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Serial and Parallel 
• Serial : actuators mounted on top of each 

other 

• Bulky for high DOF, slow response

• Parallel : each actuator mounted on ground 
base

• Close chain parallel design, increased cross-
sensitivity

Vs.



Flexures

• Overcome backlash with repeatable joints

• Ease of fabrication

• Very few joints

• Sub-micron accuracy achieved easily

• Limited range of motion

• Careful material selection



Flexures in biology

order to achieve required motions. The fact that a single input
force can excite several vibrational modes in a body can be ex-
ploited to simplify the design of a moving mechanism. In addi-
tion, mechanisms can be designed to store and transfer mechanical
energy in order to save energy during the locomotion cycle. Stud-
ies of fish locomotion have identified two important principles
that may support such an alternative implementation. First, fish
axial muscles may either apply force or simply regulate its trans-
mission through the body depending on when they are activated
during the undulatory wave that passes through the body !9".
More precisely, axial muscle activity suggests the apparent lack of
active force generation through the entire length of the body for
specific tasks such as steady swimming, where force generation is
concentrated in anterior parts of the body while posterior parts act
to simply transmit the forces. Second, oscillatory fish motions
allow mechanical energy to be stored and recovered between
cycles in order to minimize energy consumption !9,10". In fact,
musculoskeletal measurements confirm the approximate correla-
tion of body natural frequencies with locomotion frequencies !10".

As a first step for establishing this alternative approach we
study the methodology required for its implementation in biomi-
metic mechanisms and measure preliminary performance results.
This article explains the proposed design approach in Sec. 2 and
then presents the analysis required to carry such approach on the
design of biomimetic mechanisms in Sec. 3. Section 4 covers
details on prototypes implementing this approach and their manu-
facturing. Finally, Sec. 5 presents simulation and experimental
results that validate the study. Section 6 summarizes the conclu-
sions and recommendations.

2 Design Methodology
Swimming techniques differ among different fish categories but

common characteristics include the restriction of body motions to
the yaw plane and body undulations with increasing amplitude
from anterior to posterior ends. Current biomimetic mechanisms
designed to implement fish-swimming techniques share similar
features. The complex body motions needed are implemented us-
ing hyper-redundant manipulator-type spines. Mechanisms have

either a direct drive configuration or all the actuation packed in
the robot’s belly while a system of pulleys transmits the power to
all the spine links !5–8".

In contrast, our approach is to design continuous compliant
mechanisms that implement the desired complex body motions by
excitation of modes of vibration. The flexible part of a fish body,
which will be referred to as tail from now on, can be approxi-
mated by a flexible beam as shown in Fig. 1. The objective is to
achieve tail deflections that resemble tail kinematics of a real fish.
In order to accomplish this goal, models describing the dynamics
of such flexible beams are needed. A required model is a function
that would take as inputs the actuator, material, and geometrical
properties of compliant mechanisms and return as output the
mechanism motions. The simplest procedure is then to use such a
model to fit kinematic data of a real fish. This process allows the
designer to identify model parameters that allow the smallest fit
errors. As a result, information on the appropriate material, geo-
metrical, and actuator properties required to achieve a good fit can
be found. Figure 2 shows the top view of a beam model for a
compliant mechanism and a diagram that summarizes the design
methodology. The lateral deflection of the tail axis at a given point
x and time t is denoted by h#x , t$. The tail of length ! has a density
!, a modulus of elasticity E, a cross-sectional area A, and a mo-
ment of inertia I. Vibrations can be induced by applying a time
varying moment M#t$ at a distance a from the tail base. The
desired kinematics are that of carangiform fish. This is a particular
fish category whose swimming motions can be described by equa-
tions of the form

hfish#x,t$ = #c1x + c2x2$sin#"x + #t$ = h1#x$!sin#"x$cos##t$

+ cos#"x$sin##t$" #1$

where " is the body wave number #"=2$ /% where % is the body
wave length$, # is the body wave frequency, c1 is the linear wave
amplitude envelope, and c2 is the quadratic wave amplitude enve-
lope !5". The advantages of this model are that its parameters can
be estimated from fish kinematic information available in the lit-
erature, and this particular fish category stands out for its superior

Fig. 2 Tail model top view. The lateral deflection of the tail axis at a given point x and time t is denoted by h„x , t…. The tail of
length " has a density !, a modulus of elasticity E, a cross-sectional area A, and a second moment I. A time varying moment
M„t… is applied at a distance a from the tail base „left…. Diagram portraying beam design procedure: Analytical model results are
compared with target deformations in order to determine appropriate model inputs „right….

Fig. 1 Top and side views of a fish with a flexible beam model approximation of
its tail in dotted lines „left…. Isometric views of a beam-like tail static and excited
„right….
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Fish fin and body dynamics - 
ziplock demo

decreased with increasing flow (Fig. 3), most likely
reflecting increased coning.

Petiole breaking force.—Petiole breakage was always
sudden and complete, resulting in simple transverse
surfaces in most cases; occasionally, the central tissues
parted a few millimeters away from the break in the
surrounding superficial tissue. Sections from the same
petiole showed no systematic variation in strength that
was related to the original position of the section

between the ground and leaf blade. Mean breaking
force for all 18 sections obtained from 6 petioles was
16.91 6 5.02 N (range ¼ 10.9–26.0 N). Mean breaking
force relative to leaf area (again, this measurement is
not stress; see Methods) was 3930 6 910 N/m2 (range
¼ 2510–5520 N/m2). Correcting for leaf surface area
(4616 6 2497 mm2, range ¼ 3090–9634 mm2) reduced
breaking force variability only slightly. Larger leaf
blades appeared to be associated with stronger petioles

FIG. 2. Photographs of a Hexastylis leaf (side views) reconfiguring when fully submerged. A.—In still water. B.—At ;0.5 m/s.
C.—At ;1.0 m/s. This leaf extends ;85 mm from the center of a line connecting the ends of the basal lobes to the distal tip. Flow is
from left to right of each photograph.

FIG. 3. Mean (61 SD) drag coefficient (Cd) plotted against flow speed (U) for leaves of Hexastylis when submerged and when
aquaplaning. n ¼ 6.
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muscular engines and provides a general framework for under-
standing nastic motion in plants.
Plants are not known for their ability to move quickly. Never-

theless, rapid plant movements are involved in essential functions
such as seed and pollen dispersal (exploding fruits in Impatiens,
squirting cucumber and trigger plants), defence (sensitive mimosa)
and nutrition (Venus flytrap, Aldrovanda vesiculosa, bladderwort).
Of these spectacular examples that have long fascinated scientists,
the leaves of the Venus flytrap (Fig. 1a), which snap together in a
fraction of second to capture insects, have long been a paradigm for
study; however, the mechanism by which this engine works remains
poorly understood1,5,8–13. The most frequently proposed expla-
nations are an irreversible, acid-induced wall loosening8, and a
rapid loss of turgor pressure in ‘motor cells’13. However, the validity
of bothmechanisms has recently been questioned5,11 on the grounds
that these cellular mechanisms alone cannot explain the rapidity of
closure of the entire leaf on a macroscopic scale; this has led to the
suggestion5 that elastic deformations might be important.
Any mechanistic explanation requires an understanding of the

geometry of snapping. Therefore, we first quantified the change in
leaf geometry during closure by painting sub-millimetric ultra-
violet-fluorescent dots on the external face of the leaves and filmed
closure under ultraviolet light, using high speed video at 400 frames
per second (Fig. 1b, see SupplementaryMethods for amovie). Using
a pair of mirrors to record stereo images, we reconstructed the leaf
geometry and the change therein using triangulation (Fig. 1b, c; see
Methods). As Darwin had already noted1, the leaf is curved outward

(convex) in the open state and curved inward (concave) in the
closed state (Fig. 1a). The leaf shape can be naturally characterized
in terms of its spatially averaged mean curvature (km) and its
spatially averaged gaussian curvature (k g), both of which are
invariant under rigid body motions and are thus indicators of
shape. In Fig. 1d we plot km as a function of time and observe that
the snapping motion is characterized by three phases: a slow initial
phase (20% of total displacement in 1/3 s), a rapid intermediate
phase (60% of total displacement in 1/10 s) and finally a second slow
phase (20%of total displacement in 1/3 s). The existence of the three
phases is consistently observed, but the quantitative values may
vary.Most of the leaf displacement occurs in the intermediate phase,
during which the leaf geometry changes from convex to concave.
Figure 1e shows k g as a function of time. We see that kg is not
constant, and also that kg changes slowly and then rapidly as it
passes through a minimum. As changes in k g correspond to
stretching the mid-plane of the leaf14, these observations imply
that closure is characterized by the slow storage of elastic energy
followed by its rapid release.

To understand the origin of these curvature changes, we
measured local strains by recording the position of fiducial markers
over the entire outer surface of a leaf before and after closure (see
Methods). Our measurements of the strain (Fig. 2a) are consistent
with earlier point-wise measurements5,12, but go beyond these by
characterizing the spatial structure of the strain field over the entire
leaf. Figure 2a shows that the maximum strain perpendicular to the
midrib (x-direction) is six times the maximum strain parallel to

Figure 1 Dynamics of Venus flytrap closure. a, The Venus flytrap in its open and closed
states. b, Schematic diagram of the imaging technique and typical stereo image showing

fluorescent dots on the leaf surface under ultraviolet light. c, Dynamic sequence of the leaf
closure. The time between images is 0.04 s. Colour indicates the value of the local mean

curvature (blue km , 0, red km . 0). d, e, The spatially averaged mean curvature km (d)

and the spatially averaged gaussian curvature kg (e) as a function of time. The plant was
triggered at t ¼ 0. The closure dynamics are characterized by three phases (I–III): a slow

initial phase, a rapid intermediate phase and finally a second slow phase. The solid line

corresponds to the theoretical model (see Methods). Scale bar, 1 cm in (a) and (b).
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Flexure hinges

and moments about other axes will always be present. Sub-

sequent off-axis distortions of an elliptical hinge can be cal-

culated using the equations for compliance in the other axes

also presented in this article.

II. THEORETICAL CONSIDERATIONS

Formulas for the stiffness of the leaf spring and circular

notch are presented in the next two sections. For comparison

between simple bending theory and finite element modeling,

an expression for the bending stress in a circular notch hinge

has been derived from the continuum mechanics solutions

first presented by Ling in 1952.7

A. The leaf type flexure

From simple bending theory, the angular stiffness of this

type of hinge is given by the equation

K!zMz!
M

!
!

EI

2ax
, "1#

where 2ax is the length of the hinge, E is the elastic modu-

lus, I is the second moment of area, M the bending moment,

and ! the angular deflection about the neutral axis. This

rather unusual definition of the length of the beam has been

chosen for comparison with notch hinges of circular and el-

liptic geometry. Ignoring stress concentrations at the root of

the flexure, at the onset of yielding, the stress in such a hinge

for a given maximum angular displacement, !max , can be
derived from simple bending theory
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Rearranging Eq. "2#, the thickness of such a leaf spring is

t!
4ax
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$y . "3#

At this angular deflection, the maximum stiffness for a given

deflection "which is also proportional to the maximum strain
energy that can be stored in such a hinge# is given by
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where b is the depth of the spring. This illustrates the well

known design rules that for a given material and length of

leaf spring, the stiffness scales linearly with its depth.

B. The circular notch hinge

For the notch hinge of Fig. 1"a#, an approximate solution
for the angular compliance was first presented by Paros and

Weisbord8 and "replacing the symbol R used in this article

with ax# is given by
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For full semicircular notches the dimensionless parameter & is given by
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where the full expression for the hinge compliance in Eq. "5# reduces to
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FIG. 1. Simple notch hinges considered in this article; "a# the circular notch,
"b# the elliptical notch, "c# the leaf spring.
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Single Beam Flexure as a building block 

 

Although a simple beam is not a  very good single degree of freedom flexure unit, 

nevertheless due to its simplicity we may use it as a building block in the arrangement 

discussed in the previous section. From beam bending analysis we know that the beam tip 

translates (!) as well as rotates (") when it experiences a force. Furthermore, it also 

exhibits a parasitic error in the X direction (#).  

Fig. 2 
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where, 

L is the length of the beams 

E is the Young’s modulus of the material 

I is second moment of the area of the beam cross-section 

 

Obviously, since the building block itself is not close to the ideal flexure that we desire 

for units A, B, C and D, we do not expect a very high performance from the mechanisms 

generated using the simple beam. In subsequent sections we shall employ increasingly 

more accurate building blocks and thus obtaining better overall flexure performance.  

 

 

Two-axes planer flexure mechanism designs based on the simple beam flexure 

 

Following the design principle expounded earlier in this document, we come up with a 

two-axis planer flexure mechanism design, in which the beam flexure is used for Flexure 

Units A, B, C and D (Figure 3). This is a moderately reasonable design in terms of 

performance and may be used where accuracy can be compromised but space is at a 

premium. A quick evaluation of the performance measures is listed here: 
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Although the design illustrated in Fig. 4 is a two-DOF planer mechanism, out of plane 

motion can also be accomplished by adding horizontal tabs to the beam flexures. This can 

allow as many as five degrees of freedom: two in-plane translations, and three out-of-

plane degrees of freedom. Further details on this idea are presented in subsequent 

sections, when parallelogram and double parallelogram flexures are used as the building 

blocks. 

  

Parallelogram Flexure as a building block 

 

The parallelogram flexure unit is a classic design that has been employed in various 

flexural mechanisms in the past. Fig. 5 provides a schematic of the flexure in its 

deformed and undeformed configurations. Beam bending analysis can be used to predict 

the force-deformation characteristics of this flexure. It can be analytically shown that 

parallelogram flexure offers little resistance to relative motion in Y direction but is very 

stiff with respect to relative motion in X and rotation. Hence, it a much better 

approximation for a single DOF flexure as compared to the single beam used in the 

previous case. 

Figure 5 
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where 

t is the thickness of the beams 

b is the separation between the two beams of the parallelogram 

all other quantities are same as defined earlier 
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Double Parallelogram Flexure vs. Simple Parallelogram Flexure 

 

As was explained earlier, the simple parallelogram flexure suffers from inherent motion 

errors due to its geometry. If used as a building block, these errors also appear in the 

resulting flexural mechanism, thus leading to inadequate performance measures. Instead 

of using a simple parallelogram flexure, if we use the double parallelogram flexure unit, 

shown in Fig. 11, as the building block for two-axis planer flexural mechanisms, we can 

achieve better overall performance. In some of the technical literature this flexure unit is 

also referred to as the compound parallelogram flexure,  folded-beam flexure and crab-

leg flexure.  

 

Figure 11 
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The double-parallelogram unit is much closer to the idealized flexure units discussed 

earlier. Analysis shows that the flexure allows relative Y translation between bodies A 

and B (Fig. 11), but is very stiff in relative X displacement and rotation. The parasitic 

error ( are theoretically non-existent in this case because any length contraction due to 
beam deformation is absorbed by a secondary motion stage, the motion of which is 

inconsequential. There does exist a rotational parasitic motion, which can be eliminated 

F

)

A

A

Secondary

Motion Stage

B

Y

X

Primary

Motion Stage

*

Double Parallelogram flexure

Shorya Awtar MIT Confidential 15

Double Parallelogram Flexure vs. Simple Parallelogram Flexure 

 

As was explained earlier, the simple parallelogram flexure suffers from inherent motion 

errors due to its geometry. If used as a building block, these errors also appear in the 

resulting flexural mechanism, thus leading to inadequate performance measures. Instead 

of using a simple parallelogram flexure, if we use the double parallelogram flexure unit, 

shown in Fig. 11, as the building block for two-axis planer flexural mechanisms, we can 

achieve better overall performance. In some of the technical literature this flexure unit is 

also referred to as the compound parallelogram flexure,  folded-beam flexure and crab-

leg flexure.  

 

Figure 11 

 
3

2

2 2

1 2

1 1
   ;         and    0

12

FL
t

EI Lb b

!
! " #

! "
= # + =$ %

& '
 

 

The double-parallelogram unit is much closer to the idealized flexure units discussed 

earlier. Analysis shows that the flexure allows relative Y translation between bodies A 

and B (Fig. 11), but is very stiff in relative X displacement and rotation. The parasitic 

error ( are theoretically non-existent in this case because any length contraction due to 
beam deformation is absorbed by a secondary motion stage, the motion of which is 

inconsequential. There does exist a rotational parasitic motion, which can be eliminated 

F

)

A

A

Secondary

Motion Stage

B

Y

X

Primary

Motion Stage

*







Analysis contd.

Finite element analysis



Planar flexures 
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(a)

(b)

(c)

Fig. 7. Error analysis for directional input. (a) X directional error. (b) Y
directional error. (c) directional displacement.

given in the analytic model can test the feasibility of the ana-

lytic stiffness model based on mobility analysis.

The workspace of the system is given in the

and directions, and in the direction. Table I

denotes the kinematic parameters of the micromechanisms. The

simulation results of FEM are shown in Figs. 5-7.

Fig. 8. Planar view of the 6-mobility mechanism.

Fig. 9. Close view of a subchain.

Fig. 10. Experimental setup.

Themicromechanismwithmobility three shows severe errors

in the commanding and all the other directions. On the other

hand, the micromechanism with mobility six shows negligible

errors in the other directions, and a minor error of 5 10% in

the commanding direction. It is confirmed, therefore, that the

system with mobility six has better precision than the system

with mobility three.
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Design and Experiment of a 3-DOF Parallel
Micromechanism Utilizing Flexure Hinges

Byung-Ju Yi, Member, IEEE, Goo Bong Chung, Heung Yeol Na, Whee Kuk Kim, Member, IEEE, and
Il Hong Suh, Senior Member, IEEE

Abstract—Flexure hinge has been commonly used as a substi-
tute for mechanical joints in the design of micropositioning mecha-
nisms. However, inaccuratemodeling of flexure hinges deteriorates
the positioning accuracy. In this paper, a planar three-degree-of-
freedom (DOF) parallel-type micropositioning mechanism is de-
signed with the intention of accurate flexure hinge modeling. For
this, a preliminary kinematic analysis that includes inverse kine-
matics, internal kinematics, and analytic stiffness modeling refer-
enced to the task coordinate is presented. First, the revolute type
of 1-DOF flexure hinge is considered. The simulation result based
on the finite element method, however, is not coincident to the ana-
lytic result. This is due to the minor axial elongation along the link
direction that keeps the mechanism from precise positioning. To
cope with this problem, a 2-DOF flexure hinge model that includes
this additional motion degree as a prismatic joint is employed in
part, and additional actuators are added to compensate for themo-
tion of this new model. On the basis of this model, the positional
accuracy is ensured. The effectiveness of this accurate model is
shown through both simulation and experimentation. This paper
emphasizes that the precise modeling of a flexure hinge is signifi-
cant to guarantee the positional accuracy of parallel micromecha-
nisms using flexure hinge.

Index Terms—Flexure hinge, micromechanism, parallel mecha-
nism, stiffness modeling.

I. INTRODUCTION

M
ICROPOSITIONING mechanism is a key and essen-

tial technology in many fields, such as scanning elec-

tron microscopy (SEM), X-ray lithography, mask alignment,

and micromachining. Recently, there have been quite a number

of studies on the analysis and design of micropositioning mech-

anismswith flexure hinges.Most of previous studies (Moriyama

et al. [1], Taniguchi et al. [2], Tomita et al. [3], Ryu et al. [4],

Chang et al. [5], Peng et al. [6], [7]–[10]) modeled the flexure

hinge by using only one degree of freedom (DOF) for a rev-

olute hinge and only 3-DOF for a spherical hinge. However,

the flexure hinge also has translational motion even though the
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Fig. 1. Schematic of the 3-DOF microparallel manipulator.

amount is small. Some investigators considered this additional

compliance of flexure hinges [10]. However, they omitted mo-

bility analysis in their modeling procedure and also exact stiff-

ness model of micro-mechanisms employing flexure hinges has

not been suggested. This led to the difficulties in successful

implementation of micro-systems. Therefore, in this paper, we

treat this prismatic compliance as an additional kinematic de-

gree of freedom and compensate for this translational motion

by employing additional actuators.

Mobility is defined as the number of independent variables

that must be specified in order to locate the elements of an object

relative to another. It is described by [11]

(1)

where , , , , and denote the mobility, the DOF of the

operational (or task) space, the number of links, the number of

joints, and the motion DOF of the th joint, respectively. Note

that is equal to three in planar systems and includes the

ground. Mobility also represents the minimum number of the

system actuator. When is greater than , the system is called

a kinematically redundant system.

Fig. 1 shows a 3-DOF micropositioning mechanism with

flexure hinges. Usually, the flexure hinges in this system can

be modeled as revolute joints. The shape of the flexure hinge

is depicted in Fig. 2. If all the flexure hinges have 1-DOF, the

mobility of the system is three. It is, however, reported [1]–[10]

that modeling of the flexure hinges as 1-DOF is not sufficient

to ensure the positional accuracy of micromechanisms. On

the other hand, if all the flexure hinges are modeled as having

1042-296X/03$17.00 © 2003 IEEE
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Figure 13 

 

This embodiment is almost ideal as far as performance is concerned, and is the best 

design that we have come up with so far. Since the constituent building blocks are error 

free, the entire mechanism itself is free of any errors at both the Motion Stage and the 

points of actuator force application.  

 

We can now impart out-of-plane motion to the planer mechanism by introducing 

horizontal blades in some of the double-parallelogram units, as shown in Figure 14. 

Horizontal blades are added such that the intermediate stages themselves do not have any 

Z degree of freedom. The secondary motion stages of the double-parallelogram flexures, 

the motion of which is inconsequential, are the ones that attain a Z degree of freedom. 

The advantages of this scheme will be elucidated in the following paragraphs.   
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Fig. 7. Error analysis for directional input. (a) X directional error. (b) Y
directional error. (c) directional displacement.

given in the analytic model can test the feasibility of the ana-

lytic stiffness model based on mobility analysis.

The workspace of the system is given in the

and directions, and in the direction. Table I

denotes the kinematic parameters of the micromechanisms. The

simulation results of FEM are shown in Figs. 5-7.

Fig. 8. Planar view of the 6-mobility mechanism.

Fig. 9. Close view of a subchain.

Fig. 10. Experimental setup.

Themicromechanismwithmobility three shows severe errors

in the commanding and all the other directions. On the other

hand, the micromechanism with mobility six shows negligible

errors in the other directions, and a minor error of 5 10% in

the commanding direction. It is confirmed, therefore, that the

system with mobility six has better precision than the system

with mobility three.
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Intermediate Stage 1 and the Motion Stage are connected by means of Flexure B that 

allows for relative motion in the Y direction only and constrains relative motion along X 

direction and rotation. This implies that the X motion of Intermediate Stage 1 will be 

entirely transmitted to the Motion Stage, while any Y motion of the Motion Stage will not 

be seen by the Intermediate Stage 1 at all. Thus, Intermediate Stage 1 becomes an ideal 

location for the application of the X actuation force. Flexure A provides the linear 

guide/bearing for X actuator force.  Furthermore, any X force applied at Intermediate 

Stage 1 is incapable of producing any Y motion of the Motion Stage due to the presence 

of Flexure B.  

 

On very similar lines, Intermediate Stage 2 is connected to ground by means of Flexure 

D, which constrains motion in X direction and rotation, but allows for perfect relative 

motion in the Y direction. Thus, Intermediate Stage 2 can only move along Y and shall 

have no motion in the X direction or rotation, no matter what the displacement of the 

Motion Stage is. Intermediate Stage 2 and the Motion Stage are connected via Flexure C, 

which allows only X motion between the two. Thus, any X motion at the Motion Stage 
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(a) Passive 6-dof CPKM (b) Active 6-dof CPKM

Figure 4. Six Degrees of Freedom CPKMs

(a) Six dof Compliant Serial Mechanism

(b) A four dof constraining leg

(c) A generic six dof Active Leg of a CPKM with two

universal joints at each end and a linear actuator

(cylindrical joint)

Figure 5. Constraining Leg and Active Leg of CPKM

Figure 6 shows a general configuration of a CPKM.   The

trace of the origin (O’) of the platform defines the desired

workspace. Active leg is connected to the platform and the base

at points A and B with CU joints.

B

A

X

Y

Z

X’ Y’

Z’

O

O’

Constraining
Leg

Active Leg

R

Figure 6. Schematic representation of CPKM

This method can be generalized to configuration of PKMs

with any number of degrees of freedom. Depending on the

number of degrees of freedom one can select from a library of

constraining legs shown in Table 1. For instance to configure a

three degree of freedom PKM, we simply select an appropriate

constraining leg from Table 1 and incorporate three active legs

as shown in Figure 7. Thus, establishing the configuration (type

synthesis) of a PKM is relatively straight forward. This simple

design procedure has several advantages. First, the structure of

the active legs is generic. The number of active legs to be

employed is equal to the number of degrees of freedom of the

PKM. the desired motion of the platform is specified as a set of

rotations and translations along X, Y and Z orthogonal axes,

then Table 1 can be used to select an appropriate constraining

leg depending on the number and types of degrees of freedom.

Once this selection is made, the stiffness of each of the

compliant joints must be optimized according to the range of

motion and desired off-axis stiffness [5]. However, if the

platform is required to move in an arbitrary 3d space, then the

desired motion must be decomposed into a set of motions

(rotations and translations) along orthogonal axes which

duplicate the desired motion. In the next section we present a

systematic method of decomposing arbitrary motions into a set

of orthogonal motions using screw representation.
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 (ii). have better stress distribution (lower stress concentrations)

 (iii). provide greater range of relative motion

 (iv). motion axis does not drift as the joint is flexed.

Detail discussion on Compliant joint design and

comparisons to many other type of flexures is given in a

companion paper titled “  Large Displacement Compliant Joints”

and is therefore not repeated here.

Compliant Revolute Joint
The CR joint is designed to provide very large compliance

and relatively large range of motion compared to the notch type

revolute joints. The cross section of the CR joint has ribs to

prevent bending and reduced cross section to provide torsional

compliance. Other variations of this joint including design

details are given in a companion paper [5]. The axis of rotation

drifts minimally compared to conventional flexures. For

instance, a joint with beam thickness of 1 mm, overall width 10

mm, beam length of 50 mm, the axis drifts only 215

nanometeres when a force of 1 Newton is applied in the lateral

direction. The lateral stiffness of CR joints shown below range

from 33 to 500 times the joint stiffness.

(a) Center-Moment CR joint (b) End-Moment CR joint

Figure 1. Cross-type Compliant Revolute joints
(Patent Pending)

Compliant Universal Joint
The compliant universal (CU) joint is simply a combination

of two CR joints.  The rotational axes of the joints intersect at

the center of the joint.

Figure 2. Compliant Universal Joint
(Patent Pending)

Compliant Translational Joint
The compliant translational (CT) joint employs a set of four

parallelograms in an over-constrained arrangement of parallel

beams (leaf springs). The joint allows a large range of motion

since the load is shared by number of relatively thin beams.

Straight-line motion is achieved by the symmetry about the

longitudinal axis.

(a) Spatial Prismatic Joint (b) Planar Prismatic Joint

Figure 3. Compliant Prismatic Joints (Patent
Pending)

The planar CT joint has two sets of six parallel cantilever

beams (leaves) connected in series. The lateral or off-axis

stiffness of the planar CT joint is at least 60 times the axial

stiffness (compliance in the direction of motion). The lateral

stiffness of the spatial CT joint is over 80 times its axial

stiffness. Readers are engorged to refer to our companion paper

[5] for analytical expressions and design charts for sizing CR

and CT joints for a given application.

GENERAL CONFIGURATION OF COMPLIANT
PARALLEL KINEMATIC MACHINE CONFIGURATION

Figure 4(a) shows a six-degree of freedom PKM

constructed from compliant joints. Each leg has six degrees of

freedom through a series of compliant joints; a ball joint

(combination of a CU and a CR joint) connection with the

platform, a translational joint and a CU joint connection with

the base. None of the legs is active. The top platform can rotate

about and translate along X, Y and Z-axes.  To actively control

the position of the platform, we replace the passive CT joints

with linear actuators (Figure 4b). The number of active legs

(and hence the number of actuators) is equal to the total number

of desired degrees of freedom of the platform. However, if

fewer than six degrees of freedom are desired, we simply add

what is called a constraining leg with the same number and type

of degrees of freedom as desired for the top platform.  The

constraining leg typically connects the center of the top platform

(bottom surface) with the center of the base (see figure 6). If a

six dof constraining leg, or a serial kinematic chain of joints

with six dof (figure 5a), is incorporated into a six dof CPKM

shown in figure 4, it would not affect the total dof of the

machine. However, if a four dof serial kinematic chain (figure

5b) is added to the six dof CPKM of figure 4 as a constraining

lag, then the platform would have only the same four dof as that

of the constraining leg’s. That is the platform is constrained to

the same four kinematic dof as the constraining leg. In which

case, we need only four active legs each with a linear actuator,

for a four dof CPKM. Note that each active leg must allow six

dof. Typically, the end of the active leg are connected to the

platform and base by universal joints (CU joints) as shown in

Figure 5 (c).

Motion Axis
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Motion Axis
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