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A Curved Compliant Differential
Mechanism With Neutral Stability
Differential mechanisms are remarkable mechanical elements that are widely utilized in
various systems; nevertheless, conventional differential mechanisms are heavy and difficult
to use in applications with limited design space. This paper presents a curved differential
mechanism that utilizes a lightweight, compliant structure. This mechanism acquires its dif-
ferential characteristic by having a high rotational stiffness when the mechanism is symme-
trically actuated on two sides, while having a low rotational stiffness when actuated only on
one side. To make the mechanism neutrally stable, the intrinsic elastic strain energy
required for deformation of the compliant differential is compensated for by the reintroduc-
tion of potential energy, which is provided by two preloaded springs. The rotational stiffness
of the one-sided actuation of the compliant differential mechanism around the neutral posi-
tion is hypothesized to be adjustable by changing the preload of the springs. The stiffness
can be positive, zero, or negative, indicating that the mechanism can be neutral or bistable.
This hypothesis is investigated using a simulated model in Ansys Parametric Design
Language (APDL) using optimized parameters to achieve the desired stiffness for the mech-
anism. The simulated model is validated using an experimental setup for both the one-sided
and symmetrical actuation stages. The experimental results showed a high correlation with
the simulation results. The mechanism with optimized dimensions and preload demon-
strated neutral stability over a 16deg range. Bistability was discovered for preloads
greater than the optimized preload. At θ= 0, a linear relationship was discovered
between the spring preload and the rotational stiffness of the mechanism. Furthermore,
an output/input kinematic performance of 0.97 was found for the simulated results and
0.95 for the experimental results. [DOI: 10.1115/1.4056867]

Keywords: compliant mechanisms, differential mechanism, neutral stability, zero stiffness,
wearable devices

1 Introduction
The first recorded instance of a differential mechanism being

used in a mechanism was over 2000 years ago in the Antikythera
mechanism, which used differential gears [1]. The differential
mechanism was used to determine the angle between the ecliptic
positions of the Sun and Moon. Other uses of differential mecha-
nisms in history are for the use as a compass around 250 AD by
engineer Ma Jun [2], or by clockmaker Joseph Williamson in a
clock mechanism. One of the most known uses for differential
mechanisms is as an automobile differential, which was invented
by Onésiphore Pecquer in 1827 [3]. In this long history of differen-
tial mechanisms, only conventional mechanisms using predomi-
nantly gears were found. Only one compliant differential
mechanism by Valentijn was found [4]. He used a thin-walled
warping beam to create differential behavior in his mechanism.
The principle of using warping for rotational transmission is
explained in Ref. [5].
Compliant mechanisms are mechanisms that use elastic deforma-

tion to accomplish something useful [6]. Traditionally, when
designers needed movement within a mechanism, they only used
rigid bodies connected with hinges and sliding joints. However,
when you look at nature, much more flexibility in movement can
be seen. Think of bee wings, elephant trunks, eels, seaweed,
spines, and the blooming of flowers. Very compact mechanisms
using this flexible behavior can be seen in nature. Compliant mech-
anisms have many advantages, such as significantly lower cost due
to fewer parts and monolithic construction, increased precision due

to reduced wear and eliminated backlash, no need for lubrication,
and generally a reduction in mass and size. However, compliant
mechanisms also introduce some challenges, such as a more diffi-
cult simultaneous design process for motion and force behavior,
fatigue life needs to be addressed, the motion is often more
limited than traditional rigid-link mechanisms with no continuous
rotation possible, there are higher stress concentrations, and most
importantly, they require energy during movement due to elastic
deformation [7].
A way to have the benefits of a compliant mechanism, but elim-

inate the energy stored during elastic deformation, is to make the
mechanism neutrally stable [8–11]. This technique was also
widely used in compliant flexural pivots to make them neutrally
stable in a certain range of motion [12,13]. If the input and output
energies of the mechanism are the same over a range of motion,
the potential energy will be constant with the initial assumption
that the system is isolated and conservative [10]. Several equivalent
descriptions for this behavior exist, such as neutral stability, contin-
uous equilibrium, constant potential energy, or zero stiffness [11]. A
method to make a mechanism neutrally stable is to reintroduce
energy into the energy stream between the input and output of the
system [14].
There are multiple ways to store the potential energy in a system

to compensate for the elastic strain energy. This could be done by
creating prestresses in the material [11,15] or during the assembly
process [16,17]. Prestressing is also possible by adding an external
compensator, which can be another compliant element or a conven-
tional element like a spring. An example of a mechanism that uses
an external prestressed compensator is proposed by Herder [18],
who added a rolling-link spring mechanism to a compliant laparo-
scopic grasper to eliminate stiffness in this compliant grasper.
This idea was further developed by Stapel, who proposed preloaded
compliant flexures to reduce the stiffness of the aforementioned
compliant laparoscopic grasper [19]. Although the storage and
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reintroduction of potential energy have been widely exploited in the
past to create compliant mechanisms with zero stiffness, no neu-
trally stable compliant differential mechanism has been reported.
The goal of this work is to demonstrate the use of a compliant dif-

ferential mechanism in conjunction with a stiffness reduction tech-
nique by reintroducing energy to compensate for the potential
elastic strain energy within the range of movement of the mecha-
nism. Reintroduction of energy changes the stiffness of the mecha-
nism from positive stiffness to zero stiffness or negative stiffness.
The behavior of the mechanism is investigated and enhanced
using simulations and optimization. The simulated results are vali-
dated using an experimental setup with a physical prototype. The
experiments show a good match between anticipated and actual
results in adjusting the stiffness and achieving high kinematic
performance.
In Sec. 2, the working principle and intended application of the

mechanism are explained. In Sec. 3, the details of the modeling
together with the experimental setup are explained. In Sec. 4, the
results of both the simulations and experimental setup are shown
and discussed in Sec. 5. Finally, in Sec. 6, a conclusion is drawn
from the results.

2 Working Principle
The compliant differential mechanism can be seen in Fig. 1. The

mechanism works by having two pretensioned springs pushing
outwards on the inside of the U-shaped open section thin-walled
beam. While actuating the mechanism on one side, an opposite

rotation on the other side of the mechanism is generated. This one-
sided actuation can be seen in Figs. 1(a) and 2. During this actua-
tion, the springs are decompressed and transfer their potential
energy into the energy required for the elastic deformation of the
mechanism. The springs are constrained to be always aligned
with the rotational axis of the mechanism, in this way, the springs
only experience compression and decompression without any trans-
lation or bending in other directions. The transfer of energy causes
the energy required to actuate the mechanism to be lower, which in
turn lowers the rotational stiffness of the mechanism in one-sided
actuation mode, while the symmetrical actuation mode still has a
very high rotational stiffness. This latter actuation mode can be
seen in Fig. 1(b). This mechanism has the interesting behavior of
a differential mechanism.
The mechanism is hypothesized to work in a way in which the

required elastic strain energy is compensated with a source of poten-
tial energy. When the mechanism is actuated on one side, the sides
of the beam go out of plane and make skew lines, this causes the
springs to decompress and go to a lower energy state. At the
same time, the U-shaped beam is going to a higher energy state
during elastic deformation. The sum of these two energies can be
designed to be the constant. Due to the conservation of energy in
an isolated and conservative mechanical system [10], the total
potential elastic energy of all components would then be expected
to look like Fig. 3, the dotted line is the potential spring energy
of the two springs, the dashed line is the potential elastic strain
energy of the mechanism. The total potential energy can be found
by the summation of both the potential energy of the beam and
the potential energy of the springs. This total energy is illustrated
by the solid line, for which a constant level can be observed for a
range of motion. This constant potential energy can be categorized
as “neutral stability.” The second derivative of the potential energy
is the stiffness, so when the potential energy is constant, the stiff-
ness and actuation force of the mechanism are both zero.
If the springs lose more energy than the energy required for the

elastic deformation of the beam, a different behavior will be
observed, which will create a peak in the potential energy with
two minima on each side. This behavior would be classified as bis-
table, with two stable equilibrium points at the two local minima
and an unstable equilibrium point at the peak of the potential
energy. This unstable equilibrium indicates a negative stiffness
when the potential energy is differentiated twice.
This would indicate that three different states can be achieved. A

state with positive stiffness when no or insufficient energy compen-
sation is used. A state with zero stiffness when the potential elastic
strain energy is perfectly compensated. And lastly, a state with

Fig. 1 A schematic view of the compliant differential mechanism. The dotted line indicates the rotational axis of the mecha-
nism and the arrows show the rotation around each side of the mechanism and the middle output. The pretensioned springs
are used to compensate the energy required for compliant mechanism’s elastic deformation. (a) The one-sided input to output
connection is with zero stiffness and energy free and (b) The symmetric drive from the middle to the side outputs has a very
high stiffness.

Fig. 2 A side view of the one-sided actuation, θ indicates the
angular displacement of the input. The motion transferred to
the output can also be seen on the other side of the mechanism.
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negative stiffness occurs when the stored potential energy released
is greater than the potential elastic strain energy required to actuate
the mechanism. The released energy of the spring is a function of
the initial preload, stiffness, and amount of decompression of the
spring.
This behavior of varying the stiffness of the mechanism, specifi-

cally the zero stiffness state is further investigated and validated on
a physical prototype.
The original design purpose of this compliant differential mech-

anism was for the use in a passive exoskeleton as a back support
where the U-shaped beam is located around the waist, with the
two sides connected to the legs and the middle part connected to
the upperbody. During walking, you have alternating hip flexion
on one side and hip extension on the other side. When bending
there is hip flexion on both sides of the hip joint simultaneously.
For this use case, it is required that the mechanism has low stiffness
when walking and high stiffness when bending. This makes the
users walking easy and energy free while this high stiffness pro-
vides bending support. These two cases are referred to in this
paper as one-sided actuation and symmetrical actuation respec-
tively. Such a mechanism can be labeled as a differential
mechanism.
The mechanism is required to be around the human body but still

have a rotational axis that aligns with the rotational axis of the
human hip joint. Therefore, a U-shaped beam is chosen with con-
straints on the side of the human hip to create a rotation axis
around these constraints. In this research, this application was
chosen as the basis for all parameters, requirements, and optimized
values. The parameters are therefore chosen on the basis of human
sizes and can be changed to suit other applications.

3 Method
The mechanism consists of a thin-walled beam, with an H-shaped

cross-section, which has two bends forming a U-shape geometry.
The mechanism can be found in Figs. 1 and 4. A force is applied
to the sides of the mechanism at points L and R using two
springs. The aim is to research and analyze the neutral stability
and bistability behavior of the mechanism and the changes in rota-
tional stiffness due to the reintroduction of potential energy by
changing spring parameters. Furthermore, the characteristics and
performance of this mechanism as a compliant differential are

analyzed using simulations and experimental results for various
initial spring preloads.

3.1 Requirements. The mechanism is subjected to the require-
ments which are set for the aforementioned case of a passive exo-
skeleton. For this case, the one-sided actuation is used for
walking, and the symmetrical actuation is used as a support for
bending. In this research, a linearly increasing moment for symme-
trical actuation is set to reach 30Nm after 20 deg of angular displa-
cement. For the one-sided actuation scenario, the maximum
moment for the one-sided actuation should be lower than 5Nm
with a range of motion of 50 deg, between −25 deg and 25 deg
for each side. Furthermore, the mechanism should be as compact
and lightweight as possible.

3.2 Geometry. The geometry of the mechanism can be found
in Fig. 4. The cross-section of the beam was chosen to be H-shaped.
This cross-section was chosen due to initial tests showing cross-
sections with low torsional stiffness, high bending stiffness, and a
high warping constant would perform better for the desired differ-
ential behavior.
The mechanism is constrained at three points, each constraining

two degrees of freedom, thus, a total of six degrees of freedom are
constrained in this monolithic mechanism, which makes it iso-
constrained. The locations of the constraints are symmetric and
located at points “R,” “L,” and “M” as seen in Fig. 4. The points
“R” and “L” both constrain translation in the Y and Z directions
and thus only move in the X direction while allowing rotation
around all axes. Point “M” is constrained in translation in the Y
and X directions and thus can move in the Z direction while allow-
ing rotation around all axes. These constraints are the same for all
loading scenarios. The preload force is applied to the points “R”
and “L” in opposite directions in line with the X direction. This
preload force is created by compressed linear springs.

3.3 Parameters. The parameters used for this mechanism are
chosen for the passive exoskeleton case and stated in Table 1.
Although the mechanism can be scaled to fit multiple design pur-
poses, the parameters for this research are mainly based on anthro-
pometric data and optimization using simulations in ANSYS, with a
finite element solver. The width and depth of the mechanism have
been obtained using anthropometric data from DINED [20] with
the data set “Dutch adults, dined2004.” w was obtained by taking
a hip breadth of 400mm plus two times 25mm for the preloaded
springs. p was obtained by taking half of the abdominal depth,
which is chosen to align with the rotational axis of the hip joint.
The hip breadth and abdominal depth were chosen around the 50
percentile of the age group of 20–60 years. These could be approx-
imated because they will be used as input parameters for the optimi-
zation of the mechanism. For the radius of the two curves, R, early
tests found that its contribution to the behavior of the beam was

Fig. 3 The hypothesized total potential elastic energy (solid
line) of the neutrally stable mechanism in its range of motion.
This line is a summation of the energy of the beam (dashed
line) during elastic deformation and the potential energy of the
pretensioned springs (dotted line). The range of motion with a
constant total potential energy is shown in gray.

Fig. 4 The compliant differential mechanism investigated in this
research is shown with its parameters. The location of the
applied constraints and spring forces are also shown.
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rather small. Therefore, it was removed from the scope of the
research, and R was not varied in the optimization and has been
chosen to follow the shape of the human body. bw and bh are the
height and width of the H-profile cross-section. These were
obtained using an optimization problem in MATLAB, which is
further explained in Sec. 3.4.2. For this research, the thickness of
the web and flanges have been chosen to be equal. The thickness
has been found by manual optimization based on available stock
material thicknesses for prototyping purposes. A thickness of 0.8
mm was found to be best suited for the chosen design parameters
and requirements. The springs used to apply the preload to the
mechanism are also chosen based on the required force Fn, free
length Ln, and the highest possible spring constant c.
For the material AISI 301 or EN 1.4310, which is a hardened aus-

tenitic chromium-nickel stainless steel is used, with a Young’s
modulus E of around 190GPa, and an ultimate tensile strength
between 1300 and 1500Nmm−2.

3.4 Modeling. For modeling the mechanism, APDL is used.
The main advantage of this program is that the mechanism can be
modeled using a scripting language and can be made as a parametric
model. This ensures maximum control over the simulations and
allows for simulating with different sets of parameters using
MATLAB. By using an integration of ANSYS and MATLAB, it is possible
to run the ANSYS model in an optimization problem to optimize the
model for given input parameters and requirements of the
mechanism.
The model is simulated in Ansys Parametric Design Language

using finite element modeling (FEM). The model is fully parametric
and is fully constructed in the APDL scripting language. For the
simulation, a static analysis with a large deflection option is used.
A shell model is selected to simulate the behavior of the beam.
The shell is meshed using 8-nodal SHELL281 elements.
The constraints are as aforementioned and applied to the nodes at

the locations of points “R,” “L,” and “M” on the shell. The preload-
ing of the mechanism is performed by having two forces at points
‘R” and “L” in opposite directions. These forces simulate a linear
spring in accordance with Hooke’s law based on the Ux displace-
ment of points “R” and “L.”

3.4.1 Measurement. The modeled mechanism can be actuated
in two different ways: one-sided actuation and symmetrical actua-
tion. For the one-sided actuation scenario, a rotation is applied to
a line of nodes on the left inside of the mechanism, this line of
nodes spans 25mm in both directions of the Z-axis with the point
“R” in the middle. For the symmetrical actuation scenario, a line
of nodes spanning a line in the Z direction at point “M” in the
web. For both scenarios, the rotation is around the X-axis. To

obtain the moment–angle and potential energy–angle curves, the
required moment to actuate the mechanism to an angle in the
range of motion has to be calculated. This is performed for both
the one-sided actuation and symmetrical actuation scenarios. The
one-sided actuation moment is calculated in the simulations by
measuring the reaction forces at point “M.” With the known dis-
tance from point “R” to “M,” this accounts for a change in distance
in the deformed state, and the moment around the rotational axis
between points “R” and “L” can be calculated. For the symmetrical
actuation scenario, a similar approach is taken, however for this sce-
nario, the reaction forces on points “R” and “L” are measured and
converted to a moment around point “M.” The reaction forces can
be exported directly from the simulations. To calculate the potential
energy at a given angle, a cumulative trapezoidal numerical integra-
tion is used. This approximates the area under the moment–angle
graph, which is the potential energy. The rotational stiffness of
the mechanism is calculated by differentiating the moment–angle
curve, the focus of this paper is mainly on the rotational stiffness
at θ= 0. The compliant differential mechanism has a difference in
input angle and output angle, where the input angle is the actuated
side of the mechanism and the output angle is the angle of the unac-
tuated side, as can be seen in Fig. 2. In this research, the ratio
between the input and output angles is defined as the kinematic per-
formance. To calculate the kinematic performance of the compliant
differential mechanism, the angle of both the actuated side and the
unactuated side is measured. These angles are plotted against each
other to find the correlation. From these data points, a linear regres-
sion is taken, for which the slope of this linear regression approxi-
mates the average kinematic performance over the complete range
of motion.

3.4.2 Optimization. As discussed previously, the values of bw,
bh and the initial preload to achieve neutral stability are found using
optimization in MATLAB. This was performed by MATLAB running the
ANSYS model with different sets of parameters. As the objective
function, a weighted function of both the root-mean-square error
(RMSE) of the one-sided actuation moment and a penalty function
for the required symmetrical actuation moment is used. The RMSE
is used to approximate zero stiffness at θ= 0. The penalty function
is used to constrain the lifting moment to fit the desired symmetrical
actuation moment. Sequentially, the initial preload of the spring was
optimized using the same RMSE to find the initial preload for which
zero stiffness is achieved and thus neutral stability.

3.5 Experimental Validation

3.5.1 Physical Prototype. The physical prototype is con-
structed with a hardened stainless spring steel with the properties
mentioned in Sect. 3.3. The thickness and properties of the material
are in accordance with the simulated model. The material is laser cut
with slits and wedges in the web and flanges to allow for alignment
and fixation of the web and flanges. Although this gives a fairly
rigid connection, it does not fully fixate the web and the flanges
similar to the model. Therefore, spot welds are introduced to
fixate the web and flanges.

3.5.2 Experimental Setup. The experimental setup in Fig. 5
consists of the mechanism attached to two axes on linear sliders
which constrains the translation in the Y and Z directions for
points ‘R” and “L.” To ensure that the constraint points are still
allowed to freely rotate in all directions, a ball joint is used at the
contact point between the axis and the inside flange of the mecha-
nism. The preload force is applied to the mechanism using two
springs which are attached to the two axes, this applies the force
directly to the ball joint, and matches the simulated model. The con-
straint at point “M” is only in the Y direction, contrary to the simu-
lated model which was also constrained in the X direction.
However, this constraint was omitted for the experimental setup
because the springs removed a degree of freedom, which con-
strained the mechanism in the X direction.

Table 1 Parameters in this table are used for both modeling and
experimental validation and are chosen based on an
anthropometric data

Parameter Symbol Value

Inside width w 450mm
Inside depth d 160mm

p 125mm
Curve radius r 25mm
H profile height bh 34mm
H profile width bw 34mm
Web thickness btw 0.8mm
Flange thickness btf 0.8mm
Density ρ 7880 kgm−3

Poisson ratio υ 0.275
Young’s modulus E 190GPa
Free spring length L0 86.6mm
Maximum spring force Fn 102N
Spring constant c 1.49Nmm−1
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3.5.3 Measurement. To measure the moment–angle curve, a
tensile testing machine is used to actuate one side of the mechanism
using a rod attached to the flanges and the web on one side of the
mechanism, as shown in Fig. 5(a). The universal testing machine
operates at a speed of 200mmmin−1. The measurement is per-
formed by actuating one side of the mechanism to 25 deg and
then to −25 deg before returning to 25 deg. The cycle is repeated
twice for both sides of the mechanism to check for repeatability
and to get more data points for smoother and more accurate
results. The measured forces and displacements can be converted
to a moment and angle with the known length and displacement
of the actuation rod. The effect of the weight of the actuation rod
is compensated for in the data processing. Due to Coulomb friction
in the constraints, such as the ball joint and linear bearings, there is a
hysteresis loop which centers around the predicted moment–angle
curve, as can be seen in Fig. 6 in gray. The predicted true
moment–angle curve can be subtracted from the hysteresis loop
by averaging the higher and lower moments of the loop for each
angle, this should be a close estimation if the mechanism is symme-
trical and friction in both directions is assumed to be the same.
To measure the symmetrical actuation scenario, a rod is attached

to the middle of the web at point ‘M” a force is applied to this rod
which causes a moment on the beam at the point of attachment. This
force is applied using the tensile testing machine and a cable, as can
be seen in Fig. 5(b). This force and the resulting displacement can
be converted to a moment and an angle, respectively. The springs
are also tested separately to see if their force–deflection behavior
is similar to that of the modeled linear springs.
Finally, to calculate the kinematic performance, an additional rod

is attached to the unactuated side of the mechanism to better

visualize its angle. A camera and video analysis software are used
to measure both the input and output angles to calculate the kine-
matic performance of the mechanism. This calculation was per-
formed using the same method as the simulated results by finding
the slope of the linear regression.

3.6 Experiments. In this research, four different scenarios are
considered for the experiments. The first three scenarios are varia-
tions of the initial preload of the springs: no preload 0N, an
initial preload of 70N which makes the mechanism neutrally
stable, and an initial preload of 95N where the mechanism shows
bistable behavior. For the fourth scenario, a rotation is applied to
point “M,” the symmetrical actuation scenario. In this case, the
preload effect is negligible and, therefore, is not considered in the
tests.

4 Results
Figures 6(a)–6(c) show with the black line the resulting simu-

lated moments for one-sided actuation for no initial preload,
initial preload which led to neutral stability, and an initial preload
which results in bistability. These moments are plotted against the
angular displacement in degrees. The experimental results are
shown with ◂ and ▹ symbols for left-side and right-side actuation,
respectively. In light gray, the raw measured results are shown,
these results show a hysteresis loop due to the friction in the exper-
imental setup. As discussed in Sec. 3.5.3, friction in the experiment
results is compensated for by averaging the moments.
Figures 6(d )–6( f ) show the simulated potential energy in joules

measured from the mechanism with the black line. Both of these
cases are plotted against the angular displacement of one of the
two actuated sides of the mechanism. The experimental results
are shown with ◂ and ▹ symbols for left-side and right-side actua-
tion, respectively. The potential energy is calculated from the
sampled moment–angle curve. Hence, the friction in the results
has already been compensated.
For the neutrally stable or zero stiffness scenarios, the results are

shown in Figs. 6(b) and 6(e). The results in Fig. 6(b) show a near
zero moment within a range of motion of 16 deg, between −8 deg
and 8 deg. Also the results in Fig. 6(e) show a near constant poten-
tial elastic energy within the same range. The constant potential
energy and a slope of zero can also indicate zero stiffness at θ= 0.
For the bistable scenarios, the results are shown in Figs. 6(c) and

6( f ). The results in Fig. 6(c) show a local minimum and a maximum
at −10 deg and 10 deg, respectively. There are three locations
where the moment is zero at −17 deg, 0 deg, and 17 deg, which
are the equilibrium points. The results in Fig. 6( f ) show the poten-
tial elastic energy with two local minima at −17 deg and 17 deg,
which correspond to the equilibrium points in Fig. 6(c). Further-
more, the negative slope through θ= 0 indicates negative stiffness.
The experiments show the same behavior as the simulated results,
but there is a slight difference. After the peaks the experimental
results seem to have a steeper angle which indicates more stiffness,
this can be observed in both the moment–angle curve and potential
elastic energy–angle curve.
For the not preloaded scenarios, the results are shown in

Figs. 6(a) and 6( f ). The results in Fig. 6(a) show almost linear
behavior going through the origin, which indicates an almost cons-
tant positive stiffness over the entire range of motion.
Figure 7 shows the moment for the symmetrical actuation sce-

nario, the dashed line is the simulated moment for the symmetrical
actuation scenario. These results show a linear relation with the
angular displacement from 0Nm to the optimized value of 30N
m. The experimental results for the symmetrical actuation scenario
are shown with the symbol. These experimental results show a
deviation from the experimental results after 5 deg, after this
point, a steeper slope can be observed which indicates a higher stiff-
ness for the symmetrical actuation scenario.

Fig. 5 The experimental setup for validation of the simulated
results for both the symmetrical actuation and one-sided actua-
tion scenarios: (a) experimental setup for one-sided actuation
and (b) experimental setup for symmetrical actuation
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Figure 8 shows that within the tested initial preloads, the mech-
anism shows a linear relationship between the preload and the stiff-
ness of the mechanism at θ= 0. This linear relationship is shown in
Eq. (1), where kψ is the rotational stiffness and Fp is the initial
preload of the springs

kψ = −0.1673Fp + 11.6153 (1)

This means that the initial preload is negatively correlated with
the stiffness, and a higher initial preload results in a lower stiffness.

This behavior can also be observed for negative preloads, with a
force pulling inward instead of pushing outward. For initial preloads
at 70N zero stiffness is observed, indicating neutral stability. While
for initial preloads higher than 70N negative stiffness is observed,
which indicates bistability. The experimental results are shown with
the calculated stiffness using the B symbol.
Figure 9 shows the kinematic performance of the different initial

preloads from simulations. The dashed line shows a linear trend
between the kinematic performance and the initial preload. The
kinematic performance shows a linear trend between 0.96 and
0.98 for the simulations. The experimental result for the neurally

Fig. 6 The simulated (black) and the experimental (gray) results for the moment–angle and energy–angle of the mechanism in a
one-sided actuation scenario with three different spring preloads. The ◂ and ▹ symbols show the friction compensated results
for the left-side and right-side actuation, respectively. (a) Moment for 0N preload. (b) Moment for 70N preload. (c) Moment for
95 N preload. (d) Potential elastic energy for 0N preload. (e) Potential elastic energy for 70N preload and (f) Potential elastic
energy for 95N preload.

Fig. 7 The moment required for the symmetrical actuation case,
for the simulated results (dashed line) and the experimental
results. The experimental results are shown with the symbol.

Fig. 8 The effect of the initial preload of the springs on the rota-
tional stiffness of the mechanism
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stable scenario which are shown with the B symbol in the same
figure is 0.95 for a 70N initial preload; the error bar indicates the
95% confidence range.
The linear approximation for the springs according to Hooke’s

law has been tested. The compression test has been performed on
the springs used in the experimental setup. The springs showed
the same linear behavior as the simulated springs, with the same
expected spring stiffness of 1.49Nmm−1.

5 Discussion
The expected behavior of neutral stability was found both in the

simulations and experimental results for the optimized initial
preload. This indicates that the current method, the reintroduction
of potential energy, is an effective way to manipulate the stiffness.
Furthermore, it is shown that by increasing the reintroduced poten-
tial energy, i.e., higher springs pretension, it is possible to achieve
bistable behavior. This bistable behavior was observed in the sim-
ulated and experimental results.
The experimental results of the neutrally stable scenario almost

perfectly match the simulated results. However, in bistable and non-
preloaded scenarios, the experimental results show a small devia-
tion from the simulated results. Furthermore, the results show
consistency between cycles and sides of the mechanism. The
small deviations could be due to the experimental setup, for
example, the tool used to actuate the mechanism required a few mil-
limeters of backlash to work properly, this is also the case for the
fixation at point M. This backlash could cause a shift in the final
processed results. This will be most pronounced in the not pre-
loaded scenario due to the steeper slope. This backlash could be
removed by creating better fixations.
Another discrepancy that could explain the differences between

the simulations and the experimental results is the difference in
exertion of the actuation. The simulated model is actuated only
by applying an angular displacement, which differs from the exper-
iments where it is applied by a linear displacement. This introduces
forces into the system instead of only a pure moment. Furthermore,
the effect of the difference in constraints between the ANSYS model
and prototype seemed to be minimal but could be improved in
future works.
Another source of difference between simulations and the exper-

imental results can be due to the connection between the web and
flanges, in the simulations, this is a uniform continuous rigid con-
nection. However, in the experimental setup, a continuous connec-
tion was not feasible, and a connection using spot welds was used,

which gave the mechanism a rigid connection while minimally
affecting the material properties at the connection. It is possible to
use laser-welding to create a better fixation between the web and
the flanges, this minimizes added material and only makes a rela-
tively small heat affected zone. Another way to better match the
results to the model is to model the connection between the web
and the flanges in ANSYS.
For the symmetrical actuation scenario, the optimization to reach

30Nm at 20 deg was successful and resulted in constant rotational
stiffness in the desired range of motion. However, in the experi-
ments, a higher rotational stiffness was captured after 5 deg. This
deviation could be caused by the difference in the exertion of the
moment.
For the symmetrical actuation scenario, the full 20 deg of angular

displacement could not be achieved due to buckling in the flanges,
this buckling was observed after about 7 deg. The simulations also
showed buckling, however, this only occurred at deformations
higher than the 20 deg. Buckling at smaller deformations could be
caused by the spot weld, which caused a nonuniform connection
with the web, the spot welds also caused some slight imperfections
in the flanges which could also cause an earlier buckling. Due to this
buckling, the experiment was stopped after 12 deg of angular
displacement.
The kinematic performance for the simulated results is around

2–3% lower than the ideal ratio of 100%. The measured experimen-
tal results show only a 2% difference with a 95% transfer of motion.
This is a high percentage and is considered a good result. This
deviation between the experiments and the simulated kinematic per-
formance can be seen in Fig. 9. This could be explained by a few
factors, which are sorted based on their effects. First, the friction
in the experimental setup could cause losses in transferring
motion from the input to the output side of the mechanism. This
is believed to be the largest contributor to the discrepancy.
Second, the minimum measurement unit for the angle using
image processing was set to 1 deg. Finally, a camera was used to
calculate the difference in angle between the actuated and unactu-
ated arm; therefore, a difference in perspective or possible lens dis-
tortion can be another source of error during the measurements.
An important metric of this differential mechanism is the ratio

between the rotational stiffness of the one-sided actuation
(walking) and the symmetrical actuation (bending). This ratio for
the range of motion of 20 deg is

Symmetrical actuation
One-sided actuation

=
30
1.76

= 17 (2)

This is almost three times higher than the same ratio for the
unpreloaded mechanism, for which this ratio is 30

5.09 = 5.9. This
shows a significant increase in the difference in rotational stiffness
by reintroducing energy to lower the overall rotational stiffness of
the mechanism. The ratio could be even higher if the bistability
of the mechanism was utilized; however, this bistability is not
always desired. However, this bistability can be used to lower the
overall required work to actuate the mechanism over a larger range.
When comparing the proposed compliant differential mechanism

with the conventional differential mechanisms, the main advantages
of the proposed design are the removal of backlash and friction, and
the reduction in a number of parts and thus assembly time. The main
disadvantage of stored elastic energy for compliant differential
mechanisms has been alleviated for a range of 16 deg, conventional
differential mechanisms do not have this disadvantage and only
suffer from friction between the gears. This friction is relatively
low, but it is hard to compare to the proposed design due to the scal-
ability of this proof of concept. The second limitation of the pro-
posed compliant differential mechanism is the limited range of
motion, while conventional differential mechanisms have continu-
ous rotations this is limited for the compliant design. This is
however a limitation which is not a problem for all design purposes.
Now that the expected behavior has been found and verified,

more future research can be done into this mechanism. The

Fig. 9 Kinematic performance, the ratio between motion of the
actuated side and the unactuated side, for different initial pre-
loads are shown with a linear trend between them, the resulting
ratio from the experiment is also shown
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design used for this proof of concept has been kept simple and
uniform in order to find the behavior with as few variables as pos-
sible. In future research into the mechanism, a variation in the width
and height of the beam could be investigated, for instance, the bw
and bh of the beam could be optimized separately to see if the mech-
anism could be made more compact or have a wider range of motion
with neutral stability and zero stiffness. Another interesting thing to
look into is varying the thickness of the web and flanges as separate
parameters, e.g., a lower thickness web could lower the stiffness of
the mechanism while having less impact on the warping of the
beam. Furthermore, from additional stress analysis that was
outside the scope of this research, the two side sections around
points “R” and “L” were found to be less important for the behavior
of the mechanism and show much lower stresses than the straight
back section. More narrow and compact dimensions could most
likely be chosen for this area.
In addition to the dimensions, the cross-section could also be

changed. While in initial testing a C-shaped and an I-shaped cross-
sections seemed to perform worse than the H-shaped cross-section
for the desired behavior, other sections could be further examined,
especially if other parts of the mechanism are also altered. Cross-
sections like open circular sections or T-profile which have not
been looked into at all, could show different and possibly better
behavior.
Another improvement is to change the source of potential energy

storage in the mechanism. In the current version potential energy is
stored in the external springs, but it can be replaced by prestresses in
the mechanism itself. A similar approach to Lachenal [17] with pre-
stressed flanges could be interesting to look into. Another approach
would be to reduce the out-of-plane stiffness on the sides and store
the potential energy in a fashion similar to that of the external
springs in those two regions.

6 Conclusion
In this paper, a compliant differential mechanism with near zero

stiffness is presented. A method to manipulate the rotational stiff-
ness of the mechanism by reintroducing energy to compensate for
the inherent strain energy of the compliant mechanism due to
elastic deformation. The compensation energy is supplied by pre-
tensioned springs. Three different initial preloads of these springs
have been investigated to show the effect on the mechanism’s beha-
vior: no initial preload, initial preload which makes the mechanism
neutrally stable, and finally, an initial preload which causes the
mechanism to have negative stiffness and becomes bistable. It
was found that for the optimized value of 70N spring pretension
a neutrally stable range of motion of 16 deg can be achieved. Fur-
thermore, it is shown that the initial preloads of the spring had a
linear relationship with the mechanism’s rotational stiffness at its
neutral position at θ= 0. This was even the case for negative stiff-
nesses for initial preloads greater than 70 deg.
The initial requirements of the mechanisms were met. The

maximum absolute moment between −25 deg and 25 deg for the
one-sided actuation was 3.6Nm which is lower than the set require-
ment of 5Nm for walking, this was for the optimized initial preload
of 70Nm. For symmetrical actuation, the mechanism was success-
fully optimized for the minimum required moment of 30Nm at
20 deg for bending. Due to the optimization of the mechanism,
the dimensions of the mechanism were minimized while meeting
the requirements.
The mechanism performed well as a compliant differential mech-

anism with high symmetrical stiffness and low stiffness when actu-
ated from one side. The required moment after 20 deg of actuation
was shown to be 17 times higher for the symmetrical actuation com-
pared to the one-sided actuation. Furthermore, a high kinematic per-
formance was observed for the one-sided actuation of more than

0.97 in the simulated results, with the experimental results
showing only 2% lower.
It can be concluded that this compliant differential mechanism

can be optimized to have a range of motion for which the potential
energy can be near constant and that the stiffness outside of this
range is also reduced significantly. This was validated using both
simulations and experimental validation. Furthermore, the mecha-
nism can be easily optimized to fit specified requirements for a
chosen application. This application could be for the use in an exo-
skeleton design, for which the mechanism can be optimized for a
specific user, or in other applications where having a monolithic,
lightweight, and scalable mechanism is essential.
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