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(57) ABSTRACT 

An apparatus and a method for compliant positioning of an 
object during an assembly operation Wherein the apparatus 
includes a base plate, a locator plate for mounting an object 
such as a clamp or a tool spaced from the base plate and a 
plurality of linear actuators connected betWeen the base 
plate the locator plate by universal joints providing six 
degrees of freedom of movement. According to the appara 
tus and the method a control is connected to the actuators for 
selectively moving the locator plate to a predetermined 
position relative to the base plate for contacting a component 
to be assembled With an object mounted on the locator plate. 
TWo or more of the actuators can be mechanically coupled 
to move the locator plate With less than six degrees of 
freedom. The control is responsive to a force applied to the 
locator plate through the object during assembly of the 
component for actuating the linear actuators to change the 
applied force. 
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PROGRAMMABLE POSITIONER FOR THE 
STRESS-FREE ASSEMBLY OF COMPONENTS 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates generally to a method 
and an apparatus for the ?exible assembly of components 
and subassemblies into an assembly and, in particular, to a 
method and an apparatus for preventing building stresses 
into a ?nal assembly. 

[0002] The process of constructing a vehicle body 
includes forming subassemblies from individual body panel 
components, forming larger subassemblies from groups of 
smaller subassemblies, panels and other components, and 
forming a ?nal body assembly from the larger subassem 
blies. During the construction process, the components and 
subassemblies must be held in ?xed, predetermined posi 
tions While attachment operations such as Welding and 
inserting fasteners are performed. Typically, the components 
and subassemblies are held at a Work or assembly station in 
?xtures utiliZing locators and clamps Which are movable to 
abut predetermined points on a component surface during 
the attachment operation and to retract from the surface to 
permit the subassembly to be moved to another assembly 
station. Since components are manufactured Within a toler 
ance range, the locations of the predetermined points Will 
vary from component to component and from subassembly 
to subassembly. The ?xtures are often adjusted in holding 
positions to accommodate the various locations of the pre 
determined points. 

[0003] Fixtures for holding components and subassem 
blies can be classi?ed as “dedicated” or “programmable.” A 
dedicated ?xture, also knoWn as “hard automation”, is 
designed to accommodate a single component or subassem 
bly and to perform a speci?c operation or set of operations. 
Typically, a dedicated ?xture is capable of only clamping 
and unclamping movements necessary to perform pre-se 
lected operations on the component or subassembly and 
cannot accommodate a different component or subassembly 
representing a design change or a different model. In con 
trast, a programmable ?xture is capable of a range of 
movements. Thus, the programmable ?xture can be pro 
grammed to execute a pre-determined set of movements to 
accomodate a particular component or subassembly, and a 
different set of movements to accomodate another compo 
nent or subassembly. 

[0004] Many programmable positioners have mechanisms 
of the serial type, i.e., each link of the mechanism is serially 
mounted on the preceding link forming a chain of links. The 
links may have linear or rotary joints. Mechanisms With 
linear joints provide higher rigidity but are still appreciably 
less rigid When compared With conventional hard tooling 
?xtures. Programmable ?xtures of the serial type are 
described in the US. Pat. No. 5,272,805 (see the FIG. 7 and 
the FIG. 8) Which patent is assigned to the assignee of the 
present invention. 

[0005] The present invention provides a programmable 
positioner With a high degree of rigidity as compared With 
the rigidity of hard tooling ?xtures. It realiZes its objective 
by adopting a parallel linkage mechanism formed by a 
plurality of linear actuators. The rigidity, or stiffness, of the 
mechanism is determined by the cooperative supporting 
structure of the parallel linkage Wherein the total stiffness of 
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the mechanism is the sum of the stiffening effect of all the 
links. Mechanisms of this type have been utiliZed for ?ight 
simulators, Well knoWn as the “SteWart Platform”—SteWart, 
The Institute of Mechanical Engineers, Proceedings 1965 
1966, pp. 371-394; and for the construction of machine tools 
as described, for example, in the US. Pat. No. 5,354,158 
(also, the US. Pat. No. 4,988,244 and the US. Pat. No. 
5,388,935). 
[0006] One of the most ?exible of ?xtures is a 6-axis 
machine tool. A support includes a pair of spaced platforms 
joined by six poWered and extensible legs, Which may or 
may not be crossed, attached to the platforms by universal 
joints. In one form, the machine tool has an operator, such 
as a tool in a spindle, mounted on one of the platforms and 
an object, such as a Workpiece, mounted on the other one of 
the platforms such that the Work space is located betWeen the 
platforms. The length of the legs is individually manipulated 
to vary the positions of the platforms and, therefore, the 
object and operator relative to each other. 

[0007] The US. Pat. No. 4,988,244 shoWs a machine tool 
having spaced platforms for mounting a tool and a Work 
piece Which platforms are joined by six extensible legs 
attached to the platforms in three pairs by clevis and 
trunnion joints. The pairs of legs are crossed and the process 
operation is performed betWeen the platforms. 

[0008] The US. Pat. No. 5,388,935 shoWs a machine tool 
having spaced platforms for mounting a tool and a Work 
piece Which platforms are joined by six extensible legs 
attached to the platforms by universal joints. At least one of 
the pairs of legs is crossed and the process operation is 
performed betWeen the platforms. 

[0009] The parallel linkage of the above described type of 
?xture, Wherein the process Work is done betWeen the tWo 
support platforms, is not suitable for Work done above the 
support, such as in assembly operations. The travel restric 
tions dictated by such a structure are not supportive of 
?exible assembly Wherein the assembly may be performed 
on relatively large parts that cannot be contained betWeen 
the tWo supports. In another type of device, also including a 
pair of spaced platforms joined by six extensible legs, the 
tool is mounted on one of the platforms but faces aWay from 
the other platform. The object is mounted on a ?xture 
located relative to the one platform. Thus, the other platform 
serves as a ?xed base in order to move the tool toWard and 
aWay from the object on Which an operation is to be 
performed. 

[0010] The US. Pat. No. 4,536,690 shoWs a self-propelled 
robot platform having a support structure Which includes a 
base and a movable tool support joined by six extensible legs 
Wherein the Work space is outside the area betWeen the base 
and the support. Position control feedback utiliZes position 
and velocity sensors. 

[0011] The US. Pat. No. 5,053,687 shoWs an articulated 
device having spaced top and bottom plates joined by six 
extensible link members With a Work space outside the area 
betWeen the plates. The bottom plate ?xedly is supported 
above a base plate. The link members have top ends attached 
to the top plate in three pairs and bottom ends attached to six 
slider members by universal joints. The slider members 
extend through apertures in the bottom plate to engage 
endless screWs mounted on the base plate. Each slider 
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member includes a shock absorber and is connected to 
position sensor and each link member includes a force 
sensor. When force is applied to the top plate, the shock 
absorbers provide passive compliance and a control utiliZes 
the force sensor information in a force return algorithm to 
calculate corrections to be applied to the position of the top 
plate. 
[0012] Whether dedicated or programmable ?xtures are 
utiliZed, the components or subassemblies are rigidly 
clamped on the ?xtures Which are designed for maximum 
support rigidity. If the process equipment, such as a spot 
Welding gun, is misaligned, it tends to displace the compo 
nent or components from the desired assembly location. 
Accordingly, the components may shift relative to each other 
causing inaccuracy in the assembly, or, the components are 
caused to stretch or compress against the rigid ?xtures 
before they are permanently Welded. Thus, a problem With 
existing ?xtures is that the assemblies are assembled With 
internal stresses that could cause failure of the assemblies 
When in use. 

SUMMARY OF THE INVENTION 

[0013] The present invention concerns an apparatus for 
positioning an object during an assembly operation includ 
ing a parallel link programmable positioning mechanism 
having a base plate, a spaced apart locator plate and six 
linear actuator links extending betWeen the tWo plates and 
attached thereto by universal joints. The ends of the actua 
tors are paired in a triangular pattern at each plate and the 
actuators do not cross one another. Thus, tWo actuators 
having one end paired at the base plate each have an 
opposite end paired With another actuator at the locator 
plate. The actuators are screW drives for changing the length 
of each link in a programmable manner. The Work space is 
adjacent the locator plate outside of the space betWeen the 
plates. When an operation requires corrective action due to 
high processing forces, the actuators can be of the ball screW 
type Which react to forces applied to the locator plate by 
backdriving. Rotary position encoders can be utiliZed to 
provide motion feedback to a control system Which can react 
to the applied force to increase the holding force for higher 
support rigidity or decrease the holding force for controlled 
compliance and a stress free assembly. Also, the actuators 
can be coupled mechanically to reduce the degrees of 
freedom and the number of motors and controls required. 

[0014] In the apparatus, the base plate has an upper 
surface, the locator plate has upper and loWer surfaces and 
the linear actuators each have a loWer end pivotally attached 
to the upper surface of the base plate and an upper end 
pivotally attached to the loWer surface of the locator plate, 
the loWer and upper ends of each linear actuator being 
movable relative to one another along a predetermined linear 
path to move the locator plate relative to the base plate. A 
plurality of base pivot joints are attached betWeen the upper 
surface of the base plate and the loWer ends of the linear 
actuators in a generally triangular ?rst pattern, the base pivot 
joints being arranged in pairs With a midpoint of each base 
pivot joint pair forming a point of the ?rst pattern. Aplurality 
of locator pivot joints are attached betWeen the loWer surface 
of the locator plate and the upper ends of the linear actuators 
in a generally triangular second pattern, the locator pivot 
joints being arranged in pairs With a midpoint of each locator 
pivot joint pair forming a point of the second pattern. 
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[0015] An object is mounted on the upper surface of the 
locator plate. The object usually is a clamp for attaching a 
component to the locator plate or a tool for performing an 
operation on the component. A control means is connected 
to the linear actuators for selectively actuating the linear 
actuators to move the locator plate to a predetermined 
position relative to the base plate for positioning the object 
to receive a component to be assembled. A feedback means 
is coupled to the linear actuators and is connected to the 
control means. The feedback means is responsive to a force 
applied to the object during assembly of the component for 
generating feedback signals representing the applied force to 
the control means, and the control means is responsive to the 
feedback signals for actuating the linear actuators to change 
the applied force. The actuator can be mechanically coupled 
to coordinate actuation of at least tWo of the linear actuators 
to move the locator plate relative to the base plate With less 
than six degrees of freedom. 

[0016] The present invention also concerns a method for 
positioning an object during an assembly operation includ 
ing the steps of: connecting a base plate to a locator plate 
With a plurality of linear actuators each having a loWer end 
pivotally attached to the base plate and an upper end 
pivotally attached to the locator plate; mounting an object on 
the locator plate; controlling the linear actuators to move the 
locator plate to a predetermined position relative to the base 
plate for contacting the object mounted on the locator plate 
With a component to be assembled; generating feedback 
signals representing a force applied to the locator plate When 
the object contacts the component; and actuating the linear 
actuators to change the applied force in response to the 
feedback signals. The method can be performed by main 
taining the applied force Within a predetermined threshold 
range. 

[0017] The method according to the present invention also 
concerns a method for the stress free assembly of sheet metal 
components on assembly ?xtures including at least one 
programmable ?xture having actuators responsive to posi 
tion control signals from a controller, clamping means for 
clamping the components to the assembly ?xtures and 
tooling operable on and capable of displacing the compo 
nents during assembly and generating forces supported by 
the ?xtures. The method includes the steps of: generating 
control signals from a controller to move at least one 
actuator and position a ?xture at a predetermined location; 
placing at least tWo components on the ?xture at the pre 
determined location; clamping the components to the ?x 
ture; actuating tooling to assemble the components, the 
tooling generating forces supported by the ?xture and tend 
ing to displace the components from the predetermined 
position; sensing the forces supported by the ?xture during 
actuation of the tooling and generating force signals indica 
tive of a magnitude and direction of the forces; communi 
cating the force signals to the controller; and operating the 
controller to move the actuator in a direction to reduce the 
forces beloW a desirable limit to providing a stress free 
assembly of the components. The sensing step can be 
performed by a force sensor measuring at least one of six 
generaliZed force components X, Y, Z, MX, My and MZ in a 
generaliZed cartesian coordinate system, or by a position 
encoder coupled to the actuator for generating an output 
signal representing movement of the actuator in response to 
the applied force. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The above, as Well as other advantages of the 
present invention, Will become readily apparent to those 
skilled in the art from the following detailed description of 
a preferred embodiment When considered in the light of the 
accompanying draWings in Which: 

[0019] FIG. 1 is a schematic plan vieW of tWo components 
to be assembled together being held in a ?xture according to 
the prior art; 

[0020] FIG. 2 is a cross-sectional front elevation vieW of 
the components and the ?xture as if taken along the line 2-2 
in the FIG. 1; 

[0021] FIG. 3 is a schematic plan vieW of the tWo com 
ponents shoWn in the FIG. 1 being held in a ?xture 
according to the present invention; 

[0022] FIG. 4 is a front elevation vieW of the ?xture 
shoWn in the FIG. 3 shoWing an alternate mounting com 
plying With the invention; 

[0023] FIG. 5 is a perspective vieW of a programmable 
positioner according to the present invention; 

[0024] FIG. 6 is a top plan vieW of the positioner shoWn 
in the FIG. 5; 

[0025] FIG. 7 is a schematic block diagram of a control 
system for the positioner shoWn in the FIG. 5; 

[0026] FIG. 8 is a Cartesian coordinate diagram of the 
directions of movement of the positioner shoWn in the FIG. 
5; 
[0027] FIG. 9 is a table of examples of coupling of the 
actuators shoWn in the FIG. 5 based on the movement 
directions shoWn in the FIG. 8; 

[0028] FIG. 10 is a enlarged fragmentary front elevation 
vieW of an alternate embodiment locator pivot joint for the 
positioner shoWn in the FIG. 5; and 

[0029] FIG. 11 is a left side elevation vieW the pivot joint 
shoWn in the FIG. 10. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0030] As shoWn in the FIG. 1 and the FIG. 2, an 
assembly 10 is to be formed from a ?rst component 11 and 
a second component 12. Although the designations “assem 
bly” and “component” Will be utiliZed in the description of 
the preferred embodiment of the present invention, the 
assembly 10 could be a subassembly of a larger assembly 
and either one or both of the components 11 and 12 could be 
subassemblies. The FIG. 1 is a schematic plan vieW of the 
components 11 and 12 placed on a ?xture 13 and the FIG. 
2 is a front elevation vieW of the components and the ?xture 
as if taken along the line 2-2 in the FIG. 1. For the purposes 
of this example, it is assumed that the components 11 and 12 
are each a substantially planar piece of sheet metal Which 
pieces are to be spot Welded together With a portion of the 
component 12 overlapping a portion of the component 11 in 
the position shoWn. In accordance With prior art methods of 
assembly, typically, the ?rst component 11 is placed on the 
?xture 13 in a ?rst pre-determined position resting on an 
upWardly facing support surface 14a of each of a ?rst 
plurality of locators or supports 14. The ?rst compo 
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nent 11 is held in the ?rst pre-determined position against the 
surfaces 14a by a plurality of clamps 14b Which engage a 
free periphery 11a of the component and each of Which is 
attached to one of the supports 14. The second component 12 
is then placed on the ?xture 13 in a second pre-determined 
position resting on an upWardly facing support surface 15a 
of each of a second plurality of supports 15. The second 
component 12 is held in the second pre-determined position 
against the surfaces 15a by a plurality of clamps 15b Which 
engage a free periphery 12a of the component and each of 
Which is attached to one of the supports 15. 

[0031] The components overlap in an area 10a bounded by 
an overlapped periphery 11b of the ?rst component 11 and 
an overlapping periphery 12b of the second component 12. 
The portions of the components 11 and 12 in the area 10a are 
to be spot Welded together at plurality of points 16. This area 
10a rests on an upWardly facing surface 17a of each of a 
third plurality of supports 17. The ?rst component 11 has a 
plurality of apertures 11c formed therein and the second 
component 12 has a plurality of apertures 12c formed 
therein such that each of the apertures 11c is aligned With 
one of the apertures 12c. Each of the supports 17 has an 
upWardly extending tapered locator pin 17b attached thereto 
Which pin extends through an associated pair of the aper 
tures 11c and 12c. Thus, the components are ?rmly held in 
the predetermined positions shoWn by the clamps 14b and 
15b and by the pins 17b. The supports 14, 15 and 17 can be 
any of various types of prior art locators or supports such as 
those shoWn in the FIGS. 7 and 8 of the US. Pat. No. 
5,239,739 Which patent is assigned to the assignee of the 
present invention. 

[0032] The spot Welding process involves the use of spot 
Welding guns that squeeZe the components 11 and 12 
together as an electric current is applied. This squeeZing 
process is usually associated With lateral forces that attempt 
to displace the components from their desired positions and 
are resisted by the supports 14, 15 and 17 holding the free 
edges 11a and 12a and the overlapping area 10a of the 
components 11 and 12 respectively. Accordingly, forces 
build up in the components 11 and 12 depending on the 
compliance of these components, as Well as the compliance 
of the lateral supports 14 and 15. The lateral supports 14 and 
15 are usually made as rigid as possible to prevent the 
components 11 and 12 from shifting relative to each other 
causing inaccurate assemblies. HoWever, this high support 
rigidity gives rise to high loads being applied on the com 
ponents 11 and 12 and possibly causing their overlapping 
surfaces to shift relative to each other inside their clamping 
supports. 

[0033] In the FIG. 3, there is shoWn a ?xture 20 having 
compliant supports in accordance With the present invention. 
The ?rst component 11 is held in the same ?rst pre 
determined position along the free edge 11a by a ?rst 
plurality of compliant supports 21. Similarly, the second 
component 12 is held in the same second pre-determined 
position along its free edge 12a by a second plurality of 
compliant supports 22. The area 10a of the components 
bounded the overlapped periphery 11b of the ?rst compo 
nent 11 and the overlapping periphery 12b of the second 
component 12 rests on a third plurality of compliant sup 
ports 23 exposed by cutaWay portions of the components. As 
explained beloW, the compliant supports 21, 22 and 23 can 
be selectively controlled to offer relatively high rigidity to 
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accurately position the components to be assembled. When 
a processing force is applied to the components 11 and 12, 
the compliant supports 21, 22 and 23 can be controlled to 
either increase the holding force for even higher support 
rigidity or reduce the holding force to attain a condition of 
controlled compliance offering selected resistance to applied 
forces, hence, minimiZing the occurrence and severity of 
stresses in the ?nal assembly. 

[0034] In theory, the present invention is based upon the 
principal of elastic deformation, Wherein, for an elastic 
system, the forces and de?ections are related by the equa 
tion: F=K~X. In the equation, F is the applied force, X is the 
corresponding de?ection and K is a constant that represents 
the stiffness, or inverse of compliance, of the system. It is 
obvious that for a given displacement X induced by the 
process equipment, a relatively rigid system, With a high 
stiffness constant K, Will experience a correspondingly high 
force F. On the other hand, if the system is provided With 
compliance, i.e., a loW stiffness constant K, the same de?ec 
tion X Will give rise to a correspondingly loWer force F. The 
principal of the present invention builds on this theory by 
providing ?xtures With loW stiffness, high compliance sup 
ports to prevent the process equipment from inducing high 
forces as a result of their tendency to displace the compo 
nents from their clamped positions. The clamping of one 
component relative to the other, especially at the supports 
23, bene?ts from this compliant mounting since the forces 
generated by the process equipment are loW, thus the clamp 
ing forces betWeen the components do not need to be high. 
LoW clamping forces result in loW component deformations, 
loW surface marring, and consistent alignment betWeen 
components, hence, higher assembly accuracy. 

[0035] Aspecial bene?t of the present invention is realiZed 
With the groWing tendency to use ?exible ?xturing of 
automotive components for assembly. Robotic ?xtures, 
comprising robotic devices ?tted With clamping devices, are 
used to locate sheet metal components and clamp them in a 
desired position. Unlike conventional hard/rigid ?xtures 
used in What is knoWn as “hard automation”, robotic ?xtures 
are programmed to adapt to different component con?gura 
tions, hence, are reusable for a variety of components and 
provide the basis for ?exible automation. Robotic ?xtures 
alloW a manufacturing plant to be recon?gured by computer 
control to produce different product models and siZes With 
out the need to stop production and replace hard ?xtures, 
usually dedicated to one product. A mode of use of robotic 
?xtures is described in the previously identi?ed US. Pat. 
No. 5,239,739 and the previously identi?ed US. Pat. No. 
5,272,805. 
[0036] The present invention addresses a process for the 
use of robotic ?xtures to adjust their resistance to external 
forces by adjusting their control gain parameters as is Well 
knoWn in servo control techniques. Accordingly, such 
devices can be programmed to act as a rigid support as the 
parts are located and clamped relative to each other for 
accuracy of positioning, then change to loW compliance 
When the process equipment begins exerting its displacing 
forces on the assembly of components. The assembly then 
bene?ts in several Ways. The assembly bene?ts by having a 
rigid support for positioning Whereby the components are 
located accurately relative to each other. By later adjusting 
for loWer compliance, the process equipment cannot exert 
high forces, hence, a stress relief assembly is achieved. By 
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utiliZing robotic devices, the assembly platform can adapt to 
components of different siZes and con?gurations. The com 
pliance can be adjusted selectively to keep some reference 
locations rigidly positioned While others are alloWed to 
“?oat,” i.e., have loW compliance, hence, keeping reference 
locations common to several components unchanged for 
high assembly accuracy. 

[0037] Once clamped by robotic ?xtures in the exact 
relative locations, components can then be processed With 
process robots, such as spot Welding robots. When the 
process robots engage the components and exert a displacing 
effect on their location, such robotic ?xtures can be pro 
grammed to sense the forces applied by the process equip 
ment, reduce their resistance and function in a compliant 
manner by reducing their control gains, hence, minimiZing 
their resistance to displacement and minimiZing their result 
ant forces. Such an assembly system minimiZes the forces 
applied to the components, hence, their tendency to slip 
relative to each other. On the other hand, When the process 
robots approach the components, the components can be 
located at the accurate positions programmed for the pro 
cessed robots With no negative impact on the accurate 
location of the processed targets, such as the location of 
Welding spots. 

[0038] The present invention can be practiced together 
With conventional rigid ?xtures noW employed in sheet 
metal assembly plants, such as for automotive body assem 
bly, by changing the mounting arrangement of the ?xtures. 
Instead of mounting the ?xtures rigidly on the ?oor, the 
?xtures may be provided With compliant supports. The 
compliance may be built into the ?xture supports to be rigid 
in the vertical plane and compliant in the horiZontal plane 
such that When the components are mounted on the ?xtures, 
the ?xtures respond With minimal or no de?ection due to the 
Weight of the components as is necessary for the accurate 
location of the sheet metal components relative to each other 
for accuracy and assembly. HoWever, When the components 
are clamped into a clamped assembly in process equipment, 
such as Welding robots Which apply displacing forces pre 
dominately in the horiZontal direction, the overall assembly 
displaces With loW resistance in the horiZontal direction, 
thus relieving the clamped assembly from process forces and 
displacements. For example, as shoWn in the FIG. 4, the 
?xture 13 can be slidably mounted relative to a support 
structure 24 and compliantly supported laterally by a plu 
rality of compliant supports 25. 

[0039] There is shoWn in the FIG. 5 a programmable 
positioner 31 in accordance With the present invention Which 
can be utiliZed to create the compliant supports 21, 22 and 
23 shoWn in the FIG. 3 or to create a compliant process tool 
such as a spot Welding robot. The positioner 31 includes a 
base plate 32 having a generally triangular shape With a 
generally planar upper surface 32a. The base plate 32 can be 
?xedly mounted on a suitable support surface, such as a 
building ?oor. HoWever, as best shoWn in the FIG. 6, the 
points of the triangle are cut off to form three shorter sides 
32b, 32c and 32d alternating With three longer sides 32e, 32f 
and 32g to de?ne six sides of the base plate 32. Mounted at 
the junction of each one of the shorter sides With one of the 
adjacent longer sides is one of six base pivot joints 33. Each 
of the pivot joints 33 has a pair of axes of rotation oriented 
orthogonally to one another. As best shoWn in the FIG. 5, the 
one of the joints 33 mounted at the junction of the sides 32b 
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and 326 has a ?rst generally U-shaped bracket 33a mounted 
on the upper surface 32a With a pair of upwardly extending 
spaced legs. Extending betWeen the legs is a ?rst pin 33b 
having a longitudinal axis Which extends in a plane gener 
ally parallel to the upper surface 32a and generally perpen 
dicular to the side 32b. The joint 33 also includes a second 
U-shaped bracket 33c having a pair of doWnWardly extend 
ing spaced legs. A second pin 33d extends betWeen the legs 
of the second bracket 33c and has a longitudinal axis that 
extends in the same plane as but transverse to the longitu 
dinal axis of the ?rst pin 33b. The ?rst pin 33b and the 
second pin 33d are ?xed relative to one another, but the ?rst 
pin is rotatable about its longitudinal axis in the ?rst bracket 
33a and the second bracket 33c is rotatable about the 
longitudinal axis of the second pin 33d. Thus, the base pivot 
joint 33 has tWo mutually orthogonal axes of rotation to 
function as a universal joint. 

[0040] The joints 33 are each attached to a loWer end of a 
corresponding one of a plurality of linear actuators. A ?rst 
linear actuator 34 is attached to the joint 33 mounted at the 
junction of the sides 32b and 32g. A second linear actuator 
35 is attached to the joint 33 mounted at the junction of the 
sides 32b and 326. The second linear actuator 35 has a gear 
box 36 attached to the second bracket 33c and a drive motor 
37 mounted on the gear box. The gear box 36 is also attached 
to a loWer end of a screW drive 38. The linear actuator 34 has 
similar components, as do a third linear actuator 39, a fourth 
linear actuator 40, a ?fth linear actuator 41 and a sixth linear 
actuator 42. The linear actuator 39 is attached to the joint 33 
mounted at the junction of sides 32c and 326, the linear 
actuator 40 is attached to the joint 33 mounted at the junction 
of sides 32c and 32f, the linear actuator 41 is attached to the 
joint 33 mounted at the junction of sides 32d and 32f, and the 
linear actuator 42 is attached to the joint 33 at the junction 
of the sides 32d and 32g. The upper end of each of the linear 
actuators is connected to a locator plate 43. The locator plate 
43 is generally triangular in shape, but similarly to the base 
plate 32, has a generally planer loWer surface 43a and has 
the points truncated to form three generally shorter sides 
43b, 43c and 43d alternating With three longer sides 43e, 43f 
and 43g. Mounted at the junction of each of the shorter sides 
With an adjacent one of the longer sides is one of six locator 
pivot joints 44. The joints 44 are similar in construction to 
the joints 33 and are each attached to the upper end of a 
corresponding one of the linear actuators. 

[0041] As best shoWn in the FIG. 6, the locator plate 43 
is rotated approximately sixty degrees relative to the base 
plate 32. The locator plate 43 has a generally planar upper 
surface 43h Which can be utiliZed as a support or mounting 
surface for objects, such as a body panel clamp or a Welding 
gun, to be used in assembling components such as the panels 
11 and 12 shoWn in the FIG. 1 through the FIG. 3. Thus, the 
positioner 31 includes the base plate 32, the locator plate 43, 
six substantially similar linear actuators 34, 35, 39, 40, 41 
and 42, the base pivot joints 33 connecting the loWer ends 
of the linear actuators to the base plate, and the locator pivot 
joints 44 connecting the upper ends of the linear actuators to 
the locator plate. The pivot joints 33 and 44 are universal 
joints having tWo orthogonal intersecting pivotal axes and 
are arranged in pairs on both bases. The midpoints of each 
pair of pivot joints 33 form the points of an equilateral 
triangle 45 on the base plate 32 and the midpoints of each 
pair of pivot joints 44 form the points of a smaller equilateral 
triangle 46 on the locator plate 43. The triangles 45 and 46 
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are oppositely oriented relative to one another. Such a 
positioner has high rigidity along a generally vertical axis by 
virtue of the parallel linkages Which is critical to the accurate 
assembly operations required for automotive body assembly 
Wherein the rigidity must be comparable to conventional 
?xed ?xtures of the type shoWn in the FIG. 1 and the FIG. 
2. LoWer cost is achieved through the use of similar, 
relatively inexpensive linear actuators and similar, tWo axis 
pivot joints. The positioner according to the present inven 
tion also uses an actuator having tWo links Which are free to 
rotate relative to each other to avoid the costly linear guiding 
arrangements commonly used in the prior art. The positioner 
according to the present invention also utiliZes a pivot joint 
having tWo orthogonal axes Which joint is loWer in cost and 
simpler to manufacture and operate than a three orthogonal 
axes joint commonly knoWn as a spherical joint. 

[0042] As described beloW, the programmable positioner 
31 utiliZes screW drives to change the length of the links in 
a programmable manner. The screW drives can be loW 
friction ball or sliding-type screWs (ACME type). ACME 
type screWs provide a self-locking feature uniquely support 
ive of automotive assembly operations Wherein the support 
does not react (yield) to the process forces and provides an 
inherently rigid support. On the other hand, a ball screW type 
With a brake to prevent back driving When a Workpiece is 
being supported also can be used. The ball type screW can be 
used When an indication of the process forces may be 
desirable to provide signals to a control system Which can 
initiate a corrective action to the causes of high process 
forces. The positioner according to the present invention can 
utiliZe rotary position measuring devices (encoders) to indi 
cate the length of the actuators rather than an extensible 
instrument as in the prior art. 

[0043] As shoWn in the FIG. 6, the locator plate 43 has a 
center or reference point 47 Which is spaced equally from the 
corner points of the triangle 46. The point 47 provides a 
reference for positioning any object mounted on the locator 
plate 43. The linear actuators can be controlled to move the 
point 47 along any desired path limited only by the range of 
extension of the actuators. For example, through appropriate 
control of the linear actuators at or near full extension, the 
point 47 can be moved anyWhere in a ?rst area 48 shoWn as 
a generally circular ?rst plane in the FIG. 5 With the 
periphery of the plane being de?ned by the extension limits 
of the actuators. As another example, through appropriate 
control of the linear actuators at partial extension, the point 
47 can be moved anyWhere in a second area 49 shoWn in the 
FIG. 5 as a generally circular, larger diameter second plane. 

[0044] A control system 50 for the six actuators of the 
positioner 31 is shoWn in the FIG. 7. A control 51 is 
connected to an input device 52 for receiving signals to 
position each of the actuators to effect a desired location for 
the upper surface 43h (see the FIG. 5) of the locator plate 
43. The control 51 has a ?rst output connected to a control 
signal line 51a Which is connected to the ?rst actuator 34. 
The line 51a is connected to an input of the motor 37 to 
control the direction and total angle of the rotation and 
thereby control the length of extension of the screW drive 38 
through the gear box 36. In a similar manner, another output 
of the control 51 is connected by a control signal line 51b to 
the second actuator 35. A third output of the control 51 is 
connected by a control signal line 51c to the third actuator 
39, a fourth output is connected by a control signal line 51d 
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to the fourth actuator 40, a ?fth output is connected by a 
control signal line 516 to the ?fth actuator 41 and a sixth 
output is connected by a control signal line 51f to the sixth 
actuator 42. Typically, the control 51 is a conventional linear 
actuator control Which is responsive to signals representing 
the desired movement of each actuator for applying electri 
cal poWer to the actuators. The coordinated movement of the 
actuators is achieved by utiliZing the input device 52 to 
generate information as to the length of extension of each of 
the actuators required to achieve a desired ?nal position of 
the point 47 and the object mounted thereat. The input 
device 52 can be, for example, a programmed computer 
Which has stored therein equations de?ning the physical 
relationship of the locator plate 43 relative to the base plate 
32 in terms of the extensions of the linear actuators. A 
keyboard or a mouse incorporated in the input device 52 can 
be used to input the required ?nal location for the point 47 
and orientation of the surface 43h and the computer then 
calculates the required extension for each of the actuators. 
The input device 52 then generates the actuator extension 
information to the control 51 Which in turn generates the 
necessary control signals on the lines 51a through 51f to 
extend, retract or leave unchanged each of the linear actua 
tors. 

[0045] As stated above, the actuators can be of the ball 
screW type With a brake for preventing back driving. HoW 
ever, if the brake is released, any forces acting in a direction 
of the axis of extension Will tend to back drive the screW. As 
shoWn in the FIG. 7, a brake 53 can be mechanically 
coupled to the gear box 36 of the actuator 34 and can be 
actuated by a signal on a brake signal line 54 connected 
betWeen an input of the brake and an output of the control 
51. Also, feedback means in the form of an encoder 55 can 
be mechanically coupled to the screW drive 38 of the 
actuator 34 to either verify that the actuators have reached 
their desired extension, or respond to any change in exten 
sion, and generate a feedback signal on a feedback signal 
line 56 connected betWeen an output of the encoder and an 
input of the control 51. The input device 52 reads the 
feedback signal representing the de?ection X and, knoWing 
the combined stiffness constant K of the positioner 31 
including the actuators, the joints, the drive train and the 
servo controls gain, calculates the applied force F. NoW the 
input device 52 can determine Whether to generate a control 
signal to cause the actuator 34 to extend to increase the 
rigidity, to make no change thereby maintaining the com 
pliance, or to retract to increase the compliance. Accord 
ingly, the control system 50 can maintain a predetermined 
amount of compliance Whereby the positioner 31 is rigid 
until a force threshold is reached at Which point one of the 
above discussed actions is implemented Which can include 
adjusting the compliance to maintain the force Within a 
threshold range. The threshold force must be enough to 
support the component or perform the operation, but loWer 
than a force that can cause excessive internal stresses in the 
assembly. In addition, the force F can be an indicator of 
misalignment in the process tool Which is applying the force 
such that the input device 52 can issue a Warning message 
to a Worker or even automatically correct the tool support to 
reduce the misalignment. The encoder 55 can be a linear 
type device, or a rotary type device Where a ball screW type 
actuator is utiliZed. Although not shoWn, each of the six 
linear actuators can be coupled to an associated brake, such 
as the brake 53, and an associated encoder such as the 
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encoder 55. HoWever, it is conventional for the motor 37 to 
include an encoder and brake Within the motor frame. 

[0046] Each of the actuators also can be provided With a 
single parameter force sensor Which senses the magnitude of 
the longitudinal force experienced by each actuator. For 
example, a sensor 57 can be mounted on an exterior surface 
of the actuator 34 as shoWn in the FIG. 5. The sensor 57 can 
be of the strain gage type Which generates a force propor 
tional sensor signal on a sensor signal line 58 connected 
betWeen an output of the sensor and an input of the control 
51. The control 51 utiliZes the force proportional sensor 
signals in an algorithm that determines the control signals to 
be generated to retract or extend one or more of the actuators 
to adjust the compliance of the positioner 31. 

[0047] While the movement of the actuators is coordinated 
as a group, each of the actuators can be extended by a 
different amount to achieve the desired ?nal position for the 
point 47. Thus, the positioner 31 has six degrees of freedom 
of movement. Based upon the Cartesian coordinate system, 
the possible motions of the reference point 47 are de?ned as 
linear movement along X, Y and Z axes and rotational 
movement about the X, Y and Z axes. Accordingly, a force 
sensor can be utiliZed to measure any one of six generaliZed 
force components in a generaliZed Cartesian coordinate 
system; linear forces along the X, Y and Z axes, and 
moments MX, My and MZ about those axes. As shoWn in the 
FIG. 8, a set of ?xed inertial axes identi?ed as X0, Y0 and 
Z0 are associated With the triangle 45 of the base plate 32 to 
de?ne the location and orientation of the locator plate 43, 
represented by the triangle 46, relative to a ?xed reference. 
The YO axis extends through a midpoint betWeen the loWer 
ends of the actuators 41 and 42, marked by a ?rst point 45a 
of the base plate triangle 45, through a junction 45b of the 
reference axes and through a midpoint 45c of a ?rst side 45d 
of the base plate triangle opposite the ?rst point. The 
junction 45b corresponds to the central point of the triangle 
45. The XO axis extends through the junction 45b generally 
parallel to the ?rst side 45d. The ZO axis extends through the 
junction 45b perpendicular to the plane of the base plate 
triangle 45. The axes identi?ed as X, Y and Z are associated 
With the triangle 46 of the locator plate 43. The Y axis 
extends through a midpoint betWeen the upper ends of the 
actuators 40 and 41, marked by a ?rst point 46a of the 
locator plate triangle 46, through a junction 46b of the 
reference axes and through a midpoint 46c of a ?rst side 46d 
of the locator plate triangle opposite the ?rst point. The X 
axis extends through the junction 46b generally parallel to 
the ?rst side 46d. The Z axis extends through the junction 
46b perpendicular to the plane of the locator plate triangle 
46. The junction 46b corresponds to the center or reference 
point 47 shoWn in the FIG. 5 and the FIG. 6. Movements 
of the locator plate 43 along the X, Y and Z axes are 
designated by arroWs 60, 61 and 62 respectively. The arroWs 
60 and 61 represent movement relative to the X0 and Y0 
reference axes respectively. The arroW 62 represents move 
ment relative to the Z0 reference axis. Movements about the 
X, Y and Z axes, through angles 0X, BY and 02 respectively, 
are designated by arroWs 63, 64 and 65 respectively. 

[0048] HoWever, if feWer than six degrees of freedom are 
required, by mechanically coupling the actuators to move in 
dependent groups, the number of degrees of freedom can be 
reduced and feWer motors and control signals need to be 
used. There is shoWn in the FIG. 9 a table of various 
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examples representing possible combinations of actuators 
coupled for synchronous movement and the resultant 
degrees of freedom. Actuators for Which movement is to be 
synchronized can be controlled by the control 51 or, can be 
mechanically coupled such that only a single motor is 
required for each group of actuators to be moved synchro 
nously. For example, one of the motors 37 shoWn in the FIG. 
7, such as the motor of the actuator 34, can be coupled to 
also drive one or more of the other actuators through gears 

(not shoWn) or by V-belts (not shoWn) thereby eliminating 
the motors coupled to these other commonly driven actua 
tors. Also, coupling certain actuators may dictate that other 
actuators be coupled or controlled simultaneously since the 
ends of the actuators at both the base plate 32 and the locator 
plate 43 remain ?xed relative to each other. 

[0049] In an example A shoWn in the FIG. 9, none of the 
six actuators are coupled for synchronous movement and the 
positioner 31 has six degrees of freedom. In an example B, 
the actuators 35 and 39 are coupled to move in unison. Since 
the actuators 35 and 39 have upper ends equally spaced on 
opposite sides of a ?rst point 46a of the locator plate triangle 
46 and loWer ends equally spaced on opposite sides of the 
midpoint 45e, movement of the point 46a is con?ned Within 
the YO-ZO plane With no movement in the XO direction 
thereby producing ?ve degrees of freedom. Although the 
point 47 may experience movement in the XO direction, such 
movement Would be coupled to either the YO or the Z0 
movement to be still limited to ?ve degrees of freedom. 
Other such combinations of paired actuators producing ?ve 
degrees of freedom are the actuators 40 and 41, or the 
actuators 42 and 34. In an example C, tWo pairs of coupled 
actuators on opposite sides of the X and Y axes, such as the 
actuators 35 and 39 coupled and the actuators 40 and 41 
coupled, prevent movement along the X and Y axes to 
produce four degrees of freedom. 

[0050] In an example D, three pairs of coupled actuators, 
such as the actuators 35 and 39 coupled, the actuators 40 and 
41 coupled and the actuators 34 and 42 coupled, to prevent 
movement along the X and Y axes and rotation about the Z 
axis to produce three degrees of freedom. In an example E, 
if all of the actuators are coupled together, the positioner 31 
has only one degree of freedom since it can move the locator 
plate 43 only up and doWn in the Z axis direction. 

[0051] There is shoWn in the FIG. 10 and the FIG. 11 and 
alternate embodiment locator pivot joint 70 Which can be 
substituted for the locator pivot joints 44 connecting the 
locator plate 43 With the upper ends of the actuators 34, 35, 
39, 40, 41 and 42. The pivot joint 70 includes a generally 
cylindrical body 71 having a pair of axle extensions 71a 
extending from opposite ends thereof. The axle extensions 
71a are rotatably received in apertures formed in a pair of 
legs 72a of an inverted generally U-shaped bracket 72. The 
axle extensions 71a can be retained in bearings 72b, Which 
can be any suitable type such as a bushing or a roller bearing, 
retained in the apertures in the legs 72a. Thus, the body 71 
is free to rotate about a longitudinal axis 73 extending 
betWeen the apertures in the legs 72a. 

[0052] The upper ends of the actuators 35 and 39, for 
example, each have a generally U-shaped bracket 74 
attached thereto Which brackets each have a pair of legs 74a 
positioned on opposite sides of the body 71. Apair of spaced 
apart pins 75 extend through apertures formed in the body 71 
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transverse to the longitudinal axis 73 and each of the pins 75 
also extends through apertures formed in the pair of legs 74a 
of an associated one of the brackets 74. The pins 75 can have 
an enlarged head and be threaded at an opposite end for 
retaining a nut 76. The pins 75 can extend through bearings 
74b, Which can be any suitable type, Which bearings are 
retained in the apertures in the legs 74a. Thus, the upper ends 
of the actuators 35 and 39 are free to rotate about a 
longitudinal axis 77 of the associated one of the pins 75. 

[0053] The bracket 72 is rotatably attached to the locator 
plate 43 by a pin 78 extending through an aperture formed 
in the locator plate. The pin 78 has an enlarged head and an 
opposite threaded end engaging the bracket 72 betWeen the 
legs 72a. The pin 78 can extend through a bearing 79 
retained in the aperture in the locator plate 43 and has a 
longitudinal axis 80 about Which the bracket 72 can rotate. 
Thus, the locator pivot joint 70 has tWo universal joints 
constrained to sWivel in unison about the axis 73 of the body 
71 and the axis 80 of the pin 78, and to sWivel independently 
about the axes 77 of the pins 75 for a combination of four 
degrees of freedom. The alternate embodiment joints 70 are 
comparably less expensive than a pair of conventional three 
orthogonal axes joints. 

[0054] In all of these examples, the parameters X, Y, Z, 0X, 
BY and 02 describe the motion of the center point 47 of the 
locator plate 43 relative to the base coordinate system X0, Y0 
and Z0. It is recogniZed that by virtue of the parallel linkage 
mechanism, strong coupling may exist among different 
coordinates and that independent motions of less than six 
degrees of freedom may prevail at a point other than the 
center point 47 of the locator plate 43. 

[0055] In accordance With the provisions of the patent 
statutes, the present invention has been described in What is 
considered to represent its preferred embodiment. HoWever, 
it should be noted that the invention can be practiced 
otherWise than as speci?cally illustrated and described With 
out departing from its spirit or scope. 

What is claimed is: 
1. An apparatus for positioning an object during an 

assembly operation comprising: 

a base plate; 

a locator plate for mounting an object; 

a plurality of linear actuators each having a loWer end 
pivotally attached to said base plate in a ?rst predeter 
mined pattern and an upper end pivotally attached to 
said locator plate in a second predetermined pattern, 
said loWer and upper ends of each said linear actuator 
being movable relative to one another along a prede 
termined linear path to move said locator plate relative 
to said base plate With six degrees of freedom; and 

a control means connected to said linear actuators for 
selectively actuating said linear actuators to move said 
locator plate to a predetermined position relative to said 
base plate for contacting a component to be assembled 
With an object mounted on said locator plate, said 
control means being responsive to a force applied to 
said locator plate during contact betWeen the object and 
the component for actuating said linear actuators to 
change the applied force. 
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2. The apparatus according to claim 1 wherein said 
plurality of linear actuators is six linear actuators. 

3. The apparatus according to claim 1 Wherein said ?rst 
predetermined pattern and said second predetermined pat 
tern are each generally triangular. 

4. The apparatus according to claim 1 Wherein said ?rst 
predetermined pattern is larger than said second predeter 
mined pattern. 

5. The apparatus according to claim 1 including a plurality 
of base pivot joints, each said base pivot joint being con 
nected betWeen said base plate and said loWer end of an 
associated one of said linear actuators, and a plurality of 
locator pivot joints, each said locator pivot joint being 
connected betWeen said locator plate and said upper end of 
an associated one of said linear actuators. 

6. The apparatus according to claim 5 Wherein said base 
pivot joints and said locator pivot joints are tWo axis 
universal joints. 

7. The apparatus according to claim 5 Wherein said ?rst 
pattern is generally triangular, said base pivot joints being 
arranged in pairs With a midpoint of each said base pivot 
joint pair forming a point of said generally triangular ?rst 
pattern, and said second pattern is generally triangular, said 
locator pivot joints being arranged in pairs With a midpoint 
of each said locator pivot joint pair forming a point of said 
generally triangular second pattern. 

8. The apparatus according to claim 1 including a plurality 
of base pivot joints, each said base pivot joint being con 
nected betWeen said base plate and said loWer end of an 
associated one of said linear actuators, and a plurality of 
locator pivot joints, each said locator pivot joint being 
connected betWeen said locator plate and said upper end of 
an associated pair of said linear actuators. 

9. The apparatus according to claim 8 Wherein said base 
pivot joints are tWo axis universal joints and said locator 
pivot joints are formed as a pair of three axis universal joints 
having tWo common axes and tWo independent axes. 

10. The apparatus according to claim 1 Wherein said linear 
actuators are ball screW linear actuators having a brake for 
preventing back driving, said brake being connected to said 
control means for actuating said brake. 

11. The apparatus according to claim 1 including feedback 
means coupled to said linear actuators and connected to said 
control means and being responsive to the force applied to 
said locator plate during contact betWeen the object and the 
component for generating feedback signals representing the 
applied force to said control means, said control means 
being responsive to said feedback signals for actuating said 
linear actuators to change the applied force. 

12. The apparatus according to claim 11 Wherein said 
feedback means includes force sensing means measuring at 
least one of six generaliZed force components X, Y, Z, MX, 
My and MZ in a generaliZed Cartesian coordinate system 
associated With said base plate and said locator plate. 

13. The apparatus according to claim 11 Wherein said 
feedback means includes a plurality of position encoders, 
each said position encoder being coupled to an associated 
one of said actuators for generating an output signal repre 
senting movement of said associated actuator as one of said 
feedback signals. 

14. The apparatus according to claim 13 Wherein said 
encoders are linear encoders. 
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15. The apparatus according to claim 13 Wherein said 
actuators are screW type, back drivable, linear actuators and 
said encoders are rotary encoders coupled for rotation by 
said actuators. 

16. The apparatus according to claim 11 Wherein said 
linear actuators are ball screW linear actuators having a 
brake for preventing back driving, said brake being con 
nected to said control means and said control means being 
responsive to said feedback signals for releasing said brake 
to change the applied force. 

17. An apparatus for the stress free assembly of sheet 
metal components on assembly ?xtures including at least 
one programmable ?xture having actuators responsive to 
position control signals from a controller, clamping means 
for clamping the components to the assembly ?xtures and 
tooling operable on and capable of displacing the compo 
nents during assembly and generating forces supported by 
the ?xtures, comprising: 

a base plate having an upper surface; 

a plurality of base pivot joints attached to said upper 
surface of said base plate in a generally triangular ?rst 
pattern, said base pivot joints being arranged in pairs 
With a midpoint of each said base pivot joint pair 
forming a point of said ?rst pattern; 

a locator plate having upper and loWer surfaces; 

a plurality of locator pivot joints attached to said loWer 
surface of said locator plate in a generally triangular 
second pattern; 

an object mounted on said upper surface of said locator 
plate; 

a plurality of linear actuators each having a loWer end 
pivotally attached to an associated one of said base 
pivot joints and an upper end pivotally attached to an 
associated one of said locator pivot joints, said loWer 
and upper ends of each said linear actuator being 
movable relative to one another along a predetermined 
linear path to move said locator plate relative to said 
base plate; 

a control means connected to said linear actuators for 
selectively actuating said linear actuators to move said 
locator plate to a predetermined position relative to said 
base plate for positioning said object relative to a 
component to be assembled; and 

a feedback means coupled to said linear actuators and 
connected to said control means and being responsive 
to a force applied to said object for generating feedback 
signals representing the applied force to said control 
means, said control means being responsive to said 
feedback signals for actuating said linear actuators to 
change the applied force. 

18. The apparatus according to claim 17 Wherein at least 
tWo of said linear actuators are mechanically coupled to a 
single motor to operate in unison and move said locator plate 
relative to said base plate With less than six degrees of 
freedom. 

19. The apparatus according to claim 17 Wherein said 
object is one of a clamp and a pin for retaining the compo 
nent. 

20. The apparatus according to claim 17 Wherein said 
object is a tool for performing an operation on the compo 
nent. 
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21. An apparatus for supporting a component of an 
assembly relative to another component of the assembly 
during an assembly operation comprising: 

a base plate; 

a locator plate for mounting an object; 

a plurality of linear actuators each having a loWer end 
pivotally attached to said base plate in a ?rst predeter 
mined pattern and an upper end pivotally attached to 
said locator plate in a second predetermined pattern, 
said loWer and upper ends of each said linear actuator 
being movable relative to one another along a prede 
termined linear path to move said locator plate relative 
to said base plate With six degrees of freedom; and 

a control means connected to said linear actuators for 
selectively actuating said linear actuators to move said 
locator plate to a predetermined position relative to said 
base plate for positioning a ?rst component to be 
assembled supported on said locator plate relative to a 
second component to be assembled, said control means 
being responsive to a force applied to said locator plate 
during assembly of the ?rst and second components for 
actuating said linear actuators to change the applied 
force. 

22. The apparatus according to claim 21 including feed 
back means coupled to said linear actuators and connected 
to said control means and being responsive to the force 
applied to said locator plate during assembly of the ?rst and 
second components for generating feedback signals repre 
senting the applied force to said control means, said control 
means being responsive to said feedback signals for actu 
ating said linear actuators to change the applied force. 

23. Amethod for positioning an object during an assembly 
operation comprising the steps of: 

a. connecting a base plate to a locator plate With a plurality 
of linear actuators each having a loWer end pivotally 
attached to the base plate and an upper end pivotally 
attached to the locator plate; 

b. mounting an object on the locator plate; 

c. controlling the linear actuators to move the locator plate 
to a predetermined position relative to the base plate for 
contacting the object mounted on the locator plate With 
a component to be assembled; 

d. generating feedback signals representing a force 
applied to the locator plate during contact betWeen the 
object and the component; and 
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e. actuating the linear actuators to change the applied 
force in response to the feedback signals. 

24. The method according to claim 23 Wherein the object 
is a support for positioning the component and the step c. 
includes clamping the component With the support. 

25. The method according to claim 23 Wherein the object 
is a tool and the step c. includes performing an operation on 
the component With the tool. 

26. The method according to claim 23 Wherein the step e. 
is performed by maintaining the applied force Within a 
predetermined threshold range. 

27. A method for the stress free assembly of sheet metal 
components on assembly ?xtures including at least one 
programmable ?xture having actuators responsive to posi 
tion control signals from a controller, clamping means for 
clamping the components to the assembly ?xtures and 
tooling operable on and capable of displacing the compo 
nents during assembly and generating forces supported by 
the ?xtures, comprising the steps of: 

a. generating control signals from a controller to move at 
least one actuator and position a ?xture at a predeter 
mined location; 

b. placing at least tWo components on the ?xture at the 
predetermined location; 

c. clamping the components to the ?xture; 

d. actuating tooling to assemble the components, the 
tooling generating forces supported by the ?xture and 
tending to displace the components from the predeter 
mined position; 

e. sensing the forces supported by the ?xture during 
actuation of the tooling and generating force signals 
indicative of a magnitude and direction of the forces; 

f. communicating the force signals to the controller; and 

g. operating the controller to move the actuator in a 
direction to reduce the forces beloW a desirable limit to 
providing a stress free assembly of the components. 

28. The method according to claim 27 Wherein the step e. 
is performed by a force sensor measuring at least one of six 
generaliZed force components X, Y, Z, MX, My and MZ in a 
generaliZed cartesian coordinate system. 

29. The method according to claim 27 Wherein the step e. 
is performed by a position encoder coupled to the actuator 
for generating an output signal representing movement of 
the actuator in response to the forces. 

* * * * * 


