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Abstract. The purpose of this paper is to present new concepts for designing fully-compliant statically-
balanced mechanisms without prestressing assembly. A statically-balanced compliant mechanism can ideally
provide zero stiffness and energy free motion like a traditional rigid-body mechanism. These characteristics
are important in design of compliant mechanisms where low actuation force, accurate force transmission or
high-fidelity force feedback are primary concerns. Typically, static balancing of compliant mechanisms has
been achieved by means of prestressing assembly. However, this can often lead to creep and stress relax-
ation arising in the flexible members. In this paper two concepts are presented which eliminate the need for
prestressing assembly of compliant mechanisms: (1) a weight compensator which employs a constant-force
compliant mechanism, (2) a near-zero-stiffness mechanism which combines two multistable mechanisms. In
addition to the advantages provided by statically-balanced compliant mechanisms, two other notable features
of these statically-balanced mechanisms are their ability to be monolithically fabricated and to return to their
as-fabricated position without any disassembly when not in use.

1 Introduction

Compliant mechanisms, which utilize the deflection of flex-
ible segments rather than from articulated joints to achieve
their mobility, offer many advantages over their rigid-body
counterparts such as decreased part count, increased preci-
sion and reduced wear (Howell, 2001). Because a compliant
mechanism obtains its motion from deflection of its mem-
bers, spring-back forces play a significant role in its input and
output capabilities. Hence the study of the force-deflection
characteristics (Jutte and Kota, 2008) of a compliant mecha-
nism is among the most important methods of understanding
its behavior.

Compliant mechanisms can be roughly divided into four
categories depending on their force-deflection characteris-
tics: spring-like compliant mechanisms (Trease et al., 2005),
multistable compliant mechanisms (Oh and Kota, 2009;
Gerson et al., 2008; Chen et al., 2011b, 2010), constant-
force compliant mechanisms (Nahar and Sugar, 2003; Lan
et al., 2010), and statically-balanced compliant mechanisms
(Herder and van den Berg, 2000; Gallego and Herder, 2010).
Statically-balanced compliant mechanisms may be consid-
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ered a constant-force compliant mechanism with zero force
input. The design approaches of statically balanced mech-
anisms may be used to design constant-force mechanisms
(Gallego and Herder, 2010).

The concept of a statically balanced compliant mechanism
was first introduced and studied byHerder and van den Berg
(2000). A statically balanced compliant mechanism, which
utilizes energy-release elements to balance the energy stored
in the flexible segments of the mechanism, maintains neu-
tral equilibrium throughout its range of motion (Hoetmer et
al., 2009; Gallego and Herder, 2010). Like their traditional
rigid body counterparts, these mechanisms provide energy
free motion with zero accompanying stiffness – a fact partic-
ularly useful in cases where accurate force transmission and
high-fidelity force feedback are of primary concern in com-
pliant mechanisms (Hoetmer et al., 2009).

Most of the statically balanced compliant mechanisms rely
on prestressing to achieve static balancing (Trease and Dede,
2011; Powell and Frecker, 2005; Hoetmer et al., 2009). How-
ever implementation difficulty, creep and stress relaxation
of flexible members are the challenges associated with pre-
stressing. Accurate prestressing is difficult to achieve in prac-
tice, particularly in micromechanical devices due to the small
available operating space (Tolou et al., 2010). Moreover,
creep and stress relaxation arising from prestressing may
dramatically deteriorate the performance of the mechanism
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(Howell, 2001). In contrast, less work has been done on
statically-balanced mechanisms without prestressing assem-
bly, although they receive increasing attention. For exam-
ple, Stapel and Herder(2004) presented a feasibility study
of a fully compliant statically balanced grasper in 2004, and
Tolou et al.(2010) presented two concepts of fully-compliant
statically-balanced compliant micro mechanisms and vali-
dated them through simulation in 2010.

In this paper two novel concepts of fully-compliant stat-
ically balanced compliant mechanisms are proposed which
eliminate the need for prestressing assembly altogether. The
first concept is a weight compensator using a constant-force
compliant mechanism, and the second is a near-zero-stiffness
mechanism based on combination of two multistable mech-
anisms. Two design cases are presented to demonstrate the
feasibility of the concepts. In addition to the advantages such
as energy efficiency, accurate force transmission and actua-
tor effort reduction provided by statically balanced compliant
mechanisms (Radaelli et al., 2010), they exhibit two other
key features: they are able to be monolithically fabricated,
and they return to their as-fabricated position without any
disassembly when not in operation.

The rest of this paper is organized as follows: Section2
presents a gravity compensator based on a fully compliant
constant-force mechanism. Section3 studies how to achieve
static balancing by combining two multistable mechanisms.
Section 4 provides concluding remarks.

2 Gravity compensation using constant-force
mechanisms

In this section, we take humanoid robot as an example to
illustrate gravity compensation.

Because the weight of a humanoid robot can seriously
degrade its dynamic performance and result in energy-
inefficient operation (Wongratanaphisan and Cole, 2008),
gravity compensation is often employed to eliminate or min-
imize the effects of gravity. The resulting gravity com-
pensated robot is a typical example of a statically balanced
mechanism. Because the effect of gravity on the body is con-
stant in the vertical direction, we propose a concept of using a
constant-force compliant mechanism to support and compen-
sate for the weight, as illustrated in Fig.1. This is possible
because a constant-force compliant mechanism is a mecha-
nism that produces a constant output force over a range of
motion (Nahar and Sugar, 2003).

2.1 Design of constant-force mechanism for gravity
compensation

It is observed that the fully compliant end-effector shown in
Fig. 1a (Chen et al., 2009b) exhibits a constant-force behav-
ior. Based on the pseudo-rigid-body model (PRBM) shown

Figure 1. (a) Schematic diagram of a constant-force mechanism
and a mass to be balanced,(b) the corresponding pseudo-rigid-body
model (PRBM), and(c) an implementation example for humanoid
robot.

0 0.1 0.2 0.3 0.4 0.5 0.6
1

1.01

1.02

1.03

1.04

1.05

1.06

Θ (rad)

Θ
/s

in
Θ

Figure 2. Θ/sinΘ.

in Fig. 1b, its force-deflection relationship is given as (Chen
et al., 2009b)

F =
2KΘ

(L+ l)sinΘ
=

2K
L+ l
·
Θ

sinΘ
=

4Karccos

[
1−

d
2(L+ l)

]
√

4(L+ l)d−d2
(1)

where,K = EI/l, Θ is the pseudo-rigid-body angle,L+ l the
length of the pseudo-rigid-body link,E the Young’s modulus
of the material, andI the moment of inertia of the small-
length flexural pivots. Note that the term [2K/(L+ l)] in
Eq. (1) is constant for a specific design, and the change of
(Θ/sinΘ) is very small over the range of 0<Θ ≤ 30◦ (less
than 5 %), as illustrated in Fig.2. This indicates that the
mechanism acts as a near constant-force, gravity balancing
mechanism, and Eq. (1) can be simplified as

F ≈
2K
L+ l

(2)

In this paper a gravity compensator is referred to as a
passive mechanical device that counteracts the gravity of a
humanoid robot body to improve its dynamic performance
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Figure 3. The force-displacement characteristics of the gravity
compensated robot. Note that the force-displacement curve for the
constant-force mechanism is plotted using Eq. (1) instead of its sim-
plified version, Eq. (2).

and energy efficiency. The gravity compensator based on the
constant-force mechanism is designed to satisfy the follow-
ing requirement:

G=NpF =
2NpK

L+ l
(3)

whereNp is the number of flexible segment sets in parallel.

2.2 Case study

This subsection presents an example in order to demon-
strate the design procedure of a gravity compensator for
a humanoid robot using a constant-force compliant mech-
anism, as shown in Fig.1c. We first assume the follow-
ing: G= 60×9.8 N, Np = 2, L = 0.6 m, l = 0.02 m andE =
2.07×1011 Pa (stainless steel). The torsional stiffness of the
small-length flexure pivots,K, can be calculated from Eq. (3)
(K = 91.14 Nm in this example). Then the moment of iner-
tia for the flexural pivots is determined usingK = EI/l. As
a result,w=0.02 m andh=0.00175 m can satisfy the design
(w and t are the width and thickness of the cross-section of
the small-length pivots respectively). From Fig.3 we can see
that the gravity is well compensated for by the constant force
mechanism, with the maximum error less than 10 % ford
from 0 to 0.3 m.

3 Static balancing using multistable compliant
mechanisms

3.1 Multistable compliant mechanism as negative
stiffness building block

The deflections of the flexible members often produce pos-
itive stiffness in a compliant mechanism. Positive stiffness
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Figure 4. Force-displacement characteristics of an ideal balancing
bistable mechanism.

means that the resulting deflection is in the same direction
as the external applied force, like the spring-back effect of a
linear spring. If a component exhibiting negative stiffness is
introduced to the mechanism, the appropriate counterbalanc-
ing of positive and negative stiffness in the mechanism can
achieve a state of zero-stiffness, i.e., static balancing (Hoet-
mer et al., 2009).

A bistable mechanism possesses two distinct stable equi-
librium positions within its range of motion. At each of
these positions the mechanism can maintain stability without
power input and, if exposed to a small disturbance while in
a stable position, tends to return to the same stable position.
It can be seen from Fig.4 that, for a bistable mechanism,
one portion of the force-deflection curve exhibits negative
stiffness. ThusTolou et al.(2010) employed bistable mecha-
nisms as the negative stiffness building blocks in their design
of statically-balanced compliant micro mechanisms.

In general, a multistable mechanism withn stable equilib-
rium positions offers (n−1) negative stiffness sections andn
positive stiffness sections on its force-deflection curve (e.g.,
as shown in Fig.4, a tristable mechanism possessed two
negative stiffness sections and three positive stiffness sec-
tions), and as such is a potential building block for syn-
thesis of statically balanced mechanisms. Therefore, we
propose a concept for designing fully-compliant statically-
balanced mechanisms which combines two fully compliant
multistable mechanisms.

There has been a large amount of work done on multistable
mechanisms, including tristable mechanisms (Chen et al.,
2009a,b), quadristable mechanisms (Han et al., 2007), and
synthesis approaches for multistable mechanisms (Oh and
Kota, 2009; Gerson et al., 2008; Chen et al., 2011b). A brief
summary of the work on compliant multistable mechanisms
can also be found inChen et al.(2010). Thus this concept
may easily be expanded to include these as building blocks
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Figure 5. Schematic diagram of a fully-compliant statically-
balanced mechanism consisting of two multistable building blocks,
i.e., a tristable mechanism and a bistable mechanism.(a) The
tristable mechanism consisting of two different bistable mecha-
nisms (i.e., Part A and Part B) connected in series, and(b) the bal-
ancing bistable mechanism.

in the design of more complex statically-balanced mecha-
nisms. In the following subsection a case study is presented
to demonstrate the principle of using multistable mechanisms
to achieve static balance.

3.2 Case study

In this subsection we present a fully-compliant statically-
balanced mechanism combining a tristable mechanism with
a bistable mechanism.

To begin our design example, we first chose a specific
tristable mechanism and then found a balancing bistable
mechanism through an optimization algorithm. The tristable
mechanism employed in this example consists of two
bistable mechanisms (i.e., Part A and Part B) of different
load thresholds connected in series (Oh and Kota, 2009), as
shown in Fig.5a. The design parameters of each bistable
mechanism are shown in Fig.6 and listed in Table1. Fig-
ure4 gives the force-deflection characteristics of the tristable
mechanism (shown as a blue solid line), which is achieved
using nonlinear finite element analysis (the detailed finite ele-
ment modeling approach for this type of bistable mechanism
can be found inCherry et al.(2008)).

We suppose there exists an ideal balancing bistable mech-
anism which can counterbalance the given tristable mech-
anism to a maximum balanced domain. Figure4 plots

Figure 6. Parameters of bistable mechanism. It should be noted
that three bistable mechanisms of this kind are employed in the
statically-balanced mechanism shown in Fig.5, i.e., Part A, Part B
and the balancing bistable mechanism.

Table 1. Design values of the tristable mechanism (consisting of
two bistable mechanisms connected in series, i.e., Part A and Part B)
and the balancing bistable mechanism (see Fig.6 for the parame-
ters).

Part A of Part B of Balancing
Parameter Tristable Tristable Bistable

Mechanism Mechanism Mechanism

E 1.4×109 1.4×109 1.4×109

H 6 mm 6 mm 6 mm
L1 12 mm 8 mm 18 mm
θ1 0◦ 0◦ 0◦

w1 0.6 mm 0.8 mm 1.68 mm
L2 24 mm 20 mm 40 mm
θ2 12◦ 12◦ 11.1◦

w2 4 mm 4 mm 4 mm
L3 12 mm 8 mm 18 mm
θ3 0◦ 0◦ 0◦

w3 0.6 mm 0.8 mm 1.68 mm

the force-deflection characteristics of such an ideal bistable
mechanism (the red dash-dot curve) and the corresponding
balanced domain (fromy1 to y2). As illustrated in Fig.4, in
this ideal balanced domain, the positive stiffness section of
the tristable mechanism is compensated by the correspond-
ing part of the negative stiffness section of the bistable mech-
anism, while its negative stiffness section is compensated by
the corresponding positive stiffness section of the bistable
mechanism. As the shuttle of the balancing bistable mech-
anism moves along the y-axis until Part A of the tristable
mechanism switches to its second stable equilibrium posi-
tion, Part B of the tristable mechanism and the balancing
bistable mechanism balance each others stiffness, which re-
sults in static balancing of the whole mechanism.

The design of a balancing bistable mechanism hinges upon
matching its force-deflection properties with those of the
ideal balancing bistable mechanism in the balanced domain,
which may be formulated as an optimization problem as fol-
lows:

Min IAR =
∫ y2

y1

|Fr(y)−Fi(y)|dy (4)

where IAR is the integral of the absolute compensation resid-
ual, Fr(y) and Fi(y) are the force-deflection characteristics
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Figure 7. Force-displacement characteristics of the optimized bal-
ancing bistable mechanism.

of the candidate and the ideal bistable mechanisms, respec-
tively.

A primary optimization search was conducted using a par-
ticle swarm optimizer (PSO) (Chen et al., 2011a) integrated
with ANSYS (ANSYS was used to solve the force-deflection
characteristics of each candidate bistable mechanism). For
simplicity, we assumeL1= L3, w1=w3, w2=4 mm,θ1= θ3=
0 andH = 6 mm for the balancing bistable mechanism, thus
reducing the number of parameters to be optimized to 4 (i.e.,
L1, L2, w1 andθ2). In the implementation of PSO, the swarm
size is set to 40 and the maximum number of iterations to
200. The optimization process is briefly described as fol-
lows:

– Step 1: Randomly initialize 40 particles in the search
space, with each particle corresponding to a candidate
bistable mechanism.

– Step 2: Evaluate the fitness of each bistable mechanism
using Eq. (4).

– Step 3: Update the swarm and generate the next gener-
ation particles according to the rules of PSO.

– Step 4: If the current iteration number is less than 200,
go to Step 2. Otherwise, the optimization is stopped
and the bistable mechanism with the best fitness value
is selected as the balancing mechanism for the tristable
mechanism.

The optimized parameters of the balancing bistable mech-
anism are given in Table1. The resulting force-deflection
curves of the tristable and balancing bistable mechanisms (as
well as the unbalanced residual force) are plotted in Fig.7
around the balanced domain.

3.3 Discussion

Figure7 demonstrates that the system is approximately bal-
anced for a specific range of motion around the second stable
equilibrium position of the tristable mechanism. Of course,
the results can be further improved by conducting a more
comprehensive optimization on the balancing bistable mech-
anism (e.g., taking other design parameters into account). It
should be noted that the mechanism must be prestressed into
the balanced domain for it to work as a statically balanced
device. Statically-balanced mechanisms might be sensitive
to fabrication errors (Tolou et al., 2011). We observed the
sensitivity of the balancing bistable mechanism to fabrica-
tion errors by assuming an error of 5 % is caused during fab-
rication in bothw1 andw3. Results from our finite element
calculations indicate that this causes force-deflection errors
of less than 7 % deviated from the ideal. This principle may
be easily extended to the static balancing of two multistable
mechanisms, each with more than three stable equilibrium
positions. In addition, the concept has especial potential for
usage in MEMS applications due to its ability to be mono-
lithically fabricated.

4 Conclusions

In this paper we have presented two novel concepts which
may be used to eliminate the need for prestressing assembly
through the use of fully-compliant statically-balanced com-
pliant mechanisms. The first concept utilizes constant-force
mechanisms in order to achieve gravity compensation; the
second is based upon the combination of two multistable
mechanisms in order to achieve static balancing over a
certain range of motion (having especial potential for usage
in MEMS applications). Each of these concepts has been
demonstrated with a case study in which the principles
and equations used to formulate them have been shown to
perform with good accuracy. Two additional key benefits
of these mechanisms is that they can be monolithically
fabricated, and they return to their as-fabricated positions
without disassembly when they are not in use.
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