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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 sfiness 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-zerd¥agss 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.

ered a constant-force compliant mechanism with zero force

input. The design approaches of statically balanced mech-
Compliant mechanisms, which utilize the deflection of flex- anisms may be used to design constant-force mechanisms
ible segments rather than from articulated joints to achievgGallego and Herde2010.
their mobility, dfer many advantages over their rigid-body  The concept of a statically balanced compliant mechanism
counterparts such as decreased part count, increased preeias first introduced and studied blerder and van den Berg
sion and reduced wealdowell, 2001). Because a compliant (2000. A statically balanced compliant mechanism, which
mechanism obtains its motion from deflection of its mem- utilizes energy-release elements to balance the energy stored
bers, spring-back forces play a significant role in its input andin the flexible segments of the mechanism, maintains neu-
output capabilities. Hence the study of the force-deflectiontral equilibrium throughout its range of motiorldgetmer et
characteristicsJutte and Kota2008 of a compliant mecha- al., 2009 Gallego and Herde2010. Like their traditional
nism is among the most important methods of understandingigid body counterparts, these mechanisms provide energy
its behavior. free motion with zero accompanyingfétiess — a fact partic-

Compliant mechanisms can be roughly divided into four ularly useful in cases where accurate force transmission and

categories depending on their force-deflection characterishigh-fidelity force feedback are of primary concern in com-
tics: spring-like compliant mechanisnieréase et a| 2005, pliant mechanismd{oetmer et al.2009.
multistable compliant mechanism©l§f and Kota 2009 Most of the statically balanced compliant mechanisms rely
Gerson et a).2008 Chen et al. 2011 2010, constant-  on prestressing to achieve static balancifgése and Dede
force compliant mechanism®léhar and Suga2003 Lan 2011, Powell and Frecke2005 Hoetmer et al.2009. How-
et al, 2010, and statically-balanced compliant mechanismsever implementation diculty, creep and stress relaxation
(Herder and van den Berg00Q Gallego and Herde010). of flexible members are the challenges associated with pre-
Statically-balanced compliant mechanisms may be considstressing. Accurate prestressing iidult to achieve in prac-
tice, particularly in micromechanical devices due to the small
available operating spac@dlou et al, 2010. Moreover,
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(Howell, 200]). 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 Herdef2004 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- i
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-zefoests
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 (a) Schematic diagram of a constant-force mechanism

as energy ficiency, accurate force transmission and actua-,,q 3 mass to be balanc¢o) the corresponding pseudo-rigid-body

tor effort reduction provided by statically balanced compliant el (PRBM), andc) an implementation example for humanoid
mechanismsRadaelli et al. 2010, they exhibit two other  (gpot.

key features: they are able to be monolithically fabricated,
and they return to their as-fabricated position without any  1.06
disassembly when not in operation.

The rest of this paper is organized as follows: Secfon
presents a gravity compensator based on a fully compliant
constant-force mechanism. Sect®studies how to achieve
static balancing by combining two multistable mechanisms.
Section 4 provides concluding remarks.
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In this section, we take humanoid robot as an example to

illustrate gravity compensation. - . : . L
. . . in Fig. 1b, its force-deflection relationship is given n
Because the weight of a humanoid robot can senouslyet algzot())’gfjs orce-deflection relationship is given &zhe

degrade its dynamic performance and result in energy-

inefficient operation \(Vongratanaphisan and Col2008, 4K arccosl —
gravity compensation is often employed to eliminate or min- 2KO® 2K 0O 2(L+1)
imize the dfects of gravity. The resulting gravity com- F= (L+1)sin® L+l sin® "~ AL+Nd- @)

pensated robot is a typical example of a statically balanced
mechanism. Because thffext of gravity on the body is con- Wwhere,K =El/I, ® is the pseudo-rigid-body angle+| the
stantin the vertical direction, we propose a concept of using dength of the pseudo-rigid-body linE the Young's modulus
constant-force compliant mechanism to support and compenef the material, and the moment of inertia of the small-
sate for the weight, as illustrated in Fity. This is possible length flexural pivots. Note that the termK2(L +1)] in
because a constant-force compliant mechanism is a mech&4. (1) is constant for a specific design, and the change of
nism that produces a constant output force over a range of®/sin®) is very small over the range of 00 <30 (less
motion (Nahar and Suga003. than 5%), as illustrated in Fig2. This indicates that the
mechanism acts as a near constant-force, gravity balancing
mechanism, and Eqgl) can be simplified as

2K
~r— 2
L+ @
It is observed that the fully compliant endfector shown in In this paper a gravity compensator is referred to as a

Fig. 1a (Chen et al.2009 exhibits a constant-force behav- passive mechanical device that counteracts the gravity of a
ior. Based on the pseudo-rigid-body model (PRBM) shownhumanoid robot body to improve its dynamic performance
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The force-displacement characteristics of the gravity Force-displacement characteristics of an ideal balancing

compensated robot. Note that the force-displacement curve for thbistable mechanism.
constant-force mechanism is plotted using Byjir{stead of its sim-
plified version, Eq.Z).
means that the resulting deflection is in the same direction
) , as the external applied force, like the spring-baffkat of a
and energy iciency. The grfemty gompensatOf based on the|i aqr spring. If a component exhibiting negativefsiess is
constant-force mechanism is designed to satisfy the followsyoqyced to the mechanism, the appropriate counterbalanc-

ing requirement: ing of positive and negative iiess in the mechanism can
2N,K achieve a state of zero-8tiess, i.e., static balancingidet-
G=NoF=—"5 (3)  meretal, 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.
This subsection presents an example in order to demon: . . )

: : It can be seen from Figl that, for a bistable mechanism,

strate the design procedure of a gravity compensator for . ) - .
. . . one portion of the force-deflection curve exhibits negative

a humanoid robot using a constant-force compliant mech-_. X

: R ! stiffness. ThuJolou et al.(2010 employed bistable mecha-
anism, as shown in Figlc. We first assume the follow-

ing: G=60x9.8N, Ny=2, L=0.6m, | =0.02m andE = nisms as the negative tiess building blocks in their design

2.07x 10' Pa (stainless steel). The torsionaffsiss of the of statically-balanced compliant micro mechanisms.

small-length flexure pivots, can be calculated from Eg) !N general, a multistable mechanism witistable equilib-
(K =91.14Nm in this example). Then the moment of iner- UM positions @fers fi— 1) negative sfiness sections and

tia for the flexural pivots is determined usihg= El/I. As positive stﬁfnestc, section_s on its force—dgflection curve (e.g.,
a resultw=0.02 m anch=0.00175m can satisfy the design @S shown in Fig4, a tristable mechanism possessed two
(w andt are the width and thickness of the cross-section of€gative stiness sections and three positivelfagss sec-

the small-length pivots respectively). From Figve can see tions), and as such is a potential building block for syn-

that the gravity is well compensated for by the constant forcgthesis of statically balanced mechanisms. Therefore, we
mechanism, with the maximum error less than 10 %dor Propose a concept for designing fully-compliant statically-
from Oto 0.3m. balanced mechanisms which combines two fully compliant

multistable mechanisms.

There has been a large amount of work done on multistable
mechanisms, including tristable mechanisr@hén et al.
2009ab), quadristable mechanismklgn et al, 2007, and
synthesis approaches for multistable mechanis@ts énd
Kota, 2009 Gerson et a).2008 Chen et al.20118. A brief
summary of the work on compliant multistable mechanisms

The deflections of the flexible members often produce pos-can also be found i€hen et al(2010. Thus this concept
itive stiffness in a compliant mechanism. Positivéfséiss may easily be expanded to include these as building blocks

whereN, is the number of flexible segment sets in parallel.
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JL‘F Parameters of bistable mechanism. It should be noted

that three bistable mechanisms of this kind are employed in the
statically-balanced mechanism shown in Fgi.e., Part A, Part B
and the balancing bistable mechanism.

L N

1Part B :

‘ J/J—L\ ‘ Design values of the tristable mechanism (consisting of

L ﬂb ) two bistable mechanisms connected in series, i.e., Part A and Part B)
and the balancing bistable mechanism (see iipr the parame-
ters).

Part A of Part B of Balancing
Parameter Tristable Tristable Bistable
Mechanism  Mechanism Mechanism
\ A
Frse B E 14x10° 14x10° 14x10°
H 6mm 6 mm 6 mm
L, 12mm 8mm 18 mm
Schematic diagram of a fully-compliant statically- 01 0 o (0%
balanced mechanism consisting of two multistable building blocks, Wy 0.6 mm 0.8mm 1.68 mm
i.e., a tristable mechanism and a bistable mechaniga). The L, 24 mm 20mm 40 mm
tristable mechanism consisting of twofférent bistable mecha- 0, 1 1 11.r
nisms (i.e., Part A and Part B) connected in series,(ahthe bal- W» 4mm 4mm 4mm
ancing bistable mechanism. L3 12mm 8 mm 18 mm
03 0 0 (0
W3 0.6 mm 0.8mm 1.68mm

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 mechanismshe force-deflection characteristics of such an ideal bistable
to achieve static balance. mechanism (the red dash-dot curve) and the corresponding
balanced domain (frony, to y,). As illustrated in Fig4, in
this ideal balanced domain, the positivefsiess section of
the tristable mechanism is compensated by the correspond-
In this subsection we present a fully-compliant statically- jng part of the negative fness section of the bistable mech-
balanced mechanism combining a tristable mechanism withynism, while its negative sfness section is compensated by
a bistable mechanism. the corresponding positive fitiess section of the bistable
To begin our design example, we first chose a specificmechanism. As the shuttle of the balancing bistable mech-
tristable mechanism and then found a balancing bistableypism moves along the y-axis until Part A of the tristable
mechanism through an optimization algorithm. The tristablemechanism switches to its second stable equilibrium posi-
mechanism employed in this example consists of twotion, Part B of the tristable mechanism and the balancing
bistable mechanisms (i.e., Part A and Part B) dfedlent  pjstable mechanism balance each otheffinstss, which re-
load thresholds connected in seri@h(and Kota2009, as  gyits in static balancing of the whole mechanism.
shown in Fig.5a. The design parameters of each bistable The design of a balancing bistable mechanism hinges upon
mechanism are shown in Fi§.and listed in Tablel. Fig-  matching its force-deflection properties with those of the
ure4 gives the force-deflection characteristics of the tristablejgeg| balancing bistable mechanism in the balanced domain,
mechanism (shown as a blue solid line), which is achievedyhich may be formulated as an optimization problem as fol-
using nonlinear finite element analysis (the detailed finite eleqgys:
ment modeling approach for this type of bistable mechanism Vo
can be found irCherry et al(2008). Min IAR = IFr(y) - Fi(y)ldy 4)
We suppose there exists an ideal balancing bistable mech- 1
anism which can counterbalance the given tristable mechwhere IAR is the integral of the absolute compensation resid-
anism to a maximum balanced domain. Figyreplots ual, F,(y) and Fi(y) are the force-deflection characteristics
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1 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
1 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 errorsTolou 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 bothw,; andws. Results from our finite element
calculations indicate that this causes force-deflection errors
Force-displacement characteristics of the optimized bal-Of less than 7 % deviated from the ideal. This principle may
ancing bistable mechanism. 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
of the candidate and the ideal bistable mechanisms, respe¢isage in MEMS applications due to its ability to be mono-
tively. lithically fabricated.
A primary optimization search was conducted using a par-
ticle swarm optimizer (PSO)Xhen et al.20113 integrated
with ANSYS (ANSYS was used to solve the force-deflection
characteristics of each candidate bistable mechanism). Fdn this paper we have presented two novel concepts which
simplicity, we assumé; = L3, Wy =Ws3, Wo =4 mm, 01 =03 = may be used to eliminate the need for prestressing assembly
0 andH = 6 mm for the balancing bistable mechanism, thusthrough the use of fully-compliant statically-balanced com-
reducing the number of parameters to be optimized to 4 (i.e.pliant mechanisms. The first concept utilizes constant-force
L1, Lo, wy andés). In the implementation of PSO, the swarm mechanisms in order to achieve gravity compensation; the
size is set to 40 and the maximum number of iterations tosecond is based upon the combination of two multistable
200. The optimization process is briefly described as fol-mechanisms in order to achieve static balancing over a
lows: certain range of motion (having especial potential for usage
in MEMS applications). Each of these concepts has been
— Step 1. Randomly initialize 40 particles in the search demonstrated with a case study in which the principles
space, with each particle corresponding to a candidate&nd equations used to formulate them have been shown to
bistable mechanism. perform with good accuracy. Two additional key benefits
of these mechanisms is that they can be monolithically
— Step 2: Evaluate the fitness of each bistable mechanisrifgbricated, and they return to their as-fabricated positions
using Eq. 4). without disassembly when they are not in use.
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— Step 3: Update the swarm and generate the next gener-

ation particles according to the rules of PSO. The authors gratefully. acknowledge the

financial support from the National Natural Science Foundation
. . ) of China under Grant No. 50805110, the Scientific Research
— Step 4: If the current iteration number is less than 200,roundation for the Returned Overseas Chinese Scholars under
go to Step 2. Otherwise, the optimization is stoppedGrant No. JY0600100401, and the Fundamental Research Funds
and the bistable mechanism with the best fitness valudor the Central Universities under No. JY10000904010.
is selected as the balancing mechanism for the tristable
mechanism. Edited by: J. A. Gallego & chez
Reviewed by: two anonymous referees

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