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ABSTRACT 

Research and development of new microsystems technologies 
often relies on performing different microfabrication 
operations on small numbers of dice.  These type of operations 
fall outside the mainstream batch fabrication procedures, and 
manual transfers and manipulations of fragile released 
microelectromechanical systems (MEMS) structures can lead 
to damage during handling.  This paper presents the design of 
a mechanically adaptive tooling and fixturing device to reduce 
chipping, cracking, and other failures that occur during 
materials handling operations in existing microfabrication 
processes.  The design is based on a three-leg, planar, parallel 
kinematic mechanism (PKM) with variable locations of the 
base joints.  Changing the design constraints, such as locations 
of the base joints of the fixture or stiffness of each leg, 
provides variable fixturing capabilities that can be utilized to 
perform different tasks.   Static analysis reveals the 
relationship between the locations of the base joints of the 
fixture and the resulting stiffness and contact forces with the 
part.  Additionally, the singular configurations of the device 
are identified and used to determine geometries best suited to 
performing different tasks such as part loading/unloading and 
stable fixturing. 

INTRODUCTION 

The increased use of specialized microfabrication processes 
has enabled new capabilities for microdevices that are 
otherwise not achievable through more standard, large-batch 
processing methods.  These procedures, often done by hand 
for small batches of parts, usually require multiple transfers 
and manipulation of fragile, released MEMS substrates from a 
storage container, such as a waffle or gel-pack, for processes 
such as etching, inspection, packaging and micromachining.  
During these transfers, the substrates are at risk of being 
damaged in handling, or lost entirely.  Over the past decade, 
various manipulation and handling techniques have evolved 
for addressing microassembly issues in the assembly of LIGA 
parts [1,2] and packaging of MEMS [3].  Many techniques 
that are appropriate for small batch production still rely 
greatly on manual manipulation of parts.  This paper examines 
the design of a mechanically adaptive fixturing tool that may 
be utilized in microfabrication processing to reduce the 
number of damaged parts and provide a stable means of 
transferring and fixturing devices for fabrication procedures.   

The hand-held tooling and fixturing device consists of a 

kinematically parallel structure with adjustable base joint 
locations for fixturing free-standing MEMS substrates with 
planar dimensions of 1 cm2 to 1 mm2 and 200 to 500 µm 
thick.  The base configuration of the device finds its origins in 
the design of parallel kinematic mechanisms, which are 
known to have directionally dependent, nonlinear stiffness 
characteristics [4,5].  Researchers have also demonstrated the 
use of parallel kinematic mechanisms in fixturing and micro 
positioning of parts [6,7].   

One can control the local stiffness interaction of the tooling 
and fixturing by changing the geometry or mechanical 
properties of the device configuration.  For instance, changing 
the locations of the base points of the parallel positioning links 
or altering the stiffness of the links, results in different 
force-displacement behavior of the mechanism.  
Appropriately selected configurations of the component 
constraints will yield non-excessive gripping or contact forces 
acting on the dice to preclude damaging the die, but still 
maintaining forces of sufficient magnitude to ensure a stable 
kinematic mount.  In addition to providing appropriate 
fixturing capabilities, alternate configurations of the 
geometric parameters can be used to reduce the corresponding 
contact forces between the dice and the tooling to facilitate 
ease in loading/unloading the dice without risk of damaging or 
losing the dice in the process.  Parallel kinematic mechanism 
(PKM) systems are subject to singularities in their workspace 
that can add an undesired degree of freedom to the system.  
Therefore, additional consideration is given to identify 
singular configurations so as to avoid the generation of 
unwanted degrees of freedom in the system [4].  

In this paper, the kinematics of the fixturing device are derived 
and the singularities are identified.  These singularity 
positions are identified by evaluation of the Jacobian matrix 
for the device configuration.  The manipulability of the system 
is examined as a function of the base point configurations to 
help identify base point locations that are suitable for 
providing a stable kinematic mount for fixturing as well as 
positions that lend themselves to loading/unloading of parts.  
A static force analysis is conducted to determine the stiffness 
characteristics and contact force relationships as a function of 
the relative position and orientation of the die within the 
fixture, measured from its static equilibrium position.  The 
stiffness characteristics of the assembled fixture may also be 
altered by changing the spring stiffness of each leg of the 
fixture.  Identifying different configurations and stiffness 



  

characteristics allows for the development of an actively 
controlled adaptive fixture design in which the characteristics 
of the fixture are changed for different tasks.   

GEOMETRY AND COORDINATE FRAME DEFINITIONS 

The device is simply modeled as a PKM where  the MEMS die 
of planar dimensions 2n x 2m serves as the platform of the 
PKM and the legs of the mechanism are the fixturing 
components modeled as linear springs.  A schematic 
representation is shown in Figure 1 depicting the three legs at 
arbitrary positions.  A point contact (pi) with no slippage is 
assumed between the part and each of the legs at all times, and 
is modeled as a revolute joint.  The three legs of the PKM must 
each contact the die at any position along three independent 
sides of the die.  The location of the contact positions at two 
corners, p1 and p2, used in this study was chosen arbitrarily.  
These contact points correspond to the locating/clamping 
fixels.  In future research, the optimal placement of fixels and 
form closure will be addressed.  The location of the base 
points is varied by changing the angle, � , of each leg.  Contact 
between part and fixture is ensured by an initial 
pre-compression of each of the legs of the fixture by an 
amount, � L i,C (i = 1, 2, 3) such that when the part is in place, 
the resulting length of each leg, Li, can be considered as the 
difference between the free-length, Li,0 (i = 1, 2, 3), and the 
initial compressed length, or Li = Li,0 – � L i,C.  The values of 
� L i,C vary for each leg depending on the configuration such 
that the part is in an equilibrium position, and the coordinates 
of point C are at the origin of the global coordinate system. 

The base joint locations can be actively changed using 
continuous or discrete, binary actuation methods similar to 
existing reconfigurable nano-positioners [6].  While the 
ability to alter stiffness in the legs can be limited by the 
material or manufacturing processes, it has been shown that 
changing the boundary conditions (e.g. effective length of a 
component) via mechanical stops offers another alternative to 
actively changing the device stiffness [8].  Researchers have 
also explored the use of electrorheological fluids for 
controlling not only damping but stiffness [9].  In this paper, a 
specific method used for varying the spring constant and base 
point locations is left for future research. The study considers 
the variation of the base points bi (i = 1, 2, 3) over the 

ranges 210 pq ££ , 220 pq ££ , and pq ££ 30 .    

As external forces, Fext, are applied to the mechanism the 
platform will move from its equilibrium position, as depicted 
in Figure 2.  The coordinate frames are shown in the figure as 
{W}, the fixed inertial frame, {S}i, the leg frames for i = 1,2,3, 
and {B} is the frame attached to the platform.   

The leg frames consist of orthogonal unit vectors as shown in 

Figure 2.  The 11)ˆ(s  vector is along the direction of the leg 

and can be determined when the positions of the base point 
and the platform, point C, are known with respect to the 
inertial frame.  Figure 3 shows two corresponding position 
vector sums for the first leg that defines the position of point 
p1 measured from the inertial frame via point C on the 

platform and via the base point b1.  These vectors are used to 
define the leg unit vectors and the newly deformed position of 
each leg. 

 

Figure 1. Schematic of the fixture modeled as a 3DOF, planar 
PKM with variable base point configurations. 

 

Figure 2. Coordinate frame definitions. 

 

In general, the unit vectors for the leg coordinate systems, {S}i 
(for i = 1, 2, 3), are found by the following equations. 
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Figure 3.  Position vectors used to define leg unit vectors expressed 
in  fixed frame {W} coordinates. 
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Where ( )���� is the magnitude of vector (((( ))))���� , the superscript W 

denotes that the vector(s) are expressed in coordinates of 
{W}, the ^ denotes unit vectors, the ´́́́ denotes the vector 
cross-product and the superscript T denotes the transpose of 
the vector (or matrix). 

IDENTIFYING SINGULARITIES 

Singularities for a kinematic system can be identified by 
examination of the Jacobian matrix.  For a serial link robotic 
manipulator, a singularity means the robot has lost a degree of 
freedom and for parallel manipulators, a singularity indicates 
an additional degree of freedom.  This added degree of 
freedom in a parallel kinematic mechanism would be 
detrimental to a fixturing device, but could be utilized for easy 
loading/unloading of a part from the fixture.  It is desired to 
identify the configurations that have no singularities and can 
therefore be utilized for fixturing, as well as to find the 
configurations that can be exploited to facilitate loading and 
unloading. 

In general, the Jacobian for the parallel kinematic mechanism 
is a 6x3 matrix described by the unit vectors along the lengths 
of the legs and a cross product of the position vectors from the 
center point C to the platform joints and the corresponding 

unit vectors is )ˆ( 1 , (i = 1,2,3). 
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Because this is planar mechanism with no motion in the Z 
direction (out of plane motion), the 6x3 matrix can be reduced 

to a 3x3 matrix by considering only the non-zero rows.  From 
this point on, the Jacobian, J, denotes the 3x3 matrix.   The 
singular positions of the mechanism are identified by taking 
the determinant of the Jacobian and finding the configurations 
that make it equal to zero.  This determinant is evaluated for 
each configuration as the locations of the base points vary to 
identify singular configurations. 

0)det( =J                (5) 

Table 1 gives a list of the numerical values for undeformed leg 
lengths and platform size.  For the range of configurations 
considered, results of this analysis show that for this device 
there are multiple singular positions.  These are listed in Table 
2 below.  A sketch of four singular positions listed in Table 2 
is given in Figure 4 to delineate the additional 
degrees-of-freedom to the system.  Noting that fixturing is 
constraint-based in that the legs can exhibit only compressive 
loading with the die, directions of possible unconstrained 
motion is indicated by the arrows. 
 
Table 1.  Numerical values for geometry used in this analysis. 

Symbol Value Unit 
m = n 0.50 cm 

L1,0 = L2,0 = L3,0 3.00 cm 
� 1 210 pq ££  radians 
� 2 220 pq ££  radians 
� 3 pq ££ 30  radians 

K1 = k2 = k3 1 N/m 

 

Table 2. Configuration parameters that result in singularities for 
the fixturing mechanism. 

� 1 (degrees) � 2 (degrees) � 3 (degrees) 

0 0 0, 90, 180 

45 90 0, 180 

90 45 0, 180 

Any � 1 = � 2 90 

 

Figure 4.  Illustrations of the singular positions. 

 

Another way to evaluate the singularities is to look at the 
manipulability of the system.  For any robotic manipulator, 
serial or parallel, as the manipulability approaches zero, it 
indicates that the mechanism is in a singular configuration.  
The manipulability can be expressed as a function of the 
angles � i (i = 1, 2, 3) and for a square Jacobian matrix, J, is 



  

expressed as [10] 

)det(),,( 321 Jw =qqq  .                       (6) 

The manipulability as a function of the angles � 1, and � 2 is 
shown in Figures 5 and 6 for two different values of � 3.  It is 
clear that the manipulability can be altered dramatically by 
simply changing the configuration of the fixture legs, and this 
information can also be used to verify the singularity positions 
previously identified.  From Figure 5, it is clear that with � 3 
equal to 90 degrees, the manipulability approaches zero as the 
angles � 1, and � 2 become equal.  Figure 6 shows that the 
surface changes for an arbitrarily chosen angle of � 3 equal to 
40 degrees. 

 

 
Figure 5. Manipulability as a function of angles � 1, and � 2, with 

� 3= 90 degrees. 

 

 

Figure 6. Manipulability as a function of angles � 1, and � 2, with 
� 3= 40 degrees. 

The manipulability of the PKM has a marked impact on the 
design of the overall adaptive fixturing device.  In designing 
the fixture to secure the part, it would be best to choose a 
configuration with higher manipulability.  However the 
extra-degree of freedom created by a singular configuration 

can be exploited for the purpose of loading/unloading the 
parts from the fixture, thereby providing additional capability 
to the system.  To illustrate how this information may be 
utilized to design the fixturing device, two cases will be 
considered.  Case 1 will consider a configuration for fixturing 
and holding the part and is selected as having a high value of 
manipulability (Case 1: � 1 = 80°, � 2 = 20°, � 3 = 90°).  Case 2 
will use a base point configuration that is close to a singular 
position that will provide a direction ideal for 
loading/unloading of the die in the fixture (Case 2: � 1 = 80°, � 2 

= 80°, � 3 = 90°).  A static force analysis of each case has been 
performed to investigate the performance of the PKM 
configurations in each case. 

FORCE ANALYSIS 

As the die is moved from equilibrium in x, y and theta 
directions, the magnitude of the equivalent force/moment 
required to hold the die in its perturbed state is calculated to 
determine the fixture’s ability to resist unwanted displacement 
of the part.  Plotting the force magnitude in the perturbed x 
and y positions results in a surface that characterizes the 
stiffness properties of the assembled part and fixture for a 
given configuration. It is important to note that a pre-load is 
applied to the fixture to guarantee that contact is maintained 
between the part and the fixturing elements. In this study, the 
pre-loading of the springs is imposed once the part is in place.  
Each spring is then initially compressed by an offset length, 
� L i,C (i = 1, 2, 3).  Figure 7 shows the magnitude of the 
resultant force for Case 1.  The force is normalized by the 
stiffness of the legs.  This force-displacement profile 
illustrates that as the part is displaced from the equilibrium 
position in the x and y directions, the fixture resists this motion 
in both directions.  In this configuration, then, the adaptive 
fixturing PKM demonstrates the capability to provide a 
kinematic mount for the part.  The slope of the surface reflects 
the stiffness of the fixture and can be altered by choosing a 
different configuration. 

The adaptive fixturing PKM can be simply reconfigured to 
achieve the design objective of Case 2 by readjusting the 
location of the base point b2 to � 2=80°.  In this base point 
configuration, the mechanism is near a singular position and 
will therefore provide an additional degree of freedom that 
can be utilized to facilitate the load-unload tasks.  Analysis of 
the resulting force-displacement curve for Case 2, shown in 
Figure 8, demonstrates that the mechanism provides very little 
resistance to motion in the y-direction, thus providing a 
preferred direction for easy part loading and unloading from 
the fixture.  Figure 9 shows the corresponding resultant 
moment for rotational motion in theta for each case. 

The contact forces on the part are calculated by examining the 
geometry of the device given the stiffness values for each leg, 
ki, the base joint locations, bi, and the lengths of the springs, 
L i, after the pre-load compression is applied.  A static force 
analysis is conducted to determine the contact force 
relationship as a function of the relative position and 
orientation of the dice within the fixture, measured from its 
static equilibrium position.  In addition, to evaluate the 



  

adjustability aspects of the design to allow for ease in 
loading/unloading of the dice, the contact force relationships 
are investigated for characteristic trends incurred when 
subjected to variations in the base joint locations. 

 

Figure 7. Resultant force per unit stiffness for fixture in 
configuration for Case 1 for motion in x and y. 

 

 

Figure 8.  Resultant force per unit stiffness for fixture in 
configuration for Case 2 for motion in x and y. 

 

 

Figure 9.  Resultant moment per unit stiffness for fixture for 
rotational motion. 

When external forces are acting on the system causing point C 
to undergo a displacement, the lengths of the springs in each 
leg are altered as well as the contact force at each joint 
location.  The new spring length, L*

i, is the magnitude of the 
position vector from the base point to the contact joint.  This 
length takes into account the initial compression of the spring 
during the pre-load. 

PiBii rL ®=*                    (7) 

The corresponding contact force is 
 

iiiii sLLkF )ˆ)(( 1
*

0, -=      for i = 1, 2, 3               (8) 

where Li,0 is the initial free length. The contact force includes 
the pre-load force.  Looking at the maximum contact force 
experienced within the range of motion of the part is important 
to ensure that the forces do not exceed a maximum value that 
will result in damage to the part.  The maximum contact force 
for case 1 and case 2 are shown in Figures 10 and 11, 
respectively.   

 

Figure 10. Maximum contact forces for Case 1. 

Figure 11.  Maximum contact forces for Case 2. 

The previous discussion has focused on the effects of altering 
the locations of the base points of the legs, but there are 
additional design parameters that can affect the fixturing 
device as well.  To illustrate the variability of the fixture 



  

performance as the spring constant is altered, the force 
relationships are shown for the cases described above using a 
different stiffness setting in which the spring stiffness for leg 2 
is increased by a factor of 3.  As the part is perturbed in the x 
and y directions, the resulting force magnitude is calculated 
and shown as a surface plots in Figures 12 and 13 for Cases 1 
and 2 respectively.  Comparison of these plots to those in 
Figures 7 and 8 reveals that the force profiles are changed, 
altering the slopes of the curves in providing resistance to 
perturbation in the x and y directions.  This analysis allows for 
the shape of these surfaces to be optimized for desired 
performance characteristics.  This information will also allow 
for an actively controlled adaptive fixture design in which the 
stiffness characteristics are changed for different tasks.  

 

Figure 12.  Resultant force per unit stiffness for fixture in 
configuration for Case 1 with altered stiffness in leg 2. 

 

 

Figure 13.  Resultant force per unit stiffness for fixture in 
configuration for Case2 with altered stiffness in leg 2. 

 

CONCLUSIONS 

The result of this study is a parallel fixture design to be used to 
transfer and locate parts in microfabrication processes.  The 
reconfigurable design allows for optimal performance for a 

multitude of tasks including loading/unloading of the dice.  
The results demonstrate the relationship between device 
geometry and the resulting stiffness and force characteristics 
of a three-leg parallel mechanism.  The locations of the base 
points of the legs can be varied to yield optimal stiffness 
characteristics of the mechanism that provides adaptive 
task-tailoring capability for materials handling operations in 
micro-fabrication processes.  The static force is considered in 
this paper; however the dynamic characteristics of the system 
are important as well.  Future work includes further 
computational design optimization studies that will consider 
the dynamics of the device and incorporation of this device 
into an adaptive hand-held tooling and fixturing system. 
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