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Abstract 

 This paper presents a new design of a 
Parallel Compliant Coupler for Force Control 
(PCCFC) applications.  The device is a parallel 
mechanism and is comprised of a top platform 
and a base platform that are connected by six 
instrumented compliant leg connectors.  The 
device is designed to be attached to the end of an 
industrial manipulator and act as a compliant 
wrist.  The net wrench applied to the top 
platform is determined by measuring the 
displacements of the individual leg connectors.  
The manipulator will move the base of the 
platform in order to achieve the desired contact 
wrench at the distal end. 

 This fully in-parallel 6-DOF platform has 
been redesigned based on the analysis of a 
previous prototype platform.  The platform 
geometry is based on the special 6-6 platform 
with dimensions designed to achieve the optimal 
quality index at the unloaded position.  The 
various design aspects of sizing, optimizing, and 
sensing the leg displacements are discussed. 

  
Introduction 

 Traditionally, most manipulators are serial 
structures.  That is they are made up of rigid 
body links that are connected one after another 
by simple joints (usually revolute or prismatic).  
The human arm is a good example of a serial 
manipulator.  Most common industrial manipula-
tors have seven links (counting ground) 
interconnected by six simple joints (see Figure 1).  
These structures are well constructed, highly 
developed, and are widely used in industrial 
applications.  Serial manipulators do not have 

closed kinematical loops, and are actuated at 
each joint along the serial linkage.  Accordingly, 
the weight of the actuators that are located at 
each joint along the serial linkage can account 
for a significant portion of the load carrying 
capability of the arm. 

 Compared to a serial manipulator, a parallel 
manipulator is a closed-loop mechanism in 
which the end-effecter (mobile platform) is con-
nected to the base by at least two independent 
kinematic loops (see Figure 2).  With the multi-
ple closed loops, the stiffness of the manipulator 
is typically improved because the multiple leg 
connectors sustain the payload in a distributive 
manner as long as the mechanism is far from a 
singular configuration.  In addition, end-point 
positioning error is also reduced compared to a 

Figure 1:  Serial Manipulator
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serial manipulator due to non accumulation of 
error.  Hence this type of manipulator enjoys the 
advantages of compactness, high speed, high 
accuracy, high loading capacity, and high 
stiffness compared to serial manipulators.  
Disadvantages include a reduced workspace and 
complex control due to the coupled nature of the 
actuation. 

 In many ways, the in-parallel mechanism is 
complementary to the serial manipulator and in 
some circumstances it may be very useful to 
combine these two types of structures together.  
One such application is for force control of serial 
manipulators.  Here compliance is introduced 
into the connector legs of the in-parallel 
manipulator which is then mounted at the end of 
the serial arm.  With proper instrumentation, the 
compliant parallel mechanism acts as a sensor 
that can measure the external load that it 
encounters.  The industrial robot is controlled to 
move the base of the platform based on the 
current position and orientation of the top plat-
form relative to its base and on the comparison 
of the desired contact force state to the sensed 
state.  This paper describes the design of a 
compact passive parallel manipulator for this 
force control application. 
 

Background 

 The passive parallel manipulator could 
regulate force and displacement simultaneously 
by mapping a small infinitesimal twist between 
the two rigid bodies into the corresponding 

wrench that acts between them [1].  Various 
methods and strategies are tried to control the 
stiffness of the legs to be able to suit the 
application requirements.  In active compliance 
control, the compliance of the legs is adjusted by 
servos to obtain a linear relation between the 
force and displacement [2].  The other approach 
is to control forces by controlling positions or 
controlling positions and forces together, such as 
compliant control, compliance and force control, 
and hybrid control.  The above controls are more 
difficult and require sophisticated instruments to 
build the controllers. 

 Passive compliance motion control can 
accommodate the misalignments that exist 
between two mating parts due to geometrical 
uncertainties and manufacturing tolerance of the 
parts.  Passive compliance would be sufficient to 
sustain the required contact between two 
interacting surfaces and most importantly would 
assist in the smooth transition of forces from the 
no contact mode region to contact with the 
environment.  The simple and real-time response 
of passive control avoids the complex controller 
and sophisticated instrumentation required in 
some industrial applications.  The in-parallel 
mechanism offers a straightforward method to 
reconstruct the wrench applied on one of the 
platforms from measured leg forces.  Therefore 
the Passive Compliant Coupler for Force Control 
(PCCFC) could provide force feedback control 
for the industrial robot. 

 Gaillet and Reboulet [3] developed the first 
sensor of this kind based on the octahedral 
structure of the Stewart platform.  Lee [4] 
defined the problem of ‘closeness’ to a 
singularity measure by defining what is known 
as Quality Index (QI) for planer in-parallel 
devices.  Lee et al [5] extended the definition of 
Quality Index to spatial 3-3 in-parallel devices.  
The quality index is the ratio of the determinant 
of the matrix formed by the Plucker line 
coordinates of the six connector legs of the 
platform in some arbitrary position to the 
maximum value of determinant that is possible 
for the in-parallel mechanism.  Lee [6] provides 
a detailed Quality Index research on several 
typical in-parallel structures.  

 The simplest in-parallel platform geometry 
is a 3-3 configuration that is shown in Figure 3.  
The forward kinematic analysis was first per-
formed by Griffis and Duffy [7].  Although this 
platform has the simplest geometry with regards 
to the forward analysis, it is difficult to design 

Figure 2:  Parallel Manipulator
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and implement in practice due to the concentric 
spherical joints.  Separating the spherical joints, 
however, can lead to a very complex forward 
analysis procedure.  The problem of separating 
the center of the joints without increasing the 
complexity of the forward analysis was 
overcome by moving three of the joints on the 
base and top along the original triangular edges 
of the 3-3 device.  Figure 4 shows this 
configuration which is referred to as a special 
6-6 in-parallel mechanism.  It was shown by 
Griffis and Duffy [8] that the complexity of the 
forward analysis of this mechanism is equivalent 
to that of the original 3-3 mechanism. 

 A previous PCCFC prototype was 
completed in the summer of 2000 and is shown 
in Figure 5 [9].  The special 6-6 parallel structure 
was utilized in the design of this prototype.  This 
device used leaf-springs in each leg to obtain 
compliance and was instrumented with poten-
tiometers to measure each leg displacement. 

 Several experiments were conducted to 
evaluate the performance of this prototype.  The 
experiments showed that this design has some 
deficiencies.  Significant friction in the spherical 
joints was noted.  This friction impacted the 
ability of the top platform to return repeatedly to 
the same home position when external loading 
was removed.  Also this friction caused moments 
to be transmitted through the leg connectors 

which were not designed to sense this moment.  
This was obviously a significant problem since 
force control cannot occur if the externally 
applied loading cannot be accurately measured.  
Due to these problems, the objective of this 
effort is to redesign and fabricate a new PCCFC 
prototype. 

 

Conceptual Design 

 The new PCCFC design was based on the 
prior prototype in that the special 6-6 geometry 
was used and the unloaded home position of the 
device was at the optimal quality index 
configuration.  The six compliant leg connectors 
however were completely redesigned. 

 Since the most significant deficiency of the 
previous design was friction in the spherical 
joints, the previous joints were replaced by mini 
ball bearing Hooke joints which are two degree 
of freedom joints.  To achieve the necessary 
mobility of the device, additional revolute joints 
were introduced into each leg connector.  The 
rotation axis of the revolute joint is along the line 
connecting the centers of the Hooke joints at the 
base and top of the connector.  The second major 
modification was to redesign the spring and leg 
connector components.  Ball splines were 
introduced to ensure translational motion of the 
upper and lower leg components and coil springs 
were used in place of the leaf spring design.  
This greatly reduced the size of the overall leg 
connector.  The third major modification was the 
use of linear encoders to measure leg deflection.  
The accuracy of the leg measurements was 

Figure 4:  Special 6-6 In-Parallel Mechanism 

Figure 3:  3-3 Platform 

Figure 5:  Previous PCCFC Prototype (grid 
marks are in inches) 
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significantly improved.  These modifications will 
be described subsequently. 

 The geometric configuration and the relative 
dimensions of the parallel manipulator at its 
unloaded home position are obtained by applying 
the optimal Quality Index Criteria [5].  The 
Quality Index for the mechanism at some 
position and orientation of the top platform is a 
dimensionless value that is defined as the ratio of 
the determinant of the 6×6 matrix formed by the 
Plücker line coordinates of the six leg connectors 
at that instant to the maximum value possible for 
this determinant.  The quality index is written as 

  
max||
||

J
J

=λ   (1) 

where J is the matrix of the line coordinates.  
The quality index takes a maximum value of 1 at 
an optimal configuration that is shown to 
correspond to the maximum value of the 
determinant.  As the top platform departs from 
this configuration relative to the base, the 
determinant would decrease, and at some 
positions and orientation it can reach zero which 
indicates an uncontrollable singularity state. 

 As previously stated, the mechanism has 
been designed such that the determinant of the 
matrix J will be a maximum at the unloaded 
home position.  Lee [6] showed that for a 3-3 
platform with a top triangle of side length ‘a’ and 
a bottom triangle of side length ‘b’, that the 
maximum value of the determinant of J would 
occur when the top platform was parallel to the 
base and was rotated as depicted by the plan 
view shown in Figure 6.  The determinant of the 

matrix J was shown to be given by 
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where ‘h’ is the separation distance or height of 
the top platform with respect to the base.  Lee 
proved that the maximum value for the 
determinant of J would occur when 

  b = 2a = 2h . (3) 

Lee [6] further analyzed the special 6-6 geometry 
shown in Figure 7 to determine the optimal set of 
dimensional parameters.  The results are similar 
to that of the 3-3 platform, but will not be fully 
presented here. 

 For a static analysis, when an external 
wrench ŵ = [fx, fy, fz ; mx, my, mz]T is applied to 
the top platform, each of the six legs will sustain 
an axial force.  The relationship between the 
forces in the leg connectors and the external 
wrench can be expressed as 

  ∑
=

=
6

1i
Liifˆ $w  (4) 

 where fi is the magnitude of the force along leg i 
and $Li is the Plücker coordinates of the line 
along leg i.  For the PCCFC, the legs are 
instrumented with linear encoders so that the 
length of each leg connector is known at each 
instant.  From a forward analysis, the position 
and orientation of the top platform can be 
determined.  From this, the Plücker coordinates 
of the six leg connectors are calculated.  Each 

Figure 6: Plan View of 3-3 Parallel 
Platform 

Figure 7:  Plan View of Special 6-6 
Platform 
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spring elongation, and therefore each connector 
force, is also calculated based on the difference 
between the current length of the leg and the free 
length.  Knowledge of the Plücker line 
coordinates and the connector forces allows for 
the externally applied wrench to be evaluated 
from equation (4). 

 Griffis and Duffy [1] provide the relation-
ship between infinitesimal twist and external 
wrench change as 

  DKW
))

][=  (5) 

where T
0 ];[ˆ mfW ∂∂=  is the infinitesimal 

change of the external wrench and 
T

0 ];[ˆ φxD ∂∂=  is the infinitesimal twist of the 
top platform.  [K] is the 6×6 stiffness matrix 
which was written by Griffis [10] and is not 
repeated here.  A significant discovery of Griffis 
was that the stiffness matrix is not symmetric 
when the platform is displaced from its unloaded 
home position. 

 When the PCCFC is integrated with a robot 
manipulator, the manipulator will be commanded 
to move to attain a desired force and torque state.  
The linear encoders of the PCCFC will be 
monitored and the externally applied wrench will 
be calculated at each instant.  Motion commands 
will then be sent to the manipulator to move the 
base platform in order to modify the externally 
applied wrench and to achieve the desired force 
and torque state. 

 

Structure Specifications 

 The elastic element is a major part of the 
system that was redesigned for this prototype.  
Based on the poor performance of the leaf-spring 
design of the prior prototype, this element was 
replaced by a precision spring that allows for 
elongation and compression of the leg connector. 

 After carefully studying and comparing 
different springs, a group of precision springs 
with different spring constants and same high 
linear coefficient (± 5%) were selected to use as 
the elastic component in the legs. The spring 
rates are respectively 50, 15, and 5 lb/in.  By 
using different groups of springs, the stiffness 
matrix of the structure can be changed by 
replacing the spring and thus the device can be 
applied to different applications where the 
expected force ranges could change. 

 The length of each leg connector is 
measured by a linear optical encoder.  Each leg 
connector is comprised of two parts that translate 
with respect to one another and which are 
interconnected by the spring.  The encoder read 
head is attached to one of the leg parts and the 
encoder linear scale is attached to the other.  The 
two leg parts are constrained by a ball spline to 
ensure that they translate relative to one another 
and to help maintain alignment of the encoder 
read head and linear scale. 

 The resolution of the optical encoder is quite 
high and the accuracy of the measurement will 
be much improved compared to the potentiome-
ter used in the previous prototype.  The encoder 
can measure to an accuracy of 1440 counts per 
inch for a resolution of 0.000694 inches.  Figure 
8 shows the leg connector with the encoder read 
head and Hooke joints installed. 

 The design of the top and base platform 
appears quite straightforward since each is 
simply a rigid body that is connected to each leg 
by a Hooke joint.  However, the design is 
constrained by the desire to have the platform 
attain the maximum Quality Index value at its 
unloaded home position.  Further the top and 
base platforms must be designed so that the 
individual legs will not collide with one another 
as the top platform moves throughout its desired 
workspace.  In order to satisfy the Quality Index 
criteria, the size of the top platform was made to 
be half that of the bottom platform. 

 For this project, CAD modeling revealed 
that leg collisions could be avoided if the size of 
the top and base platforms were chosen as a = 60 
mm and b = 120 mm where ‘a’ and ‘b’ are 
defined in Figure 7.  Furthermore the parameter 
ρ, which indicates the percentage of separation 
of the adjacent Hooke joints, was selected as ρ = 

Figure 8: Assembled leg 
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0.2333.  In order for the distance between the top 
and base platforms to equal the value of the 
parameter ‘a’ at the unloaded position, the free 
lengths of the legs were calculated to be Lshort = 
68.021 mm and Llong = 80.969 mm.  It can be 
seen in Figure 7 that three of the leg connectors 
will have a length of Lshort at the unloaded 
position and three will have a length of Llong.  To 
summarize, the design parameters for the 
PCCFC were selected as 

a = 60 mm, 
b =120 mm, 
ρ = 28/120 = 0.2333 , 
h = a, 
Lshort = 68.021 mm, 
Llong = 80.969  mm . 

The resulting device will be compact in size and 
suitable for application to force control of an 
industrial manipulator. 

 

Conclusion 

 This paper has presented a new design of a 
six degree of freedom passive parallel platform 
for force control applications.  The device 
consists of a top platform connected to a base by 
six compliant leg connectors.  These connectors 
are instrumented so that leg deflections can be 
measured as external loading is applied to the top 
platform.  Knowledge of the leg deflections and 
the spring constant and free lengths of each 
connector make it possible to calculate the 
position and orientation of the top platform and 
the externally applied force and torque applied to 
the top platform. 

 Significant improvements have been 
incorporated in the current design to overcome 
deficiencies that were noted in the previous 
prototype.  Current work is focused on testing of 
the new prototype and integrating the device 
with an industrial robot to demonstrate force 
control capabilities. 
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