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This thesis presents a feasibility study for the devel-
opment. of a compiiant assenmbly device: Compliant, in this
context, means a yieldinqg by displacement due ‘to an external
force. Human dexterity during manual assemhly operations
inhereutly. possesses a compliant action. The ability to
allow an ohject to yield relative to another objecﬂ during
assembly is cssential for an efficient assembly operation.
Several examples are presented'that illustrate the need for
compliance during automated assembly. The concept of includ-
ing computer controlled compliance into the assenbly machine

is demonstrated with a preliminary device design for a par-

ticular robot with an overhead gantry cartesian configura-

tioun.

The device -is a computer controlled pneumatic compli-
ant-locking coupling that can be used for many autcmated
operations. It 1is designed to give an assembly robot the
capability for selective compliance and provide accurate

feedback as to the amount ard direction of the compliance.
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The device allows the robot to perform more complex assem-
bly operations with qreater speed and less progranmming
effort. The selectively passive cohpliant function facili-
tates~the use of desiqgn features on the parts, palletslor
ernid eifecter to locute workparts relative to their mating
parts or ihe end effecter. The accurate feedback function

is used for calihration and inspection.

The inteqgrated desiqn considers the device's function-

ality as defined by its applications and its automated fab-

rication and assemrbly in a flexible manufacturing
environment. Features are included on the compounencts to
allov automated handling and orientation during fabrication
and assembly. The desiyn contains a minimal number of con-
plex and nonfunctional parts. All the fabricated components
can be manufactured with standard CNC equipment and assen-
bled with a simple four-degree-of-freedon robot. The design
allows for certain device Characteristics to be modified, in
order to customize it for specific applications. These
changes will not require new tooling to fabricate and assem-
ble the devices through a flexible manufacturing system. A
possible automated fabrication and assenbly process is also

suqggested.




Automated assembly has proven itself as an econon-

ically viahle alternative to wmanual assembly for many simple

operations.! With proper component design and 'more versatile

assembling equipment and techniques , wmany more complex
assenbly operations may also be economically accomplished.
It is believed by many that designing the componénts for
automated assenbly 1is the most leffective way to achieve a
successful automated assenrbly.? As an example, a Lkefore and
atter design for automated assembly of an electro-mechanicai

device is shown in Figure 1,

Clearly the redesigned device would be easier to assem-
ble with automated equipment than the old design. If,'how-
ever, the asseubling equipment is not sufficiently flexible

and sophisticated, the efficiency of the assembly operation

G. Boothroyd, "Design for Producibility - The Road
to Higher Productivity", Assembly Engineering, March,
1982, p. 1.

Frank Bracken, Design of Data Processing Equipment

for Automated Assenbly, (Endicott, NY: IBM, 1583), p. 1.
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Figure 1, Design for Automated Assenbly Comparison:
Sonrce: M., A, Ritland, "Redesign of a Home
Security Device.n Case study, Lehigh
University, Bethlehem, Pa , May 1984.

may be compromised. The assembling equipment's capabilities
hust work with component design features to facilitate the

most efficient assembly. On the other hand, in a flexible

@manufacturing eavironment, assembling equipment must be ver-




satile aund not product specific. Therefore Special 1iys,
fixtures or complicated prograwming should be avoided.

If possible the automated assenbly equipment should provide
basic. and videly used capabilities as standard features.
This would eliminate the need for many special jigs and fix-

tures.

An impértant Capability would be to allow the assembly

machine's manipulator to selectively comply tq a slight
external force. This function is extremely useful when com-.
bined with a chamfered desiyn feature (See Fiqure 2y, The
forces on the mating parts tend to align them, provided rel-
ative motion (compiiance) between the two parts is allowed.3
Thus, with combined design features and the compliaat manip-

[
ulator capability, a Successiul assenmbly is accouplished.

This thesis descibes, through specific examples , the
need for selective compliancy in the automated assembly
environment, It then presents the basic- desiqn of a device

that provides this required selective compliancy.

D. Whitney et al., "Designing Chamfers," The Inter-
Latioral Journal of Bobotic_ FKesearch Vol. 2, No 4,
ter 1983),




I
INSERTI
FORCE ™

HORTZONTAL FORCE
FROM CHAMFER

y

COMPLIED
NFFSET
Fiqure 2. Chamfered Inscertion

Although this device is used to help assemble products
in a flexible manufacturing system, it in itself is a manu-
factured product. It is only fitting that the device be
desiqgned, fabricated, and asseubled in an automated environ-
nent. This requires an intergrated design approach that
considers fabrication, adsseubly and other factors in addi-

tion to device functionality.




BACKGROUND INFQRMATION

For selected applications it has been shown that if the
componenés are properly designed, ninéty-five percent of
asseubly operations can be accomplished from one side and
with the aid of gravity, nost assenbly opegations can be
performed from the top down with a three or four degree of

frecdom assembly machine.4 %¥hen possible the design engineer

should nse the force of gravity to aid in the assemnbly oper-

ation, sirce this is a free form of compliance.

The effect of gravity acts as a compliant force in the
vertical direction. All assembly machines have some degree
of mechanical play dune to tolerance and wear in their cou-
plings aud joints.5 This play allows compliance, bui it nay
be limited, irregular, or require excessive external force

to ke realized. The mechanrical compliance may also be the

Interview with Frank Bracken, IBM, Endicott, NY,
Jaanuary 25, 1984,

E. George, ™"Evaluating Bearings for BRobots,"
Machine Design , April 7, 1983, p. 81.
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wronqg type. For instance, external forces nay cause tilted
compliance at the wmanipulator @nd, which may not be desired.
For compliance to work properly with design features to
assisé assembly, the compliance must be selective (compli-
ant/riqgid) and also limited in degree and directioun.

It we consider top down assemblies with a three or four
degqree of ffeedom assenbly machine; that is, - where the end

effecter's orientation remains parallel to the vertical and

horizontal working planes, then the nost effective forum of

compliancce would be one that allows motion parallel to 'the X
Y plane (See Fiqure 3). Tilted and rotational compliance
with reference to the 2 axis would tend to cause jamming and

should be avoided.

At certain times compliant motion may be invaluable,
but at other times it may be a nuisance. Therefore, compli-
ant capabilities should bhe selectively controlled. The con-
trolling program should be capable of turning the compliance
on or off, and returning the device to the centered posi-
tion. Later in this discussion application examples will be
presented that illustrate the uses and benefits‘of such a

coapliant fanction.




COMPLIANT MOTION

HORIZONTAL
WORK PLANE

Fiqure 3. Conmpliant Motioun




DEVICE DESCRIPTION

A device has been conceived that will provide selective

and liaited coumpliance in a plane parallel to the horizontal

X Y oplane. 1In addition the device is equﬁpped to provide

accurate feedback as to the amount and distance of the cou-
plied offsat. An exploded isometric view of the device pro-

totype is presented in Figure 4,

This device functions as a coupling between the end of
the automated manipulator and its end effecter. The
location of the device 07 the B®RS-1 robhot is "shown in
Figure 5. It functions in the following three modes.

Centered and locked

Compliant

Locked offset




Figure 4. Compliant Device Exploded Isometric View

These modes are computer selected and pnetmatically actuated

and digital feedback is available as to the component conm-

plied offset in the ¥ and Y directions.




RS-1_ROBOT
MANIPULATOR

\

A ROLL MOTOR
y _

LOMPLLIANT
DEVICE

=

END EFFECTOR
/ (PARALLEL FINGERS)

HORIZONTAL
WORKING PLANE

N

Figure 5. Compliant Device on the Rs5-1

Mode 1 is the device's passive state. It is locked in
the centered position. Without externally supplied air
pressure it acts like a solid coupling as long as field

loads are within specified nmaximunms. Being centered and




locked without air pressure is advantageous , because if
compliance is not needed the device does not have to be sup-
plied with air. In addition if the air supply system mal-

functions the device will be centered and rigid.

Returning and locking to the centered position is an
absolutely essential function, if autonated accuracy is to

be wmaintained. This concept is explained motve thorouqhly in

& later section. The X and ¢ component offsets Ffrowmw the

feedback system are at zero in this mode.

Mode 2 is the compliant mode. 1In this mode a limited
low resistive compliant wmotion is allowed in any direction
within a plane parallel to the horizontal plane. Any forces
acting parallel to the compliant plane will cause motion in
the direction of the force. Motion tilted out of the compli-
ant plane or rotation about the 2 axis is prevented. The
feedback systewm continuously provides the X and Y components

of the offset from the centered position.

In mode 3 the device again acts like a solid coupling
except it 1is locked in an offset position (See Figure 6)..

This allows the end effecter to be locked in a new Fframe of




XY

COMPONENT  }
OFFSET
MANIPULATOR

e N
e

END EFFECTER
DEVICE AXIS CENTER

SIDE VIEW

Figure 6. Locked 0ffset Mode

reference that was determined during the compliant mnode.
The X and Y component cffsets from the feedback system meas-

ure the complied offset from center.

Several application examples will now be discussed that
illustrate some assembly problems and demonstrate how the

device modes would function to solve these problemns.




APPLICATION EXAMPLES

The insertion of a cylindrical peqg into a round hole
may he one of the most common and basic assembly operations
yet it still can ke one of the most ‘challenging. The
insertion is dependent on the relative locatién and parallel

orientation of the peq and hole centers.

An example is the inspection operation of a robot test-
ing a through hole with a "go no go" gauge (See Figure 7.
Assume the hole is located in the work volume accurafély.
Further assume the worst case clearance between the gauge
and hole is 0.025mm. Thus, to insure insertion the centers
must be aligned at least within 0.025mm. However, the end of
the robot's manipulator is only repeatable to 0.1mm with an
inherent mechanical compliance of 0.05mm. TIf both the gauge
and hole corners are square, direct insertion cannot be
guaranteed (See Fiéure 8 (a)). The design solution is to

chamfer the gauge, the hole, or both. Now if the gauge is

chanfered 0.125mm at a 45 degree angle, then the centers can

be offset as much as 0.125mm { Figure 8 (b)), because the

15




Figure 7. Hole Inspection

chamfer will align the centers during insertion. The robots
repeatability can achieve this positioning with consistency.
The gauge wust now move relative to the hole to allow the
chamfer to guide the gauge in. The manipulator's inherent
mechanical compliance will allow only 0.05mm and, vwhen
forced, will allow undesired tilt. Again, proper insertion

can't be guaranteed ( Figure 8 (c¢)).

A solution 1is to allow the gauge to comply at least

0.125pm with the slightest horizontal force from +the cham- .

fer. The chamfer force will move the gauge in that direction




| MECHANICAL
RESOLUTION (., IMMN)
l/
H

Figure 8. Gauge Insertion

(See Fiqure 8 (d)). If the compliant friction is small, then‘

a winimal torque develops and tilting is prevented.

Another problem that occurs with peq insertiog is when
the hole is not located accurately on the workpart. Even if
the insertion clearance is within the manipulator's repeat-

ability (See Figure 9) , the hole's location is still not

“known., Here again , by chamfering the gauge and alloying

17




E LOCATION
YOLERANEE 2 1

]

—Q
\

HOLE INSERTION
CLEARANCE ¢-,02

Fiqure 9. Hole Location

compliant motion, direct insertion is possible , eliminating
the nced for time consuming software searching and minimiz-

ing the possibility of a jammed insertion.

Chamfering of parts may not be possible or practical in
a design. Instead, it may be possible to add a chasmfered
feature to the manipulator's fingers, which then hold the
part directly. This technigque is illustrated in Figure 10.
It shows a high precision assenmnbly operation-the insertion
of twelve haumers into a pivot block for a prinier hammer

block component, one at a tine.

A chamfered leader feature on the left finger enters a

vacant hamwer slot and aligns the fingers and hammer with




R, FINGER

PIVOT BLOCK

Pigure 10. Hammer Insertion: Source: M. A. Ritland,
"The Automated Assembly of a Precision
Component." Case study performed at Lekigh
niversity , Bethlehem, PA.
the pivot block. <Compliance of either the hammer or the
block is. required. Presently a special fixture is used that
allows the block to-slide relative to the fingers. This is

an effective method except that it requires the special fix-

ture. An alternative would be to have the fingers couply to

the pivot block. - The compliant device allows the fingers to

comply without any special fixturing.




The problem of inserting aud threading bolts and screws
into threaded holes is a Common one. In the opinion of this
writer the best solution to this problem would be to elinmi-
nate ihe threaded fastener altogether. However this is not
alvays possible. To minimize the chance of cross threading,

the bholt and hole axes should be parallel and located as

Close as possible to each other. This alignment becomes even

more critical with very small bolts,

By using a powered screwdriver and a compliant device

that prevents spin and tilt ard takes advantage of the

TOP VIEW

STARTING
POSITION

Figure 11. Bolt Hole Search

20




natural tendency of a rotating bolt to walk around a flat
surface, successful bolt threading is possible {See
Figure 11). The bolt will search for the hole altomatically
withiﬁ the conmpliant range and then thread in without Cross
threading due to the confined straiqht approach governed by

the device.

Hotion in the compliant plane should be caused by very

little force even when the insertion force is large. An
exanple would be the assembly of circuit board connectors.
These sonmetinme require a high insertion force due to the
number of individual éonnections in one board connaector and
the tight fit required for a good electrical connection.
Despite the highk insertion force, low resistive compliance
is still desired so the delicate tapered connector ends will
align with the mating connectors, Here again tilting is not
desired, because the insertion force is directed straight

down through the board to prevent buckling,

" This 1low resistive compliance under high insertion

force will also allow for use of less than ideal chamfers




(See Figure 12). As the chanfer angle decreases, the ratio
of the insertion force to the horizontal force increases.s
The chanfer will still align the parts because only a slight
force.is needed to move the end effector in the compliant

plane.

COMPLIANT PART

HIGH INSERTION
\LFORCE

SMALL
HORIZONTAL
FORCE -

CHAMFERED
MATING PART

Figure 12. Mot Optimal Chanmfer

D. Whitney et al. Rohotic Research
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STRUCTURE NT TO POINT
mIPlLATG? PATH

©

Figure 13. Curved Ppath Smoothing

Most assembly machines move in a point to point fash-
ilou. Continuous curves can be approximated at the expense
of calculating many points. Even then the curved motion may
be jerky and Stepped. If the parts being assembled are
rigid, then this erratic curve may cause problems. The use
of a limited compliant device can smooth out the curved path
and let  the rigid parts create their own curve (See
Figure 13). This assembling technique is further illus-
trated in Piqure 14. It shows the assembly of a rigid sup-
port structure byrhooking the tab features over a part and

s¥inging the structure about the tabs + Snapping it into




RIDGED

STRUCTURE
N PIVOT
POINT

f TABS

N\ i .
- CIRCUIT
BOARD

#

FRONT
LEGS
1\'
]
BASE \\\Yk::ilup

— 2
,-r‘._—_—_ 1 Y

: RETAINING TABS

Figure 4. FRiqgid Structure Asseubly

place on the base. This operation is accomplished with a
minimum of intermediate points along the curve. The compli—
ant motion allows the structure to move in a smooth arc even
thouqgh the maniponlator is moving along a stepped ,-
point-to-point path. IFf cowpliant motion is not allowed,
then the rigid structure is forced to follow the stepped
path, which might stress the main circuit bhoard during the

‘assemnbly.




COMPLIANCE

SINGLE LOCATING
INSERTION (B SEC)

f

SEARCH FOR POST CONE
CENTER USING LED BEAM
(45 SEC) . A

PoeT NCE REFERENCE
~ . HOLE
PALLET  V

Fiqure 15. Pallet Calibration

The compliant mode allows design features aand gravity
to aligqn the end effector to a particular frame of refer-
ence. This is essentially calibrating the"gud effector frame
of reference to that of the wqupart or pallet. This is nec-

essary to adapt the manipulator to changes encountered in




the assembly environment, such as a sliqhtly'displaced pal-

let. cCalibrating is usually accomplished by searching for a
reference post on the pallet or a feature on the part, using
sensofy feedback and a software search rodtine. This method
requires extra time for finding the posts and for recali-
brating produaction points throughout the assembly pProgranm.
In addition the calibrating accuracy is limited by sensory
capapilities, calculation errors and manipulﬁtor accuracy.
Instead a coned hole feature on the pallet combined with a
coned feature on the fingers can be used to directly align
the manipulator with the pallet (See Fiqure 15). Then, lock-
ing the compliant device will preserve the calibrated frame
of reference. This, obviously, only calibrates the local- X,y
andlz coordinates. Rotational €rrors cannot be compensated
for with a single offset. These errors increase as they get

farther from the calibrating feature.

A example of this problen is shown in Figure 16. The
first integrated chip will be inserted botrectly after cali-
brating because rotational errors are minimal close to the
calibration hole. The second Chip is more affected by rota-
tional errors bhut the chamfered pins on the chip will still
quide them into their receptacle using the compliant“mode;
Locking the compliant device after this second insertion

acts to recalibrate again. This process can be coatinued




CIRCUIT BOARD

0000 0000
0000 0000
0000 0000

0000 0000

0000 0000

—~ 0000 0000

ot &

INCREASING ROTATIONAL ERRORS

Fiqure 16. Intergrated Chip Insertion

for each successive chip. Rotational errors are negated by

this progressive calibrating technique,

Using the locked offset mode allows' for calibrating of
only ohe frame 6f reference, Then it prohibits the use of»
compliant wode if the origiral calibration is to be main-
tained. Many frames of refereuce ‘may be desired in a single

operation. For instance, a reference frame may be described




for each of the feeders, the vallets, the work part; and the
end effector. All of these <frames are described by separate
transtormations. These transfornations are found, as
described before, by determining the ldcation of refereqce
points within the particular frame and then calculating the
appropriate transfornm. Searching for the reference poiqts in
each desired franme is time-consuming, 3 faster metho& would

be to use reference points to align the end effector direct-

ly. Then using the offset feedbabk, the complied offset can

be obtained for each reference point. The component offsets
are then used to calculate the appropriate transforn. A
substantial tine savings is realized because only one nove
is required to locate each reference point using the offset
feedback featnre in the device, insteag of using Separate

search routines for each of the three reference points.




DEVICE DESIGN

The need for, and specific requirements of, a compliant
device have been describeq above. This section will now
present design details of a prototype. The design of this
device is an interqgrated one, and considers*.many factors,
such as functionality, fabrication, assenbly, and model
Changes. BAn overall approach is taken that blends these
considerations into a single design, compromising and

adjusting where necessary. A totally integrated design

requires such an iterative approach. A first step is the

design of a feasible prototype-feasible in the sense that
all parameters and constraints are considered but a detailed
final mechanical design was not perfdrmed. If the prbtotype
functions as planned, a more detailed analysis and precise
design would be‘justified. For example, a finite element
analysis of the structure subject to related forces would
give mwore exact information thaﬁ could modify the design and
produce a lighter and stronger désign. A further reason for
a prototype is that the performance of the aerostatic bear-

iugs used in this device is difficult to predict accurately

29




due to the turbulent flow in the air film. The standard
method for air bearing desiqn is to construct a prototype
from analytical calculations and thepn adjust by trial and

error until the design performance is obtained,?

The prototype is designed to work on the RS-1 robot. It

is larger than ultimately lecessary in order to accommodate

design alterations and to facilitate the initial fabrication

of the prototype. The design is structured such that partic-
ular functibnal characteristics canp specified . This, 'howey-
er, is usually at the expense of another characteristic.
For instance, if a very ridged, locked, angd centeréd charac-
teristic is required by the application, a larger locking
spring would be used. This would require more room for the
locking Spring itself and for the Letracting nmechanism so
the device's size and weight nmight be compromised in order

to acconmodate the altered components.

The basic Component design is preceded by a general
analysis of the field loading the device is expected to

underqgo during Ooperation.,

Interview with J. Hero, Dover Instuaent Co., West-
bhoro, Pa, April, 1984, .
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Field Loads: The field loads are established for per-
férmance at the maxipun operating conditions defined for the

S-1 robot.® The forces exerted on the device during its
three modes of operation are Calculated and then exagqerated
by a specified safety factor. These calculated field forces
are then used to set the minigun requi;ements for spegific

device components.

In Mode 1 the main Primary function of the device is to
act as a ollu coupling, aligning the end effecter axis with

the robot's manipulator axis. Since the device is comprised

of séparate mechanical components, absolute rigidity and

alignment is not possible. This problem~however, is not cri-
tical due to the compliant nature of the device. Rigidity
is desired in the 'device, even when it is shut off or dis;
connected. This rigidity is affected by the locking spring.
The force qenerated by the spring nmust he qreat enough to
Tesist displacement whepn the device is functioning under

maximum conditions.

IBy Corporation, A Manufacturing Language Concepts
and User's Guide, (Boca Raton, Fla.,: IBHN Corporation,
1982) .
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Baximum conditions are assumed to occur when the RS-1
is decelerating with maxinum pavload from maximum velocity
to zero velocity. Assume constant acceleration. The maximunm

field forces are calculated a5 follows:

Fx= max. field load force (N
Mp= mak. payload (kg)
end effecter mass (kq)'

V0= max. velocity (m/sec)

V1= min. velocity {m/sec)

Va=average velocity (m/sec)

D= deceleration distance (m)

A=acceleration (n/5ec**2)

t= time to deceleration

(VO-YN1) /2 va = (1-0)/2 = 0.5 m/sec
= D/Va = 0.25/0.5 = 0.5 sec
= (V1-v0) /¢t (0-1 /0.5 = 2 m/sec*%2
= Ma

Fx = (He+Mp) *A Fx = (10+10) %2 = 40 kg m/sec*%2

This Force is consolidated and applied a certain dis-

tance down the ridged lever of the end effecter. This is

assumed to be the center of mass of the payloéd and end




Figure 17, Field Forces

effecter. Fiqure 17 shows 2 schematic of the device struc-

ture and end effecter and the related forces and mdticns.L‘

it is assumed that mass of the deceleiating bayload and
end effecter will cause two types of hotion. Tilting, or
pivoting ahout the ;ircumference of the lower disk {point
P}, and sliding in thg compliant plane. Neither of these

notions are desired. Tilting is limited by the clearances 3




and B. These clearances are required by the air bearing for
the air Ffilm and are approximately (.0127mm). The maximunm

tilt in degrees about the pivot point P is:

" Imax = maximum tilt (degrees)
A = upper air film clearance (mm)
B lower air film clearance {(nm)
Dia = diameter of disk (mm)
It = iinear tilt (mm)
L = 1ength‘of lever arm (mn)

pi = 3.14

. Toax : Sin-1 (2% (a+8) /Dia)

Sin-1 (2*.01875) /100 = .,0214 degrees

This translates to a linear distance 'at the end -of the fin-

gers:

(Tmax*Sq ((Dia/2) #*2¥L%%2) #pi) /180

0.0214%SQ{(100/2) #%2%200%%2) * piy/ 180 = .077mm

Although this amount of tilt is minimal, it is undesirable.

The smooth air bearing- surface may be damaged- if tilting




occurs. No tilt will occur if a great enough force is

applied by the spring to the disk.

Fs= min. sprihg force (M)

5 = applied distance of Fs from pivot {(mm)
X = applied distance of Fx from pivot {nm)

Sum of torques = 0 (Static)

Fx*X+Fs*S

FX*X/S.

box.,2/7.05 160 N

51iding nmotion is 'limited positively by the clearance

hetwcen the centering pin and the support guide hole because

the centering pin acts as a shear pin between the bottomn

disk and the wmiddle Structure.

If air pressure is available, an additional force nay

be added to Fs. This additional force is generated by an air

actuator and can be consolidated and applied wifh Fs.9

See “Locking Aig Actuator" on page 43 for details,
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total force (%)

air actuator force (N)
Fs+Fa

Using air pressure, the device stiffens‘ up by a factqr of
10, which makes it essentially solid. ‘ )

Mode 2, the compliant mode calls for a ﬁinimuh resist-
ance motion in the compliant plane, even wunder high
insertion forces or heavy loading. This requirement suggest
the use of externélly pressurized air bearings which have

low frictional resistance under heavy loading. The fric-

tional resistance is calculated as follows,10

Fr- = frictional resistance force {N)
VH = filn thickness (m)
Ab = area of bearing (m**2)

velocity cf gas (m/sec)

qgas viscosity (microp)

J. o W. Powell, Design_ _of _Aerostatic__Bearings,
(Brighton , BEngland: The dachinery Publishing Co. Ltd. ,
1970) , p. 63. :

1
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~n*Ab*U/H

(181**(10-6))*0.0723*1}0/(13.7%*(10-6)) = .7 N

Even under maximum axial loading the air bearing is virtual-

ly frictionless.

The forcus acting on the device during the compliant

mode are:

axial-doue to the weight' of the end effecter
aad payload, and insertion forces ‘

compliant-due to any horizontal forces fron
the chamfer during insertion.

The maximum force on the lowver air beariang is assﬁmed tovbe
twice that of the weight of the end effecter and payload.
This is done to account for acceleration and deceleration in
the vertical direction. The maximum force affecting the top

air bearing is to be the sanme. .

Fd = downward force ()

'A‘= acceleration due to graviﬁy (n/sec**2)

2% (Hethp) *4

2*(10+10)*9.8‘= 392 ()
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The forces applied to the device during mode 3, locked
offset, are the same as those during mode 1. However the
spring and centering pin are aot used in mode 3. The active
force to resist tilting and sliding is due to the lockipg
air actuatoc only (Fa). Thais force is many times qreater
than the force due to the spring so rigidity in this mo@e is

assured as well.11

Estinates of forces on the device due to its operations
have ~ been épproximated. The following sections will use
these estimates to design the specific device components to

meet or exceed the field requirements.

Spring Design: A minimum force of Ps nust be provided by
the spring. This analysis will vérify that such a force is
obtainable within the 5pace requirements. The approximate

constraining dimensions are as follows:

0D = outside diameter (13mm)
WL = minp. workingrlength {291m)

LUF = length under force (35mm)

'See "Locking Air Actuator™ on page 43 for details.

1




A closed end (squared) unground spring made of oil-tempered
MB steel will be‘ used. Such a spring has a safe stress
under light duty of appproxihately 700 MPa.12 The feasible

spring dimensions are:

d = wire diameter (ZEm)
FL = free length (4 7mm)

F = deflection (12mn)

SH = solid height (must be less than W1L)

This feasible spring is shown capabie of genératiﬂg

required force as follows.13

Fs = desired‘spring forcer(N)

S = safe stress (MPa)

Dn = medn -diamoter (ﬁm)

G = modulus of elasticity (MPa).
N = number of active coils 7
IC = total number of coils

Si = spring index

K = curvature correctioﬁ facto;

'S? = calculated actual stress (MPa)

Harold Carlson, Spring Designers Handbook s (New
York, NY: Marcel Dekker, 1Inc., 1978), p.146.
13 Ibid., p. 160.
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The actual stress of the feasible sprinqg is:

= Fs*Dia/.393%q*%3

160%10/.393#2%%3 = 508,9 yp,
helow safe stress of 700MPa.

= G*A*Fs/pi*S*DpkkD

_'77200*2*12/91*509*100 = 11.5 coils

TC = N + 3 (ground, etc)

= 11.5+43 = 14,5

SH = 12 % 2 + 24mn (which is less than WL)

Thesé-calculations are now corrected for Spring curvatire:

Si = 0D/8 = 12/2 = §-
The correction factor with

this spring index .is:

K = 12614

- Ibid., p. 163




The total corrected spring stress for force Fs is:

509%1.26 = 641 ppa

This is - still less than safe stress of ?OOMPa, S0 siuch a

Spring is feasible and will meet‘the requirements.

Spring . Retraction air Actuator: The air actuator is
essenfiallj an air bag in the shape of a torrid { See

Fiqure 4 op Page- 11). The wininmal hole diameter is set by
the centering pin outer diameter, approximately 21imm. The
maximﬁm outside diameter is ligited by the clearance needéd
forACOmpliant motion by the four Support posts, which fron
Figure 18 is: 7

~ ID = inside diameter (centering pin op)

0D = outside diameter

ODa =2%((disk)~ (post inset) - (post diameter)
-{offset))

= 2%(50-3-8~3) = 72mnm




Figure

'T.he
greater
assures,
centered

actuator

CASE 0D

COMPLIANT
CLEARANCE

POST DIAMETER

MAXIMUM SPRING
RETAINING ACTUATOR

18. Compliant Clearance

spring-retracting air aétuator must develop a forge
than Fs over a distance of 6mm. The 6um stroke
using a U45-degree chanfer, that‘the device can be
from offset.15 The maximum force developed by the

is found.

Fa air actuator force (N)
area of actuator (mm**2)
= air pressure (MPa)

* Pa

See "Centering" on pagé 44 fbr details.
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(ODa/2) *¥*¥2%pie- (IDa/2) *¥*2*pie
{36 2pie-(21/2)2%pie) = 3700 mm**2
Pa = 60 (note)psi*.0068958Pa = .437 Hpa

Fa = 3700mu2 * .437MPa = 1530 N

This generated force is much ggeater than required. Air

actuators of this type are available from industrial ven-

dors, 16

Locking Ait‘lctuatdr: |  This is of similar design, as the
spridg retracting actuater except the stroke required is
less than 1mm. The same force can be developed which exceeds
the locking requirement. If we assume the air actuator gen-
erates a 750 N force (half that possible), the static fric-

tion force is:

' Fs = static friction force (N)
"Mu coefficient of friction(.8 for steel ona steel) 17
Fn normal force (750N from air actuator)
= Mu*Fn

.8%750 = 600 ¥

‘Interview with Robert Blackert, Aero Tech Laborato-
ries, Ramsey , NJ, June 1984,

‘Robert Parr, Principles of Mechanical Design,
{llcGraw—-Hill Book Company, 1970).
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This force far excéeds the 40N field force causing disk

sliding.

Ceﬁtering: Centéring tie device is accomplished while the
air beatiuQs are aCtivated- This assures that the load bear-
ing dlSkb will move ea51ly from offset to uenter.

The spring retaining air actuator is slowly deflated allow-
in§ the centering pin to extend (refer to Figure 19). The
chamfetedrsurfaCG { Figure 19 (a)) on the pin domes in con-
tact with the upper disk. The pin extension continues ahd

forces the upper'disk 3im, at the nmost, towards the center

{ Figure 19 (b)). At this point the tapered end of the pin

contacts the hole in fhe lower ~disk. The pin extensionrcoﬁ—
tinues‘and the device centers the remaining 3ﬁm.. It then
forces the disk against the lower air film ( Figure 19(c)).
When the air pressure to the bearings is turned off the air
film dissipates and the two bearing sugfaces,aré éreésed
together hy the force fronm tke spring. The centering accu-
racy is dependent only on the clearance between the pin cir-

cunference and the ‘support guide hole.




Anti Spin Coupling: Rotation about the vertical axis is
preveated by an X Y coupling shown in

TT———

CENTERING PIN

EﬁUL
cenTeR

CENTERING PIN

CENTERING PIN

rij

q

Figure 19. Centering




DEVICE
- BoDY

~

Figure 20. X Y Compliant Coupling

Fiqure 20. The posts are limited to motion along the cou-

pling's Y axis while the coupling is limited to moveralong
the manipulator's X axis. Thekcombination of X and ¥ notion
allows total freedom within the compliant range for the two
disks and the attached end effecter. The bearing is under

light field loads ahd its frictional resistance is consid-




ered negligible.18 The wide stance of the conpling minimizes
rotational effects due to sliding clearance provided in the
coupling. It also reduces the bearing pressure about " the

vertical axis.

Air Dbearings: Two externally pressurized aerostatic

thrust bearings loaded against each other aren‘used to pro-
vide low frictijonal resistance under high loqhs. The lower
bearing supports the load and the upper beating resists hiqgh
axial iqseition forces. 1In addition, the maximum‘ axial
stifiness is doubled and the load-carrying capability is
increésed by 25% for each bearing by loading against each

other.19

Both bearings are ring bearings, to‘allow‘the centering
Pin and end effecter shaft to pass through the center. They

are inherently compensating with two narcew grooved annulars

F. T. Barwell, Bearing Systems, Principles and
Practlces (East Kilbride, Great Britains Oxford Univer-
. sity Press, 1979) .

Powell,Desiqn of Aetostatic Bearings, p.106.
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AIR PORT

Figure 21. Double Grooved Annular Air Bearing Surface

and multiple feed holes (See Fiqure 21). This type of béar—

irg is the most resistant to tilting. 20

The field loads require ecach bearing to carry up to 392
¥ axial force and maintain axial stiffness of 55250 N/m.

The load bearing capahiiity for this beating is detenmined,

& = bearing inside diameter (25mn)

E. Dudgeon, " A Sinmplified Method for the Design of
Externally Pressurized Gas Lubricated Thrust Bearings, "
Transactions_of the Canadiayn society of #echanical Engi-
neering , August, 1973, p.207. o
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b = bearing outside diameter (100mm)

Pa

atmospheric pressure'ka1MP§)

Po = ‘supply éressure (-689MPa)

1]

h = film thickness = .0015 (bm)
Kg = max. axial stiffness (.69)
A maximum load of 1332.6 N is found to be obtainableJ21! This

is wéil above the field load requirémenté;

The next step is to determine the feed hole character-
istics, - Tilfistiffness increases ;s the humber;of fée&‘
holes;iﬁcreasesa This - is traded off against the diffiéulty
in drilling vefy small ‘holes: A certain mass flow. is
reguired for the bearing to fuuction_pfoéerly; This can'be
calculated for a simple single feed hole using the ratio of
a to b'7(100mm/25mm:u). A single .2um »diameter~hole ig
found.?2 1g eigh£ feed holes psr groove are choosenrthen thé

new diameter for the sixteen feed holes is:

d = multi-hole diameter {mm)
dd = single feed hole diameter (am)

n = number of holes

21 Powell;Design of Aerostatic Bearings, p.103,

22 _Tpid., p. 108.
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ud*Z/Sq(q)
<2¥2/87°= 1un
The optlmal placenment for the multiple holes'is on ‘the cip-

cumference of a circle with a radigs;:

¢ = optimal radius (mm)
Sq {a*h) E
Sg(Tz,S*SO) = 25mm
Using two annular Jrooves on the bearlnq 1ncreages res 1st-
ance to tilt, The two annular feedhole rlnqs are piaced on

either .Side of the optimal radius,

The air is Supplied to the bearing, Surfaces through a
single inlet into the body of the device ang distributed top

and hbottop through ports angd qrooves. The air flow through

the device ig shown in rlqure 22. The air exhausts out

where thc‘coupling‘is quided in the body,




AIR FLOW

F-J}:qilre 22,




Présented in Figqre 23‘is_an -éxpanded parts 1list for
this device. The‘liét indicates whether parts are fabricated
or-purchasea. Ali of the fabricated pérté cén be made oﬁ
standard CNC achines and the purchased parts are readily

availabie;

:The parts that require orientation ‘about the center
axis during handlinq‘ahd‘aSSembiy have a notch machined ipto
their buterrcircumfergnces (See Figure 4 on page 11). This
addifiopal featufe‘rallows‘for a single end effecter to han—
dle‘all of the compohent parts.: The single end effecter
shownbin Figure 24 has a spring. loaded ball pin that will
engage the notch gnd‘ define tﬁe‘ part's orientatidn. The
part's rough orientation is wmaintained by removing it from
its'otientated position in the machining workspace to a set
poSition or a pallet. When the part is retrieved from the
ballét for assembly ér further  machining, its general posi-

tion and orientation is known. The end effecter automat=-

icaliv,locates the ‘part acgurately by slow parallel closing‘

0
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Oriented Process

yes turned
bearing plate {2) vas turned, milled, ground
top mid section “yes turned, wmilled, ground
coupling yes nilled
Spring no purchased
posts ({4) © no turned
centering pin no turned
air actuator (2) yes purchased
middle section C o yes turned, milled,
bottom mid section ves turned, milled,
bottom yes _ turned, milled
bolts, bhody (8) no purchased
bolts, posts (4) no purchased

Figure 23. Expanded Parts list
and turning abput the vertical axis. The "veen features
locate the axes of the circular pdrt and as the ball rolls
along the circumference it engages the notch and defines the
rotational orientation. The combinea design of the single
end effecter with the notch feature inrthe part allows the

orientation and location to be defined without a complicated

search or exténsive fixturiug.

I




SPRING LOADED

CYLINDRICAL
PART

Figure 24, Single End E.ffecﬁeii—'
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The compliant device was designed to facilitate assenm-
bly. All the components are assembled from one side, top
down. A four degree of freedom rohot, an a;t screwdriver,
and a single end. effecter is all that are required for
assembly. .Features have been included during fabrication to
assist the assembly operdtion, ({Such as chamfers to guide
insertion angd orieptation notches to define part location

accurately.)

~ The middle segtion‘uith the two air aétuators would be
subplied to the assembly area as a sSubassembly. The air
actuators are epoxied to the middle section and require time
to dry, so, this operation is performed prior to the main

assemhly.

The same end effecter is used .for hoth fabrication and
assenply. THo special fixtures are used to assisi the

assenbly and are shown in Figure 25. The tapered pins are

spring loaded and-act as quidésrdurihq aSSembly, aligning




GUIDE PINS\
LOCK

Figure 25. Assembly Fixtures

and restraining’the stacked components. Finaily when the
bolts are assembled

the guide pin lock is released and the

bolts push the guide pinS‘down.




I summary, this thesis presented a feasible design of

a device that would give an overhead gantry, four degfee of
freedon tobot the ability of éelective‘ cémp?iance. Several
applications examples were presented that demomstrated the
benefits of a compliant capability during automatéd,assem—

bly.

A particular range of compIianCeAwas,suggested as being
the most useful. The device design‘suggested achieves‘this
range of compliance under a cortain control schéﬁe.‘ Approx—
imate calculations vere performed to establish the feasibil-
ity of the profOtype foi the RS-1. Tt uses two aerostatic
bearings loaded agdinst each other that provide a stiff com-
pllant motion. Two air actuators act as selectlve locks and

a spring loaded centering pin serves to center the device.

The ‘design was carried out such that the fabrication
and assembly of the dévide vere conoldered as well as it is

fuhctibna;ity.' he 1nteqrated approach to the design. is den-




onstrated to be teasible,requiring only a four degree of

freedom robot, assembling from one direction. 1In additigp

all of the coumponents during EFabrication and assembly can be

handled by a single end effecter,




In conclusion the feasibility of applications for a
compliant assembly device wvas demonstrated for a typical
robotic device The'device ¥as shown to give the R3-1 the
capability of selectively controlled COmpliaﬁce.ip a plane
parallel to the horizontal wotkinq plane. The device would
. function in one of three modes; locked and centered, compli-

ant, and locked offset.

The appiication examnples p;esente& why and how suéh a
device could be used to increase automated assembly opportu-
nities and efficiencies. They demonstrated that the type
and range of compliance provided'by the device is beneficial

to an efficient antomated assenbly systen.

The integrated design approach taken _was ‘shown to

result~iu a device that not - only functioned as required but
alsollent itself to automated fabrication and assembly. The
integrated desiqn ‘alloved a family of ‘devices with varied

qhdnacteristics.to‘be constructed frow a base model and then




manufactured and assembled in

a flexible manufacturing envi-
ronment.,




FUTURE_WORK

The inteyrated design discdssed in this thesis has only
been shown to be feasible. Dee to the unpredictable behavior

of the aetostatic‘bearinqs, a prototype must be constructed

and tested. The design shduld then be refined and retested.

The desiqn suggested allows a linmited type and range of

compliance. The ideal compliant wrist would not be
restricted to motion in a parallel plane but would mimic
the total coipliant range possessed by humans. Much more

Casearch and development is required in this area.
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