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Compliant Mechanisms That Use
Static Balancing to Achieve
Dramatically Different States of
Stiffness
Stiffness in compliant mechanisms can be dramatically altered and even eliminated entirely
by using static balancing. This requires elastic energy to be inserted before operation,
which is most often done with an additional device or preloading assembly. Adding such
devices contrasts starkly with primary motivations for using compliant mechanisms, such
as part count reduction, increased precision, and miniaturization. However, statically
balanced compliant mechanisms with a fully monolithic architecture are scarce. In this
article, we introduce two novel statically balanced compliant mechanisms with linear
and rotary kinematics that do not require preloading assembly, enabling miniaturization.
Static balance is achieved by the principle of opposing constant force and extended to a
rotational device by using opposing constant torque mechanisms for the first time. A cons-
tant force mechanism based on existing work is used and inspired a novel constant torque
mechanism. A single-piece device is obtained by monolithically integrating a bistable switch
for preloading, which allows static balance to be turned on and off. The linear device
reduces stiffness by 98.5% over 10mm, has significantly reduced device complexity and
has doubled relative range of motion from 3.3% to 6.6% compared to the state of the
art. The rotary device reduces stiffness by 90.5% over 0.35 rad.
[DOI: 10.1115/1.4049438]
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1 Introduction
Fully compliant mechanisms (CMs) improve upon their multi-

component rigid-body counterparts in many respects. Their mono-
lithic nature increases precision and reliability, reduces friction and
wear, and eliminates assembly that makes them perfect for micro-
scale applications in, for example, MEMS [1–7] and laparoscopic
surgical tools [8–11].
However, they store a significant part of the input energy as strain

energy because their functionality arises from deformation of
slender segments. This may reduce range of motion, hamper
energy efficiency, or cause high natural frequencies [12]. This
inherent and often undesired stiffness may be compensated for by
adding an equal but opposite negative stiffness in parallel.
An isolated mechanism with negative stiffness is unstable and

requires some form of preloading. During preloading, potential
elastic energy is inserted into the device. Upon motion, energy
flows out of the unstable negative stiffness part and enters the
stable part with positive stiffness, keeping the total elastic potential
energy constant. It follows that all internal forces are in sustained
static equilibrium. Hence, these systems are called statically
balanced.
Preloading is often done manually [13,14] but can also be done as

part of the manufacturing process in small-scale devices such as
MEMS [15]. Manual preloading often relies on a preloading assem-
bly, an external device using for example screw lead. This contrasts
starkly with the motivation for using CM in the first place and elim-
inates any possibility for miniaturization.

Few examples of CM without preloading assembly exist. Among
them are a fully compliant gripper [16] and linear stage [17,18] with
on and off switch, a linear stage based on multistable mechanisms
[19], and a statically balanced linear stage preloaded once with
hooks [20]. Some of the aforementioned examples have relatively
complicated geometry, limiting the ratio between device footprint
and range of motion. Some use contact between components to
ensure preloading and some are not properly constrained. All afore-
mentioned examples only consider rectilinear motion, and it is not
immediately obvious how a rotational system could be devised.
In this article, we introduce two novel statically balanced fully

compliant mechanisms with rectilinear and rotational kinematics
that do not require a preloading assembly. In the linear case,
static balance is reversibly achieved by the principle of opposing
constant force (OCF), first introduced by Refs. [17,18]. We use a
constant force mechanism (CFM) based on the work from
Ref. [15], resulting in statically balanced compliant mechanism
with reduced complexity and improved range of motion compared
to Ref. [17,18]. We have expanded the principle of OCF to rotary
devices by using opposing constant torque (OCT) mechanisms
for the first time. A novel constant torque mechanism (CTM) is
used that is based on the same principles as the constant force mech-
anism from Ref. [15]. A monolithic architecture is achieved by inte-
grating a fully compliant bistable switch for preloading. Toggling
the bistable switch allows static balance to be turned on and off,
effectively switching between high and low stiffness configurations.
The mechanisms presented may find applications in low-

frequency sensor technology [4] and low-frequency mechanical
energy harvesters [21] and make compliant micro transmission
mechanisms more efficient [7,22]. In addition, they may be
perfect for protecting sensitive instruments for space applications.
Upon launch, the high stiffness provides robustness and protection.
Once in orbit, the highly sensitive and compliant state may be
activated.
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2 Balancing Method
Static balancing can be done in two distinctive ways. By far the

most common and well-known approach is to add a spring with
negative stiffness in parallel to the functional positive stiffness
part [8,10,15,23].
A second and less frequently used method opposes two constant

forces. In a CFM force is constant over some part of its motion
domain. By preloading two such mechanisms against each other,
the constant forces cancel out resulting in zero force. The only
mechanism to exploit this principle of OCF for stiffness reduction
is reported in Refs. [16,18].

2.1 Opposing Constant Force. A balanced system can be
created by preloading two CFMs against each other. A graphical
explanation is shown in Fig. 1. The dashed and dotted curves are
force (F) deflection (u) characteristics of two CFMs with their
degree-of-freedom in the opposite direction.
If left unconnected, one CFM (dotted) will have positive constant

force if moved to the right. The other CFM (dashed) will have neg-
ative constant force if moved to the left. By connecting the CFMs in
parallel, the force deflection can be simply added to uncover the
combined behavior. If done in their undeformed state, the high stiff-
ness away from the constant force domain is dominant. The com-
bined stiffness is therefore very high, as shown by the solid line
in Fig. 1(a).
When both CFMs are displaced over half their motion domain

when unconnected, their stiffness curves essentially slide over
each other. By connecting them in this preloaded state, the positive
and negative constant forces cancel out resulting in the solid curve
in Fig. 1(b).
The concept of OCF can be easily extended to rotational devices

by considering an OCT mechanism. Connecting two preloaded
CTMs in parallel cancels the constant torques in exactly the same
way.
Fabricated mechanisms with OCF and OCT in their stiff and

compliant configuration are shown in Fig. 2. In each case, the mech-
anisms are connected with an insert with dovetails. As a monolithic
alternative bistable mechanisms will replace these inserts.

2.2 Constant Force and Torque Mechanisms. A CFM is
created when a positive stiffness is combined in parallel with a bis-
table mechanism [24,25]. In Refs. [24,25], these components can be
individually identified. However, in Ref. [15], a constant force
mechanism is reported where no such distinction can be made.
It is composed of two parallel plate springs, to form a simple

linear stage, and an additional plate spring at the bottom, initially
overconstraining the system. A thermally induced expansion of
all plate springs is used to compute the first buckling mode shape

with a linear buckling analysis. The constant force mechanisms is
obtained by assuming a scaled version of this shape as new
geometry.
Scaling the solution of the buckling analysis allows control over

the size of the low stiffness domain and magnitude of the constant
force. The length of the plate spring at the bottom (parameters Lns
and rns in Fig. 5) allows control over the slope of the low stiffness
domain. For short plate springs, the slope over the low stiffness
range becomes negative and for long plate springs positive [15].
Its length is chosen right where behavior transitions from a negative
to positive slope, resulting in minimal stiffness. A simulation and a
measurement of the CFM are shown in Fig. 3(a).
Various CTMs can be found in literature [26,27]. Both these

mechanisms rely on shape optimized radial plate springs with

(a) (b)

Fig. 1 Principle of static balance by opposing constant force
and torque: (a) force (F) and torque (T) versus deflection (u)
and angular displacement (α) in the stiff configuration and
(b) the compliant configuration

Fig. 2 Photos of 3D printed OCF and OCT mechanisms with
dovetail inserts in stiff and compliant configuration: (a) OCF
stiff, (b) OCF compliant, (c) OCT stiff, and (d) OCT compliant

(a) (b)

(c) (d )

Fig. 3 Constant force and torque mechanisms: (a) simulation
and measurement of the CFM, (b) finite element model of CFM,
(c) simulation and measurement of CTM, and (d) finite element
model of CTM
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complex geometry. What we propose instead is a slight modifica-
tion of the CFM from [15]. FACT [28,29] tells us that an instanta-
neous center of rotation is created at the point of virtual intersection
of two plate springs. Parallel plate springs, which intersect at infin-
ity, will therefore cause rectilinear motion. Rotation is simply
obtained by tilting the plate springs inwards, see Fig. 3(d ). Constant
torque behavior is obtained by computing the first buckling mode
shape and assuming a scaled version of this shape to be the new
geometry. A simulation and a measurement of the CTM is shown
in Fig. 3(c).

2.3 Preloading Mechanisms. A monolithic alternative to the
inserts with dovetails from Fig. 2 is to use a bistable mechanism.
A bistable mechanism has two stable configurations, can stay in
either equilibrium indefinitely, and can be switched reversibly.
One equilibrium (the as fabricated configuration) will replace the
long insert, and the other will replace the short insert.
Many fully compliant bistable mechanisms are reported in the lit-

erature, both macro- and micro-scale and both translational [30,31]
and rotational [32,33]. In this article, we will use bistable mecha-
nisms similar to Ref. [31] since they are proven to work on micro-
scale. The shape of these curved-beam bistable elements is given by

w x( ) = h

2
1 − cos 2π

x

L

( )[ ]
(1)

where h is the amplitude or initial apex of the beam and L is the total
length and x∈ [0, L].
If boundary conditions are infinitely stiff each additional bistable

element in parallel adds to an increased magnitude of the bistability.
However, since more bistable elements in parallel also increase the
force on the boundaries, there is a limit to the number of bistable
elements in practice. We found that a total number of three parallel
bistable elements worked well in this design.

2.4 Finite Element Models. Both the individual CFM and
CTM and fully compliant OCF and OCT mechanisms are
modeled in ANSYS APDL. A parametric model is built with
beam188 elements, and all simulations are displacement controlled.
A Young’s modulus of 3.12GPa is used with a Poisson’s ratio of
0.3 [34].
To determine the shape of the CFM and CTM, all elements

are given an arbitrary coefficient of thermal expansion of

5 × 10−6 °C−1. A linear buckling analysis is then performed
under a uniform temperature of 1°C to get the first buckling mode
shape. The resulting normalized mode shapes are then scaled and
used as undeformed geometry. The CFM are scaled to an amplitude
of 6mm and the CTM to 9.5 deg. Next bistable mechanisms are
constructed, resulting in the geometry given by Figs. 4(a) and 4(c).
To simulate postbuckling behavior, imperfections are required.

In each case, the first four normalized buckling mode shapes are
computed and added to the nodal coordinates with a scaling of
0.01. To compute this, point C of the OCF mechanism (see
Fig. 4(a)) is constrained in all directions and point D is constrained
in the y-direction. A unit force is applied at points A and B pointing
toward each other. For the OCT mechanism, A and C are fully con-
strained, while a unit torque is applied at B.
Figures 4(b) and 4(d ) show a displacement solution after the bis-

table switches have been activated, and the mechanism is moved to
the middle of the motion domain. In both cases, this is done by first
fully constraining points A and then moving B toward A. Once
through the bistability, A is released and B is moved back to its
starting position.

2.5 Final Mechanism Design and Manufacturing. Dimen-
sions from the parametric model are transferred to a 3D CAD
drawing. All mechanisms have a thickness of 7mm and all plate

(a)

(b)

Fig. 5 Annotated CAD drawings with dimensions of (a) the OCF
mechanism and (b) the OCT mechanism

Fig. 4 Finite element models: (a) undeformed element plot of
OCF mechanism, (b) displacement solution of OCF mechanism,
(c) undeformed element plot of OCT mechanism, and (d) displa-
cement solution of OCT mechanism
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springs a thickness T flxr of 0.7mm providing a sufficient aspect
ratio for out-of-plane stiffness. A fillet is added to each corner
with radius 0.7mm to reduce stress concentrations. In some
places, bigger fillets are created for aesthetic purposes.
In each case, the length (Lps and rps− rin) of the plate springs of

the stage, responsible for the kinematics, are 35mm long before
buckling mode shapes are computed. Since the analysis is linear,
the scaled mode shapes will have plate springs that are slightly
longer. Annotated CAD drawings of the OCF and OCT mecha-
nisms are shown in Fig. 5. The dimensions are given in Table 1.
The mechanisms are 3D printed by fused deposition modeling

(FDM) on an Original Prusa i3 MK3S out of polylactic acid
(PLA) with default printer and slicing settings (Fig. 6). Isotropic
material properties are assumed based on FDM-printed PLA with
a layer raster angle of 0 deg [34]. A Young’s modulus of 3.12
GPa and an ultimate tensile stress of 50.23MPa are used with a
Poison’s ratio of 0.3.

2.6 Measurements. Force deflection measurements are done
with an Instron 5966 tensile test bench. All mechanisms are

cyclically measured in the motion direction for five cycles. Strain
rate is 15mm/min and force is bounded.
An additional follower beam is added between the Instron and the

translational device to account for parasitic motion, see Fig. 7(a).
Torque and angular displacement are measured in the same
tensile test bench. A circular arm is attached to the rotational
stage centered around the initial center of rotation. Two steel
wires run through grooves at the outside of the arm. The wire that
runs up is attached to the Instron. The wire that runs down is
attached to a 10.2N weight for preloading because wires can only
pull. Since the radius is known (assumed to be constant), the mea-
sured displacement and force can be converted into angular displa-
cement and torque. Both measurements are shown in Fig. 8.
Each measurement starts with the mechanism in the stiff config-

uration. The Instron is used to simultaneously actuate and measure
the devices. We first measure the stiff configuration and transition to
the compliant state by pushing or pulling through the bistable
switches.

3 Results
Figure 8(g) shows the experimental (EXP) results and the results

from finite element analysis (FEA) of the OCF mechanism transi-
tioning from high to low stiffness. High and low stiffness are indi-
cated with dotted lines, which are obtained by locally fitting the data
with least squares. The actuation stiffness is reduced by 98.75%
from 14.47N/mm to −0.18N/mm with an absolute range of
motion of approximately 10mm and a relative range of motion of
6.6% with respect to the frame width wfr= 151.2mm. Transition
by toggling the bistable switch requires 17.71N as shown by the
peak at 2.5mm.
Figure 8(h) shows the angle moment measurement (EXP) and the

simulation (FEA) of the OCT mechanism transitioning from stiff to
compliant. The angular actuation stiffness is reduced by 90.5%
from 3.99Nm/rad to 0.38Nm/rad with a range of motion of
approximately 0.35 rad. Transition requires two bistable switches
to toggle, shown as the two peaks with values of 1.15Nm and
1.26Nm at, respectively, 0.1 rad and 0.27 rad.

Table 1 Parameter values as shown in Fig. 5

CFM CTM

Parameter Value Parameter Value

L ps 35mm r ps 45mm
Lns 60mm rns 62mm
Lbi 42mm rbi 63.3mm
Los 10mm rin 10mm
h ps 6mm ros 29.3mm
hbi 6.5mm Lbi 37mm
tcf 8mm hbi 5.7mm
tbi−v 15mm tct 8mm
tbi−h 7mm tbi−v 15mm
t fr 10mm tbi−h 11mm
t flxr 0.7mm t fr 12mm
wcf 35mm t flxr 0.7mm
w fr 151.2mm αbi 9.5 deg

αct−1 20.5 deg
αct−2 15 deg
αct−3 24.5 deg

Fig. 6 Photographs of the 3D printed OCF and OCT mecha-
nisms. The OCFmechanism is shown in a (a) stiff and (b) compli-
ant configuration. The OCTmechanism in shown in a (c) stiff and
(d) compliant configuration.

Fig. 7 An (a) OCF and (b) OCT mechanism clamped in the
tensile test bench
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Both simulations are in good agreement with measurements.
However, in the rotary mechanism, a clear shift and some disconti-
nuities can be observed in the two peaks. Both discrepancies can be
explained by repeated contact and release between bodies B2 and B3

(see Fig. 5(b)) that is not simulated. In simulation, body B2 is rotated
toward body B1, while B1 and B3 are fully constrained. In measure-
ment, however, B3 is rotated toward B1, while B2 is free floating.
Because of this, B2 will have repeated contact and release with
body B3. The events of contact and release are illustrated in Figs.
8(a)–8( f ) and annotated in Fig. 8(h).

4 Discussion
We have demonstrated two fully compliant monolithic architec-

tures that have dramatically different states of stiffness. Reversible
static balancing is achieved by opposing two constant force and
torque mechanisms with bistable mechanisms. We used constant
force mechanisms based on Ref. [15], but instead of inducing buck-
ling in combination with annealing, we directly manufactured the
buckling mode shape stress free. The same was done to create a
novel constant torque mechanism.
A negative low stiffness for the device with rectilinear motion is

reported in Fig. 8(g) and Sec. 3. The stiffness is negative because
the individual constant force mechanisms display slight negative
stiffness themselves in Fig. 3(a). This is not observed in simulation
and is likely caused by manufacturing errors increasing the negative
stiffness generated by the long plate spring. By tuning the length of
the long plate spring, the slope can be increased or decreased even
further [15].
For the CM with linear motion, we have significantly reduced

device complexity and doubled relative range of motion compared
to the state of the art [17,18] while maintaining a stiffness reduction
between 98% and 99.5%. The total number of individual plate
springs is reduced from 38 to 12 and relative range of motion
doubled from 3.3% to 6.6%. Although no device dimensions are
mentioned in Refs. [17,18], they are estimated from the reported
range of motion and visible clearance. The rotary mechanism is
the first of his kind, so no comparison with literature is made.

One can reversibly change between both states of stiffness by
switching the multistable mechanisms. However, after the compli-
ant configuration has been entered, it cannot return to the stiff con-
figuration by manipulating the main stage in a quasi-static fashion.
Transitioning back requires the constant force and torque mecha-
nisms to be pulled apart by an amount that exceeds the threshold
force of the bistable elements. However, this threshold can never
be exceeded because the range of motion of the main stage is
limited by the frame. Increased clearance may overcome this.
A relatively large difference in stiffness reduction between the

linear and rotary mechanisms is observed, i.e., 98.75% versus
90.5%. This is easily understood from Figs. 3(a) and 3(c).
The more sudden and severe increase in stiffness at the tails of
the graph in Fig. 3(a) make the unpreloaded configuration in the
linear case stiffer and hence a more dramatic decrease possible. In
addition, the constant force behavior seems more linear compared
to the constant torque behavior, making it less likely that two
CTM exactly counteract each other when preloaded against each
other. Shape optimization may improve our proposed CTM.
In general, the proposed devices may enhance the efficiency of

compliant mechanisms, by reducing inherent stiffness in a perma-
nent fashion. More specifically, they may revolutionize low-
frequency sensor technology such as accelerometers and gravime-
ters [4], but also mechanical energy harvesters [21]. In addition,
they may be fundamentally required to make devices such as com-
pliant transmission mechanisms practically usable [7,22]. Although
the proposed devices are on centimeter scale, their monolithic
nature allows micromanufacturing such as photolithography and
two-photon stereo lithography [35]. In such micro devices, a low
stiffness configuration could be permanently activated by switching
the multistable mechanisms with, for example, a probe station or
embedded actuators.

5 Conclusion
In this article, we have demonstrated fully compliant statically

balanced mechanisms with rectilinear and rotational kinematics
that do not require preloading assembly. They are capable of

(a) (b) (c) (d) (e) (f )

(g) (h)

Fig. 8 Experimental (EXP) and finite element analysis (FEA) results of (g) CFM and (h) CTM mechanisms. In both
cases, the transition from stiff to compliant is shown. (a)–(f) Specific moment of contact and release and corre-
spond to the labels shown in (h). High and low stiffness is indicated with the dotted lines, and they are locally
fitted to the data with least squares. (g) Force displacement of OCF. (h) Torque angular displacement of OCT.
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reversibly reducing linear and angular stiffness by 98.5% and
90.5% over 10mm and 0.35 rad, respectively. The mechanism
with linear motion significantly reduces device complexity by
using 12 plate springs instead of 38 while doubling the relative
range of motion compared to the state of the art.
These dramatically different states of stiffness are obtained by

preloading two constant force and torque mechanisms against
each other with a monolithically integrated bistable switch. Tog-
gling the bistable switch engages and disengages static balance,
effectively turning off and on stiffness. A constant force mechanism
based on existing literature is used, while a new constant torque
mechanisms is created based on the same principle.
The prototyped devices are on centimeter scale and 3D printed out

of PLAby FDM.However, their monolithic nature enablesminiatur-
ization and micromanufacturing by photolithography and two-
photon stereo lithography. In such microsystems, the low stiffness
configuration can be activated by actuating the main stage once
with high force. They may find applications in low-frequency
sensor technology, energy harvesting,microcompliant transmissions
or provide robustness of sensitive sensors during launches to space.
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