg into a round hole; This is one of the most
common operations during the assembly of mechanical parts that have close fits. The
analysis is equally valid for the placement of a part with a hole over a round
shaft. The limitaticns caused by impact forces and dynamics are discussed in the
second part. *

The gdeneral quasi-static theory with the 6 x 6 compliance matrix is valid
for any compliant structure, mechanism, or other body assuming that the deflections
are sufficiently small that effects due to the distortion of the reference frame
can :be ignored. Assuming certain symmetries and assuming that the compliance in the
insertion direction is much less than the compliance in the lateral direction, the
6 x 6 matrix can be replaced with a 2 x 2 matrix for engineering design purposes,

The examples given assume that the compliance has the properties of the deformable

structure designed for the second compliance system.

3.1. Quasi-Static Theory .

The forces considered in this analysis are the forces that are a result of
deflections being imposed on the compliance device and frictional forces. The de-
flections of the compliance are caused by the positional errors of the pieces that
are being assembled. The compliance is represented mathematically by a 6 x 6
matrix C that relates the six-dimensional deflection vector D of a given structure
to a six-dimensional force and mﬁmenf.vector F applied to the structure. Thus for
_aAQtin‘point‘in spaFe‘the compliance matrix can. he defined by the relationship:

D =CF é.l

The compliance matrix can also be thought of as the inverse of the general

6 x 6 stiffness matrix S which relates the force vector that must be applied to the

structure to generate a particular displacement or deflection vector:
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or:

-n
n

KD 3.3

3.1.1. Spatial Transformation of the Compliance Matrix

If the compliance matrix is known for a point in space it can be found for
any other point in space by using transformation matrices. At the new point in
space, the relationship between the deflection vector and the applied force vector

can be written as:

D' =.C'F' 3.4
where D' is the deflection vector at this new point, F' is the force vector at
this new pofnt, and C' is the new compliance matrix. Figure 3.1 shows the relation-
ship between the deflection vector at the new point in spac: and the original point.

Written in matrix form this relationship is:

Fd;( | (1 0 0 o0 +, -a, d,
a 0 1 0 -a, 0 +a d,
d! 0 0 1 +ay -a, 0 dZ
_ 3.5
dex o 0 0 1 0 o0 dex
d 0O 0 0 0 1 0 d
By O
d! 0o 0 o0 0 0 1 dg
i % | i J | 2]
or: .
D' = GD . 3.6

Figure 3.2 shows the relationship between the force and moment vector at the orig-
inal point in space and the new point in space. Written in matrix form this

relationship is:
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Figure 3.1. Transformation of displacement coordinates.

ht,

Figure 3.2. Transformation of force coordinates.
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As this transformation matrix is the transpose of the transformation matrix of

equation 3.5, equation 3.7 can be expressed as:

F=GF 3.8
Using equations 3.6 and 3.8, equation 3.4 can be written in the form:

T

D' = GCG F' 3.9

Therefore:

CI

Gea’ 3.10

3.1.2. Two-Dimensional Analysis

For engineering design purposes, the 6 x 6 compliance matrix can be replaced
with a simplified 2 x 2 planar compliance matrix provided that a number of con-
ditions are met. Both the compliance and the parts being assembled must be rota-
tionally symmetric about the insertion axis. The compliance in the insertion
direction must be several orders of magnitude less than the compliance in the lat-
eral direction. The 2 x 2 matrix is formed from a lateral compliance term along an
axis orthogonal to the insertion direction, a rotational compliance term about an
axis orthogonal to both the insertion and the lateral compliance axes, and the two

off-diagonal terms. Equation 3.1 becomes:

d, €1 C12||Ts

dg Co1 €22 ||Mg
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where dl is the lateral displacement, dg is the angular displacement, f2 is the
lateral force, and My is the moment or torque all at the point where the compliance
is defined. This matrix along with the full 6 x 6 compliance matrix of equation
3.1 is constrained to be symmetric due to reciprocity.

The tiransformation matrix G for the 2 x. 2 compliance matrix becomes:

1 +a
G = 01 3.12

where a is the distance along the insertion axis from the point where the compliance
matrix was originally defined or measured to the point where the forces and moments
are being applied or where the displacements are being imposed. This new point will
normally be what is referred to as the assembly interface. Using this transforma-

tion matrix in equation 3.10, the compliance matrix at a new point in space becomes:

€1 12 11

The center of compliance is defined as the point in space where a lateral
force will cause only a lateral deflection and a torque or momgnt will cause only
a rotation. Mathematical]y stated, the compliance matrix is a diagonal matrix at
the center of comp]iancet The point in space where this occurs for the 2 x 2 com-
pliance matrix can be determined by setting the ciz term of equation 3.13 to zero.
Therefore, the center of compliance is located at:

-C
4= C12 3.14
c22 .

A true center of compliance will exist for the full 6 x 6 compliance matrix only if
the compliance has an axis of symmetry.

The quasi-static forces that occur during the insertion of a shaft into a hole
are dgtermined by the compliance at the assembly interface, the displacements that
must be accommodated and the coefficient of friction. The displacements are a
function of the positional errors between the centerline of the shaft and the

centerline of the hole and the clearance ¢ between the shaft and the hole. The
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lateral displacement dz that must be accommodated is:

= __C. 1 ;

dy =€ - 3 if > -3

dy = 0 if e, < —% 3.15
= ful S

dg =gy + -3 if e, <3

where €0 is the lateral error between the centerline of the insertion axis and the
centerline of the hole at the mouth of the hole and € is the angular error between
the centerline of the insertion axis and the centerline of the hole. The angular

displacement de that must be accommodated is:

= __C_ 1 4
d 2eg-7 Il 5> =
d =0 if g, < —= 3.16
8 7 '
) Z - -z
d = €g + - if €g < -

where z is the depth that the shaft is inserted into the hole. The shaft that is
being inserted could also have a lateral and angular error relative to the insertion
axis. To simplifiy this analysis, these errors were assumed to be small.

. The lateral force on the shaft during the insertion of the shaft into the hole
is simply the inverse of the compliance matrix at the assembly interface multiplied
by the lateral displacement that must be accommodated.. The moment on the shaft is
the inverse of the comp]ianée matrix multiplied by the angular error that must be
accommodated. There is also a moment caused by.the.friction component of the
lateral force acting on the radius of shaft. This term is gznerally small and is
‘ignored in the following analysis.

Inverting equation 3.11, the lateral force and the moment caused by the

lateral and angular displacements are:

d
= 3.17
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where K = C'l. The vertical or insertion force is a function of both the coef-
ficient of friction and the geometry of the chamfer while the shaft is s1iding down
the chamfer on the hole. . Once the shaft is in the hole, the insertion force is the
coefficient of friction multiplied by the total contact force. For a single-point
contact between the shaft and the hole, the cqntabt force is simply the lateral
force. HWhen there is two-point contact, the contact forces must equal the lateral

force plus twice the moment divided by the insertion depth (see Figure 3.3).

Figure 3.3. Contact Forces.

If it is assumed that the compliance matrix is defined at the center of com-
pliance or where the compliance matrix is diagonal, the inverse of the compliance

matrix or the stiffness matrix is simply:

-1
Cll 0 l 0 kl]_ 0 . .
= [ ‘1 = 3.18
1.
0 c 0 = 0 k
22 Coo 22

Uéing these values for kll and k22, the forces and moments at a point removed a

distance a from the center of compliance become:
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_________ 3.19
My -akg E k22+a2k11 d0

For given values of compliance, the forces are clearly minimized when the center of

compliance is at the assembly interface.

As an example, the expected forces for the insertion of a ball bearing into a
housing are shown in Tables 3.1 and 3.2. The forces are calculated assuming certain
positional errors. The compliance coefficients and the data on the bearing and the
clearance are taken from values measured and used for the programmable assembly demon-
stration. [Initially the center of compliance is assumed to be at the center of the
bearing. Then the center of compliance is moved away from the assembly interface.
Using the compliance values of the device as implimented, the calculated contact
forces resulting from a typical angular error are much larger than the calcd]afed
contact force resu]tiﬁg from a typical lateral error. This implies that the ratio of
the angular stiffness to the lateral stiffness of the compliance device as construc-
ted is higher than would be desired. In the actual insertions of these bearings, the
high contact forces are not observed. A common radial ball bearing exhibits consid-
eréb]e angular compliance. The existence of this additional compliance tends to make
the location of the designed center of compliance relatively unimportant for this
particular task. To obtain experimental data with moments, a solid piece with the

external dimensions of the bearing was made.

3.1.3. Jamming

It can be seen from Tables 3.1 and 3.2 that it is possible to generate very
high contact forces, particularly for shallow insertions, when either the angular
stiffness is high or the center of compliance is not close to the assembly interface.
The§e high-contact forces can; under certain conditions, lead to jamming of the parts.
The phenomena of parts jamming was studied previously at the Draper Laboratory by

Simunovic (33]. Two major conclusions were obtained:
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Assumed two-dimensional compliance matrix (c11 is in mm/N, czzis in

mrad/Nm):
0.1 0
C:
0 2.5
as:
F=clo
] [
£, I ECE
Mg 0 0.4
e - . -

For a lateral

P B
fﬁ ) 10 0
m 0 0.4
"0 i i
f, =10 N

. 10 N
My = 0

X

For a lateral offset of 1 mm and an angular offset of 10 mrad:

g ) 10 0

Mg 0 0.4

fy = 10 N

My = 4 Nm 10 N
333 N

1
10

'

_:NIT

333 N

Table 3.1.

a1

Two-dimensional analysis of the insertion forces for the
insertion of a ball bearing into the alternator housing.




Complinance matrix for a point - 75 mm from the designed center of
compliance:

C' = GCaT
v -0ors| o1 o 1 0
“ o 1 o 25| |-0.075 1
~ [oms  -0asr
“ s 2
as:
F=clp
fl _ [0 o078l [q
m, 0.748  0.456| [dg

For a lateral offset of 1 mm:

fl 10 0.748 1

Mg 0.748 0.456 0 +

f, = 10N <&— 62.3 N
10 N —= 12 mm

my = 0.748 Nm 62.3 N 4 !

For a lateral offset of 1 mm and a angular offset of 10 mrad:
f 10 0.748 1
0.748 0.456 10

. 17.5 N ; -—— 442 N
v I Y
Mg 5.31 N 442 N |

}

-+
n

Table 3.2. Two-dimensional analysis of the insertion forces for the
insertion of a ball bearing into the alternator housing.
Center of compliance -75 mm from the assembly interface.
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First, it is desirable to avoid two-point contact before the ratio of penetra-
tion of the shaft into the hole to the diameter of the hole satisfies the relation-
ship:

Lywrcls)? | 3.20

where C is the clearance to diameter ratio. When the shaft is not actually sliding,
the friction force is only defined by the relationship:

F

= < u=tanp 3.21

Fn .
where Ff is the friction force and Fn is the normal or contact force. The resultant
force can be anywhere within a cone of angle 2. It is possible to have the con-
dition shown in Figure 3.4, if the minimum penetration ratio condition of equation

3.20 is not met. The two reaction forces balance each other and have an undetermined

magnitude.

Figure 3.4. Jamming caused by residual reaction forces.

Secondly, if the condition of equation 3.20 is met, it is possible to avoid
jamming by requiring that the applied moment around poini I of .Figure 3.5 have the
opposite.sign of the angular misalignment angle €g* Assuming that the misalignment
angle is small compared to the friction angle P and that both coefficients of fric-

tion are equal, this condition can be expressed in non-dimensional parameters as:
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M /rF F /F

-1 < LL + ——L——. < 1 3.22
A A/ (A+1)u
where:
A =2~’,fu— 3.23

The relationship is plotted in Figures 3.6 and 3.7 for twe values of A taken from
the ball bearing insertion data. The first value is just prior to two-point contact
assuming an anqular error of 10 mrad. The second value is with the bearing fully

inserted into the housing.

Figure 3.5. Reaction forces with the parts sliding.

From the.form of equation 3.22, it can be seen that if neither the moment nor
the lateral force is proportional to the insertion force, the inequality can always
be satisfied by 1ncreas1ng the insertion force. Jamming will not be predicted using
the forces and moments calculated with equation 3.17 or 3.19 because the 1atera1
force and the moment are determined only by the inverse of the compliance matrlx
seen at the end of the shaft and lateral and angular displacement errors. However,

there is an implicit assumption in equations 3.17 and 3.19 that there is no distor-
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(A+1)M

Figure 3.6. Conditions for sliding at the onset of 2-point contact for the
insertion of a ball bearing into the automobile alternator

housing.
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+

Figure 3.7. Conditions for sliding with the ball bearing fuliy inserted
into the automobile alternator housing.
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tion of the reference frame. Figure 3.8 shows that the vertical or insertion force
can cause a moment about the end of the shaft if the center of compliance does not
lie at this point.' This moment is prqportiona] to the insertion force, the angular
deflection, and the distance from the center of the compliance to the end of the

shaft or:

M= and0 3.24

For a given compliance and set of initial lateral and angular errors, this relation-
ship can be used to set a bound on the maximum distance that the center of compliance
can be displaced from the assembly interface. If, for example, with an initial an-
gular error of 10 milliradians, zero lateral error, and the values for the clear-
ance and the coeffieient of friction as given in Table 3.3, the maximum value for

a is found to be t 250 mm. At this value of a, the insertion force goes to infinity.

center of compliance

Figure 3.8. Moment caused by the insertion force when the center of
compliance is displaced from the assembly interface.
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M/Fzr FE/FZ

-1< + <+ 1
A A (A+1)u
M= Faeq - Four
s-1l<tor F, )+ F, <+1
A A (A+1)p

With Fz set to infinity

ac
-1« ® <+ 1
ri
£ 4
A= 2ry T 2% ru
6
Zegpa
-1« <+ 1
g
Assymed Conditions
Angular error, R R LEEEERPRETD 0.01 rad
Coefficient of friction, B ceeeereiiereeenecenecracnnesannones 0.2
Clearance, L ..... Ceteteeeeaeattanttaananaas 10 microns (10'5 m)

Results

-0.25m <a <+ 0.25m

Table 3.3. Jamming conditions resulting from a moment caused by the
insertion force.
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The conditions woulid be somewhat more severe if the lateral error was non-zero. The
details of the calculations are given in Table 3.3. A more complete explanation of

this phenomena can be found in reference [35].

The implication of the above theory is that the compiiance parameters can be
spcified if the expected errors and clearance and maximum desired contact forces
are known. In general, the forces will be lTowest with the center of compliance at
or near the assembly interface. The location of the center of compliance becomes

more critical with smaller clearances and larger positional errors.

3.1.4. Position Information

Positional errors can be determined once the assembly or mating of the parts
has been initiated if the 6 x 6 compliance matrix is known and if a sensor is used
that is capable of measuring the G-dimensional force vector at the assembly inter-
face. The displacement of the end of the shaft from the unperturbed position is
simply the compliance matrix referenced to the end of the shaft multiplied by the
measured force vector at this point:

D = CF - 3.2

Once the shaft has started to slide down the chamfer on the hole or has en-
tered the hole, these displacements are approximately the positional errors between
the two parts. There will be a residual error that can not be determined due to the
clearance between the parts.

This information could be used as a fofce feedback signal to servo the as-
sembly machjne drives. The information obtained by multiplying the force vector by
the compliance metrix would be better than the raw force vector information, as the
magnitudes of the displacemerts would be known. However, the major object of de-'
signing the compliance systeﬁ was to avoid the need for force feedback. This in-.
formatien could still be used for several purposes other than on-line force feedback.
It could be fi]tered'and used to remove long-term consistent errors. This would
remove some of the burden on accurately specifyiné or teaching the initiél location
of the parts as a consistent error would be removed after a number of cycles of the

assembly machine. The position inforniation also could be used durirg the teaching or
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specifying of the location of the parts and fixtures. Presently, the teaching is
accomplished using visual cues. There is some difficulty in being able to see when

the parts are properly a]igned in several planes.

3.2. Limitations Caused by Impact Forces and Dynamics

At high insertion speeds, the contact forces and the resulting dynamics caused
by the parts impacting each other become relatively more important than the quasi-

static forces caused by positional errors deflecting the compliance.

3.2.1. Contact Forces Caused by an Impact

The contact forces resulting from an impact were obtained using the Hertzian
stress formulas by equating the work done during an impact to the kinetic energy be-
fore the impact. Assuming that the impact is elastic and that there is no other in-
ternal mechanism for absorbing energy, the work done by the impact is the contact
force integrated over the indentation depth. The details of this integfationiare
presented in Appendix B: Impact Forces.

Because a very small area is initially involved in what is a point or a line
contact, the local contact stresses for even very small loads or very low velocity
collisions can cause the compressive yield strength to be exceeded. This does not
necessarily mean that significant damage will be caused, as this stress is highly
localized.. It does indicate, however, that the collision of one part impacting upon
another duriné assembly may not be entirely elastic.

The equations developed in Appendix B were used to compute the maximum contact
force and the maximum éompressive stress that occurs when a ball bearing is inserted
into an‘alternator housing with typiéa] conditions ﬁsing the progéamﬁable assembly
| machine (see Table B.1, Apﬁéndix B for details). The maximum comphted contact force
was 1.76 x 105 N (395 ]bf) with a Hertzian stress of 9.4 x 10° pa (1.36 x 10° psi).
Although.this exceeds the elastic 1imit of the die-cast a]uminum'housing, the af-
fected area is small and is on a nonfunctiqna] surface. The effect was qualita-
tively verified by dropping the bearing onto an aluminum plate from a height (v 45mm

or 1.8 in ) that caused the bearing to have the same energy at impact as the sus-
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pended mass of the compliance system. This caused a small permanent indentation,

indicating that the collision can not be modeled as an elastic impact.

3.2.2. Impact Dynamics

When two parts contact on the chamfers at a low insertion speed due to a lat-
eral misalignment, the lateral component of the contact force will cause the part
to move sideways as it slides across the chamfer assuming that the center of compli-
ance is at or near the contact point. The impulse that occurs when the parts im-
pact at higher speeds will cause a motion of or about the center of gravity. If the
resultant motion is of sufficient amplitude, the part will bounce across the chamfer
and hit the chamfef on the other side of the hole. This will cause a second impact
which can start a chattering motion as the part bounces from one side to the other.

A second potential problem is the motion that results from two-point contact.
Two-point contact occurs when a part is inserted in a hole that is angularly mis-
aligned with the part. At low insertion speeds, the moments resulting from the two-
point contact will cause the part to rotate about the contact points and come into
alignment with the hole. At higher speeds, the impact will cause a significan. ro-
tational velocity about the contact points. As this initial angular velocity is
greater than is required when the part is further in the hole, it is possible that
the part will bounce to the other side of the hoTe and undergo a second two-point
impact. If it impacts sufficiently hard, a series of two-point contacts can be set
up.

In both cases, the body acted upon is assumed to be the segment of the compli-
ance system supported by the compliance including the part-gripping tool and the
parts. The spring forces are those associated with the compliance and are i ssumed
to be acting at the assembly interface or at the point of contact.

Equations of motions for both problems were obtained by considering the
impact to cause an instanteous impulse. For the single-point impact‘on a chamfer,
the impulse was obtained as a function of the coefficient of restitution by finding

the energy before and after the impulse. The dynamics of the body are described by a
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pair of coupled differential equations:

18 = Kg@ - 2K (20 + x) 3.25
mX = -Kx(zé + x) 3.26
with initial conditions:
0=0,6=(1+r) ™M nd” vising 3.27
s 1 +md®  v.sinBcosp 3.28
x-O,x-(1+Rc)—T— i

where Kx and Kg are the spring constants of the compliance device, m is the sus-
pended mass, I is the moment of inertia about the center of this mass, v; is the
insertion velocity, Rc is the coefficient of restitution, £ is the distance from
the center of compliance to the center of mass, and-d is the distance from the line
of action of the impulse to the center of mass. o ]
The solution of the equations will give the maximum displacement as a function
of the spring constants and the impact velocity. Given certain spring constants
and a maximum permissible displacement, the maximum insertion velocity can be found.
A solution was found in two ways. A numerical solution of the coupled different
equations was found for a given set of conditions using a forth-order Runge-Kutta
digital simulation. An approximate solution was found using energy considefations.
The approximate solution is found by solving for the maximum insertion velo-
city given a permissible lateral displacement (generally the distance from the point

of impact to the far side of the hole). First, a solution is found by setting 6

v, < [ /I + md2 8 Kx 3.29
ix — 1+Rc\ I sinﬂcosﬂ\] m )

Next, a solution is found by setting x and x to zero:

and 9 to ze}o:

2
v 1 1+ md?)(1 ) {8\ [Xo * K& 330
18— 1T +R. md sinf/ \2 r )

These two solutions are_then combined using the following expression to find an
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approximate value for the maximum insertion velocity:

' 1
Vi = —— 3.31
o1, VL
Vix iQ

This value is not an absolute maximum value for the insertion velocity. It only
indicates when problems with chattering should be expected and what parameters in-
fluence this problem.

Approximate solutions of v; obtained for typical assembly conditions were
used as initial values for digital equations. The numerical solutions were in close
agreement to the approximate solutions. Details on obtaining the differential
equations and the initial conditions and on the techniques used in solving them are
given in the first section of Appendix C: Impact Dynamics.

A more complete digital simulation was written to model multiple impacts on
the chamfers and single-point impacts once the shaft enters the hole. Details on
this simulation along with representative output plots are also presented in the
first section of Appendix C.

An exact solution was found for the maximum value that the insertion velocity
could have without causing a secondary two-point contact when the part is angularly
misaligned with the hole:

K
vi < 1.5063 = [ 3.32

ev p

where ¢ is the clearance between the parts, €9 is the angular error between the
parts, Kg is the rotational stiffness of the compliance, and Ip is the moment of
inertia of the suspended mass about a point between the two contact points. As
before, this value is not an absolute maximum insertion velocity. It only indicates
when a problem may occur with the part bouncing from one side to the other and
what parameters influence this problem. The details on obtaining this expression
and an example using it to solve for the maximum insertion velocity when.a ball
bearing‘is inserted info an automobile alternator housing are given in the second

section of Appendix C.

52



4. EXPERIMENTAL APPARATUS AND PROCEDURES

Two complete compliance systems were designed and constructed. The first
system used a cantilever beam spring to provide compliance. The second compliance
system had a deformable structure with the center of compliance designed to be at
the assembly interface. See Appendix D for details on fhe compliance design. Both
systems were designed with a compliance Tock and an automatic tool-change mechanism.

The compliance systems were designed to be mounted on a four-degree-of-free-
dom manipu]atok arm for the assembly of real parts. However, experiments to measure
assembly forces were conducted with the comp]iance system attached to a six-axis
force sensor and mounted in the spindle of a Bridgeport vertical milling machine
(Figures 4.1 through 4.3). See Appendices F and G for details on the force sensor
design and the calibration procedure. The milling machine and a precision machinist
tilting rotary table were used as test fixtures to accurately set up known lateral
and angular errors or offsets. To eliminate the effect of the milling machine lead-
screw backlash, a spring-loaded dial gauge was used to measure lateral displacement.

Experimental data was taken by recording forces and moments while pushing
the parts together by manually lowering the milling machine spindle or quill. The
amplified and filtered force sensor signals and the vertical displacement signal
were muitiplexed and convertéd from analog to digital signals and processed in a
minicomputer. The force sensor signals were multiplied by a 6 x 6 calibration
matrix to resolve and scale the actual forces and torques. The displacement signal
was multiplied by a constant to obtain an output scaled in millimeters.

Data was taken every one hundred milliseconds during a five-secend interval
for most of the experiments. At the end of the experimental run, the data was
labeled and dumped onto a disc file. The data from earlier experiments was printed
and selected runs were plotted by hand. A computer-driven plotter was used to plot
the data from the later experiments. Typical plots of the data are included in the

following section.
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Figure 4.1. Overall view of the mil1ling machine setup with the second
compliance system mounted in the milling machine spindle.
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INTENTIONAL DUPLICATE EXPOSURE

T
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Figure 4.1. Overall view of the milling machine setup with the second
compliance system mounted in the milling machine spindle.



Figure 4.2. Close-up view of the insertion of the automobile alternator

rotor into a ball bearing using the second compliance system.
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INTENTIONAL DUPLICATE EXPOSURE

Figure 4.2. Close-up view of the insertion of the automobile alternator

rotor into a ball bearing using the second compliance system.
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Figure 4.3. Close-up view of the insertion of the steel test plug into
a drill bushing using simplified apparatus and the more
sensitive aluminum six-axis force sensor.
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Figure 4.3. C(Close-up view of the insertion of the steel test plug into

a drill bushing using simplified apparatus and the more
sensitive aluminum six-axis force sensor.
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5. RESULTS

Results from the initial assembly force experiments with the first compliance
system using a cantilever .beam spring o provide the compliance are presented in the
first section. The second section contains the results from later assembly force

experiments with the second compliance system using a deformable structure to pro-

vice the compliance.

5.1. Results Using the Cantilever Beam Compliance

The initial series of experiments involved measuring the forces and moments
while inserting steel shafts or pegs intc a hole in a meehanite (a type of high-
strength cast iron) plate. The hole was 12.70 mm (0.5000 in) in diameter and 4rilled
through a 25mm (1.0 in) thick plate. The steel shafts or pegs were made with dia-
meters of 12.69, 12.67, 12.66 and 12.65mm (0.4995, 0.4990, 0.4985, and 0.4980 inch).
Therefore the clearance ratios (clearance divided by hole diameter) available were
0.001, 0.002, 0.003, and 0.004. A1l the parts had ground finishes and 45° chamfers.

A number of tests were run varying the lateral and angular offsets and the
clearance ratio. The lateral offsets were variei from -1.0 mm to +1.0 mm (-0.040
inch to +0.040 inch) while the angular offsets were varied from -5.0 mrad to +5.0
mrad. The center of compliance for these experiments was located 200 mm (7.87 in)
from the end of the shaft. The rotational compliance was approximately 2.5 mrad/Nm
(3.4 mrad/ft-1b) while the lateral compliance at the center of compliance was negli-
gible. A£ the'asﬁemb]y interface, the effective lateral compliance was 0.1 mm/N
(0.018 in/1b). ’Figures 5.1 through 5.4 are plots of typical force and moment data.
Note that the separate phases of chamfer crossing sing]e-point'contact and two-
point contact are clearly discernable. Also note that in Figure 5.4 the lateral
force is negative during the single-point contact phase and becomes positive during
the two-point contact phase.

Experiments were also run with random lateral and angular positional offsets.
These unknown random errors were then remaved manually during the insertion of the

shaft by using the force and moment data as a guide while the shaft was slowly in-
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serted into the hole. The object was to prove that the data generated was unambig-~

uous and could be used for active force feedback strategies.

5.2 Results Using the Deformable Structure Compliance

Forces and momenFs were measured in experiments using the compliant system
to both assemble a number of real parts and to insert a precision test plug into a
hole under varying conditions. Experiments with actual parts included inserting a
ball bearing into an automobile alternator housing, inserting an alternator rotor
into the ball bearing and inserting a ball bearing from a fraction horsepower elec-
tric motor into a steel bushing. The alternator parts used in these experiments
were the same type as those used in the assembly of an automobile alternator for
the programmable assembly demonstration project. For a detailed discussion of this
project, see Appendix A: Programmable Assembly Demonstration Project. The hardened
and ground steel test plug was made to the same external dimensions (35.00 mm 0.D.

x 12.00 mm width) as the ball bearing from the electric motor. This plug was in-
serted into a hardened and ground steel drill bushing with a clearance of 0.025 mm
(0.001 inch).

The center of compliance of the deformable structure mounted on the six-axis
force sensor was located approximately 145 mm (5.7 inch) from the top of the st-
ructure. The lateral stiffness (inverse of compliance) was approximately 12 N/mm
(68 Ibf/inch) while the rotational stiffness was approximately 0.45 Nm/mrad (4.0 in.-
1bf/mrad).

Figures 5.5 through 5.9 are plots of the force and moment data obtained while
inserting the hardened and ground steel test plug into the drill bushing with the
assembly interface at the center of compliance. In the first three figures, the
x-axis offset is increased in increments of 0.25 mm (0.010 inch). The lateral force
profiles are quite smooth and are linearily proportional to the lateral offset
during the entire insertion. There is no evidence of two-point contact. In the
fourth test (Figure 5.8), the drill bushing was given an angular offset of 5.0 milli-

radians in the Gy direction with zero lateral offset. There was no contact until a
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depth of approximately 6 millimeters when two-point contact occurred. The lateral
force remained neglible. In the fifth test of this series (Figure 5.9), a lateral
offset of 0.50 mm (0.020 inch) was added to the 5.0 milliradian angular offset. The
effect is very nearly a simple addition of the results of the second test and the
fourth test. An initial single-point contact occured with a typical chamfer crossing.
At a depth of approximately 6 millimeters, two-point contact occured. The two-point
contact caused a large rise in the insertion force as the reaction forces to the
moment were separated by a maximum distance of only 12 millimeters and were therefore
quite large.

The conditions for the force and moments plots in Figures 5.10, 5.11 and 5.12
were the same as for Figures 5.7, 5.8, and 5.9 except that the assembly interface
has been moved to a point +50mm (+2.0 inch) away from the center of compliance (in
the direction closer to the compliant structure). For the first part of the in-
sertion, the forces and moments plotted in Figure 5.10 for a lateral offset of 0.75
mm are quite similar to those plotted in Figure 5.7. However, at a depth of approx-
imately 8 millimeters, two-point contact occurs with an increasing positive moment
and a rapidly increasing insertion force. The forces and moment plotted in Figure
5.11 for an angular offset are similar to forces and moment plotted in Figure 5.8
except that the sign of the lateral force is negative. The plots in Figure 5.12 for
the combined lateral and angular offset are also quite similar to the plots in
Figure 5.9 with a siightly higher maximum insertion force.

The conditions for the forces and moment plotted in Figures 5.13, 5.14, and
5.15 were similar to those for figures 5.10, 5.11, and 5.12 except this time the
assembly interface was moved to a point -50 mm (-2.0 inch) away from the center of
compliance (in the direction away from the compliant structure). The forces and
moment for an angular offset plotted in Figure 5.14_were somewhat greater than those
plotted in Figure 5.11. Also the sign of the x force is positive. With the combined
lateral and angular offset, the two-point contact occured sooner in Figure 5.15 then

in Figure 5.12 with larger forces and a larger moment.
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Figures 5.16 and 5.17 are plots of the forces and the moment for the in-
sertion of a ball bearing into the drill bushing with the assembly interface -50mm
from the center of compliance. The conditions for the two tests were the same as the
conditions for the tests ﬁlotted in Figures 5.13 and 5.14. With a lateral offset,
the major difference between the data plotted in Figure 5.16 and that plotted in Fig-
ure 5.13 is that there is no evidence of two-point contact in Figure 5.16. With an
angular offset, there are virtually no forces or moments (Figure 5.17). This phe-
nomena is due to the inherent angular compliance in ordinary (radial) ball bearings.

Figures 5.18 and 5.19 are plots of the force and moment data for the inser-
tion of the test plug into the drill bushing with the assembly interface -100 mm
(3.9 inch) from the center of compliance. The forces and moment for a lateral off-
set are plotted in Figure 5.18. The lateral force prior to two-point contact is
less than it was in similar tests with assembly interface closer to the center of
compliance. After two-point contact, the force and the moment rise faster than in
the previous tests. The forces and moment for an angular offset are considerably
higher than those in the previous tests (Figure 5.19).

In the final series of tests for inserting the steel plug into the drill
bushing, the assembly interface was -150 mm (-5.9 inch) from the center of compli-
aﬁce (Figures 5.20, 5.21, and 5.22). The forces plotted in Figure 5.20 for the
same 0.75 mm’lateral offset used previously (Figures 5.7, 5.10, 5.13, and 5.18) are
Tower prior to the onset of two-point contact and rise more rapidly after two-point
contact occurs. The moment also rises rapidly after the occurrence of two-point
contact. The forces and moments plotted in Figure 5.21 for a 5.0 milliradian angular
offset are also higher than those obtained in the previous tests with the same
angular offset (Figures 5.8, 5.11, 4.14, and 5.19). With a combined lateral and
angular offset it was, for the first time necessary to rescale the x force and the
y moment (Figure 5.22). Also, for the first time, the insertion force exceeded 100
Newtons (22.5 Tbe).

Experiments inserting the ball bearing into the alternator housing and in-

serting the alternator rotor into the bal] bearing were run using the same part-
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gripping tcols used for the a;sembly demonstration project. With these tools,

the distance from the center of compliance to the assemhly interface was approxi-
mately -55mm (-2.2 inch) for inserting the ball bearing into the housing and approxi-
mately -200 millimeters (-7.9 inch) for inserting the rotor into the ball bearing,
(the negative direction is vertically down or away from the compliant structure).

In Figures 5.23 and 5.24, the x-axis lateral force, the z-axis insertion
force, and the moment about y axis are plotted into the alternator housing. The
offset or positional error was 0.5 mm (0.020 inch) for Figure 5.23 and 0.75 mm
(0.030 inch) for Figure 5.24. The housing had previously been used in the assemhly
demonstration project and had been subjected to numerous insertions. As can he seen
from the figures, the lateral force rises to an amount proportional to the lateral
offset as the bearing crosses the chamfer. The insertion force rises as the bearing
crosses the chamfer and then falls back to a level approximately equal to the
lateral forces times the coefficient of friction.

In Figure 5.25, the same forces and moment are plotted against insertion
depth for the insertion of a ball bearing into a new alternator housing. The other
conditions are the same as the conditions for Figure 5.24. The lateral force is
similar in profile to the lateral force in Figure 2.24 except for one small pertur-
bation. The insertion force profile is quite ragged although the maximum force
still occurs at tne chamfer crossing. Force and moment data was also recorded for
a second and third consecutive insertion. The lateral force plotted in Figure 2.26
does not show any abnormalities. The spikes in the insertion force are considerably
reduced although the average insertion force after the chamfer crossing is still
approximately twice as high as the insertion force plotted in Figure 5.24. Ihe plot
of the insertion force for the third insertion in Figure 5.27 is noticeably smoother.

A total of four experiments were made inserting a ball bearing into a pre-
viously unused alternator housing. The second and third experiments were not as
dramatic as the first one. In the fourth test, the insertion force at one point ex-
ceeded 120 .Newtons (27 ]bf) while the insertion force in the previous tests had not

exceeded 10 Newtons (2.2 1b). The insertion force still exceeded 15 Newtons at this
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point on the second insertion. The forces and moment for these runs are plotted in
Figures 5.28 and 5.29. The insertion force alone is rescaled and plotted for the
first, second, and third insertion in Figure 5.30. There was still a noticeable
spike in the insertion force on the third run. A visual inspection of the part after
.the test did not disclose the cause of the problem.

The lateral force, the insertion force, and the moment are plotted against
insertion depth for the insertion of the rotor shaft into the ball bearing in
Figure 5.31, 5.32, and 5.33. 1In the first run, a rotor that had been well burnished
from numerous insertions was used. There are several interesting phenomena to note.
For the same 0.75 mm offset, the forces for the insertion of the rotor into the
bearing are lower than the forces for the insertion of the bearing into the housing.
This is explained by the fact that although a ball bearing is quite stiff in the
radial direction, it has considerable angular compliance. If the angle of the shaft
is not constrained, the effective lateral compliance increases as the distance from
the center of coapliance increases. Part of the laterél deflection-is due to the an-
gular deflection multiplied by the distance from the cénter of compliance. Because
the initial 15 millimeters (0.6 inch) of the shaft are threaded, the force profiles
are considerably more ragged than the profiles for the insertion of the ball bearing
into the housing.

In Figure 5.32, a new shaft was inserted into the bearing under otherwise
similar conditions. The initial force profiles during the insertion of the threaded
section are quite similar to the profiles in the previods plot. When the straight
part of the shaft was encountered, there was a rapid rise fn the insertion force.
During the second insertion of the same shaft into the bearing (Figure 5.33) the
insertion force was much lower. This test was repeated with a second new rotor with
quite similar results. The probably cause of the high insertion force for the ini-

tial insertion is a burr caused by undercutting the threads.
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Figure 5.5. Force and moment data; insertion of a 35.00 mm diamet~r hardened
steel plug into a 35.02 mm diameter drill bushing, center of
compliance at the assembly interface, 0.25 mm x-axis offset.
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Force and moment data; insertion of a 35.00 mm diameter hardened
steel plug into a 35.02 mm diameter drill bushing, center of
compliance at the assembly interface, 0.50 mm x-axis offset.

65

mement, Newton meters

moment, Newton meters



10

v
[
[+ }]
¥
Q
1=3
(=
(=}
E
Q
=z




17 T L LI T
816
(%) - w
= c
2 1.2 p
3 6122 é
- . £
4] Q
P 0 5
o o 2
Y 4 [t )
z 2 =
S £
> N @
2 2
0O
1 3 i ~ i 1 1 A i 1 | O
0 2 4 6 8 10 12
depth, millimeters
Figure 5.9. Force and moment data; insertion of a 35.00 mm diameter hardened steel
plug into a 35.02 mm diameter drill bushing, center of compliance at
the assembly interface, 0.50 mm x-axis and 5.0 mrad ey offset.
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Figure 5.10. Forcé and moment data; insertion of a 35.00 mm diameter hardened steel

plug into a 35.02 mm diameter drill bushing, center of compliance +50
mm from the assembly interface, 0.75 mm x-axis offset.
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Figure 5.11. Force and moment data; insertion of a 35.00 mm diameter hardened steel
plug into a 35.02 mm diameter drill bushing, center of compliance +50
mm from the assembly interface, 5.0 mrad ey offset.
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Figure 5.12. Force and moment data; insertion of a 35.00 mm diameter hardened steel
plug into a 35.02 mm diameter drill bushing, center of compliance +50

mm from the assembly interface, 0.50 mm x-axis and 5.0 mrad 8, offsets.
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Figure 5.13. Force and moment data; insertion of a 35.00 mm diameter hardened steel
plug into a 35.02 mm diameter drill bushing, center of compliance -50
mm from the assembly interface, 0.75 mm x-axis offset.
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Figure 5.14. Force.and moment data; insertion of a 35.00 mm didmeter hardened steel
plug into a 35.02 mm diameter drill bushing, center of compliance -50
mm from the assembly interface, 5.0 mrad ey offset.
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10 T ) L] L LJ L] T 1 L] T ™
8_
e
36
=
Q
=z
]
54
G

moment, Newton meters

0]

Figure 5.16.

0]

6

depth, millimeters

12

Force and moment data; insertion of a ball bearing with a 35.00 mm dia-
meter into a 35.02 mm diameter drill bushing, center of compliance -5¢
mm from the assembly interface, 0.75 ma x-axis offset.
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Force and moment data; insertion of a ball bearing with a 35.00 mm
diameter into a 35.02 mm diameter drill bushing, center of compliance
-50 mm from the assembly interface, 5.0 mrad ey offset.
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Figure 5.18. Force and moment data; insertion of a 35.00 mm diameter hardened steel

plug into a 35,02 mm diameter drill bushing, center of compliance -100
mm from the assembly interface, 0.75 nm x-axis offset.
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Figure 5.19. Force and moment data; insertion of a 35.00 mm diameter hardened steel
plug into a 35.02 mm diameter drill bushing, certer of compliance -100
mm from the assembly interface, 5.0 mrad ey offset.
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Figure 5.20. Force and moment data; insertion of a 35.00 mm diameter hardened steel
plug inte 2 35.02 mm diameter drill bushing, center of compliance -150

mm from the assembly interface, 0.75 mm x-axis offset.
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Figure 5.21. Force and moment data; insertion of a 35.00 mm diameter hardened steel
plug into a 35.02 mm diameter drill bushing, center of compliance -150
mm from the assembly interface, 5.0 mrad ey offset.
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Figure 5.22. Force and moment data; insertion of a 35.00 mm diameter hardened steel

plug into a 35.02 nm diameter drill bushing, center of compliance -150
nm from the assembly interface, 0.75mm x-axis and 5.0 mrad ey offsets.

73



10[— l T T T T L | T -1 T T

8;— 'J"2
(%]
|

» ~ %
g J E
2 6r §
o

[<}]
2 &
- =
g A
54 =
* 5
o
E

o)

depth, millimeters
Figure 5.23. Force and moment data; insertion of a ball bearing with a 40 mm outer
diameter into an alternator housing with a burnished hole, 0.5 mn
x-axis offset.
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Figure 5.24. Force and moment data; insertion of a ball bearing with a 40 mm outer
diameter into an alternator housing with a burnished hole, 0.75 mm
x-axis offset.
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Figure 5.25. Force and moment data; first insertion of a ball bearing with a 40 mm
outer diameter into a new alternator housing, 0.75 mm x-axis offset.
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Figure 5.26. TForce and moment data; second insertion of a ball bearing with a 40 mm
outer diameter into a new alternator housing, 0.75 mm x-axis offset.
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Force and moment data; third insertion of a ball bearing with a 40 mm
outer diameter into a new alternator housing, 0.75 mm x-axis offset.
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Force and moment data; first insertion of a ball bearing with a 40 mm
outer diameter into a new alternator housing, 0.75 mm x-axis offset.

76



10
5 4
1-2
fx B | i
3
@ 2
8 N =
3 2
2 - %
. 2
1]
o 41 &
e &
4 5
g
myk_kr = B
0
0 2 4 6 8 10 12

depth, millimeters
Figure 5.29. Force and moment data; second insertion of a ball-bearing with a 40 mm
outer diameter into a new alternator housing, 0.75 mm x-axis offset.
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Figure 5.30. Insertion forces for the first three insertions of a ball bearing
with a 40 mm outer diameter into a new alternator front housing.
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Figure 5.31. Force and moment data; insertion of a well-polished alternator rotor
shaft into a 17 mm ball bearing, 0.75 mm x-axis o‘¥set.
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Figure 5.32. Force and moment data; first insertion of a new alternater rotor shaft
into a 17 mm ball bearing, 0.75 mm x-axis offset.
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Figure 5.33. Force and moment data; second insertion of a new alternator rotor
shaft into a 17 mm ball bearing, 0.75 mm x-axis offset.
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6.  CONCLUSIONS AND RECOMMENDATIONS

Conclusions are drawn from three sets of experiments: first, from the assembly
force and moment measurement experiments using the system with the cantilever beam
compliance; second, from later assembly force and moment measuring experiments using
the system with a deformable structure compliance; and, thi;d, from assembly experi-
ments using the second system on the programmable assembly machine. A number of
conclusions from the experiments using the first system were incorporated into tﬁe

design of the second compliance system.

6.1. Conclusions from Experiments Using the Cantilever Beam Compliance

The first compliance system was used successfully to insert a series of close-
fitting shafts into a hole with varying initial lateral and angular errors, thus
demonstrating the use of compliance for automatic assembly. In the absence of two-
point contact, the forces for a typical insertion were quite low. With two-point
contact, the lateral force, the insertion force, and the moment rose rapidly although
jamming was not observed.

Requiring that two-point contact not occur during the insertion places fairly
severe restrictions on the permissible angular errors between the parts and on the re-
quired clearance between the parts. Therefore, while the first compliance system
worked, it was not the optimum design for the assembly of parts with close fits or
with large positional errors and, in particular, large angular errors. It was con-
cluded that a better design would be a device that yielded lateral displacements in
response to lateral forces at the assembly interface and yie]de& rotational displace-
ment in response to moments at the assembly interface. That is, the center of compli-
ance should be at or near the assembly interface and the device should be both lat-
erally and rotationally compliant. As designed, the cantilever beam compliance had a
center of compliance approximately 200 millimeter (7.9 inches) from the assembly in-
terface qnd had virtually no lateral compliance.

The data taken during the experiments are clean and repeatible. The separate

phases of chamfer crossing, single-point contact, and two-point contact are clearly
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discernible. During single-point contact, the lateral force is proportional to the
lateral error. Once two-point contact has occurred, the moment data is unambiguaus
and proportional to the angular error. Therefore the data could have been used to
servo the arm to minimize the forces caused by two-point contact. Although this
was not done, the data was used sucessfully to simulate force feedback by manually
removing random unknown lateral and angular errors during experiments using the

~milling machine.

6.2. Conclusions from Experiments Using the Deformable Structure Compliance

The second compliance system was used successfully to assemble close-fitting
parts from an automobile alternator (nominal clearance of 0.01 mm or 0.0004 inch)
both during experiments measuring quasi-static assembly forces and during experi-
ments assémb]ing the parts with a four-axis programmable assembly machine. The in-'
- sertion of a ball bearing into an alternator housing using the assembly machine was
accomplished in approximately 0.2 seconds, the speed of the insertion being limited
by the dynamics of the assembly machine, not the compliance system. Using this
system, the entire final assembly of the alternator (17 parts) was accomp]ished in
approximately 2 minutes and 30 seconds. The second compliance system was also used
successfully to insert a hardened and ground steel test plug into a drill bushing
during force and mbment measuring experiments using the milling machine. This test
of the apparatus is more stringent because the test plug does not have the angular
compliance exhibited by the ball bearing.

The assembly force data from insertion of the steel test plug into the drill
bushing confirms the prediction of the quasi-static theory that the forces ana
moments for a given positional error will be minimized when the agsembly intérfhce
is at or near the center of compliance. The jamming theory predicts that the opti-
mum placement for the center of compliance is the intersection of the reaction force
vectors for the initial two-point contact (point I in Figure 3.4). However,.for the
nominal compliance values, clearances, and positional offsets used in the experiments

in this thesis, the exact placement is not critical.
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Varying the placement of the assembly interface + 50 mm (+ 2.0 inch) with
respect to the center of compliance did not cause the insertion force during any of
the tests with the steel plug to exceed twice the maximum value obtained during
similar tests with the assembly interface located at the center of compliance. As a
radial ball bearing has sufficient angular compliance to cause the effective cénter of
compliance to be near the assembly interface, the Iocationéof the center of compli-
ance of the deformable structure is relatively unimportant for the insertion 6f
the ball bearing into the alternator housing or the insertion of the rotor into the
ball bearing. The insertion of the ball bearing and the insertion of the rotor are
also insensitivg to angular offsets. This fact is demonstrated in Figufe 5.28.

The assembly forces for parts with smooth surfaces were close to the predicted
values. However, for parts with machining marks and small burrs, the forces varied
considerably, particularly for the first insertion (for most acsembly operations,
only the first insertion is important).

Using a properly engineered compliance system for automatic assembly instead
of using force feedback or active accommodation has a number of important advantages.
A force sensor is not required nor is any additional computational power required.

As the compliant structure or mechanism allows small corrective motions, many as-
sembly operations can be performed using a programmable assembly machine with fewer
than six degrees of freedom (generalized force feedback requires a minimum of six
active degrees of freedom). The speed at which the assembly can be accomplished is
Timited only by the impact dynamics and the speed of the assembly machina.

The only disadvantages of using compliance instead ' € force feedback are that
chamfered edges are required to provide the lateral forces to obtain an initial
alignment and that the compliance parameters can not be varied during the assembly or
parts mating (with active force feedback, it is possible to vary the servo gains).
However, with the compliance-locking mechanism activated, the system is held rigid.
This allows the compliance system which otherwise has a low natural frequency to be

positioned using high velocities and accelerations.
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While the compliance system was developed for use in programmable automatic
assembly, it could also be used in conjunction with transfer-line or fixed automation.
Using compliance, it should be possible to reduce the design, tolerance, alignment,
and debugging requirements and to perform tasks that could not otherwise be performed

automatically due to tolerance stack-up problems.

6. 3. Recommendations for Further Work

Further work would be useful in several different areas. In the mechanical
design area, the compliance device should be redesigned to increase the strength
while retaining or increasing the present compliance values. This can be easily ac-
complished by increasing the length of the compliant members. It would be preferable,
however, to keep the system compact. It also would be desirable to design a compli-
ance system with damping. BEcause energy is dissipated with friction and during im-
pacts with coefficients of restitution less than unity, the damping is not normally
needed during the assembly or parts mating. However, prior to the insertion, it is
possible to excite the compliance device with the assembly machine, wiéﬁ operating
the tools, and :with operating the compliance Tock. Added damping would help to
alleviate this problem. A compliance system with damping could possibly be used with-
out a compliance lock on transfer lines or fixed automatic machines for simple
vertical insertions.

There is also interest in using compliance to aid in performing assembly
operations with interference, or force, fits. A compliance system needs to be de-
signed that will withstand the higher force loadings necessary for interference fits.
The accuracy of the location of the center of compliance will he more important for
interference fits.

The present system requires that one or both of the parts be chamfered to
start the insertion or assembly operation. A simple passive technique not involving
a search is needed that will starf the insertion without chamfers when the pbsitional
errors are larger than the clearance but still smalil compared to the diameter of the

hole.
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A more complete theoretical model of impact interaction should be developed.
Higher insertion speeds are not needed for the present programmable assembly machine
but might be desirable if the device was used with high-speed fixed automation ma-
chinery. The present model treats the impact as an impulse. It would be desirable
to model the impact as a force over a finite period of time. The effect of a non-
unity coefficient of restitution was modeled, assuming an impulse, but the effects of
friction and squeeze film damping were not modeled.

The experimental setup should be modified for dynamic or impact testing to
verify the theoretical models or to develop an empirical model. The present setup
using a milling machine could be modified by adding a pneumatic piston and a hydrau-
Tic speed-check to drive the milling machine quill. A better but more complicated
modification would be to add a servo controlled hydraulic drive.

A six-degree-of-freedom actively servoed device capable of making small, high-
speed, high resolution motions could be built to be used as a test device. Any
generalized compliance could be synthesized using this device. The device also could

be used to study active or a combination of active and passive assembly strategies.
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APPENDIX A:  PROGRAMMABLE ASSEMBLY DEMONSTRATION PROJECT

To toth demonstrate the idea of using compliance in lieu of force feedback and
the idea of programmability in automatic assembly, parts of an automobile alternator
were assembled with a four-degree-of-freedom manipulator arm that was built as a
prototype programmable assembly machine. This machine is electrically actuated with
D.C. servo motors and originally had six degrees of freedom. It was modified by
removing the last two degrees of freedom on the wrist and édding the compliance
system. The machine operates in a cylindrical coordinate space with a base rota-
tion of 180 degrees, a vertical travel of 0.5 m (20 in), and an in-out travel from
a radius of 0.56 m (22 in) to 1.1 m (43 in). The wrist has a total rotation of
360 degrees. Figures A.1 and A.2 are overall views of the assembly machine setup.

The compliance system comprises a deformable structure to provide the desired
compliance, a compliance-locking mechanism, and an automatic tool-~changing mechanism
(Figure A.3). Provision is also made for including a six-axis force sensor in the
system. However, the force sensor is not normally used during assembly. The compli-
ance is locked with a pneumatically actuated single-taper collet with a large expan-
sion/contraction range. This collet also acts as a limit stop for the compliance in
‘the unlocked state. The comp]i;nce is normally locked while the pieces to be assem-
bled are being transported and positioned and is normally unlocked immediately before
the assembly or mating of the parts. The compliance is also unlocked during a tool
change when a new tool is being either placed in the tool rack or removed from it.
or removed from it.

The automatic tool-changing mechanism is incorporated into the system to
facilitate the use of different tools needed for the programmable assembly demon-
stration. Functionally, the tool changer is similar to those used on many numer-
ically controlled machine tools. A major design difference is that the assembly
arm performs the tool change whereas numerically controlled machine tools use an
auxillary mechanisﬁ to tranéfer the tool from the rack to the machine spindle. In-
stead of the truncated cone shape commonly used for NC milling machine tools, a

cylindrical tool stub shape is used to allow more of the tool-actuating mechanism
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Figure A.1. Photograph of the complete programmable assembly machine setup.

to be located in the stub. A pneumatically actuated collet mechanism is used to
grip the tools. Figure A.4 shows a tool changer operation.

The automobile alternator was selected from a short 1ist of possible small
automobile assemblies because all the assembly operations can be accomplished with
a single four-degree-of-freedom assembly machine. The stator, diode assembly, brush
assembly, and rear housing are preassembled and handled as a subassembly during
final assembly, making it possible to assemble all the parts along a single axis.
Although the automobile alternator is mass produced, it is similar to fractional

and small integral horsepower electric motors that are assembled in batch lots
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Fiqure A.1. Photograph of the complete programmable assembly machine setup.

to be located in the stub. A pneumatically actuated collet mechanism is used to
grip the tools. Fiqgure A.4 shows a tool changer operation.
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autorobile assemblies because all the assembly operations can be accomplished with
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assembly, and rear housing are preassembled and handled as 4 subassertly during
final assembly, making it possible to assemble all tie parts alonq a single axis.
Although the automobile alternator is mass produced, it is similar to fractional

and small intearal horsepower electric wmotors ihat are assembled in batch Tots

L



BRI oy 14

B

Figure A.2. Photograph of the programmabie

92

assembly machine work area.



INTENTIONAL DUPLICATE EXPOSURE
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Figure A.3. Cross-sectional drawing of the complete compliance system
(shown with a six-axis force sensor).
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Figure A.4. Photograph illustrating a tool-change operation.

because of the number of variations. The alternator is produced in a number of
variations but, with the exception of the pulley, the variations do not affect the
assembly operation.

The seventeen parts of the automobile alternator are assembled using six
different tools. Three of these tools are used to drive threaded fasteners. The
nut, lockwasher, pulley, fan, two spacers, bearing, front housing, and bearing re-
tainer plate are handled by an expanding three-fingen tool. The fingers or jaws have
four steps to accommodate the different nart diameters. The rotor is handled with

a contracting collet tool that uses commercially available col]efs. The rear
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Figure A.4. Photograph illustrating a tool-change operation.

because of the number of variations. The alternator is produced in a number of
variations but, with the exception of the pulley, the variations do not affect the
assembly operation.

The seventeen parts of the automotile alternator are assembled using six
different tools. Three of these tools are used to drive threaded fasteners. The
nut, lockwasher, pulley, fan, two spacers, bearing, front housing, and bearing re-
tainer plate are handled by an expanding three-fingen tool. The fingers or jaws have
four steps to accommodate the different nart diameters. The rotor is handled with

a contracting collet tool that uses commercially available collets. The rear
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housing/stator subassembly and the final assembly are handled with a large contract-
ing three-finger tool. The parts are shown in Figure A.5, while the tools are shown
in Figure A.6.

The assembly sequences involve building one subassembly comprising the front
housing, ball bearing, bearing retainer plate, and three short screws on an auxil-
liary assembly fixture or nest. The rest of the assembly sequence involves stacking
the remaining parts and the front housing subassembly on the main assembly fixture
or nest. A spring-loaded plunger is used to retain the fan and the spacers in
alignment until the rotor is added. (Figure A.7). The entire sequence requires
sixteen assembly oper&tions and eight tool changes (See Table A.1). Note that in-
stead of driving the nut onto the rotor, the rotor is turned while the nut is held
fixed. The only required modification to the alternator parts was chamfering one
edge on the rotor (Figure A.8). The three short screws for the bearing retainer
plate were blown down a tube from the feeder escapement. While the long screws for
the final assembly could be fed in a similiar manner, they were simply placed in the

holes in the rear housing and fed along with the housing.

Figure A.5. Parts of the automobile alternator.
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C-1
A-1
A-2
A-3
A-4
A-5
A-6
A-7

c-2
A-9
c-3
A-10
A-11
c-4
A-12

A-13
C-6
A-14
c-7
A-15
c-8
A-16

TOOL CHANGE - EXPANDING THREE-FINGER TOOL
PLACE NUT ON MAIN NEST
PLACE LOCK WASHER ON MAIN NEST
PLACE PULLEY ON MAIN NEST
PLACE FAN ON MAIN NEST
PLACE FAN SPACER ON MAIN NEST
PLACE FRONT HOUSING ON AUXILLIARY NEST
INSERT BALL BEARING INTO FRONT HOUSING
PLACE BEARING RETAINER PLATE ON AUXILLIARY NEST
TOOL CHANGE - AUTOFEED SCREWDRIVER
DRIVE 3 BEARING RETAINER SCREWS
TOOL CHANGE - EXPANDING THREE-FINGER TOOL
PLACE FRONT HOUSING SUBASSEMBLY ON MAIN NEST
PLACE BEARING SPACER ON MAIN NEST
TOOL CHANGE - CONTRACTING COLLET TOOL
INSERT ROTOR INTO PART STACK
TOOL CHANGE - NUTRUNNER

DRIVE ROTOR INTO NUT
TOOL CHANGE - LARGE CONTRACTING THREE-FINGER TOOL

PLACE REAR HOUSING / STATOR SUBASSEMBLY ONTO FRONT HOUSING
TOOL CHANGE - SCREWDRIVER
DRIVE 3 HOUSING ASSEMBLY SCREWS
TOOL CHANGE - LARGE CONTRACTING THREE-FINGER TOOL
REMOVE COMPLETED ASSEMBLY

-Table A.1. Sequence of operations for the automobile alternator assembly

using the programmable assembly machine.
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Figure A.6. Tools used in the assembly of the automobile alternator. From
left to righ%, screwdriver with automatic screw feed used to
drive the short screws, contracting collet tool, screwdriver
used to drive the long screws, expanding three-finger tool,
large contracting three-finger tool, nutrunner used to torque
the rotor onto the nut.

Simple parts feeders were designed and constructed so that at least six-to-
eight complete alternators could be assembled sequentially to simulate a production
run. The larger parts are fed using roller conveyors. Parts wi‘hout suitable sur-
faces for being fed in this manner or that are unstable are placed on individual
plastic pallets. Most of the smaller parts are fed on simple gravity tracks.

The assembly fixtures, the tool holders, and most of the parts feeders are
mounted on ball plunger and detent break-aways. These devices will allow the
assembly fixtures, the tool racks, or the feedefs to break away in any direction
if a certain force or torque limit is exceeded. As these break-aways are preloaded,
the initial deflection with force is minimal. Microswitches are used to shut down
the assembly machine if any of the devices are tripped. A microswitch and the treak-

aways supporting the main nest can be seen in Figure A.7.
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Figure A.6. Tools used in the assembly of the automobile alternator. From
left to right, screwdriver with automatic screw feed used to
drive the short screws, contracting collet tool, screwdriver
used to drive the long screws, expanding three-finger tool,
large contracting three-finger tool, nutrunner used to torque

the rotor onto the nut.

Simple parts feeders were designed and constructed so that at least six-to-
eight complete alternators could be assembled sequentially to simulate a production
run. The larger parts are fed using roller conveyors. Parts without suitable sur-
faces for being fed in this manner or that are unstable are placed on individual
plastic pallets. Most of the smaller parts are fed on simple gravity tracks.

The assembly fixtures, the tool holders, and mcst of the parts feeders are
mounted on ball plunger and detent break-aways. These devices will allow the
assembly fixtures, the tool racks, or the feeders to break away in any direction
if a certain force or torque limit is exceeded. As these break-aways are preloaded,
the initial deflection with force is minimal. Microswitches are used to shut down
the assembly machine if any of the devices are tripped. A microswitch and the “reak-

aways supporting the main nest can be seen in Figure A.7.
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Fioure A.7. Front housing subassembly being inserted on the main nest.
Note the plunger holding the fan and fan spacer in place.

The assembly is completed in approximately 2 minutes 30 seconds. The average
assembly time could be shortened by building more than one alternator at a time and
thus spreading the tool change time over several assemblies. More time could be
saved by using multiple-head screwdrivers and driving three screws at once. However,
if a serious attempt was made to design an economically viable reprogrammable
assembly machine to assemble an item that is produced in a volume large enough such
that the entire output could not be assembled with one multi-degree-of-freedom arm,

a different assembly machine configuration would probably be chosen. When pro-

duction volume cannot be attained on one machine, there is a choice between building
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Figure A.7. Front housing subassembly being inserted on the main nest.
Note the plunger holding the fan and fan spacer in place.

The assembly is completed in approximately 2 minutes 30 seconds. The average
assembly time could be shortened by building more than one alternator at a time and
thus spreading the tool change time over several asseml .ies. More time could be
saved by using multiple-head screwdrivers and driving three screws at once. However,
if a serious attempt was made to design an economically viable reprogrammable
assembly machine to assemble an item that is produced in a volum2 large enough such
that the entire output could not be assembled with one multi-degree-of-freedom ari,

a different assembly machine configuration would probably be chosen. When pro-

duction volume cannot be attained on one machine, there is a choice between building
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Figure A.8. Modification to the alternator rotor. Note the chamfer to the
right of the threads on the top rotor. Bottom rotor is not
modified.

a number of similar machines that ¢ .ch put together the entire assembly or building
an assembly line configuration with a number of relatively simple reprogrammable

arms that add one or more parts to the assembly. The advantage of doing the latter
is that tool changes can be completely eliminated and, perhaps even more important,

the parts feeders do not need to be duplicated for each machine.
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Figure A.8. HModification to the alternator rotor. HNote the chamfer to the
right of the threads on the top rotor. Bottom rotor is not
modified.

a number of similar machines that each put together the entire assenbly or building
an assembly line confiquration with a number of relatively simple reprograrmable

arms that add one or more parts to the assembly. The advantage of doing the latter
is that tool changes can be completely eliminated and, perhaps even more important,

the parts feeders do not need to be duplicated for each machine.
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APPENDIX B: IMPACT FORCES

The contact forces resulting from an 1mpa£t cén be obtained from the Hertzian
stress formulas by equating the work done during the impact to the kinetic energy
before the impact. The mass used in the kinetic energy calculation is the total
mass suspended by the compliance. It is assumed thaf during the impact the cdmp]i-
ance 1so]afes this mass from the remaining mass of the assembly machine.

The work done by the iﬁpact is simply the contact force integrated over the
indentation depth. Assuming_the'impact is elastic Snd-there Sre no other internal
mechanisms for absorbing energy, the Hertzian stress formulas can be used to obtain
the contact force'as a function of the indentation depth [27]. For the case of a
sphere of radius r impacting on a flat plate, the indentation as a function of the

load or force, F, on the sphere is:

FocZ
y = 0.825 |—— : B.1
. .
where:
l-vi l-vg
Ce=F—*+— B.2
1 2

El and E2 and vq and v, are the Young's modulii and the Poissons' ratios for the

two materials. Therefore the force as a function of the indentation depth is:

2/3 1/2
F=1.33 £ B.3
Ce
. The work done during the impact is: .
1/2 .d
r i
W= 1.334 f y23 gy | B.4
E 70

.Performing this integration and equating the result to the kinetic energy before

impact, an expression for the maximum indentation depth, di’ is obtained:

mv2 C 2/5

. i °E
d; = 0.975 —7 B.5

where m is to total suspended mass supported by the compliance and vy is the
insertion velocity at impact. Using this expression in equation B.3, the maximum

impact force is:
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-r
F. = 1.284 ! B.6
1 ' CEE

This expression is used as the force iﬁ the Hertzian stress formula to find the

maximum stress caused by the impact:

1/3
F. B.7
o; = 0.578 —1 .
) r2c2
E
The impact of a part with a rounded edge upon a chamfered hole is treated in

a similar manner utilizing the formulas for the general case of two bodies in con-

tact [27]. In place of equation B.1., the expression for the indentation depth is:
FZCE 1/3
Yy =2 '_Tﬁ;' B.8
where KD is obtained using the expression:

= 1.5
D l+l+ll+—} B.9
" T2 "1 "2

and X is a tabulated function of cos 8 which is given by the expression:

: K 2 2 \
cos @ = T—%-\/fi-- lﬁ + (L %n + 2L - %n = - l, cos 20 B.10
. re ro o ry ry\r, .

The radii of curvature rs ri. r, and ré and the angle P are as defined in Figure

B.1 with positive values for convex surfaces and negative values for concave sur-

faces. The table for the values of A is also included in Figure B.1.

From equation B.8, the force as a function of the indentation depth is:
K 1/2 y3/2
F=—2

CEA3/2 B.11

Integrating this expression over the indentation depth as before to find the work ,
equating the work to the kinetic energy before the impact and solving for the maxi-

mum indentation depth:

1/5

A3CE mzv?

d; = 1.093

Kp
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body

plane of r

1

\\ plane of r,

Cos @ a B A
0.00 1.000 1.000 0.750 0.80 2.292 0.544 0.594
0.10 1.070 0.936 0.748 0.85 2.600 0.507 0.559
0.20 1.150 0.878 0.743 0.90 3.093 0.461 0.510
0.30 1.242 0.822 0.734 0.92 3.396 0.438 0.484
0.40 1.351 0.769 0.721 0.94 3.824 0.412 0.452
0.50 1.486 0.717 0.703 0.96 4.508 0.378 0.410
0.60 1.661 0.664 0.678 0.98 5.937 0.328 0.345
0.70 1.905 0.608 0.644 0.99 7.774 0.287 0.288
0.75 2.072 0.578 0.622

Figure B.1. Definition of parameters for Hertzian stress between two gen-

eralized bodies.

This expression is then used in equation B.11 to find the maximum impact force;

Fi =1,

K.m

D

142 | ———
A3

36 1/5

Vi
2
Ce

/

B.13

The maximum compressive stress can be found by using this result in the equation:

where a-is obtained using the expression:

1/3
a=a E:KDCE]

1.5F

O',i-

i
ab
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and b is obtained using the expression:

_ 1/3
b = B[FKCCE] B.16

Values for a and B are tabulated as a function of cos O and are included in Figure
B.1.

The above equations were used to compute the contact force, the compressive
stress, the indentation and the area of indentation that occurs when a ball bearing
is inserted into an a]ternaﬁpr housing with typical conditions using the program-
mable assembly machine. The conditions and the results are listed in Tabla B.1.
The re;ults'indicate.that the elastic 1limit is exceeded. This was verified qualita-
tively by dropping the bearing at a 45° ang]e.onto an aiuminum plate from a height
that caused the bearing to have the same energy at impact as the suspended mass of
the compliance wrist system. The aluminum plate was permanently indented.

As can be seen from the form of the equations, the maximum Hertzién stress
between a specified pair of materials is a stronger function of the radii of curva-
ture at the contact point than the contact force as:

1/3

G-oth B.17
! K
D
or, for a sphere on a plate, KD is replaced with r:
F 1/3 B.18
Oio-(—r?‘

The lowest Hertzian stress will occur'when two flat chamfers impact upon each other.
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Assumed Impact Conditions

Velocity at impact ....cievecueennnnnnnnnnnns 120 mm/sec (4.75 in/sec)
Ball bearing race edge radius, ry «co...coovvveeenn. 2.0 mm (0.080 in)
Ball bearing race radius, ri ............... Ceerneas 18.0 mm (0.71 in)
Hole chamfer radius, r, ....... Cerenes Ceeeeane flat or infinite radius
HOTe FadiUSy T «evvnennnenennensusnienneasenss 20.5 mm (0.81 in)
KD ........................................... 2.96 mm (0.117 in)
COS B coviirinernenenannnnnes casssens Ceressietereireneaaaas 0.882
Ol ttecccecscoassasososasasesesasseoasnasasnsssnessaanannanns 2.92
B eeererttnsosnasnncansenacannas ceacanaesens iesees cheesians 0.477
) 0.527
C; (steel race, aluminum hole) ............... 17.48 x 10712 m?/N

(120 x 1077 1n2/]bf)

Calculated Results

Maximum cONtact FOFCE wevvnrrrneeeeereensn. 1.76 x 10° N (395 1b,)
Contact patch dimensions .................... 1.314 mm x 0.214 mm
(0.052 in x 0.008 in)
Maximum indentation ...... Ceertterreteraranns eee. 0.036 mm (0.0015 in)
Hertzian stress ......... feeeveenneees. 9.8 x 10° Pa (1.36 x 106 psi)

Table B.1. Calculated maximum contact force and Hertzian stress for the
insertion of a ball bearing into an automobile alternator
housing.
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APPENDIX C: IMPACT DYNAMICS

C.1. Dynamics of a Single-Point Impact on a Chamfer

When two'parts contact on the chamfers at a low insertion speed due to a
lateral misalignment, the lateral component of the contact force will cause the
parts to move sideways relative to each other as they slide across the chamfers
assuming that the center of compliance is at or near the contact point. The impulse
that occurs when the parts impact at higher speeds will cause a motion of and about
the center of'gravity of the compliance system. If the resultant motion is of suf-
ficient amplitude, the part held by the compliance will bounce- across the chamfers
and efther hit the far side of the hole or hit the chamfer on the other side of
the hole. In either case, this will cause a second impact which can set up a
chattering motion as the part bounces from one side of the hole to the other.

It is assumed that the motion of the body after a single-point contact is
caused by an instantaneous impulse that occurs when the two parts impact. The ini-
tial contact is assumed to occur between the chamfers of the parts. The body acted
upon is assumed to be the segment of the compliant wrist assembly that is supported .
by the compliance including the part-gripping tool and the part. The spring forces
are ‘those associated with the compliance and are assumed to be acting at the assembly
interface or the point of contact.

The kinetic energy before the impact is:

— : c.1

where m is the total suspended mass and vy is the velocity at impact. Immediately

after impact the kinetic energy is:

2 2 2
mv my Iw :
E=—2 + X 4 c.2
2 2 2

where v, is the new velocity in the insertion direction, Vy is the lateral velocity
of the center of gravity, and w is the angular velocity about this point. I is the
moment of inertia of the suspended mass. The new velocities are related to the

impulse by the equations:
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VZ=V1-m— C.3
vy = Jcosp C.4
X m

Jd

e
w =3 . C.5

where P is the angle of the chamfer, 2 is the distance from the center of mass to
the impact point, r is the radius of the shaft or part being inserted, and dl is the
distance from the line of action of the impulse to the center of mass (see Figure
c.1):

dl =2 cosP - r sing C.6

1

! .'

Vi | |- center of mass
4'/

Figure C.1. Part impacting chamfer at finite velocity with resulting
impulse not thru the center of mass.
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Substituting expression C.3, C.4, and C.5 into the equation for the energy

after impact:

£o-m (v J sinﬂ)2 N 32 cos’p N gfg? C.7
2\’ m 2m I

The magnitude of the impulse, J, will depend on the coefficient of restitution.

The coefficient of restitution is defined as the ratio of the velocities before im-

pact to the components of velocity after impact along the line of impact. In a

completely elastic impact, the coefficient of restitution is unity and the energy

after the impact is equal to the energy before the impact. In a completely in-

elastic impaét, the coefficient of restitution is zero and the energy after the im-

pact is at a minimum. The maximum value of J is found by equating the kinetic energy

before the impact to the kinetic energy after impact:

2.2 2
m_(v ) g_;inw)z + 3% cos’e N Jdy . " C.8
2\l m 2m 21 2 )

Solving this equation for J:
J = 2vy sing (Lz—) c.9
I +md
The minimum value for J is found by differentiating the kinetic energy with respect

to J and setting this result to zero:

2
. 2 2 Jd
F=-vsips Lsinf, JcosP , 2 ., C.10
Solving this for J:
J = vy sinp (——"L—z) c.11
I +md '

After impact, the body is constrained only by the spring forces provided by
the compliance device. As the spring force in the lateral direction acts at the
assembly interface at a distance 2 from the center of gravity, the pair of dif-
ferential equations that describe the lateral motion of the center of gravity and

the rotary motion about the center of gravity are coupled:
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18 f Kgb - RKX(RQ + X) C.13
mX = KX(EG + x) C.14
The initial conditions for these equations are:
. mdl _

8=0,0=(1+ Rc) (——————7?) Vi sinp C.15
I+ md2

x=0, x=(1+ Rc) (_-_l___?)vi <ind cosP C.16
I+ md2

where Kx and K9 aré the spring constants of the compliance device, and Rc is the
coefficient of restitution.

The solution of the equations will give the maximum displacement as a function
of the spring constants and the impact velocity. Given certain spring constants and
a maximum displacement, the maximum insertion velocity can be found. A solution
was found in two ways. An exact solution of the coupled different equations was
found for a given set of conditions using a forth-order Runge-Kutta digital simu-
lation. An approximate solution was found using energy considerations.

The approximate solution is found by solving for the maximum insertion velo-
city given a permissible lateral displacement ¢ (generally the distance from the
point of impact to the far side of the hole). A first solution is found by setting
8 and 8 to zero. With 8 and § set to zero, the kinetic energy is:

mv

F= — C.17
2

Equating the kinetic energy to the work done on the compliarce in displacing the

x N

part through a distance § and solving for v,:

KX
vo=ofX c.18

Using equations C.4 and C.12:
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1 I+ mdi 5 K
v, = X .19
i 1+ Rc I sinf cospP m

As the effect of 8 and é was ignored, Vi must be smaller than this value.
In a similar manner, setting x and Vo to zero, the kinetic energy is:
F=18 C.20

Equating this energy to the work done on the compliance in rotating the part through

an angle /2 and solving for 9:

c.21

Using equations C.5 and C.12:

2

1 (1 + md )( 1
VvV, = L
! 1+R\ md sing)

C.22

As the effect of x and v, were ignored in this argument, Vi must also be smaller
than this value. As it is known that v; must be smaller than the value obtained by
ignoring the 8 deflaction and smaller than the value ignoring the x deflection, an
approximate value for v; can be obtained from the relationship:

v; = —:1:—%——:1:7 C.23

Yix Vi
where Vix is the value obtained from setting @ and 8 to zero and Vig is the value
obtained from setting x and v, to zero. This value of v is not an absolute maximum
value for an insertion velocity. It only indicates when problems with chattering
should be expected and what parameters influence this problem.

Values for Vig and Vjg are obtained for the case of inserting a ball bearing
into the front housing of the automobilelalternator used in the programmable assem-
bly demonstration, first assuming an elastic impact and then, more realistically,
assuming the coefficient of restitution equals 0.3. Assuming an elastic impact, the

maximum value of Vi is 37mm/sec (1.46 in/sec). With a coefficient of restitution of

0.3, the maximum value of vy is 56mm/sec (2.21 in/sec). Details of the assumed
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Assumed Conditions

Suspended MasSS, M ..uvievennnereennnenannaneannnns 4,060 Kg (8.94 lbm)
Moment of inertia, I ........ceue... 7.137 x 107 Kg m® (24.4 1b_in?)
Length, & ...iiiiiieiiinnernroeroeenacasanaanecnonns 95 mm (3.74 in)
Length, d .. .cniiinniiiiiiiiieiiiteinsncnannnacaannns 53 mm (2.09 in)
Spring consfant, Ky ooveennnseeeenennnnn, Ceeeaeeen 104 N/m (57 1bf/in)
Spring constant, Ky v..evonneoen 400 N m/rad (3.55 x 10° 1bin/rad)
Initial lateral error, 6 ..oicciiinnerneieecenonnnns 0.5 mm (0.020 in)

Results Assuming an Elastic Impact

Vig *rrrerrre e 65 mm/sec (2.56 in/sec)
Vig werrrree e 84 mm/sec (3.30 in/sec)
Vi eeeeneeeeiiiea teesesaaiavenaneanana 37 mm/sec (1.46 in/sec)

Results Assuming a Coefficient of Restitution of 0.3

Vi rrrereneesanns eeseeesetarecsesanannanas 100 mm/sec (3.93 in/sec)
Vig srrrrene Cheeeerecaecaninaananan Ceereennas 129 mm/sec (5.06 in/sec)
W ettt e 56 mm/sec (2.21 in/sec)

Table C.1. Maximum values of vj that will not result in a secondary impact.
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conditions and results are listed in Table C.1.

These approximate values for v; are then used as initial conditions for a
digital simulation using a fourth-order Runge-Kutta solution to the differential
equations. The simulation gives a.detailed description of the motion of the part
at the assembly interface. The parameter of particular interest is the maximum amp-

litude of the lateral displacement. The results in Figure C.2 shown the numerical

solution to be in close agreement with the approximate solution. The maximum ampli-
tude of the lateral displacement is approximately 0.45mm (0.18 in), compared to the

assumed value of 0.50mm (0.020 in) for the approximate solution.

The body will not continue to oscillate as shown in Figure C.2. If a ltine
representing the profile of the chamfer and the hole is drawn on this figure, it is
obvious that unless the part bounces just the right amount and enters the hole after

the initial impact, it will impact the chamfer again either on one side of the hole
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TIME, SECONDS

Figure C.2. Free body oscillation of the compliance system resulting
from a single impulse at the center of compliance.

111



or the other. A more complete digital simulation was written to model this. The
inputs are the initial position error between the part and the hole, the clearance
between the part and the hole, the insertion velocity, the angle of the chamfer, the
coefficient of restitution and the radius of the part along with the spring cons-
tants and the mass and inertia of the compliant wrist system. The program computes
and records the magnitude of the impulse for each impact. The trajectory of the

part along with the outline of the chamfer and the hole are plotted. For simplicity,
only the center line position at the end of the part is plotted. Theretore, the
distance between the two lines representing the walls of the hole is the cleararnce
between the part and the hole.

Representing plots for several different conditions are shown in Figures C.3
thrcugh C.8. The geometric data for these runs was taken from the insertion of the
ball bearing into the alternator housing. If the coefficient of resititution is
significantly less than one, the system is well damped without external damping once
the parts are in contact. The parts will slide instead of bouncing after an impact
if the coefficient of restitution is sufficiently small. This phenomena is seen in
Figures C.7 and C.8.

A rule of thumb for using this simulation to select a maximum value of Vs is
to limit the impacts to the chamfer on one side of the hole. This assumes that
values for the spring constants, the mass and inertia, and the probable positional
error are fixed. It should be emphasized that neither this value of v nor the
value found using the other technique is an absolute maximum value for the insert-
ion speed. No attempt was made to optimize the experimental apparatus used in the
programmable assembly demonstration project for high-speed insertions. The in-
sertion that is used as an example has been performed with a maximum impact speed
of approximately 120mm/sec (4.72 in/sec). There is relatively little to be gained
in making this insertion faster as most of the assembly time is expended in picking
up and transporting the parts and in changing tools. The insertion speed would be
more important for a compliant system designed to be used on a transfer line or

fixed automation machine.
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Figure C.3. Digitial simulation of bearing bounce during insertion. Impact
velocity, 120mm/sec; coefficient of restitution, 0.95.
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Figure C.4. Digitial simulation of bearing bounce during insertion. Impact
velocity, 120mm/sec; coefficient of restitution, 0.3.
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Figure C.5. Digital simulation of bearing bounce during insertion. Impact
velocity, 50 mm/sec; coefficient of restitution, 0.95.
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Figure C.6. Enlarged section of figure C.5 showing detail of interaction
between bearing and housing during insertion.
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Figure C.7. Digital simulation of bearing bounce during insertion. Impact
velocity, 50 mm/sec; coefficient of restitution, 0.3.
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Figure C.8. Enlarged section of figure C.7 showing detail of interaction
between bearing and housing during insertion.
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C.2. Dynamics of Two-Point Contact

Two-point contact occurs when a part is inserted into a hole that is angularly
misaligned with the part (Figure C.9). At low insertion speeds, the moments re-
sulting from the two-point contact will cause the part to rotate about the contact
points and come into alignment with the hole. At higher speeds, the two-point impact
will cause a significant rotational velocity about the contact points. Because
this initial angular velocity is greater than is required when the part is further
in the hole, it is possible that the part will bounce to the other side of the hole
and undergo another twc-point impact. If it impacts sufficiently hard, a series of

two-point contacts can be set up.

If the clearance is represented as ¢ and the angular error as €g> the initial
two-point contact will occur at a depth, vy, of:
Y= L C.24
Eg :

center of mass

/
h |

Figure C.9. Part undergoing two-point impact at finite velocity.
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The angle between the shaft and the hole at this depth is:

) |l -1

e Ly C.24

')

The rate at which this angle changes with respect to the insertion depth is:

do 5
dy €9

c Y-Z C.25

where the negative value for €g is chosen to simplify the equations. The sign of
initial angular error €g does not affect the calculated value for the magnitude of
v,

Differentiating C.26 with respect to time, the angular velocity of the part

immediately after the initial two-point contact is geometrically constained to be:

6= ry2y C.26
As the required angular velocity decreases with the depth, the ma:imum required

angular velocity is the initial angular velocity:
eozvi
8= c.27
C
where the term v, has been substituted for vy.

The differential equation describing the motion after the two-point contact

is:
. ng
Q + = 0 C.28
IP
with initial conditions:
€ 2v
0-0, 6= 21 c.29
z
The moment of inertia, Ip, is taken about the contact points:
I =1 +m c.30

P
Using the initial conditions to solve for the constants of integration, the solution

to the differential equation is:
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€ 2v I K

4 Kg Ip
The maximum displacement occurs at time:

I

T /P o
2 KQ C.32
with an amplitude:
2
€. V. I
o= 8 1 [_p .33
4 K9

Y= oy 4+ _;_ —L .34

The maximum total angle that can be tolerated without a secondary two-point contact

at this depth is:
v &y L
‘ Y Vit [1
Y+ _ [ p €.35
2 Kg

The angle that the part has rotated through must be less than or equal to this angle

or:

7Ky

Substituting w for for L and regrouping terms on the right,

4
e "i < & — C.36
- v ( vy I'J )
y +
expression C.36 becomes:
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IS
V. . 2w
fg ¥ C.37
Y w ) v,
L, E_J
€q w
Multiplying the term on the left by the denominator on the right and regrouping the

- . - . v-
terms, it can be seen that this expression is a quadratic expression for ML
w

2
v, TV, 2
iy 2-n) i 4c
.wZ ( m Egu) neg = 0 ¢.38
v

Solving this expression for i

d

Vi o T2, _1_%_1)2+ 16 ¢ C.39
w - T — 2 m m eg

Vs

< 1.5063 = C.40

w - €
)

or:

A

vi < 1.5063 = [ C.41
8 P

The maximum value that Vj could have without setting up a secondary impact
was found for the insertion of the bﬁl] bearing into the front housing of the auto-
mobile a]tefnator. The assumed conditions are listed in Table C.2. HWith these
conditions, the maximum value of Vi that will not result in a secondary impact is
300 mm/sec (11.8 in/sec). As before, th%s value is not an absolute maximum in-
sertion velocity. It only indicates when problems may occur with the part bouncing
from one side of the hole to the other and what parameters affect this problem.

These results have not been experimentally verified.
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Assumed Conditions

Suspended MaSS, M c.eeeeerreocsnsennssensnsennnnsn 4.060 Kg (8.94 lbm)
LeNgth, & cueiiriurneiiarennnsenenssesansosescaansonans 90 mm (3.54 in)
Moment of inertia, I ..covvvvinunesn 7.137 x 1073 Kg m? (24.4 1b inz)
Moment of inertia, Ip =1+ mzz ..... 40.02 x 10'3,Kg mz_(137 b inz)
Spring constant, Kg ............... 400 N m/rad (3.55 x 103 lbfin/rad)
Initial angular error, € ....ceceeeirenenanenesannnnnns 5 mrad (0.29°)
ClEArANCE, L eeveeroncennasocassansoscasnsssanans .. 0.02 mm (0.0004 in)
Results
Vi eeeenmne e 300 mm/sec (11.81 in/sec)

Table C.2. Maximum value of Vi that will not result in a secondary two-
point contact.
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APPENDIX D: COMPLIANCE DESIGN

There is not one optimum compliance design. Rather, there are a large number
of different mechanisms or linkages with flexures at the joints, spring-loaded
mechanisms or linkages, and deformable structures that can be designed to have the
desired properties. This appendix presents some workable design concepts and
methods to determine the necessary design parameters.

The three important design parameters for the common task of inserting a round
shaft into a round hole are the lateral stiffness, the rotational stiffness, and
the center of compliance. The center of compliance is the point in space where a
lateral force will cause only a lateral deflection and a moment will cause only a
rotational deflection. At this point the compliance matrix is diagonal. A true
center of compliance will exist only if the compliance is symmetric about the in-
sertion axis. For applications involving the insertion of a square shaft or a
splined shaft into a matching hole or the placement of a part on two or more
locating pins, the rotational compliance about the insertion axis is also important.
Techniques for exper%menta}ly determining the 6 x 6 compliance matrix are given in
Appendix E;

The first device built with a center of compliance designed to be at the
assembly interface was a mechanism or linkage with flexures at the joints (Figure
D.1). It has the advantage that the lateral compliance and the rotational compli-
ance are determined by separate linkages. The center of compliance for small de-
flections is located at the instantaneous center of the rotational compliance 1ink-
age (Figure D.2). As constructed, this mechanism has a number of slender members
in compression making it susceptible to both buckling and a spiral collapse in-
stability.

For a lateral deflection §, each of the flexures at the ends of the Tinks is
deflected through an angle 6/21 (Figure D.3). Assuming each of the flexures has a

rotational stiffness kfl’ the total lateral stiffness of this mechanism is:

fe D.1
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Figure D.1. Original compliance device with the center of compliance at
the assembly interface (built by Paul Watson).

lateral
compliance

linkage

assembly

machine
interface

1\

rotational
compliance
1inkage

center of
compliance

Figure D.2. Schematic representation of the compliance device shown
in Figure D.1.
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INTENTIONAL DUPLICATE EXPOSURE

Figure D.1. Original compliance device with the center of compliance at

the assembly interface (built by Paul llatson).

assembly

—«:ff//’nmchine
] L —] interface

=
lateral ‘ﬁ:::::%
compliance [
linkage
\7\4
\\ / rotational
compliance
linkage
\ /
\
center of /
compliance |

Figure D.2. Schematic representation of the compliance device shown

in Fiqure D.1.
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Fiqure D.3. Deflection of the lateral compliance mechanism part of

Fiqure D.2

Figure D.4. Deflection of the rotational compliance mechanism part of
Figure D.2.
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where n is the number of flexures in the mechanism (six for the mechanism shown in
Figure D.1). For a rotational deflection 8, the flexures at the top of the rota-
tional compliance structure (points a and b in Figure D.4) are deflected through an
angle 0 22/21, assuming small angle approximations are valid. The flexure at point
c is deflected an amount 8 12/21 - 8, while the flexure at point d is deflected

an amount @ 22/11 + 0. As the - 0 and the + @ terms for points ¢ and d cance],

the total rotational stiffness is:
£ D.2

where n is again fhe number of flexures affected; and kfg is the rotational compli-
ance of the individual flexures.

Turning this compliant mechanism design upside down (Figure D.5) alleviates
some of its problems. The links will be in tension during normal insertion opera-
tions, which eliminates both the buckling and the spiral collapse instability.

For experimental verification of the theory and for use in the programmable
assembly demonstration project, several distributed compliant structures were de-
signed and built (Figure D.6). While these devices are somewhat more difficult to
design because the parameters are coupled, they are compact and easy to fabricate.
The slender members are in tension during a normal insertion.

Three parameters need to be specified for the compliance design: the location
of the center compliance, the lateral stiffness, and the rotational stiffness. For
small angles of deflection, the side structure of the compliance device shown in
Figure D.7 has a virtual pivot or instant center at point b while the top structure
has a pivot at point a. The center of compliance, point c, is located between these
two points, the exact location depending on the relative stiffness hetween the top
structure and the side structure. Three other parameters need to be determined as
a function of the center of compliance, the overall lateral stiffness and the over-
all rotational stiffness: the location of the pivot point or inétant center of the

side structure, the stiffness of the side structure and the stiffness of the top
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Figure D.5. Schematic representation of a compliance mechanism with all
of the links in tension.

ENC T -

Figure D.6. Photograph of one of the deformable structure compliance devices
used in the experimental verification of the theory and in the
programmable assembly demonstration project.
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INTENTIONAL DUPLICATE EXPOSURE
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Figure D.5. Schematic represcitation of a compliance mecnanism with all
of the Tinks in tension.

Figure D.6. Photograph of one of the deformable structure compliance devices
used in the experimental verification of the theory and in the
programmable assembly demonstration project.
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structure. Therefore three independent relationships need to be derived.

At the center of compliance, a lateral force will cause only a lateral deflec-
tion. Therefore, referring to figure D.7, the angular deflection about point a
caused by a force applied at thé center of compliance, point ¢, must be equal and

opposite to the angular deflection about point b or:
91 = '92. . D.3

If 91 is equal and opposite 9, at point ¢, the lateral deflections dl and d2 must

be related by:

d, L
1 1
= L D.4
2 b

The total lateral deflection, d, caused by a lateral force applied to the center of

compliance is:
d=d; +d, . D.5
while the overall lateral stiffness is:

- £
Ky = =g D.6

From equations D.4 and D.5 it can be seen that:

L
2
—_—d D.7
L +L,

Therefore, the lateral stiffness of the side structure is related to the overall

d,

lateral stiffness by:

F Ll + LZ D.8

k2 = 4, L )
The relationship between the rotational stiffness of the top structure and
the overall rotational stiffness can be found by considering the components of
lateral deflections due to a lateral force to be angular deflections due to moments

about points a and b. The rotational stiffness about point a is:
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Figure D.7. Schematic drawing of the deformable structure compliance

shown in Figure D.6 illustrating the deflections due to a

lateral force applied to the center of compliance. .
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kg = 5 = D.9

ki, = -2 = —_2 D.10

The overall rotational stiffness is:

1 D.11

I

kg = —
ko1 kg2

]

Because 91 and 92 are equal and opposite:

L
ko2 = T, a1 D.12

Therefore the angular stiffness of the top member is related to the overall angular

stiffness by:

T Wi 2 p.13
. 01 L2 0
The third relationship must relate the location of the pivot point for the
side structure to the location of the center of compliance, the overall lateral
stiffness, and the overall rotational stiffness.

The lateral stiffness of the top structure is:

_ F

k17 @) D.14

while the angular stiffness of the top structure is:
M) FL%

k = = D.15

() 91 d1
Therefore:

k.. = L% D.16

1 1721 )
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Using equation 11 and finding an expression similar to equation D.8 for le:

kpq = ~——=—— Kk D.17

equation D.16 becomes:

k9 = (Lle)kR ~ D.18
or
k
0
L, = — D.].g
2Lk

In summary, to design a distributed compliant structure similar to the de-

vice shown in Figure D.6, select appropriate values for Ll’ kz and kg. Solve for

L2 using:

K .
L= 98 D.19
2 Lk

1%

Then find k22 and k91 using:

L1 + L2
k12= T kﬂ, D.8
and
Ll + L2
k91 = _—[;__ke _ D.13

Note that instead of using equations D.8 and D.13, it is also possible to use

equation D.17:

k = —T k D.17

along with an equation that relates the rotational stiffness of the side structure

to the overall rotational stiffness:

k = Ll—_
02 L1 | |
The actual dimensions for the structures are found using simple beam theory.

+ L
2 D.20
K :
)

Referring to Figure D.8, it can be shown from symmetry that the vertical deflection

of the center pdint of the top structure caused by a moment is zero. The fact
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/

Figure D.8. Idealized deflection of the top structure caused by an

applied moment.

that the structure, as built, has threefold geometry with beams located every

120° instead of the planar geomefry shown in Figﬁre D.8 does not affect these
calculations. It can be shown that, except for small errors caused by the torsional
compliance of these beams, each of the two beams located 30° from the centerline
contributes one half the stiffness that the beam 90° from the centerline contributes.
Therefore the structure in Figure D.8 can be cut at the centerline and each half
treated as a simple cantilever beam. The deflection at the end of a cantilever

beam caused by a moment is:

2
8, = + m—rt— D.21
mo 2T

where M is the moment, 21 is the length of the cantilever beam, E1 is Young'§
modulus, and I1 is the moment of inertia of the beam cross section for the top

structure. The deflection at ihe end of a cantilever beam caused by a force applied

at the end is:

= 1 - ‘ D.22
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As the total deflection must equal zero:

Fo, M D.23

3 2

With a moment M being applied to the beam, the force seen at the end of the beam

must be:

_-3M
Fe o D.24

The slope or angular deflection at the end of the cantilever beam due to the

combined force and moment is:

ML, 3Mg Mg
8= ¢ "ET T T | 025
1 4L 1

Therefore, the rotational stiffness of this cantilever beam is:

4E111

D.26
|

M.
0

As the other half of the structure contributes an equal stiffness, the total rota-

tional stiffness of the top structure is approximately:

k. = —211 D.27

Using equation D.13, the total rotational stiffness kG is:

kg = (L tZL ) BEill D.28
2 t L) 1

For the design of the compliant structure shown Figure D.6, beams with a
rectangular cross section were used. The width of the beams were fixed and the
thickness calculated to give the structure the desired rotational stiffness.

The stiffness of the side structure is calculated in an analogous manner.

An approximation to the side structure is made. Instead of having the beams converg-
ing on point b as shown in Figure D.7, the beams are considered to be parallel as
shown in Figure D.9. Due to the parallelogram nature of this structure, ip_can be

argued that the ends of the beams will not undergo any angular deflection when the
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Figure D.9. Idealized deflection of the side structure caused by an
applied lateral force.

top of the structure is subjected to a lateral force.
The beams can now be treated as simple cantilever beams and the necessary
conditions found that will cause the rotational deflection to be zero. The angular

deflection due to a force at the end of the beam is:

2
Fe

_ 2

GF = ?E—r D.29
2°2

where E2' 12 and 22 are the Young's modulus, the moments of inertia, and the length

of the beams in the side structure. The angular deflection due to a moment applied

to the beam is:

ML

[+ =]
1]
Ind

D.30

=

m|
N

[
N
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Because the total angular deflection must be zero:

2

+ .E.— = 0 N I

With a force F being applied to the end of this beam the moment on the beam must be:

M=-_—2 n.32

The total lateral deflection due to this force and moment is:

3 3 3
Fo,  Fe F2

2 2
- = D.33
3E212 4E212 12E212

§ =

Therefore, the lateral stiffness of this beam is:

Foo126,1,
- - —%t D. 34
)

Because the structure as built has three beams, the total stiffness to a lateral

force applied to the top of the structure is:

6EL
L. ———%%ii D.35
5 2

The structure with the canted beams has a virtual pivot point or instantan-
eous center at the point where lines extended from these beams intersect. Referring
to Figure D.7, it can be seen that a force F at the center of compliance will cause

a force at the top of the structure of

F.=F D.36
T L1 + L2
and a deflection § at the center of compliance translates into a deflection at the

top of the structure of

Lo+ L
8. = ofL—2 D.37
T L,

Therefore, the lateral stiffness of the side structure, kgz’ to a force applied to

the center of compliance is approximately:
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2 2

Using equation D.8, the total lateral stiffness kE is:

) =( 1t Lz) 36 Eplp D.39
i 3
2 2

This design procedure is only an approximation and will not yield an exact
solution. The structure in Figure D.6 was designed to have a center of compliance
200 ;m,(7.9 in) from the top, a lateral stiffness of 10 N/mm (55 lbf/in) and a
rotational stiffness of 0.40 Nm/mrad (6.5 in-]bf/mrad). The actual measured values
yields a center gf compliance 145 mm from the top structure, a lateral st!ffness of
almost exactly 12 N/mm (1320 lbf/in) and a rotational stiffness of approximately 0.42
Nm/mrad (6.8 in ]bf/in). Part of the error in the location of the center of compli-
ance is attributed to the compliance of the force sensor. The accuracy to which the
structure can be built depends to an extent on the size of the compliant structure
compared to the distance from the center of compliance to the top of the structure.

One problem with the compliant structure in the above design is that it ex-
hibits almost no damping. Because the compliance has a.low natural frequency, it is
possible to excite the structure with the motion of the assembly machine when the
compliance is unlocked. One proposed solution is to build a distributed compliance
similar to that shown in Figure D.10. The joints are made using a elastomer similar
to that used iﬁ shock mounts while the links are assumed to be rigid members. Another
proposed solution is to build a compliance device using metal/elastomer 1aminates:
(Figure D.11). Because the ratio of bulk modulus to shear modulus is very high for
elastomers, the deformations of the laminates are almost entirely shear deformations.
It should also be possible to build a device with the desired compliance character-
istics using a single elastomer element by balancing thg relative shear and compres-
sion/extension deformations (Figure D.12). A major advantage of these last two de-

signs is that they should be capable of supporting relatively large compressive loads.
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Figure D.10. Distributed compliant mechanism using elastomeric joints.
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Figure D.11. Compliance device using two elastoneric elements that deform

only in shear.
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Figure D.12. Compliance device using an elastomeric element that deforms

in both shear and compression/extension.
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APPENDIX E: DETERMINATION OF fHE COMPLIANCE MATRIX

The general 6 x 6 compliance matrix relates a six-dimensional displacement
vector to a six-dimensional force vector at a point in space. This matrix can be
found experimentally in a manner analogous to the determination of the force sensor
calibration matrix (see Appendix G). Six known linearly independent displacements
are forced, one at a time, upon the compliant device while the six components of the
force vector referenced to the same point in space as the displacements, are re-
corded for each displacement.

This information is arranged in the form:

™ H ! 1T B ar ! | i ]
)
f11 Eflzl.. :f16 S1 S12 - 516 dll :d12 :... :d16
1 I 1
| |
fa11 %2210+ 1T26 Sp1 S22 0 S26 [ [92119%21 -+ 1926
] | 1 1 | ] E.l
: : ! | | 1
1 1 : = | ! [
1 1 ! I |
1 i | 1 [ !

1 | ! 1 t i
b b
forifoai-- 1f66] |61 Se2 -+ Se6 | [%611 %21 ! %66 |

or:

F=25D E.2
where f11 f21 “es f61 are the force vector components obtained when the compliance
js subject to the first displacement vector with components dll d21 - d61;
f12 f22 ces f62 are the force components obtained when the compliance is subject

to the second displacement, etc. The stiffness matrix S is the inverse of the

compiiance matrix C.
The stiffness matrix found by the relat unship:
s =l E.3
and the compliance matrix is found by inverting the stiffness matrix:
¢c=s1 E.4
The compliance matrix can be determined in a single step with only one inversion

using the relationship:

-1 '
c=s1= [Fn'l] E.5
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or:
¢ =oF! E.6
It is also possible to determine the compliance matrix by turning the proce-
dure around and measuring the displacements that result from six linearly indepen-

dent force vectors being applied one at a time to the compliance. In this case the

information would be arranged in the form:

(4 tdo b dd ] ey A e b iie ]
11| %2 R U €11 %2 --- C16 12 - it
! | t 1 |
| 1
L E E l i E.7
' : ' i | : I
] i ] ' | |
| 1 1 h | |
PRSI .
or:
D =CF £.8

where d11 d21‘ cee d61 are the measured components of the displacement vector
obtained when the compliance is subjected to the first vector with components

fll f21 v f61’ etc. In this case, the compliance matrix can be found by the

relationship:

¢ =poF! E.9
and, if desired, the stiffness matrix can be found by the relationship:

-1
s =¢1= [bF'i] E.10

or:
FD-l E.11

S
This technique is probably not practical for finding the full 6 x 6 compli-
ance matrix due to the difficulty of measuring six displacement components. However,
it may be a practical method for obtaining a 2 x 2 planar compliance matrix. The
advantage of this technique is that it does not require a multi-axis force sensor.
The 6 x 6 compliance matrix for several of the experimental compliant struc-
tures was obtained by the first technique. The forces were measured with a six-

axis force sensor and the displacements were imposed on the structure using a mil-
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ling machine and a tilting rotary table (Figure E.1). The particular displacements
used formed an orthogonal set but it is only necessary that they be linearily in-
dependent. The input displacement components, the output force components, and the

resulting compliance matrix for one of the compliant structures is given in Table

E.1. Note that:

11 %s
E.12
€15 Cs5
and:
Co2 €42
E.13
C24 Caa

are the components for the 2 x 2 compliance matrices for x, Qy and y, Qx respec-
tively. The measured compliance matrices should be symmetric. The extent to which

they are not symmetric is an indication of measurement errors.
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Figure E.1.

Apparatus used to experimentally determine the 6 X 6

compliance matrix.
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INTENTIONAL DUPLICATE EXPOSURE

Y

Figure E.1. Apparatus used to experimentally Jetermine the 6 X 6

compliance matrix.
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Matrix of Input Displacement Vectors

+1.0000 +0.0000 +0.0000 +0.0000 +0.0000 +0.0000
+0.0000 +1.0000 +0.0000 +0.0000 +0.0000 +0.0000
+0.0000 +0.0000 +0.1000 +0.0000 +0.0000 +0.0000
+0.0000 +0.0000 +0.0000 +5.8180 +0.0000 +0.0000
+0.0000 +0.0000 +0.0000 +0.0000 +5.8180 +0.0000
+0.0000 +0.0000 +0.0000 +0.0000 +0.0000 +52.3600

Matrix of Measured Force Vectors

+13.2100 -0.7180 -1.5920 +1.7190 +6.2780 +0.5280
+0.5200 +13.3130 +0.9570 ~ -7.6610 +1.7760 -1.2750
-5.3570 +10.6960 +143.7710 -27.7980 -14.6930 -50.0930
+0.2250 -0.9590 -0.2500 +3.0940 +0.1290 +0.0110
+0.9200 +0.2380 -0.1610 -0.0250 +2.8890 -0.3740

+0.0030 +0.0120 +0.0270 +0.0210 +0.0000 +0.3880

Compliance Calibration Matrix

+0.0898"  +0.0058  +0.0007  -0.0292  -0.1937°  -0.1955
-0.0034  +0.0924°  -0.0004  +0.2255®  -0.0614  +0.1955
-0.0001  -0.0004  +0.0007  +0.0047  +0.0036  +0.0916
-0.0374  +0.1651°  +0.0023  +2.3246®  -0.1127  +0.7121
-0.1655 -0.0580  +0.0007  -0.0426  +2.4148"  +2.4551
-0.0122  -0.2169  -0.0260  -1.6724  +0.0816 +130.9437

* these values form a 2x2 compliance matrix for x and Qy.
@ these values form a 2x2 compliance matrix for y and Qx.

Table E.1. Matrices of the input displacement vectors and the measured
force vectors and the resulting compliance calibration matrix
for one of the deformable structure compliance devices.
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APPENDIX F: FORCE SENSOR DESIGN

The experimental force and moment data in this thesis was taken using a series
of six-axis force sensors based on prior work [37],([25]. The major difference
between these force sensors and other multi-axis force sensors is that no attempt
is made to mechanically separate the force responses along the different axes.

The separation is achieved by mu]tfplying the transducer output vector (strain gage
voltages; .in this case) by a predetermined calibration matrix. Techniques for ob-
taining this calibration matrix are discussed in the following appendix.

The major advantage of this force sensor design is that it utilizes a very
simple mechanical structure. It is not necessary to precisely balance or null the
gages nor is it important that the gages be located in an exact location or orienta-
tion. It is also not important that the structure be machined to fight to1erancés.
The major disadvantage is that it is necessary to use a processor capable of multi-
plying the 6 x 6 calibration matrix by the six-dimensional transducer output vector
to obtain the force vector. However, if the force data is ultimately going to be
processed using a digital computer, this is not a serious problem.

The sensors that were used in thi§ work.afe essentially cylinders that were
cut away to leave three equally spaced legs (Figures F.1 through F.3). On two of
the sensors, an extensional strain gage and a half-shear bridge strain gage pair
were bonded to each Teg. On the third sensor, two of each gagm type were applied
to each leg to increase the sensitivity to strength ratio of the sensor. The ex-
tensional gages are intended to primarily measure thehglongation and compression,
not the bending of the legs. The outputs from these gages primaxily contribute to
the measurement of fz. m s and my. The half-shear-bridge pairs are intendeq to
measure shear forces applied to the legs. The outputs from these gage pairs pri-
marily contribute to the measurement of fxf fy and m_. The cross couplings that re-
sult from the fact that these are not pure measurements of extension or compression
and shear are eliminqted by the 6 x 6 calibration matrix. . '

The cutaway cylindrical structure is not the only design that will work. The

only requirements are that the structure be stable (i.e. there are no joints that
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Figure F.2. Steel six-axis force sensor with integrated instrumentation
amplifier package.
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INTENTIONAL DUPLICATE EXPOSURE

Figure F.1. Original aluminum six-axis wrist force sensor.

Figure F.2. Steel six-axis force sensor with integrated instrumentation
amplifier package.
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Figure F.3. High-sensitivity aluminum six-axis force sensor.

s1ip when the structure is loaded), the deflections that occur must be.]inear with

respect to the forces, and that the transducers be placed so that the output vector
spans the space corresponding to the input (i.e., there is no non-zero input which
results in a zero output). The signal to noise ratio will be improved if the struc-
ture tend to concentrate the deflections at the transducers and tends to separate

the responses. The output response of the transducers must either be linear or be
linearized before muitiplying by the calibration matrix.

The important parameters that affect the sensitivity of the force sensors
used in this thesis are the cross-sectional area of each leg, the modulus of
elasticity (Young's modulus), the shear modulus, the radius at which the legs are
located, the gage factor or the strain gages used, and the gain of the instrumenta-
tion amplifiers. Metallic foil strain gages with a gage factor of approximately
2 (i.e., the ratio of the change in resistance of the gage in response to change in
strain is 2) were used. Single-chip integrated circuit instrumentation amplifiers

with a maximum gain of 1000 were used with all of the sensors. The amplifiers for
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INTENTIONAL DUPLICATE EXPOSURE
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Figure F.3. High-sensitivity aluminum six-axis force sensor.

slip when the structure is loaded), the deflections that occur must be 1inear with

respect to the forces, and that the transducers be placed so that the output vector
spans the space corresponding to the input (i.e., there is no non-zero input which
results in a zero output). The signal to noise ratio will be improved if the struc-
ture tend to concentrate the deflections at the transducers and tends to separate

the responses. The output response of the transducers must either be linear or be
linearized before multiplying by the calibration matrix.

The important parameters that affect the sensitivity of the force sensors
used in this thesis are the cross-sectional area of each leg, the modulus of
elasticity (Youny's modulus), the shear modulus, the radius at which the legs are
located, the gane factor or the strain gages used, and the gain of the instrumenta-
tion amplifiers. Metallic foil strain gages with a gage factor of approximately
2 (i.e., the ratio of the change in resistance of the gage in response to change in
strain is 2) were used. Single-chip integrated circuit instrumentation amplifiers

with a maximum gain of 1000 were used with all of the sensors. The amplifiers for
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the first sensor were mounted separately while on the latter two sensors, the anp-
lifiers were mounted on the sensor.

4The firsf ﬁensor'used wés made of aluminum, had legs with a cross-sectional
area of 9 x lo'ﬁm2 (0.014 inz), and had an effective diameter of 0.11 m (4.33 in).

The expected sensitivity (output voltage divided by the input force) of one leg of

the sensor to a force in the z direction (paraliel to the axis of the cylinder) is:

o | L% F.1
F, = 3(4EA)
where Ei is the excitation voltage of the strain gage bridge, 9¢ is the gage factor

of the strain gages, G is the instrumentation amplifier gain, E is Young's modulus,
and A is the cross-sectionai area of each leg. The factor o} 4 comes from having
only one active element on the strain gage bridge and the factor of 3 comes from
having 3 legs sharing the load. Note that —én- is the strain per unit force. With

a, Young's modulus of 70 x 109Pa (10 x 106

PSI), an input excitation of 15 volts,
and a gain of 1600, the sensffivity becomes 0:004 volt/Newton. The measured
sensitivity differed by less than a factor of two. In a like manner, the sensiti-
vity of the sensor to x and y forces can be computed. As these forces'are pri-
marily measured by the shear bridges, the shear modulus is used instead of Young's

modulus. The factor of 4 in equation F.1 becomes 2 because there are two active

strain gage elements in the shear bridge. Therefore, the sensitivity is:

~

N U F.2
F 3(25A ,

where S is the shear modulus. Using the same gage factor and gain, this computed
sensitivity becomes 0.025 Volt/Nt. The measured sensitivity was only 0.01 volt/
Newton. However, the problem may be with the definition of the gage factor for
shear bridges. The expected sensitivity to moments can also be obtained by com-
puting the resulting forces at the radius at which the legs are located.

The strength of a sensor of this des®n depends on the cross-sectional area

of the legs, the yield strength, the shear yield, and the effective diameter at
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which the legs are located. Due to the relatively short length of the legé, the
structure wili fail in compression before buckling. Therefore, the yield strength
of the structure to a load in tension or compression is the yield strength of the
material mult1p11ed by the total cross-sectional area of the three legs. Assum1ng
a yield strength of 260 x 10 Pa (37 x 10 PSI) for 6061 - T6 aluminum, the yield
strength along the z axis for the first sensor was approximately 7000N (1500 ]bs).
The shear strength of the structure along the x and y axis is found by multiplying
the shear strength of the material by the total cross-sectional area of the legs.
Assuming a shear yield of 150 x 10°a (21 x 10%PSI), the yield point of the struc-
ture in the'x and y direction is approximately 4000N (900 1bs). The maximum x and
y moments that can be resisted can be found by considering that these moments to be
taken by two of the legs in tension and compression at the radius from the center of
the sensor to the legs. For this sensor, the yield point should be at approximately
250 Nm (190 ft 1bs) in m, and my. The z moment is resisted by all three of the legs
in shear at this radius. Therefore, the yield point for m, should be 220 Nm(160 ft
1bs).

The second sensor was designed to be used with the second compliance system.
This sensor machined from 17-4 Ph stainless steel which has a yield strength of

9Pa (200 x 103PSI) aftér heat treatment. As the Young's

approximately 1.40 x 10
modulus s 190 x 10%Pa (27 x 10°°SI) compared to 70 x 10%a (10 x 10%ps1) for
a]um1num, the cross-sectional area of each leg was reduced to 3.5 x 10'6 2 (5.4 x

103

in ) to retain approximately the same sensitivity. However, the overall
strength was increased by a factor of approximately 2.

A third sensor with approximately 4 times greater sensitivity ié made of
aluminum. Instead of being machined from one piece, this sensor has individual legs
that are bolted with tapered joints and bonded with a high-strength locking compound.
Two extensional gages and two half-shear-bridge gages aré bonded to each leg. Thus
for the same sensitivity, the legs can have twice the cross-sectional area. While

this sensor has four times the sensitivty of the original aluminum sensor, the

strength is decreased only by a factor of two.
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APPENDIX G: FORCE SENSOR CALIBRATION

This procedure is used to obtain the 6 x 6 matrix transfer function that
transforms the six-dimensional transducer output vector (strain gage voltages, in
this case) into a six-dimensional force vector. The force sensor is loaded with

six linearly independent force vectors applied one at a time. -~ The six output volt-

ages are recorded for each loading. If the outputs are nan-Zero when the sensor is

not loaded, the bias voltages must be subtracted from these readings.

This information is arranged in the form:

- 1 ] 1 = = -1 r ] ; 1 -
o 1,0 | t o 0 1 0 |...1.0
i V2t Vi hip Mz o Me| [Tt iz 1 Tas
1 | 1 |
o ! o ! 1.0 . 0 0 | O
Vo1 ! Va2 1Ves hoy N --v g | [ T21 E faz 1 f26
1 | I 1 !
N = : Lo 6.1
: ! | ! : 1
o A
| i I ! \ :
O 1O 10 h.. h h FO. 1 0 1., 10
Y61 1 V621t 1Ve6| |61 62 66| | 611 621" "1 66
or:
vo = HFO G . 2
where vgl vgl cenr vgl are the voltages obtaiﬁed when the sensor is loaded with the
. . ) ) o.,0 0 0
first force vector with components fll f21 .o f61’ Via Vo2 -+ Vg2 are the

voltages obtained when the sensor is loaded with the second force vector, etc. H
is a matrix relating the measured output voltages, V°, to the known input forces,
FO. The H matrix is obtained from the relationship:
H = vOFO-t G.3
The force components of an unknown force vector applied to the force sensor.
obtained by multiplying the six-dimensional output voltage vector by H'l. The H'1
matrix can be obtained with only one inversion by the relationship:
wl= [v°F°'£|‘1= Fovo-l 6.4
The first forcé sensor was calibrated by applying a set of six orthogonal

forces and moments to the force sensor using a set of weights and pullies (Figures
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G.1 and G.2). By arranging the applied forces and moments in the proper order, the
FO matrix is diagonal and obtaining the H matrix is a simple operation. The major
problem with this technique is aligning the wires from the pullies to the force
sensor s; that the applied force or moment does not contain small unmeasured off-
axis components. This is a limiting factor in the accuracy that can be obtained.
To both simplify and improve the accuracy of the calibration procedure, a
fixture was constructed to be used with a machinist's tilting rotary table. Using.
this fixture and a set of weights, six linearily independent but non-orthogonal
force vectors are applied to the force sensor (Figures G.3 and G.4). The cali-
b;ation forces and the resulting calibration matrix for the high sensitivity alumi-
num force sensor is shown in Table G.1. In linearity tests with this sensor, the
worst case error either on-axis or off-axis was less than (.005 of the maximum

calibration load.
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Figure G.1. Drawing of original calibration fixture illustrating fy

force loading.'

*\m T—_j
L/

Figure G.2. Drawing of original calibration fixture illustrating m
moment loading.
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Figure G.3. Photograph of the force sensor calibration procedure with a
- 2-axis force being applied to the force sensor.
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INTENTIONAL DUPLICATE EXPOSURE

Figure G.3. Photograph of the force sensor calibration procedure with a

- z-axis force being applied to the force sensor.
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Figure G.4. Photograph of the force sensor calibration procedure with a
force vector containing + x-axis force, + y-axis moment, and
+ z-axis moment components being applied to the force sensor.
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Matrix of Input Force Vectors

+38.2700 +0.0000 +0.0000 +0.0000 +0.0000 +0.0000
+0.0000 -38.2700 +0.0000 +0.0000 +0.0000 -19.1500
+0.0000 +0.0000 -190.9000 -60.0600 -40.9100 +0.0000
+0.0000 +6.3210 +0.0000 +9.5070 +0.0000 +3.1630
+6.3210 +0.0000 +0.0000 +0.0000 +6.1450 +0.0000
+0.0000 +0.0000 +0.0000 +0.0000 +0.0000 +2.8760

Matrix of Measured Voltage Vectors

-3.1609 -0.8518 +0.3676 -0.7958 +0.3968 +1.6252
+1.8346 -1.8376 +0.4930 +0.7997 +0.4362 +0.6650
+5,1633 -1.8672 -4.4890 -4.3648 +3.6788 -0.8099
-0.8673 +5.9810 -5.2606 +7.4494 -1.8641 +3.0481
-4.2387 -3.2022 -4.7111 -6.2591 -5.1268 -1.6078
+1.1469 +3.4398 +0.3516 +0.5324 -0.3455 +3.8047

Force Sensor Calibration Matrix

-7.2222 +5.2031 +0.6782 -0.7838 +0.4440 +3.1355
+0.4300 +7.8924 -0.4692 +0.0400 +0.784% -6.3969
+0.4067 -1.0224 +14.0413 +11.9008 +13.7224 -0.7416
-0.0380 +0.0123 -0.3082 +0.6890 -0.4753 +0.0270
+0.0436 -0.0412 +0.7476 -0.0783 -0.6301 -0.0558

+0.4681 +0.5957 +0.0331 +0.0299 +0.0685 +0.4639

Table G.1. Matrices of the input force vectors and the measured voltage
vectors and the resulting force sensor calibration matrix for
the high sensitivity aluminum force sensor.
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