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ABSTRACT
In mechanical systems, energy efficiency is often reduced by

unwanted forces like friction and backlash, which significantly
impact performance and, over time, lead to increased wear and
maintenance costs. Implementing compliant joints can address
these issues, simplifying assembly and improving performance.
However, compliant mechanisms introduce higher internal loads
due to elastic deformation in the flexures, limiting the range of
motion and affecting overall efficiency. One way to solve this is
using the principle of static balancing, which ensures that a point
of interest remains in equilibrium, meaning that no added forces
or moments are needed to keep it at rest at certain positions.
This can be done by compensating the internal potential energy,
which has been implemented in literature for 1 Degree of Free-
dom configurations. The goal of this paper was to expand the
known method into designing a multi-degree of freedom without
the use of external springs. The method was based on applying
a preload to the compliant joints in the mechanism and optimize
in such a way to create a constant potential energy curve. The
model was validated using finite element analysis, prototyping
and physical testing. It can be concluded that for the first time, a
two degree of freedom statically balanced mechanism has been
designed. It has a peak force reduction of 95% and a moment
reduction of 80%, while having a range of motion worth 50%
of the size of the mechanism. The mechanism can be used in
vibration isolators or as fundamental inspiration for new appli-
cations where preloading could lead to lower exerted loads and
thus improve efficiency.

Keywords: Compliant Mechanism, Statically Balance,
Potential Energy, Preloading, Multi-DoF, Flexure, Linkage

1 Introduction
In today’s world, efficiency and low power consumption are

crucial when developing new technologies. For actuated mecha-
nisms, this means reducing the forces needed to move the struc-
ture within its intended range. Methods to accomplish this are
zero stiffness or statically balancing applications and while both
concepts are related, they differ in their approach to reducing
the loads required for movement [1]. Statically balanced sys-
tems are designed to counteract the forces due to gravity or other
external forces, so the system remains in equilibrium at any po-
sition within a given range. This method generally makes use of
specific mechanical design, external springs or counterweight to
cancel out each other’s effects and reduce force input. The goal
is to create a constant potential energy curve along the design
domain.

Statically balancing is used in literature in multiple types of
applications, such as positioning mechanisms [2–4] and gravity
balancers [5–11]. These types of mechanisms rely on conven-
tional joints, which come with drawbacks such as friction, back-
lash, and particle production. In robotics, these issues can lead
to decreased accuracy and higher maintenance costs. To address
these challenges in high-precision applications, compliant mech-
anisms are introduced to eliminate these disadvantages. Compli-
ant mechanisms make use of members that are able to bend along
their length [12] due to the elastic deformation in the chosen ma-
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terial and configuration. This deflection can result in movement
with desirable characteristics, such as frictionless motion and lit-
tle to no assembly necessary. These types of mechanisms have
been developed for various applications, including: grasping, lo-
comotion, vibration isolators, and general manipulators [13–23].

A number of statically balanced compliant mechanisms can
also be found in literature. These mechanisms are focused on
the fundamental underlying principle where a mass or point of
interest is balanced to lower the actuation load, while keeping
the benefits of the compliant design. It is possible to use this
method to design statically balanced compliant joints, which can
be achieved using conventional, external springs [24] or by re-
placing them with external flexures [25]. These rotational joints
have 1 degree-of-freedom (DoF) with an operational range of
approximately 1.4 [rad], which is considered large for compliant
mechanisms. Another widely explored approach is the static bal-
ancing of a 1-DoF four-bar mechanism, for which several meth-
ods are available. The first method uses superposition to coun-
teract the constraining leaf flexures with preloaded leaf springs
[26–28]. A constant load domain is created because the total
stiffness is reduced to zero, however the actuation range is small
compared to the size of the mechanism. The other method does
not require the use of external stabilizing mechanism, but rather
makes use of preload inside the joints of the mechanism. This
comes in the form of using conventional rotational springs [29]
or leaf flexures [30, 31]. By optimizing the potential energy for
the preloaded position and the stiffness of joints, it is possible to
create statically balancing in these 1 DoF systems over a large
range.

However, these statically balanced mechanisms discussed
are generally limited to 1 DoF, as their structural compliant con-
straints make them simple to manage and control. A drawback
of these structures is the restricted motion of the point of interest,
often resulting in unwanted movements, like a rotational motion
when only linear movement is desired. Furthermore, the limited
rotation range of compliant flexures combined with this draw-
back often result in a relatively small actuation range compared
to the size of the mechanism. Expanding the mechanism into a
multi-DoF system offers a more adaptable design approach, al-
lowing the end effector to achieve the precise desired movement.
With additional degrees of freedom, the system becomes less
constrained, enabling a broader range of motion and greater ac-
tuation possibilities, which can enhance the mechanism’s overall
functionality and application flexibility.

The goal of this paper was to optimize and prototype a
multi-DoF statically balanced compliant mechanism that is re-
stricted in the 2-dimensional plane. The method is based on
the principle of preloading the joints without the use of external
springs, as previous studies have shown a great ability for a large
actuation domain. The intended requirements for the mechanism
were as follows:

Requirements:
1. The y-movement of the EE has been set to a range of

50 < y < 150 [mm]. The domain does not begin at y = 0, as
this allows for a better design flexibility.

2. The rotational movement of the EE has been set to
−0.5 < θ < 0.5 [rad].

These requirements add up to a actuation domain consisting of
a grid of points of all the possible combinations of y and φ . A
visualisation of the EE movement has been given in Figure 1.
Actuators will provide the necessary stiffness and control to ma-
nipulate the end effector (EE). Preliminary tests demonstrated
that having a mechanism with these two DoF is difficult to real-
ize, but by symmetrically preloading a 3 DoF linkage along the
y-axis (Figure 2) keeps the end effector at a neutral x-position of
0. Therefore, the model uses input variables y and θ as DoF and
x will be set to 0 and not taken into account.

The paper is organized as follows. In section 2, a new
methodology is introduced for designing statically balanced
multi-DoF compliant mechanisms. This methodology is demon-
strated through a case study specifically designed for this pur-
pose. A design vector is defined which will be optimized in the
end. Utilizing inverse kinematics, the model is completely con-
strained after which the potential energy equation the outline of
the optimization algorithm are introduced. In section 3, both
the hypothesis and an alternative mechanism are modeled and
optimized. The model of the chosen mechanism is then trans-
lated into a physical prototype, detailed in section 4. How the
experimental validation is defined and how these experimental
results will be produced is discussed in section 5 and section 6,
respectively. The paper concludes with a discussion of the over-
all process and findings (section 7), followed by the conclusion
in section 8.

FIGURE 1: Visualisation of the domain, where the end effector
can move over a range of 50 < y < 150 [mm] and rotate around
its axis from −0.5 < θ < 0.5 [rad].
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FIGURE 2: Visualization of the case study, showing the mech-
anism preloaded symmetrically over the grey vertical line and
theoretical fixation at x = 0.

2 Design Methodology
A new design methodology has been developed for the ap-

plication of the statically balancing characteristic in a multi-DoF
mechanism. To maintain static balance, the system’s potential
energy must remain constant throughout all the possible combi-
nations of the input variables y and θ . This can be achieved by
ensuring the derivative of the system’s potential energy towards
both DoF is zero across the whole domain. The potential energy
equation of the mechanism is set up using Pseudo-Rigid-Body
Modelling (PRBM), where the flexible members are modelled
as revolute joints and torsional springs. The potential energy
does not have to be only dependent on rotational stiffness, but
can also incorporate masses as compensation principles which
creates another design dimension that could improve the perfor-
mance.

The general steps in this design methodology are explained
using the case study visualized in Figure 2. It can be seen that
the preload angles and the joint stiffnesses are symmetrically
designed over the y-axis to keep the end effector located in a
neutral x-position. The potential energy equation of this sys-
tem is dependent on the input variables (y and θ ) and the design
parameters, but the design process starts by converting the pro-
posed case study into a PRBM. The case study is expanded by
adding spiral springs to represent the torsional stiffness of each
joint and establishing the fundamental components. Figure 3 il-
lustrates the mechanism’s geometry and parameters that will be
used. The length of all the members have been set to a fixed
values of L1 = L2 = LEE = 100[mm].

The design parameters are the free variables that will be op-
timized to influence the mechanism’s functionality and achieve
static balance. These parameters are captured in the design vec-
tor Ω, which can be expressed as:

Ω = [k1 k2 k3 φ
0
1 φ

0
2 φ

0
3 xa ya δ m], (1)

where ki are the stiffness of their respective joint in [Nm/rad]
and φ 0

i are all the preloads for that corresponding flexure in
[rad]. These are the most crucial design parameters. The re-

FIGURE 3: The case study configuration where all the parame-
ters in design vector Ω and the other variables are visualized.

maining parameters describe the geometry of the mechanism,
with (xa,ya) being the coordinates of the rigid connection point
A, δ is a scaling factor determining the connection location on
the end effector and m describes the added masses. Any sub-
set of parameters within the design vector can be selected for
optimization, while the remaining parameters will be treated as
fixed. Additionally, it is feasible to introduce extra rigid connec-
tion points, such as (xb,yb), if additional compensating beams
are incorporated into the end effector.

Ω is used alongside the input parameters [y,θ ] to fully con-
strain the entire mechanism. However, the relationship between
the parameters and the energy curve remains unknown. There-
fore, it is crucial to determine the rotational displacement of each
joint at every point within the end effector’s domain. This is done
using inverse kinematics [32] where all the rotations in the mech-
anism are calculated according to the end effector’s input move-
ment. These displacements are described by φ L

i and φ R
i , where

i = {1,2,3} and L/R describes the side of the mechanism.

Right Side: The first step is to described the connection
points of the legs to the end effector, which are the coordinates
of point C (xR

c ,y
R
c ). They are described by:

xR
c = x+δ ·LEE · cos(θ), (2)

yR
c = y+δ ·LEE · sin(θ). (3)

With these coordinates known, a new length RR is setup.
This is the distance between rigid connection point A and at-
tachment point C.

RR =
√
(yR

c − ya)2 +(xR
c − xa)2 (4)

With all lengths and coordinates known, the rotational dis-
placements at each joint is determined using the law of cosines
and trigonometry. The rotations have the following form:
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φ
R
1 = acos(

L2
1 +R2

R −L2
2

2L1RR
)+atan(

yR
c − ya

xR
c − xa

) (5)

φ
R
2 = acos(

L2
1 +L2

2 −R2
R

2L1L2
) (6)

φ
R
3 = acos(

L2
2 +R2

R −L2
1

2L2RR
)+atan(

xR
c − xa

yR
c − ya

)+SR (7)

where SR = 1
2 π − θ which is a term added to describe the

angle between link 2 and the end effector.

Left Side: The left side of the mechanism uses the same
equations as Eq. 7 to 9, however the terms xL

c , yL
c and SL are

slightly different to their mirrored counterparts. This can all be
retrieved from evaluating the mechanism using triginomitry and
have the form:

xL
c = x+δ ·LEE · cos(θ). (8)

yL
c = y−δ ·LEE · sin(θ), (9)

which add up to the final equations being:

φ
L
1 = acos(

L2
1 +R2

L −L2
2

2L1RL
)+atan(

yL
c − ya

xL
c − xa

) (10)

φ
L
2 = acos(

L2
1 +L2

2 −R2
L

2L1L2
) (11)

φ
L
3 = acos(

L2
2 +R2

L −L2
1

2L2RL
)+atan(

xL
c − xa

yL
c − ya

)+SL (12)

where SR = 1
2 π −θ .

The total potential energy of the system (Utot ) is primarily
composed of elastic potential energy, derived from the torsional
stiffness of the joints, but also gravitational potential energy re-
sulting from the added masses. Using Eq. 4 to 16, the design
vector Ω and the domain parameters [y,θ ], the total potential
energy can be described and expanded to the following form:

Utot =
1
2
· k1 · ((φ L

1 −φ
0
1 )

2 +(φ R
1 −φ

0
1 )

2)+ ...

1
2
· k2 · ((φ L

2 −φ
0
2 )

2 +(φ R
2 −φ

0
2 )

2)+ ...

1
2
· k3 · ((φ L

3 −φ
0
3 )

2 +(φ R
3 −φ

0
3 )

2)+ ...

m ·g · (yL
c + yR

c )

(13)

2.1 Optimization Objective
Statically balancing refers to a condition where a mechan-

ical system or object remains in equilibrium under static con-
ditions, meaning no external forces or torques are causing it to
move or rotate. In other words, all forces and moments acting
on the system are balanced, and the system stays in a stable po-
sition without requiring continuous external input or correction.

As there are 2 DoF in the actuation domain, the derivative to both
variables need to be optimized. Deriving the potential energy to-
wards variable y results in

F =
∂Utot

∂y
(Ω,y,θ), (14)

where F is the notation for the force equation that is located
on the end effector. Taking the derivative with respect to θ re-
sults in

M =
∂Utot

∂θ
(Ω,y,θ), (15)

where M is the notation for the moment located on the end
effector to rotate it to a certain θ position. Both these equa-
tions are implemented in Matlab with a multi-objective genetic
algorithm using the function ’gamultiobj’ to create a constrained
nonlinear optimization problem. The goal of this optimization
is to determine the values of the variables in design vector Ω.
However, filling in the equations for F and M straight into the
optimization objective is not possible due to 2 reasons:

1. As this is a multi-objective optimisation problem, the
derivatives need to be normalized in order for them to be
comparable by the genetic algorithm. This is done using
Min-Max Normalization.

2. The input over which statically balancing is being created is
a whole domain of points, so the Root-Mean-Square (RMS)
needs to be taken to get a correct formulation of the objec-
tive.

The normalized versions of Equations 14 and 15 are used in
the RMS for every combination ofy and θ . These equations can
be utilized as objective functions for the optimization problem.
By incorporating all the variables within the design vector Ω, the
optimization problem can be solved. The problem is subjected
to:

find k = [ki], φ
0 = [φ 0

i ], x = [xi],

y = [yi], δ = [δi], m = [mi]

to minimize f (Ω) = { fF(Ω), fM(Ω)},
where Ω = {k,φ 0,x,y,δ ,m}

subjected to G1 ≡ ki ∈ [kmin,kmax], i = {1,2,3};

G2 ≡ φi ∈ [φ min
i ,φ max

i ], i = {1,2,3};
G3 ≡ xi ∈ [xmin,xmax], i = {a,b};
G4 ≡ yi ∈ [ymin,ymax], i = {a,b};
G5 ≡ δi ∈ [δmin,δmax], i = {1,2};
G6 ≡ mi ∈ [mmin,mmax], i = {1,2};

where fF and fM are the normalized objective functions for
the force and moment respectively and Gi describes the con-
straints for the objective.
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Constraints G3 to G6 are non-critical constraints, as they de-
fine the mechanism’s geometry and can therefore be easily con-
figured. Constraints G3 and G4 have been set to

G3 ≡ xi ∈ [50,100] [mm], i = {a,b};
G4 ≡ yi ∈ [0,50] [mm], i = {1,2};

to give the arms of the end effector rooms to be optimized
while keeping the size and shape of the mechanism in mind.
The weight of the links are assumed to be zero and the stiffness
matrix is considered constant over the whole actuation domain.
Constraint G5 has been set to δ ∈ [0.3 : 1] as a scaling factor for
the attachment points of the end effector and G6 has been set to
m ∈ [0 : 0.1][kg].

Constraints G1 and G2 are more sensitive and need more
precausion setting them up. Constraint G1 takes the geometry
of the flexure in mind, which has been set at a fixed length of
L f = 20[mm] and a thickness of 0.8[mm]. Using Equation 19,
kmin was calculated and an estimation of kmax was made. These
constraints have been set to a value of

kmin = 0.02
Nm
rad

and kmax = 0.1
Nm
rad

.

Constraint G2 cannot be predetermined as it depends not
only on the mechanism’s geometry (x, y, and δ ), but also on
the maximum rotation angle of each joint. The ability of stati-
cally balancing heavily relies on the magnitude potential energy
within the system, which is higher the larger the rotation of the
flexure. Taking non-linearities into account, Howell et al. [33]
reports a flexure rotation limit of 1.344 [rad] (77 [deg]) as a
general rule of thumb for designing flexures. Consequently, the
boundary constraints of the problem must be updated between
optimization runs and cannot be fixed in advance, otherwise the
rotations will exceed this limit. Initially, the optimization pa-
rameters are set, and the boundaries of the preload constraint
are defined for a given configuration. During the first iteration,
the preload boundary conditions are updated based on the (x,y)-
values the optimizer converges to. At the end of this iteration,
these (x,y)-values are fixed, and the second iteration begins. This
iteration follows the same procedure, but results in the fixation
of values for δ and m. Finally, the last run yields the stiffness
and preload values required for static balancing. This process is
outlined in the flowchart shown in Figure 4.

3 Evaluation of Optimized Designs
The design methodology can be applied to various configu-

rations and mechanisms, with two specific configurations high-
lighted for achieving a display of static balancing. The first ex-
ample investigates the case study and its ability to create static
balancing. The second mechanism removes the added masses,
but uses extra linkage legs to balance out the existing structure.
This involves adding terms to the design vector, but the general
use of Inverse Kinematics remains as described.

FIGURE 4: A flowchart explaining the steps taken in the
optimization strategy.

3.1 Case Study
The mechanism proposed in the case study serves as a

gravity balancer, which is advantageous because the mechanism
functions like a traditional spring due to its shape. This means
that the mechanism provides a general upward force for any po-
sition or preload. By adding masses, this upward momentum can
be offset to achieve a net zero force on the end effector across the
actuation domain. This leads to the following design vector:

Ω = [k1 k2 k3 φ
0
1 φ

0
2 φ

0
3 xa ya δ m]

Running the optimizer will yield a unique combination of
parameters in the design vector that provides the optimal static
balancing performance.

The mechanism has converged towards a (xa,ya)-position at
(66,0)[mm] after which it showed convergence for scaling factor
δ = 0.4263 and a mass of m = 0.0265[kg]. Using these values
for the optimizer results in the most optimal situation where k
and φ are:

Stiffnesses [Nm
rad ] Preloads [rad]

k1 0.0776 φ 0
1 1.45

k2 0.0277 φ 0
2 1.36

k3 0.0159 φ 0
3 2.77

TABLE 1: The final values of the parameters for the best config-
uration in the hypothesis.

which finalizes all the parameters in the design vector.
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The results for the external force are plotted in Figure 5.
As can be seen the force to keep the end effector in a certain
y-position fluctuates from -0.2 [N] to 0.5 [N] for multiple θ posi-
tions. These results are compared to the same mechanism with-
out preloads but with equal stiffnesses, to highlight the working
principle of preloading. In comparison to the unloaded mecha-
nism, this comes down to a peak force reduction of around 80%.

FIGURE 5: Surf plot over the whole actuation domain for the
required external force to keep the end effector at a certain (y,θ )-
position in the hypothesis.

As for the moment, the peak reduction is around 50%. The
required moment to keep the end effector at its certain position is
around −0.05 to 0.05 [Nm/rad], however this differs for different
y-positions. The unloaded mechanism requires a moment from
around -0.1 to 0.1 [Nm/rad]. The plot for the moment can be
found in Appendix D.

3.2 Compensated Beams Mechanism
The second mechanism that has been explored removes the

masses and replaces them with additional linkage legs, drawing
inspiration from Rijff et al. [29]. The concept is that by adding
more links in a specific configuration, the additional rotational
displacements counteract the existing joints, creating more op-
portunities for statically balancing. This necessitates an expan-
sion of the design vector to:

Ω = [k1 k2 k3 φ
0
1 φ

0
2 φ

0
3 xa ya δ1 ...

k4 k5 k6 φ
0
4 φ

0
5 φ

0
6 xb yb δ2]

where the bottom row contains the new parameters of the
added links, as can be seen in Figure 6. After this, the same
principle is used as the gravity balancer which makes use of the
flowchart provided.

FIGURE 6: Visualisation of the expansion for the compensated
beams mechanism. While the joints are still mirrored over the
y-axis, the new linkages have their own respective preload and
stiffness.

The optimizer has been run multiple times with all design
variables available, while the preload domain has to be adjusted
between runs. After three iterations, it became evident that the
best results were achieved with a fully symmetric model, where
the x-x and y-y planes are mirrored. This means that xa = xb,
ya = yb, δ1 = δ2, k1−3 = k4−6 and φ 0

1−3 = φ 0
4−6 will be fixed

for the subsequent runs. The next iterations is performed with
the updated design vector until the objective converged around
optimized values for xa, ya, and δ1. These final values are x= 0.7
[mm], y = 0 [mm], and δ = 0.35, which will remain fixed for the
final optimization steps. First, the boundary conditions for the
preloads are updated to:

φi ∈

φ min
1 φ min

2 φ min
3

φ max
1 φ max

2 φ max
3

=

0.866 0.716 2.906

3.224 1.864 3.194


This is done by checking the rotational displacements over

the whole domain, write down the smallest and largest rotational
values and add/subtract the rotation limit. In the last iteration,
the best possible configuration was found with the following pa-
rameters:

Stiffnesses [Nm
rad ] Preloads [rad]

k1 0.0201 φ 0
1 3.01

k2 0.0538 φ 0
2 1.82

k3 0.0555 φ 0
3 0.91

TABLE 2: The final values of the parameters for the best config-
uration the compensated beams mechanism.
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Using the values in the final design vector, the necessary
external force on the end effector over the actuation domain is
calculated and plotted in the surf plot in Figure 7. As can be
seen, this external force stays roughly within ±0.05 [N] which
is a reduction of force around 97.5% at the outermost positions.

FIGURE 7: Surf plot over the whole actuation domain for the
required external force to keep the end effector at a certain (y,θ )-
position for the compensated beams mechanism.

Currently, the moment reduction is approximately 95%, as
the required torque to maintain the end effector in position is
around ±0.0025 [Nm/rad] across most of the actuation range
compared to the required torque of around ±0.1 [Nm/rad] for
the unloaded mechanism. At the outer positions, the theoretical
reduction is slightly lower but remains above 90%. A plot illus-
trating the moment necessary in the unloaded mechanism can be
found in Appendix D.

3.3 Case Study vs. Compensated Beams
While the gravity balancer effectively reduces external

loads, introducing additional compensating beams in a novel
configuration achieves a performance comparable to the estab-
lished results for 1-DoF systems, with reductions exceeding
90%. This approach not only enhances load balancing but also
offers flexibility in the integration of the end effector, opening
up diverse possibilities for future applications. Due to these ad-
vantages, the following sections of the paper will concentrate on
the compensated beam mechanism, examining its design, perfor-
mance, and potential uses in greater detail.

4 Flexure Arm Design and Prototyping
Selecting the dimensions and material of the flexures are

two factors that are closely intertwined due to their nonlinear
behavior and the stresses induced during large deflections. The
maximum stress in a rectangular beam with a constant cross-
section, subjected to a moment M at its tip, is given by:

σmax =
Mw
2I

(16)

where I is the second moment of area of the cross-section,
and w [mm] is the width of the flexure. Under bending stresses,
it is assumed that for large deflections, the solution to the
Bernoulli-Euler equations under pure bending is given by:

M =
αEI
L f

(17)

where α represents the rotation limit of 1.344 radians, E de-
notes the Young’s modulus of the material, and L f is the length
of the flexure. By adding Equation 16 and Equation 17, the fol-
lowing expression is obtained:

σmax =
αEw
2L f

(18)

where the combination of the length and width of the flex-
ure can be compared to the Young’s Modulus and yield strength
which make up the material.

Howell [34] and Gallego [30] propose applying a 10:1 ratio
to maintain the functionality of the flexures while keeping their
lengths in proportion with the link dimensions. Given that the
links of the mechanism are 100 [mm] long, a flexure length of
10 [mm] is appropriate. However, since two links are connected
by the same flexure, the total length of a flexure will be L f = 20
[mm].

Producing the flexure of the same material as the links offers
several advantages, including easier assembly of the mechanism,
reduced risk of production errors during flexure installation, and
the ability to create quick prototypes. Consequently, the flexures
will also be 3D printed. The available FDM printer has a stan-
dard nozzle size of 0.4 [mm], which, due to the nature of the layer
paths, limits the flexure to a minimum width of w = 0.8 [mm].
Since increasing the flexure thickness would raise the stress at
the joint, it has been decided to fix this width for all flexures.

The 3D printer that has been used for this project is a Bam-
bulab P1S printer that has the ability to print the following, con-
ventional materials:

PLA: E = 3.15 [GPa] σy = 60 [MPa]

ABS: E = 2.1 [GPa] σy = 47.5 [MPa]

PETG: E = 2.0 [GPa] σy = 50 [MPa]

TPU: E = 50 [MPa] σy = 15 [MPa]
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Filling in these material properties in Equation 18 indicates that
PETG and TPU are the only two viable options for this appli-
cation. While TPU meets the requirements, its flexibility results
in high viscoelasticity and very low stiffness. Although the flex-
ure will not fail under these conditions, it will not return to its
printed position quickly or with high force. Therefore, PETG is
selected as the material for this project.

The next step was to calculate and fixate the height of the
flexures using,

k =
EI
L f

→ w =
12kL f

Et3 (19)

where k is the stiffness of the flexure, L = 20 [mm] is the
fixed length, E = 2.0 [GPa] is the Young’s modulus, and t = 0.8
[mm] is the thickness of the flexure. The height of the flexure
determines its stiffness, which is why the boundary condition is
set at kmin = 0.02 [Nm/rad], corresponding to a minimum flex-
ure height of approximately 4.6 [mm]. The mechanism would
otherwise become too flimsy. To prevent the mechanism from
becoming too bulky, a maximum limit of kmax = 0.1 [Nm/rad] or
w = 23.4 [mm] has been established.

The width of the flexure has to be designed in increments
of 0.2 [mm] as this is the designated layer height step the printer
is capable to print. This is why the optimized stiffnesses from
Table 2 cannot be exactly matched to a certain height and have
to be rounded up- or downwards depending on the layer height.
This creates the following dimensions and final stiffnesses:

New Stiffness [ Nm
rad ] Dimensions [mm]

k1 0.02048 20x4.80x0.8
k2 0.05376 20x12.6x0.8
k3 0.05547 20x13.0x0.8

TABLE 3: Final stiffnesses and dimensions of the flexures inside
the mechanism.

With the geometry fixed and the material selected, the focus
now shifts to designing the compliant linkage that will replace
the revolute joints in the PRBM. Since the mechanism is sym-
metrical about both axes, it suffices to examine just one of the
four arms to explain the transition from the PRBM to the mech-
anism. Figure 8 provides a visualization in which the preload is
clearly shown in PRBM form. Link 1 must be preloaded along
the striped line while the end effector remains in position. If this
is done for all four legs, the mechanism will be fully assembled.

However, this illustration still lacks the compliant flexures
in the design, meaning the PRBM needs to be translated into a
compliant mechanisms. As known, a compliant flexure can be
modelled as a revolute joint with a rotational joint attached. This

FIGURE 8: Visualisation of the PRBM where the manufacturing
position is taken in mind. The dotted lines describe the displace-
ment necessary to apply the correct preload.

modelling also works reversed. It is stated that during the trans-
lation, the traditional revolute joint can be placed on the midpoint
of the flexure. This means that the center of the flexure will lie
on the joint in the PRBM. The angle at which the flexure is im-
plemented is not critical, however for simplicity in design it has
been determined that the flexure will be positioned perpendicular
to the midpoint line between the two connected members. As a
result, the lengths of the links will be changed. An illustration of
the flexures in the compliant mechanism together with the new
dimensions of the links has been given in Figure 9.

FIGURE 9: The translation from PRBM to compliant design in-
volves replacing the joints with the chosen flexures on the correct
position. This changes the lengths of the rigid members.
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The flexure arms are printed separately and without sup-
ports, to keep it simple and reduce printing errors (Figure 10).
Assembly is done by connecting four of these flexures to each
other using the end effector. Preload is applied through a desig-
nated baseplate, where link 1 of all the arms will be moved to
its preloaded position. The same approach will be applied to the
non-preloaded mechanism. In this case, the design will not in-
volve any preloads and the mechanism can directly be placed on
the baseplate.

FIGURE 10: CAD Design of the flexure arm. The change in
height over the length of the arm causes the joints to have vari-
ous stiffnesses.

5 Experimental validation
The predicated function of the mechanism was validated us-

ing 2 methods. The first is through Finite Element Analysis
(FEA) using the program ANSYS. Ansys is a powerful simu-
lation software used in various engineering fields. One of its
key features is its FEA capabilites, which allows users to anal-
yse structures under various loading conditions. For this project
it is especially useful as Ansys is highly capable of analysing
nonlinear deformations. Ansys will be utilized to capture the
nonlinearities in the mechanism that are not accounted for in the
PRBM and therefore will create a better understanding of the
mechanism. The second method is physical testing. The best
way to test the characteristics of a mechanism is through pro-
totyping and testing, it will give the best results and it is also
easily processed. Laying the results of Ansys and testing next
to each other, the PRBM and the accuracy of the model can be
confirmed.

5.1 Ansys APDL
Ansys APDL has different element types that are predefined

sets of finite elements that define the behavior of structures un-
der various physical conditions. For the flexures, BEAM188 el-
ements are used. This is a 3 Dimension, 2 Node beam element
that has 6 DoF at each node. This element is based on Timo-
shenko beam theory, which includes shear deformation effects
and makes sure for precise determination of the mechanism. For
simplicity, the links between the flexure are assumed to be rigid
utilizing the MPC186 element.

The mechanism was built in Ansys APDL by describing the
coordinates of all the end points of the flexures and links. These
coordinates describe keypoints in between which lines are drawn
with the respective element type, material characteristics and di-
mensions after which they are meshed for simulations. This is
done in the preprocessor of which visualisations can be found in
Figure 11 in grey. In the simulation step for the force on the end
effector, the keypoints of the preload link are first shifted to their
preloaded positions. After this, in the second timestep, the end
effector keypoints are moved to +50[mm] and then to -50[mm].
In the post-processor, the force that is needed to facilitate this
movement can be extracted and plotted.

For the moment simulations, the preprocessing steps are re-
peated after which the end effector will be rotated to −0.5[rad]
and 0.5[rad] in the simulation step. As a benchmark, the same
tests will be performed for the unloaded mechanism.

(a) Preloaded mechanism with
vertical displacement.

(b) Unloaded mechanism with
rotational displacement.

FIGURE 11: Screenshots for the Ansys software where the mech-
anism is modelled and actuated (blue). In picture (a) the manu-
factured shape of the arms can be seen in grey.

5.2 Physical Testing
The printed mechanism fully assembled and preloaded on

the baseplate is placed in the test setup (Figure 12). The test
setup makes use of a PI linear stage with a maximum stroke
of 100[mm] to push and pull on the end effector. The mech-
anism itself is mounted on a 25x25[mm] profile, which is se-
curely fastened to the breadboard with the linear stage. For
the unloaded mechanism and the moment measurement on the
preloaded mechanism, a Futek LSB205 FSH04785 - 44.5N force
sensor is used to measure the external loads. However, the mea-
surement resolution of this sensor is too large to measure the
curve of the force located on the preloaded mechanism. There-
fore the Futek LSB200 FSH03868 - 0.2N sensor has been used to
complete this measurement. These sensors are rigidly attached
to the custom-designed end effector, allowing the linear stage to
both push and pull on the mechanism. For the neutral position of
the mechanism and simulations, at y = 100[mm], the linear stage
has be set to 0.
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FIGURE 12: Compensated beams mechanism inside the test setup for the force-displacement measurement. The end effector (red) is
connected to the sensor and the flexure arms (white) fixates the mechanism to the baseplate. For the moment measurement, a fishing
wire is placed around the end effector, which can be seen in Appendix E

6 Experimental Results
It is not feasible to measure and plot data across the en-

tire actuation range, so only the two most critical measurements
will be presented: the external force applied to the end effec-
tor while it is held in a horizontal position at θ = 0[rad], and
the resulting moment on the end effector as it rotates around
the neutral y-position at y = 100[mm]. The physical test results
show some disturbances, and the mechanism exhibits hystere-
sis. Therefore, data fitting is necessary, and this is accomplished
using a quadratic polynomial model. These tests have been con-
ducted for both the unloaded and preloaded mechanisms to cre-
ate a solid foundation for setting a benchmark and validating the
test setup for errors that come with it

Force-displacement measurements
Rotation of the end effector is undesired when it comes to

measuring a pure force on the mechanism. That is why safety
pins in the end effector ensure that no rotational motion can
occur during testing, closely following the isolated movement
that is possible in the Ansys software. The test will begin by
moving the linear stage to the +50 [mm] position, followed by
movement to the -50 [mm] position. After returning the end ef-
fector to its neutral position, the test is complete. This process
will be repeated five times to assess repeatability, nonlinearities,
and plastic-elastic behavior in the mechanism. In section 6, the
recorded data is compared with the PRBM and Ansys results to
validate the accuracy of the simulation.

Torque-rotation measurements
Measuring the moment using a linear stage is not as straight

forward as measuring the force. Here, the force sensor is con-
nected to the end effector by routing fishing wire around the cir-
cular shape (r = 50 [mm]) of the end effector, with on the other
side a counterweight. The counterweight provides a load in the
opposite direction which stabilizes the linear motion into a ro-
tation. The contribution of the counterweight needs to be sub-
tracted from the measured force values. It is then necessary to
convert the rotational motion into a linear translation, which will
be achieved by using this relationship:

y =
2πr
2π

·θ =
2π ·50[mm]

2π
·0.5 = 25[mm] (20)

where y represents the movement of the linear stage. It has
been calculated that the stage needs to travel from -25 [mm]
to +25 [mm] to rotate the end effector between -0.5 [rad] and
0.5[rad]. Meanwhile, the end effector is fixed on y = 100 [mm],
removing x- and y-displacements. The measurement will be con-
ducted five times, after which the data needs to be converted from
force to moment using:

M = F · r (21)

Here, F represents the measured force, and r is the radius of
the end effector. The linear displacement will be converted back
into radians using Equation 20, ensuring that the measured data
can correctly be compared with the results from the PRBM and
the Ansys simulations.
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(a) Force-Displacement curve of the unloaded mechanism with the end
effector kept at a horizontal position of θ = 0[rad].
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(b) Moment-Rotation curve of the unloaded mechanism at the neutral
position of y = 100[mm].

FIGURE 13: The PRBM model, Ansys simulations and measurements of the unloaded mechanism plotted against each other for both the
external force and moment required. The light blue line highlights the PRBM and the dashed blue line represents the Ansys simulations.
The physical measurements are shown in red, and due to hysteresis the data has to be fitted which is shown in green.

7 Discussion

Unloaded Mechanism Visualised in Figure 17, it can
be seen that the alignment between the Ansys simulations and
the PRBM model is near identical. This validates several aspects
of the modelling process, including the correct implementation
of the mechanism in Matlab, the correctness of the Ansys sim-
ulations but most importantly, the accurate conversion from the
PRBM to a compliant model. With these consistencies being
in the linear regime, it can be said that these simulations will
also be reliable for the mechanism in the nonlinear domain. The
physical results follow the general shape for both the force and
moment simulations closely. Additionally, the closed loops ob-
served in the measurements indicate that there is no plastic de-
formation in the material.

However, some inconsistencies between the simulated and
measured values are visible. There is a slight mismatch in the
magnitude of the load with differences of approximately 0.5[N]
and 0.01[Nm/rad]. These inconsistencies could arise from sev-
eral factors. First, the Young’s Modulus used in the simulations
may deviate from the actual physical properties of the material.
The PETG material, being 3D printed, is not homogeneous and
the layer-based construction can introduce irregularities. Fur-
thermore, the assumed rigid links in the model do not fully cap-
ture the slight bending occurring in the links of the physical
model. The presence of hysteresis and data fluctuations could
be explained by errors in the test setup, which mainly consist
of added friction between the end effector, the baseplate and the
fixation pin. Pulling and pushing motions cause for hysteresis
due to changing load directions.

Preloaded Mechanism It is essential to start of by ac-
knowledging that the measurements and simulations performed
here deal with very low loads, on the order of 0.05[N] and
0.02[Nm/rad]. As such, even small deviations can appear visu-
ally exaggerated, though their absolute magnitudes remain very
small.

There is a notable difference between the PRBM and An-
sys simulations, which is expected given the nonlinearities in the
preloaded mechanism. Since the simulations of the unloaded
mechanism align well with the respective models, it can confi-
dently be stated that both the Ansys and PRBM simulations pro-
vide the correct behaviour of the preloaded system. This can also
be concluded from the similarities in the shape of both the exter-
nal force and moment plots (Figure 14). However, the expected
external load is higher in both situations. In the force measure-
ment it is not that prominent, having a peak moment raised from
0.03[N] to 0.06 [N]. The simulated moment is around 50 times
higher than expected based on the PRBM model, suggesting that
the nonlinear effects are more noticeable in this aspect of the
mechanism’s behavior. This result is somewhat unfavorable, as
it reduces the mechanism’s effectiveness in achieving static bal-
ance for the moment predictions.

For the moment measurements, there is a relatively large
hysteresis curve. While not very problematic given the low mag-
nitude of the moment involved, it still shows the influence of
friction in the mechanism. The added friction is visualized by
the difference between the actual and fitted data, distorting the
measurements from their idealized values. The inability to zero
out the sensor due to the friction and low actuation force causes
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the fitted line not the cross through (0,0). The shape of the fitted
line does not perfectly follow the curve of the ansys simulation,
though it remains within reasonable range given the potential
fabrication and test setup errors. The moment is around 45%
higher than the Ansys simulations which comes down to a to-
tal moment reduction of 80%. This is drastically lower than the
theoretical reduction.

The force measurements follow, unlike the moment mea-
surements, the force data of the Ansys simulations more closely.
However, several notable disturbances were observed: first, a
jump in force at the rest position y = 100[mm], which can be
explained due to the geometry of the test setup. The sensor’s
fixation point is located above the mechanism, so as the actua-
tor pulls, a moment is created that leads to a slight shift of the
end effector around the actuators mounting points. This causes
the force to briefly shoot upwards. Similar effects can be seen at
y = 120[mm], where a small shift occurs due to increasing fric-
tion at that point. Lastly, a spike at y = 138[mm] can be observed
which happened due to the end effector shift back around the
actuators mounting point due to the load direction change. The
preloaded mechanism demonstrates an impressive reduction of
96% in force at peak force positions.

It has to be mentioned that there is no hysteresis curve vis-
ible for the force-displacement measurement of the preloaded
mechanism. The return path of the linear stage has been removed
from the plot, because during multiple tests the sensor returned
distorted values. This happened because the friction and errors
accompanying the return path overcame the extremely low actu-
ation force required for movement.

7.1 Evaluation of the Mechanism

The general working principle of the mechanism demon-
strates considerable potential, especially in the versatility offered
by the unit cell configurations. These configurations open up
possibilities for various applications, such as vibration isolators
and guiding systems. Although the mechanism may not be the
most ideal solution for a robotic manipulator in its current form,
it could still be implemented effectively, particularly if scaled
down. By reducing the size, smaller actuators could be used
and the overall weight of the system is reduced to a point where
it could better support itself. Additionally, the stiffness of the
joints could be increased to enhance out-of-plane stiffness, al-
lowing the mechanism to better maintain its structural integrity.

However, there is a significant flaw in the design that af-
fects its performance. During the preloading process, the flex-
ures attached to the end effector undergo compression, which
eventually leads to buckling. This issue is critical as it impacts
the statically balancing characteristic of the mechanism, causing
it to slowly change shape over time. The root of the problem
lies in the preformed shape of the flexures, if they had been de-
signed to remain under tension rather than compression, the issue
would not arise. This flaw is not only relevant for multi-degree-
of-freedom systems but could also affect simpler one-degree-of-
freedom mechanisms, making it a fundamental design challenge
that needs to be addressed.
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(a) Force-Displacement curve of the preloaded mechanism with the end
effector kept at a horizontal position of θ = 0[rad].
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(b) Moment-Rotation curve of the preloaded mechanism at the neutral
position of y = 100[mm].

FIGURE 14: The PRBM model, Ansys simulations and measurements of the preloaded mechanism plotted against each other for both the
external force and moment required. The light blue line highlights the PRBM and the dashed blue line represents the Ansys simulations.
The physical measurements are shown in red, and due to hysteresis the data has to be fitted which is shown in green.
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8 Conclusion
In conclusion, this paper successfully expanded the prin-

ciples of statically balancing through preloading into the first
multi-DoF application, demonstrating the potential for large ac-
tuation domains and reduced external actuation loads. While tra-
ditional systems typically utilize 1 DoF, this work showed that
multi-DoF mechanisms can be achieved without external springs
by harnessing the energy stored in compliant materials. The pro-
totyped mechanism achieved a 96% reduction in force and an
80% reduction in moment, significantly increasing actuation ef-
ficiency. And while there were some areas where the physical
performance diverges from the theoretical models, particularly
with respect to moments and hysteresis due to friction and errors
in the test setup, the overall performance of the mechanism val-
idates the design approach. Preloading the joints in a compliant
mechanism has proven to be applicable in multi-DoF systems
where a higher energy efficiency is required. These findings
provide a foundation for a new approach in the design and ap-
plication of compliant mechanisms, such as vibration isolators,
robotic manipulator and positioning stages.

8.1 Innovation
This work marks the first time a compliant statically bal-

anced multi-DoF system has been both explored and success-
fully implemented. Historically, there has been little interest
in such systems due to the inherent instability associated with
multi-DoF linkages, which presented significant challenges in
maintaining control and balance. However, this research ex-
pands on existing principles, extending them to a larger, more
complex mechanism with a considerable range of motion relative
to its overall size. A key achievement of this design is the suc-
cessful static balancing of the translational degrees of freedom
without relying on external springs or counterweights, a signif-
icant innovation in compliant mechanisms. The system offers
advantages over the conventional fourbar mechanisms, remove
the undesired coupled rotation or translation.

This design method also opens up new possibilities for ex-
isting compliant mechanisms, where preload integration could
be utilized to considerable lower the actuation load, in opposite
to complete static balance, as demonstrated in the case study.
This methodology would contribute to the continued evolution
of compliant mechanisms, pushing the boundaries of what can
be achieved with flexible, lightweight systems.

8.2 Recommendation
This mechanism serves as a fundamental demonstration of

what other techniques could be used with compliant mechanisms
in contrast with the conventional approaches. One key recom-
mendation would be to implement this mechanism in a real-
world application, as its capabilities could be further validated
and optimized in practical settings. Another area for exploration
is making the rigid connection points dynamic, allowing the ex-

ternal load characteristics to be adjustable. This could lead to
more versatile mechanisms where the behavior can be fine-tuned
based on specific needs, improving its adaptability across vari-
ous use cases. However, a new approach has to be taken to avoid
buckling flexures in the mechanism. This could be done by con-
straining the optimizer to avoid flexures to be under straight com-
pression.

Further improvements could involve implementing different
compliant joints with a more complex profile enhancing the stiff-
ness in the off-axis direction, but also scaling the mechanism
could make it more suitable for tasks requiring smaller, more
compact designs without sacrificing functionality. Together with
this, changing the manufacturing technique could improve the
stability of future iterations. For example, by constructing the
mechanism out of homogeneous materials would likely lead to
improved durability, precision, and performance. Lastly, imple-
menting Shape Memory Alloys (SMAs) as compliant actuators
has to be done to yield interesting insights into how the mecha-
nism’s stiffness could be increased for control.
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A Reasoning behind the Project

Flexible robots is a field of robotics that focuses on the development and application of robots with flexible, adaptable, and often
soft structures. Unlike traditional rigid robots, flexible robots can bend, stretch, and conform to their environments, which makes
them suitable for a wide range of applications that require delicate handling, adaptability, and safe interaction with humans and the
environment. There is a need for flexible robotics due to the limitations of rigid robotics, such as the environmental sensitivity, limited
flexibility and safety concerns. Rigid robots may struggle in dynamic and unpredictable environments, for example when the robot is
required in medical or search and rescue applications. But while all of this sounds promising, there are enough reasons to believe that
flexible robotics will not replace the tradition rigid robotics but simply add another dimension to the field [35].

There are two main kinds of flexible robotics are modular continuum robotics and soft robotics of which the latter is the best
known. Soft robotics is a subfield that focuses on the use of soft materials to construct the body. The starting point for most soft robotics
are bio-inspired [36–39], which means that inspiration for the mechanism has been taken from nature, and the materials used have a
large variety from fluids, hydrogels, acrylonitrile butadiene styrene (ABS) and epoxy resins. With the help of a pneumatic, hydraulic
or electrostatic actuation methods, these kinds of robots are ideal for grasping fragile objects or locomotion [40]. The second kind
of flexible robots focus more on the configurational side of robotics, utilizing compliant mechanisms to make flexible and deformable
structures. These fundamentals provide the mechanism with more precision and predictability then soft structures. The movement is
often more deterministic, making them suitable for applications requiring high accuracy and repeatability. Together with the rising
technology in 3D-printing, there are less material and design complexities. For these reasons, it has been decided to focus this research
on these structural kind of mechanism utilizing compliant mechanisms.

Compliant mechanisms do not make use of rigid links and traditional joints, but members that are able to bend along their length
[12]. This bending is possible due to the elastic deformation in the chosen material and the configuration in which the members have
been designed. This deflection can result in movement with desirable characteristics, such as frictionless motion and minimal particle
production. The mechanism requires little to no assembly, needs no lubrication, and is compact, though it can be very complex. However,
there are also disadvantages, such as non-linearities from large deflections, limited rotation angles, the need for fatigue analysis, and
relative difficulty in design [34]. Compliant mechanisms have two fundamental subdivisions: distributed and concentrated compliant
elements. Concentrated compliance has a mostly rigid flexure with a small concentrated region where elastic deformation is possible
due to a change in shape and could be used as a straight joint. Distributed compliance has a larger, less concentrated region which
distributes the stress concentration and thus results in a larger possible deflection angle and radius [41]. By using these basics, different
types of compliant hinges and joints have been designed so that it can be used for various robotic features. These hinges all have
different characteristics such as range of motion and on- and off-axis stiffness [42]. In recent years, these types of mechanisms have
been developed for various applications, including: Grasping, locomotion, vibration isolators and general manipulators.

Despite advancements in technology, state-of-the-art systems face inherent limitations. High-precision applications often require
machines to operate in vacuum environments, while robotic manipulators need increased flexibility for underwater or space tasks.
However, current flexible robots utilize non-compliant actuation methods, such as rotational electric motors, cable-driven systems, or
manual operation. These techniques can produce particles, generate friction, and require lubrication, whereas compliant mechanisms
inherently provide benefits like shock absorption, efficiency, lightweight design, and precision. Therefore, there is a critical need for
flexible robots to adopt compliant actuation methods using smart materials to fully realize the advantages of compliant mechanisms.

Smart material actuators are devices that have embodied intelligence, which are internal specification with unique properties to
generate a mechanical motion or force while stimulated with the correct, external, triggers like an electric or magnetic field, temperature
change, light or pH. The are often referred to as smart because they have the ability to alter their properties in a controllable manner
which is also reversible. The most well known smart materials are shape memory materials, electro- and magnetostrictive materials and
thermoelectric materials. By applying their respective stimuli, these materials can be used as actuators because of the accompanying
movement in the materials. Shape memory materials are characterized by their capability to regain their initial shape after undergoing,
what seems like, plastic deformation after the correct external stimuli has been applied [43]. This phenomenon is called the shape
memory effect (SME) and is used the most in literature in combination with compliant mechanisms. This is due to the high power
density that can be found in the subcategory Shape Memory Alloys (SMAs). The most popular alloy is Nitinol which could recover
their shape completely when heated above a certain temperature, which is mostly done by applying an electric current over the material.
They can undergo large deformations and still return to their original shape, meaning they could be ideal for the use as actuators in
macro robotics. However, a limitation arises with the need for increased current as the actuation load increases, leading to lower energy
efficiency. As compliant mechanisms face increased internal resistance with larger deformations due to rising potential energy in their
flexures, reducing the added actuation load becomes desirable. One way to achieve this is by designing a statically balanced mechanism,
which helps minimize the required actuation load.
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B Working Principle of PRBM
Its key concept is modelling a compliant mechanisms using rigid links, revolute joints and torsional springs (Figure 15). These springs
represent the stiffness of the flexures, while the revolute joints mimic the rotation points of the flexible members. The compliant joints
will thus be modeled as linear torsional springs and the potential energy can be described by

Uspring =
1
2

k(φ(θ ,y)−φ0)
2, (22)

where k is the torsional stiffness, φ0 is the preload angle that needs to be optimized and φ is the angular rotation of each joint
that is dependent on the DoF. As the mechanism is focussed on two DoF, the angular rotation is dependent on the y-displacment y and
the rotation of the end effector θ . Optimization of the torsion stiffness and preloads will lead to the finalized parameters of the whole
mechanism.

FIGURE 15: Illustration of the working principle of the Pseudo-Rigid Body Model (PRBM), where flexible elements of a compliant
mechanism are approximated as rigid links and rotational springs, simplifying the analysis and design of complex compliant systems.

C Explanation of the Implemented Normalization Method and Root-Mean-Square
Normalization of the objective function is a crucial step in optimization, particularly in complex problems involving multiple objectives
or different scales of inputs. It ensures that the optimization process is more stable, interpretable, and efficient. It typically results in
that the objective values will fall in a certain range between 0 and 1. Normalization can be done in various ways, but for this project
it has been decided to look into Min-Max Normalization. This makes it easier to compare and combine different objectives. Min-Max
normalization has the form

Znorm(Ω,yi j,θi j) =
Z(Ω,yi j,θi j)− fmin

fmax − fmin
(23)

where Z = (F, M) which is either the Force or Moment equation, fmin is the lowest possible value and fmax is the largest possible
value for their respective, non-optimized objective function. By doing so, the functions are dimensionless and reside between 0 and 1
for an accurate comparison in the optimization algorithm.

As the normalized function needs to be reduced to zero over the whole domain, the RMS has been taken of the functions over the
entire range. The RMS represents the magnitude of a varying quantity and for this situation is means that it creates a general equation
that pulls the objective function for each coordinate to zero. For a set of n×n datapoints, the RMS is given by:

f(F,M) =

√
1
n2

n

∑
i=1

n

∑
j=1

f 2
i j, (24)

where fi j = Znorm(Ω,yi j,θi j) and n = 100. The value of n can be changed accordingly. Equation 24 essentially means that the
equation will be evaluated at every combination of y and θ and makes sure it can be used in the optimisation objective.
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D Moment Reduction Plots - Case Study and Compensated Beams
The reduction in moment for both optimized mechanism can be seen in the surf plots. In blue, the unloaded mechanism with the same
joint stiffnesses can be seen while the green surf curve shows the preloaded mechanism. The reduction can be calculated by picking
out the highest moment values for one specific location and compare them to each other. For y = 150[mm], the reduction is around
50% while for the lowest y-value the reduction is 80%. The reduction for the compensated beams mechanism is more uniform over the
whole range, at an approximate reduction of around 95%.

(a) Moment reduction inside the case study over the
whole actuation domain.

(b) Moment reduction inside the compensated beams
mechanism over the whole actuation domain.

FIGURE 16: Moment plots for both the case study and the compensated beams mechanism.

E Pictures of the Test Setup for Moment Measurements
This test setup removes the direct rigid connection of the sensor to the end effector. To measure a moment, the force normal to the
circumference of the end effector has to be measured. This is done by routing a fishing wire around the end effector. Because the neutral
position is at θ = 0 [rad] and fishing wire can only be placed under tension, a counterweight is added at the other end of the end effector.
This creates tension on both sides, making sure the sensor essentially measures the internal moment and the counterweight. Now the
end effector can be rotated and measured towards both sides.

(a) Side view of the test setup for the moment measurements.
The pulley system is located behind the processor (green).

(b) Top view of the test setup. Here you can clearly see the
fishing wire running around the end effector (red).

FIGURE 17: Test setup for the moment-rotation measurements from multiple angles.
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F First Iterations of the Mechanism

This project started of by exploring the fourbar mechanisms found in literature. By replicating the existing papers, a general feeling
for preloading compliant mechanisms was found. This knowledge was expanded to a fivebar mechanism, which has 2 DoF. The flexure
between link 2 and 3 was the point of interest and the mechanism was optimized to be statically balanced. The reduction was not
satisfactory, but a prototype of the mechanism was made using TPU flexures. This first prototype can be seen in Figure 18, where both
the manufacturing position and the preloaded mechanism are shown in Figure 18a and 18b respectively. As can be concluded from this
iteration, the point of interest does not remain on the centerline of the mechanism but rather more towards the right side. This outcome
is expected due to the unconstrained nature of 2-DoF compliant mechanisms. However, it presents a challenge because the actuation
methods must counteract this unintended movement, which not only reduces energy efficiency but also complicates the control system.
To address these issues, a second iteration was developed.

(a) Design and manufacturing position of the first iteration. (b) The first iteration with the preload in place.

FIGURE 18: Pictures of the first prototype made for this project. A fivebar was made using TPU flexures and an optimized preload,
however the resting postion of the mechanism was not symmetrical as can be seen in the right picture.

The idea of the second iteration was to see if symmetrical preloading the joints over the centerline would result in the desired
outcome. There were two things to test: 1) Does this keep the point of interest at the desired position and 2) Is a reduction possible
while constraining the mechanism to symmetrical stiffness and preloading values. This second iteration can be found in Figure 19. It
can be concluded that 1) the point of interest does indeed remain at the intended location. There is no drift of the points of the central
line. Additionally, 2) there was still a similar reduction possible while using this symmetric preloading. This meant that the third DoF
for a sixbar configuration could be eliminated by preloading the mechanism symmetrically, reducing the complexity of the problem that
has to be solved.

(a) Manufacturing position of the second iteration. (b) Preloaded position of the second iteration.

FIGURE 19: Pictures of the second prototype that has been made to test the hypothesis of symmetrically preloading the mechanism.
From the right picture it can be concluded that this indeed works as expected.
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G First Prototype of the Compensated Beams Mechanism
The compensated beams mechanism underwent multiple iterations of prototyping, with the first version shown in the bottom left

(Figure 20a). This initial prototype was printed to evaluate the shape and feel of the design. Although no preload was applied, the range
of motion of the end effector was tested for potential clashes, mobility, and overall feasibility. This early prototype provided valuable
insights into how the final product would look and function.

Subsequently, the design was expanded to include the entire mechanism. It was mirrored along the y-axis, and various printing
configurations were explored. Due to differences in flexure height, supports were needed during printing, which led to manufacturing
errors. As a result, the end effector had an undesired resting position of θ =−0.5 [rad]. Further testing involved designing the flexures
near the end effector either stacked on top of each other or side by side. Both configurations were functional, but the stacked design
resulted in fewer clashes.

After these iterations, the final printing method was selected. This involved printing each arm separately, with the height differences
between the flexures ensuring that the arms did not interfere with each other. Rapid prototyping of multiple configurations played a
crucial role in refining the design and arriving at a solution that worked for all requirements.

H Material Selection of the Flexures
The material selection for the flexures was not solely based on calculations from the equations in the referenced paper, but also

through physical testing. This approach was taken to gain a hands-on understanding of the rotation limit defined by Howell et al. and to
address uncertainties that arose from the calculation results.

These uncertainties stemmed from the fact that calculations suggested steel flexures would need to be 50[mm] long and extremely
thin to achieve a total bend of 1.344[rad] without experiencing plastic deformation. While the calculations were technically correct,
intuition suggested that a shorter length might still be feasible. To test this, a setup was designed and printed (Figure 20b) that allowed
for testing flexures of varying lengths and thicknesses up to the rotation limit. The test included steel flexures, as well as those made
from PLA, PETG, and TPU. From these experiments, it was confirmed that the steel flexure did indeed undergo plastic deformation
under the specified displacement, while the PETG flexure behaved elastically as predicted by the calculations. This physical testing
provided critical confirmation of the material behavior in practice.

I Difference between Unloaded and Preloaded Flexures
The final outcome of all the preceding tests and prototypes is illustrated in Figure 20c. In this design, each arm of the end effector

is printed individually without the use of supports, to avoid potential issues introduced by support structures during printing. This
method was applied consistently for both the unloaded and preloaded arms, with the key distinction being the angles at which the links
were manufactured. The figure clearly shows the precise differences between the unloaded mechanism and the preloaded arms, which
contribute to achieving static balancing.

While the difference between the two configurations might appear small at first glance, it has a significant impact on the mecha-
nism’s performance. When preloaded, the mechanism operates in the nonlinear region, meaning its behavior becomes more complex
due to increased flexure deformation. In this state, the mechanism approaches its physical limits, with the rotation range and yield
strength being pushed to the maximum. This fine-tuning of the preloaded mechanism done in the project was essential for optimizing
its performance and ensuring reliable operation without compromising structural integrity.

(a) First iteration (b) Material test bench (c) Difference between unloaded and preloaded

FIGURE 20: Overview of the numerous steps that had to be taken to get to the end result
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J Compensated Beams Matlab Script

1 % Initialization
2 clf, hold off, clear
3

4 % Set up the boundary values for all the optimization parameters
5 theta_min = [0.02 0.02 0.02 0.866 0.716 2.906 0.3 -0.1 0];
6 theta_max = [0.1 0.1 0.1 3.224 1.864 3.194 1 0 0.05];
7

8 % Define options for gamultiobj
9 options = optimoptions(’gamultiobj’, ’PopulationSize’, 200, ’MaxGenerations’, 500, ...

10 ’FunctionTolerance’, 1e-6, ’CrossoverFraction’, 0.8, ’ParetoFraction’, 0.7, ...
11 ’MaxStallGenerations’, 50, ’PlotFcn’, @customGaplotpareto);
12

13 % Run gamultiobj
14 [opt, fval] = gamultiobj(@(x)fivebar_sixbar(x), 9, [], [], [], [], theta_min, theta_max, [], options);
15

16

17 function state = customGaplotpareto(options, state, flag)
18 % Call the original gaplotpareto function to plot the Pareto front
19 gaplotpareto(options, state, flag);
20

21 % Customize the plot
22 ax = gca; % Get current axes handle
23 ax.Color = [1, 1, 1]; % Set background color
24 fig = gcf; % Get current figure handle
25 fig.Color = [1, 1, 1]; % Set figure background color to white
26 ax.XLabel.String = ’Objective 1 (Force)’; % Set x-axis label
27 ax.YLabel.String = ’Objective 2 (Moment)’; % Set y-axis label
28 title(’Pareto Front Plot’); % Set title
29 end

1 %%% Create the function which models the linkage system %%%
2 function f = fivebar_sixbar(x)
3

4 % Setting up the optimization variables
5 k1a = x(1);
6 k2a = x(2);
7 k3a = x(3);
8 phi1a0 = x(4);
9 phi2a0 = x(5);

10 phi3a0 = x(6);
11 delta1 = x(7); %Will be 0.35 after third iteration
12 xa = x(8); %Will be 0.07 after second iteration
13 ya = x(9); %Will be 0 after second iteration
14

15 % After the first iteration, symmetry has been determined over the x-axis
16 k1b = k1a;
17 k2b = k2a;
18 k3b = k3a;
19 phi1b0 = phi1a0;
20 phi2b0 = phi2a0;
21 phi3b0 = phi3a0;
22 delta2 = delta1;
23 xb = xa;
24 yb = ya;
25

26 % Describe the maximum values of the actuation range
27 y_min = 0.05;
28 y_max = 0.15;
29 theta_min = -0.5;
30 theta_max = 0.5;
31

32 % Set up the ranges
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33 h = 0.001; % Central differential approximation step size
34 y = y_min:h:y_max;
35 theta = theta_min:h:theta_max;
36 [Y, THETA] = meshgrid(y, theta); % Create 2D grid
37

38 % Set up linkage parameters
39 L1 = 0.1;
40 L2 = L1;
41 L_EE = L1;
42 x = 0; %x has been set to zero
43

44 %%% Make descriptions for all the rotations happening in the mechanism %%%
45 % Bottom left linkage modelling
46 xcb = x - delta1 * L_EE * cos(THETA);
47 ycb = Y - delta1 * L_EE * sin(THETA);
48

49 Ra = sqrt((ycb - ya).ˆ2 + (xcb - xa).ˆ2);
50 phi1a = acos((L1.ˆ2 + Ra.ˆ2 - L2.ˆ2) ./ (2 * L1 * Ra)) + atan2((ycb - ya), (xcb - xa));
51 phi2a = acos((L1.ˆ2 + L2.ˆ2 - Ra.ˆ2) ./ (2 * L1 * L2));
52 phi3a = acos((L2.ˆ2 + Ra.ˆ2 - L1.ˆ2) ./ (2 * L2 * Ra)) + atan2((xcb - xa), (ycb - ya)) + 0.5 * pi + THETA;
53

54 % Top left linkage modelling
55 xct = x - delta2 * L_EE * cos(THETA);
56 yct = (0.2 - Y) + delta2 * L_EE * sin(THETA);
57

58 Rb = sqrt((yct - yb).ˆ2 + (xct - xb).ˆ2);
59 phi1b = acos((L1.ˆ2 + Rb.ˆ2 - L2.ˆ2) ./ (2 * L1 * Rb)) + atan2((yct - yb), (xct - xb));
60 phi2b = acos((L1.ˆ2 + L2.ˆ2 - Rb.ˆ2) ./ (2 * L1 * L2));
61 phi3b = acos((L2.ˆ2 + Rb.ˆ2 - L1.ˆ2) ./ (2 * L2 * Rb)) + atan2((xct - xb), (yct - yb)) + 0.5 * pi - THETA;
62

63 % Bottom right linkage modelling
64 x3 = x - delta1 * L_EE * cos(THETA);
65 y3 = Y + delta1 * L_EE * sin(THETA);
66

67 Rc = sqrt((y3 - ya).ˆ2 + (x3 - xa).ˆ2);
68 phi1c = acos((L1.ˆ2 + Rc.ˆ2 - L2.ˆ2) ./ (2 * L1 * Rc)) + atan2((y3 - ya), (x3 - xa));
69 phi2c = acos((L1.ˆ2 + L2.ˆ2 - Rc.ˆ2) ./ (2 * L1 * L2));
70 phi3c = acos((L2.ˆ2 + Rc.ˆ2 - L1.ˆ2) ./ (2 * L2 * Rc)) + atan2((x3 - xa), (y3 - ya)) + 0.5 * pi - THETA;
71

72 % Top right linkage modelling
73 x4 = x - delta2 * L_EE * cos(THETA);
74 y4 = (0.2 - Y) - delta2 * L_EE * sin(THETA);
75

76 Rd = sqrt((y4 - yb).ˆ2 + (x4 - xb).ˆ2);
77 phi1d = acos((L1.ˆ2 + Rd.ˆ2 - L2.ˆ2) ./ (2 * L1 * Rd)) + atan2((y4 - yb), (x4 - xb));
78 phi2d = acos((L1.ˆ2 + L2.ˆ2 - Rd.ˆ2) ./ (2 * L1 * L2));
79 phi3d = acos((L2.ˆ2 + Rd.ˆ2 - L1.ˆ2) ./ (2 * L2 * Rd)) + atan2((x4 - xb), (y4 - yb)) + 0.5 * pi + THETA;
80

81 % Potential energy equations consisting of stiffness values, preloads and rotations
82 U1a = 0.5 * k1a * (phi1a - phi1a0).ˆ2;
83 U2a = 0.5 * k2a * (phi2a - phi2a0).ˆ2;
84 U3a = 0.5 * k3a * (phi3a - phi3a0).ˆ2;
85 U1b = 0.5 * k1b * (phi1b - phi1b0).ˆ2;
86 U2b = 0.5 * k2b * (phi2b - phi2b0).ˆ2;
87 U3b = 0.5 * k3b * (phi3b - phi3b0).ˆ2;
88 U1c = 0.5 * k1a * (phi1c - phi1a0).ˆ2;
89 U2c = 0.5 * k2a * (phi2c - phi2a0).ˆ2;
90 U3c = 0.5 * k3a * (phi3c - phi3a0).ˆ2;
91 U1d = 0.5 * k1b * (phi1d - phi1b0).ˆ2;
92 U2d = 0.5 * k2b * (phi2d - phi2b0).ˆ2;
93 U3d = 0.5 * k3b * (phi3d - phi3b0).ˆ2;
94

95 % Total potential energy equation of the system
96 U_tot = @(Y, THETA) U1a + U2a + U3a + U1b + U2b + U3b + U1c + U2c + U3c + U1d + U2d + U3d;
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97

98 % Setting up the central differential approximation equations
99 objective = U_tot(Y, THETA);

100 [n1, n2] = size(Y);
101 dy = zeros(n1, n2);
102 dphi = zeros(n1, n2);
103

104 % Take the central differential approximation for both the moment and the force derivative
105 for i = 2:n1-1
106 for j = 2:n2-1
107 dphi(i, j) = (objective(i+1, j) - objective(i-1, j)) / (2 * h);
108 dy(i, j) = (objective(i, j+1) - objective(i, j-1)) / (2 * h);
109 end
110 end
111

112 % Normalize the equations and take the RMS over the whole system
113 force = rms(dy/2.6,’all’); %Maximum force is 2.6N, minimum is 0N.
114 moment = rms(dphi/0.13,’all’); %Maximum moment is 0.13Nm/rad, minimum is 0Nm/rad
115

116 % Create the final two equations that can be used as objective functions
117 f = [force moment];
118 end
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K Ansys Code for Force-Displacement on Preloaded Mechanism

1 !!! Clear program
2 FINISH
3 /CLEAR
4 /OUTPUT
5

6

7 ! Define values parameters
8 n = 50
9 s = 100

10

11 L_EE = 35e-3
12 L_flexure = 20e-3
13 L_member = 100e-3
14 L_base = 70e-3
15

16 PI = 3.141592653589793
17

18 preload1 = 0.91
19 preload2 = 1.82
20 preload3 = 3.01
21

22 ! Calculate all the positions of the keypoints
23 n1x = 0
24 n1y = 0
25 n2x = n1x + cos(0)*L_EE - 0.5*L_flexure
26 n2y = n1y
27 n3x = n2x + cos(0)*L_flexure
28 n3y = n1y
29

30 x_fl2 = n3x - 0.5*L_flexure + L_member*cos(pi-preload3)
31 y_fl2 = n3y + L_member*sin(pi-preload3)
32

33 n4x = x_fl2 - cos(0.5*pi-0.5*preload2 + pi - preload3)*0.5*L_flexure
34 n4y = y_fl2 - sin(0.5*pi-0.5*preload2 + pi - preload3)*0.5*L_flexure
35 n5x = x_fl2 + cos(0.5*pi-0.5*preload2 + pi - preload3)*0.5*L_flexure
36 n5y = y_fl2 + sin(0.5*pi-0.5*preload2 + pi - preload3)*0.5*L_flexure
37

38 x_fl1 = x_fl2 - cos(preload2-(pi-preload3))*L_member
39 y_fl1 = y_fl2 + sin(preload2-(pi-preload3))*L_member
40

41 n6x = x_fl1 + cos(preload2-(pi-preload3)-(0.5*pi-0.5*preload1))*0.5*L_flexure
42 n6y = y_fl1 - sin(preload2-(pi-preload3)-(0.5*pi-0.5*preload1))*0.5*L_flexure
43 n7x = x_fl1 - cos(preload2-(pi-preload3)-(0.5*pi-0.5*preload1))*0.5*L_flexure
44 n7y = y_fl1 + sin(preload2-(pi-preload3)-(0.5*pi-0.5*preload1))*0.5*L_flexure
45 n8x = n7x - cos(pi-(preload2-(pi-preload3)+preload1))*(L_base-sin(0.523598776)*0.5*L_flexure)
46 n8y = n7y - sin(pi-(preload2-(pi-preload3)+preload1))*(L_base-sin(0.523598776)*0.5*L_flexure)
47

48 L_base = sqrt((n8x-n7x)**2 + (n8y-n7y)**2)
49

50 n8x_disp = (0-n8x)
51 n8y_disp = (0.10+cos(30*(pi/180))*0.5*L_flexure)-n8y
52 n7x_disp = 0+L_base-n7x
53 n7y_disp = (0.10+cos(30*(pi/180))*0.5*L_flexure)-n7y
54

55 ! Define preload displacements
56 my = 25e-3*sin(0.5)
57 mx = (25e-3 - 25e-3*cos(0.5))
58

59

60 !!! Enter pre-processor
61 /prep7
62
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63 ! Define element type
64 et,1,BEAM188
65 et,2,MPC184,1
66 KEYOPT,2,1,1
67

68 ! Define cross section
69 /ESHAPE,1
70 sectype,1,beam,rect,flexure_small
71 secdata, 0.8e-3, 4.8e-3
72

73

74 /ESHAPE,1
75 sectype,2,beam,rect,flexure_medium
76 secdata, 0.8e-3, 12.6e-3
77

78 /ESHAPE,1
79 sectype,3,beam,rect,flexure_big
80 secdata, 0.8e-3,13e-3
81

82 ! Define material properties
83 mp,ex,1,2e9
84 mp,prxy,1,0.33
85

86 ! Make keypoints
87 k,1,n1x,n1y,0
88 k,2,n2x,n2y,0
89 k,3,n3x,n3y,0
90 k,4,n4x,n4y,0
91 k,5,n5x,n5y,0
92 k,6,n6x,n6y,0
93 k,7,n7x,n7y,0
94 k,8,n8x,n8y,0
95 k,9,n3x,-n3y,0
96 k,10,n4x,-n4y,0
97 k,11,n5x,-n5y,0
98 k,12,n6x,-n6y,0
99 k,13,n7x,-n7y,0

100 k,14,n8x,-n8y,0
101 k,15,-n2x,n2y,0
102 k,16,-n3x,n3y,0
103 k,17,-n4x,n4y,0
104 k,18,-n5x,n5y,0
105 k,19,-n6x,n6y,0
106 k,20,-n7x,n7y,0
107 k,21,-n8x,n8y,0
108 k,22,-n3x,-n3y,0
109 k,23,-n4x,-n4y,0
110 k,24,-n5x,-n5y,0
111 k,25,-n6x,-n6y,0
112 k,26,-n7x,-n7y,0
113 k,27,-n8x,-n8y,0
114

115 ! Define lines and respective material properties
116 *GET,ID1,LINE,,NUM,MAXD
117 L,2,3
118 L,2,9
119 L,15,16
120 L,15,22
121

122 *GET,ID2,LINE,,NUM,MAXD
123 L,4,5
124 L,10,11
125 L,17,18
126 L,23,24
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127

128 *GET,ID3,LINE,,NUM,MAXD
129 L,6,7
130 L,12,13
131 L,19,20
132 L,25,26
133

134 *GET,ID4,LINE,0,NUM,MAXD
135 L,1,2
136 L,3,4
137 L,5,6
138 L,7,8
139 L,9,10
140 L,11,12
141 L,13,14
142

143 L,1,15
144 L,16,17
145 L,18,19
146 L,20,21
147 L,22,23
148 L,24,25
149 L,26,27
150 *GET,ID5,LINE,0,NUM,MAXD
151 ! Mesh all the lines
152 type,1
153 mat,1
154 secnum,1
155 lsel,s,line,,ID1+1,ID2
156 lesize,all,,,n
157 lmesh,all
158

159 allsel,all
160

161 type,1
162 mat,1
163 secnum,2
164 lsel,s,line,,ID2+1,ID3
165 lesize,all,,,n
166 lmesh,all
167

168 allsel,all
169

170 type,1
171 mat,1
172 secnum,3
173 lsel,s,line,,ID3+1,ID4
174 lesize,all,,,n
175 lmesh,all
176

177 ALLSEL,ALL
178

179 TYPE,2
180 LSEL,S,LINE,,ID4+1,ID5
181 LESIZE,ALL,,,1
182 LMESH,ALL
183

184 ! Apply boundary conditions
185 dk,1,all,0
186

187 ! Apply preload displacements on all flexures
188 dk,7,uy,n7y_disp
189 dk,8,ux,n8x_disp
190 dk,8,uy,n8y_disp
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191

192 dk,13,uy,-n7y_disp
193 dk,14,ux,n8x_disp
194 dk,14,uy,-n8y_disp
195

196 dk,20,uy,n7y_disp
197 dk,21,ux,-n8x_disp
198 dk,21,uy,n8y_disp
199

200 dk,26,uy,-n7y_disp
201 dk,27,ux,-n8x_disp
202 dk,27,uy,-n8y_disp
203 finish
204

205

206 !!! Enter the solution processor
207 /solu
208 antype, static
209 nlgeom, on
210 eqslv, sparse
211 outres, all, all
212 autots, on
213 neqit, 100
214 nsubst,1000,,10
215

216 ! Step 1: Move keypoints 7 and 8
217 time,1
218 solve
219

220 ! Step 2: Move end effector to y = +50mm position
221 time,2
222 dk,1,uy,50e-3
223 solve
224 finish
225

226

227

228 ! Enter post-processor
229 /post1
230 set,2,last
231 pldisp,1
232

233 ! Select keypoint 1 on which the force is measured
234 KSEL,S,,,1
235 NSLK,S
236 *GET, K1,NODE,0,NUM,MIN
237 ALLSEL,ALL
238 FINISH
239

240 !!! Enter data extraction processor
241 /POST26
242 NUMVAR,200
243

244 ! Store displacement and force on keypoint 1
245 NSOL,2,K1,U,Y, DY
246 STORE,MERGE
247 RFORCE,3,K1,F,Y, FY
248 STORE,MERGE
249

250 ! Plot force-displacement graph
251 /POST26
252 XVAR,2
253 PLVAR,3
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L Ansys Code for Moment-Rotation on Preloaded Mechanism

1 !!! All the code is the same as in Appendix B, however the steps taken in the solution
2 !!! processor are different:
3

4 ! Step 1: Move keypoints 7 and 8
5 time,1
6 solve
7

8 ! Step 2: Apply a rotation on keypoint 1 of 0.5[rad]
9 time,2

10 dk,1,rotz,0.5
11 solve
12

13 ! Step 3: Rotate keypoint 1 back to original position
14 time,3
15 dk,1,rotz,0
16 solve
17 finish
18

19 !!! Enter post-processor
20 /post1
21 set,2,last
22 pldisp,1
23

24 ! Select keypoint 1
25 KSEL,S,,,1
26 NSLK,S
27 *GET, K1,NODE,0,NUM,MIN
28 ALLSEL,ALL
29 FINISH
30

31 !!! Enter data extraction processor
32 /POST26
33 NUMVAR,200
34

35 ! Store rotation and moment
36 NSOL,2,K1,ROT,Z, DZ
37 STORE,MERGE
38 RFORCE,3,K1,M,Z, MZ
39 STORE,MERGE
40

41 ! Plot moment-rotation graph
42 /POST26
43 XVAR,2
44 PLVAR,3
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M Ansys Code for Unloaded Mechanism

1 !!! All the code is the same for the force and moment simulations, except:
2

3 ! Update the preload angles to the unloaded angles
4 preload1 = 2.25
5 preload2 = 1.12
6 preload3 = 2.92
7

8 ! Replace preload displacements of all keypoints with boundary conditions
9 dk,1,all,0

10 dk,7,all,0
11 dk,8,all,0
12 dk,13,all,0
13 dk,14,all,0
14 dk,20,all,0
15 dk,21,all,0
16 dk,26,all,0
17 dk,27,all,0

31



3
Literature Review

32



DELFT UNIVERSITY OF TECHNOLOGY

ME-HTE LITERATURE RESEARCH

ME51010-20

A Review of Compliant Mechanisms and Smart Material
Actuators for Flexible Robotics

Author:
T.Q. Vis (4699173)

Supervisor: Prof.Dr.Ir. J.L. Herder
Daily Supervisor Dr. J. Jovanova

Department of Precision and Microsystems Engineering
Faculty of Mechanical, Maritime and Materials Engineering
Delft University of Technology
Delft, The Netherlands
March 14, 2024



Abstract: In the face of increasingly unpredictable in-
dustrial environments, traditional rigid robots encounter
limitations, prompting exploration into flexible robotics
as a promising solution. Flexible robotics, equipped
with shape-changing mechanisms and compliance, offer
potential breakthroughs, yet challenges persist in in re-
fining actuation methods and exploring new mechanisms
beyond soft robots. This literature study aims to provide
a comprehensive overview of compliant mechanisms and
smart material actuators for use in flexible robotics
while pinpointing existing gaps in the literature. While
soft robots that use pneumatic actuation methods are
widely discussed, they lie outside of the scope because a
substantial body of literature already exists on this topic.
Employing a systematic review protocol, the study delves
into the utilization of compliant mechanisms in flexible
robotics, followed by an exploration of smart material
actuators on compliant structures. While compliance is
integral to flexible robotics, particularly in body or end
effectors, actuation mechanisms often lack compliance,
relying on cables, electric motors, or manual operation.
Smart material actuators emerge as a potential compliant
actuation method, yet literature reveals limited explo-
ration beyond fundamental testing, with a notable ab-
sence of structural mechanisms for real-life applications.
Identifying this gap, the study underscores the need for
mechanisms bridging fundamental practices and practical
implementation, presenting an opportunity for enhancing
future robotic endeavors.

Keywords: Flexible Robotics, Smart Materials, Compliant
Mechanisms, Actuation

I. INTRODUCTION

In today’s world, a robot is a device that can perform
tasks autonomous (or semi-autonomous) and are designed
to carry out a variety of actions through physical interaction
with the environment [1]. Robots can range from simple
devices programmed for specific tasks to highly complex
systems equipped with advanced sensors and artificial
intelligence, enabling them to adapt to changing conditions.
The need for robotics originated from the need of human
necessities and let to the start of the use of robots in the
industrial world [2]. Robots were applied to the areas of
the factory that where risky and harmful for humans, for
example manufacturing jobs and car assemblies. Known
as the first generation of industrial robots [3], these robots
were very difficult to control and could only handle simple
tasks of loading and unloading of parts. Ten years later and
the robots would evolve into more mature mechanisms due
to the use of servo controllers that could perform more
difficult tasks, but were still programmed to fulfill only
one specific task. The extend of flexibility was constrained.
At the end of the 20th century, the robots were far more
sophisticated due to updated control systems and learning
algorithms so robots can change their operation conditions

for a diversity of tasks. Applications for these kind of
robotics are the medical field for surgery and other human
social needs or assembly robotics. But it is for certain that
these robots, and the evolution of them, have changed the
industry in terms of efficiency, safety, removing maddening
repetitive tasks and also advancements in healthcare.

The need for automation of non repetitive tasks and
environments leads to the need of flexible robotics. This
field refers to the design and development of robotics
systems that have the ability to adapt and adjust their
movement, structure or function according to a specific
environment or task. These robots can do this to navigate
challenging environments, handle fragile objects or perform
a multiple of tasks. They are more versatile, are cost
and space efficient and allow for rapid prototyping and
better collaboration with humans. While all of this sounds
promising, there are enough reasons to believe that flexible
robotics will not replace the tradition rigid robotics but
simply add another dimension to the field [4]. There is a
need for flexible robotics due to the limitations of rigid
robotics, such as the environmental sensitivity, limited
flexibility and safety concerns. Rigid robots may struggle
in dynamic and unpredictable environments, for example
when the robot is required to make shape changes that
have not been accounted for during programming. Together
with this, rigid robots are designed for fixed structures
which means that they struggle to adapt to environments
that require flexibility like tight spaces.

There are two main kinds of flexible robotics are modu-
lar continuum robotics and soft robotics of which the latter
is the best known. Soft robotics is a subfield that focuses on
the use of soft materials to construct the body. The starting
point for most soft robotics are bio-inspired [5, 6, 7, 8],
which means that inspiration for the mechanism has been
taken from nature, and the materials used have a large va-
riety from fluids, hydrogels, acrylonitrile butadiene styrene
(ABS) and epoxy resins. With the help of a pneumatic,
hydraulic or electrostatic actuation methods, these kinds of
robots are ideal for grasping fragile objects or locomotion
[9]. This technique is being used, for example, in the soft
locomotion of a fish, gripper applications, octopus inspired
robotics, human interaction [10], inflatable robotic arms
and artificial muscles [11, 7, 12, 13, 14]. But because
these soft robotics have a low carrying capacity and are
quite limited, for this review, there will be no further
investigation in the use of soft robots in the search for
the next step in flexible robotics.

The second part of flexible robotics is more focused on
the adaptability of their movement or structure, of which
the body consist of flexible and deformable structures or in
other words compliant mechanisms. This body is coupled
with an actuation method to create the desired motion
and structure. Compliant mechanisms make use of flexi-
ble members to create the desired motion while creating
benefits such as no particle production and no lubrication
needed. Continuum robots are well known examples of
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such flexible robotics, although the actuation methods are
largely not compliant which defeats the purpose of the
advantages. And while compliant actuation methods exist,
they are often not implemented in the whole application.
This leads to gaps that could be explored to find out what
the next big thing could be for flexible robotics.

The aim of this paper is to provide an overview of the re-
cent advances within the field of flexible robotics. This will
be done by finding the state-of-the-art literature on the use
of compliant mechanisms for flexible robots and the poten-
tial benefit of smart material actuators and by evaluating the
results of these areas to make recommendations for future
research steps for the development of the next sophisticated
flexible robots. To create the best possible overview, the
following questions will be answered: What are the relevant
compliant mechanisms used in flexible robotics and what
are the challenges that present themselves? What types of
smart material actuators could be of value for the next
generation flexible robotics? And what could potentially
be a way forward?

The paper starts of with section II that gives the search
methodology used in this paper to get a better understand-
ing of the specific strict search that has been performed.
In section III the literature review start by investigating the
different compliant mechanisms used in the state-of-the-
art literature for flexible robotics to get a feeling for the
challenges that are present. Based on these challenges, a
research gap is found that is discussed in section IV where
all the recent technologies are highlighted. In section V
the previous sections will be evaluated to propose a way
forward for the development of flexible robotics for the
future.

Fig. 1: Flowchart for the literature search and the paper

II. SEARCH METHODOLOGY

Following the research question set up for this paper,
it was essential for the literature search to come up with
the correct research structure. In Figure 1, the flowchart
for the literature search and this paper is visualised. From
the research questions, the first step is to investigate the
current state-of-the-art for compliant mechanisms in the
field of flexible robotics during which the challenges for
the next big thing can be identified. Using this knowledge,
a proposition has been made that could be of value to the
evolving technologies. The options are explored and in the
end of the paper a conclusion with recommendations for
future work has been made.

The approach used in this literature review has a clearly
defined search strategy and has strict inclusion and ex-
clusion criteria. The strict search for this paper is on
compliant mechanisms for flexible robotics and this gave
the following search terms and results for the first section
of the paper. ”Compliant Mechanism*” and Flexible and
Robot* gives 6.070 results which is too broad to make con-
clusions on this specific topic. Adding the words together
to create ”Flexible Robot*” as a search term results in 139
results. Based on relevance, 32 papers have been selected
that are of value for the review. This limitation could be
made because the majority of the papers would discuss the
possible control systems behind the compliance of certain
mechanisms or robots, while the scope for this paper lies
on the compliant mechanisms themselves, and a few other
papers that were ruled out demonstrated the use of soft
robotics.

For the second part of this paper, the scope was strictly
limited to state-of-the-art literature of the use of smart
material actuators for compliant mechanisms. This left the
scope with the following keywords and results. ”Smart Ma-
terial Actuator/Actuation” and ”Compliant Mechanism*”
give a combined result of 78 papers of which 27 have
been selected by the same selection method as the last
section. The papers that were ruled out were focused on
control systems and optimization or modelling techniques
for theoretical practices rather than the smart material
mechanisms themselves, which is out of scope and there-
fore not considered in this paper.

III. COMPLIANT MECHANISMS FOR FLEXIBLE
ROBOTICS

Unlike traditional robots, flexible robots have bodies that
have the ability to bend, stretch or deform in order to adapt
to multiple tasks and environments. This field encompasses
various sub-disciplines and technologies which can be split
up in soft robotics, compliant mechanisms and continuum
robots.

Compliant mechanisms and continuum robots are closely
related because continuum robots do not have rigid links
and traditional joints in their body, but structures that
are able to bend along their length [15]. This bending
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is possible due to the elastic deformation in the cho-
sen material and the configuration in the design of the
mechanisms, know as a compliant mechanism. Compliant
mechanisms have the ability to move due to the deflection
in flexible members and by using this technique it creates a
number of advantages. Compliant mechanisms require little
to no assembly, move without friction and thus particle
production, need no lubrication, are compact but can be
very complex. They also have some disadvantages like
nonlinearities, limited rotation angles, they are relatively
difficult to design and need fatigue analysis [16]. The
basis of compliant mechanisms consist of 2 general subdi-
visions: distributed and concentrated compliant elements.
Concentrated, or lumped, compliance is where the flexure
is mostly rigid, but has a small concentrated region where
elastic deformation is possible to create a hinge as seen
in Figure 2a. Concentrated compliant joints can be put in
multiple configurations to create the mechanisms with the
desired output and movement. In Figure 2c it can be seen
how putting concentrated joints in series can contribute to
a compliant four bar mechanism. Distributed compliance
is where the region is spread over a much larger area
which distributes the stress concentration and gives a large
deflection angle and radius [17], which can be seen in
Figure 2b. The different types of flexure can be straight or
preshaped as seen in Figure 2d to create different stiffness
characteristics on the end effector visualised in light blue.
These flexures can also be combined in a cross leaf flexure
like the one in Figure 3a to create a lower stiffness and
bigger deflection angle.

(a) Concentrated Compliance (b) Distributed Compliance

(c) Concentrated joints in 4-
bar linkage

(d) Preshaped distributed leaf
flexures

Fig. 2: Difference in concentrated and distributed compli-
ance

By using these basics, different types of compliant
hinges and joints have been designed so that it can be
used for various robotic features. These hinges all have
different characteristics such as range of motion and on-
and off-axis stiffness [18]. A visualisation of some of these
hinges can be found in Figure 3. Another configuration of
a concentrated compliant hinge is that in the technique
of origami mechanisms. Origami is the Japanese art of
folding paper and this technique can be used in mechanisms
to solve specific problems [19]. Described by the term

’kinetic origami’, it refers to using this Japanese technique
as a model that exhibits a mechanical motion [20]. A
concentrated hinge can be used along the length of a rigid
structure to create a crease around which the material can
bend, thus creating the origami folding characteristics.

A bistable mechanism is another interesting composition
of compliant mechanisms. This type of mechanism has,
within a certain range of motion, two stable equilibrium
positions. This could easily be create with the use of
compliant mechanisms because of the flexible members
and are useful in applications such as a bistable light switch
or microdiaphragm valves [21, 22]. Bistable mechanisms
could also be used to switch between two different states
of stiffness, which could be an important fundamental for
variable stiffness robotic applications [23].

(a) Cross Axis Joint (b) Cartwheel Joint

(c) Rolling Contact Joint (d) 3D Compliant Joint

Fig. 3: Different compliant joints visualised [18]

The design and analysis of compliant mechanisms is
relatively difficult, because of the numerous complex de-
sign possibilities and unusual motion characteristics. But
this process gets less challenging with the use of three
approaches [16]: Finite Element Analysis (FEA), Topology
Optimization and Pseudo-Rigid-Body Models (PRBM).
FEA is the most used method because of the conventional
and commercial way to analyse the non-linear deflections
and is also useful for the wide range of application areas
for which compliant mechanisms can be used. Topology
Optimization is known for the improving of the perfor-
mance of the compliant mechanism. It can be used to
optimize the desired actuation output, the weight of the
mechanism or create the an optimal design between two
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design requirements. PRBM makes use of analysing the
mechanism with conventional rotational joints with springs
attached to them, instead of the compliant hinges. By
strategically place the joints and properly sized springs in
the model, it is possible to achieve high accuracy into the
nonlinear range. A visualisation is given in Figure 4. A
PRBM is often used in the beginning of the design phase
in order to quickly evaluate iterations, because conventional
methods in mechanism design can be utilized, allowing for
easy visualization of motions.

Fig. 4: Example of a PRBM: Simulating the leaf spring as
a traditional mechanism with a spring on its joint

Compliant mechanisms and its joints are the basis for
numerous mechanisms and application areas. By recon-
figuring the flexible members or choosing different types
of hinges in series or parallel, the working principle can
change drastically. With the use of a PRBM and changing
hinges a set of pliers has been developed [24], which is
an excellent example of a general compliant mechanism.
This kind of methodology is also used for two dimensional
micro-electromechanical systems (MEMS) to create micro
grippers, actuation methods or energy harvesting mecha-
nisms [25, 26]. And by reconfiguring the mechanism, three
dimensional structures can be developed such as joints,
shape morphing lattices [27] or surgical applications [28].

To evaluate the state-of-the-art compliant mechanism
used in flexible robotics, it is important to split the different
mechanisms up in the three categories: General Compliant
Mechanisms, Origami Robotics and Continuum Robotics.
The first section will look into the mechanisms consisting
of the pure use of compliant joints and hinges, such as the
pliers or generic two dimensional structures. The second
and third sections are subcategories as they use the basic
fundamentals of compliant mechanisms to create a different
characteristic and output. These are the continuum robotics,
as they use compliant joints to create their flexible body
but in the literature has many applications that it is worth
mentioning it separately, and origami mechanisms as they
use concentrated compliance to create a characteristic that
is not easily achievable by the general compliance.

A good thing to mention is the fact that the terms
General Compliant Mechanisms, Origami Mechanisms and
Continuum Robotics are not separate disciplines but are
closely related. As visualised in Figure 5, both origami
mechanisms and continuum robotics make use of the
general compliant mechanisms. This is the case because the

joints of this field could be arranged in a way to create the
mechanisms falling under the other two terms as described
in the previous paragraph. Moreover, origami mechanisms
could also be used in continuum robotics by designing
the compliant body (Figure 7) out of origami hinges and
creases to create the desired characteristics.

Fig. 5: The relation between all the subcategories used in
Flexible Robotics

A. General Compliant Mechanisms

Under the general compliant mechanisms fall the mech-
anisms that use the basic joints or flexures to create a,
mostly, two dimensional mechanism. A good example is
the compliant robotic leg for small locomotion found in
[29]. The mechanism makes use of a distributed kind of
flexure as the bottom of a foot and with a rotation motor it
is actuated to following a walking motion. It is essentially
the same as a path generator such as the Jansen Linkage,
which is a two dimensional walking mechanism to create
a smooth walking motion by combining a circular and
linear movement in a single mechanism. The aim of such
a mechanism is to mimic a trajectory of a specific point in
the mechanism to a desired output. Megaro (et al., 2017)
[30] describes making this Jansen Linkage into a compliant
version for the use of animatronics. The paper also talks
about the design of a fully compliant operational hand, but
the actuation method is again not compliant but with the
use of hand or motor actuation. [31] developed a compliant
foot and ankle mechanism to be placed in a prosthetic leg.
The ankle is made out of a rotational joint and is actuated
by the person itself when the foot touches the ground while
walking, it is a passive compliant mechanism.

While these examples show the potential of compliant
mechanisms in prosthesis, it can also be used to lower
vibrations produced by a 3 degree of freedom (DoF) robotic
arm [32]. The robotic arm itself is not compliant, but it
is interesting to see how the compliant mechanism allows
rotation around the three axis and can lower vibrations in
that way.

Then there is also research performed in the direction
of compliant grippers without the use of soft robotics.
The main motivation for these application is the need for
grabbing objects in challenging environment, rather than
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fragile ones. The gripper described in [33] makes use of a
concentrated compliant hinge mechanism for the two legs
of the gripper. While the gripper is an excellent example
of how to use compliant mechanisms, the mechanism is
actuated with a linear actuator which is not compliant.
In contrast, the gripper described in [34] is developed
for micro and nano applications and uses a compliant
piezoelectric stack to actuate it.

B. Origami Robotics

Origami is another branch of compliant mechanisms
that could be used in flexible robotics. Origami is a
mechanical structure that originated from the Japanese
method of folding paper with the purpose that it was
suitable for mechanical application. It involves using con-
centrated joints, like creases in the paper, to produce three
dimensional shapes from a two dimensional sheet [35]. An
illustration of an example of an origami configuration can
be found in Figure 6. Bistable mechanisms are also used
with origami to create multiple stages a mechanism could
be in. These structures are called Miura and Waterbomb
origami [36], with a variant that combines multiple of these
origami to create a multistable mechanism. Applications
for this technique range from biomedical devices, space
application to precision actuation mechanisms and foldable
and stretchable electronics.

Fig. 6: Example of an origami structure

Different examples of origami used as compliant mech-
anisms in flexible robots exist in the literature, ranging
from grippers to continuum like robots. The origami used
for grippers is difficult to design because of the complex
mechanism that couples the input and output. By squeezing
down on one side of the mechanism, the other side folds
drastically to create a gripping motion [37]. The continuum
like robot replaces the flexure like body of the mechanism
mentioned in the previous section and replaces it with an
origami structure that can rotate around the x- and y-axis
and twist around its length (the z-axis). With the use of
a cable driven mechanism, the robot is able to bend itself
in all direction like a conventional continuum robot can.
In addition to this, the robot has three smaller continuum
origami bodies on the end with which it can grasp fragile
objects.

Within a different field of robotics, there is also an
origami flexible robot that can navigate through the esoph-
agus towards to stomach while collapsed and expand when
it arrives [38]. With the use of its shape, the fluids in the

stomach and an external magnet it is able to walk along
the stomach wall to the spot where it needs to be. The
mechanism is fully degradable and this process will start
once it arrives in the stomach and is fully complete long
after the purpose has been served.

C. Continuum Robotics

These type of robotics do not contain rigid links and
conventional rotational joints but instead use structures that
bend continuously along there length via elastic deforma-
tion [15]. Robots incorporating continuum mechanisms can
navigate and manipulate within concealed and confined
spaces while adjusting to the curved paths of the environ-
ment. A cable driven method is the most used actuation
method for such mechanisms. The use of a cables to drive
the mechanisms is called extrinsic and makes use of the fact
that if one side of the structure is shortened (by pulling on
the cable) that it bends towards that side and vice versa.
An illustration is given in Figure 7.

Fig. 7: Basic principle of continuum robots with a
compliant joint

The basic version is described by Wei Li et al. [39]
where a simple compliant body is actuated using 2 wires
in a two dimensional plane. By changing the internal
structure of the compliant mechanism, the way of bending
it changed slightly. This type of mechanisms is mostly used
in application for locomotion and grasping. For example,
continuum robotics is used in the compliant body of a
robotic fish [40, 41] to steer it in the correct direction.
Instead of using multiple cables, the mechanism uses a
continuous cable that is actuated with a motor to increase
and decrease the cable on both sides of the fish. Another
use of continuum robots is popular in the medical world.
It can especially be used for minimal invasive surgery,
because of the large flexibility. It is for example used in
an articulated endoluminal forceps inside an endoscope for
the removal of cancer tissues [42]. The mechanism uses 4
cables to be bend in all directions except around its own
axis, which creates a very big range of motion to reach
different kinds of locations in the body. This mechanism
is also desribed by Berthet-Rayne et al. [43]. Bandara et
al. [44] also makes use of cable driven actuation inside
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surgical forceps, but here the forceps themselves can bend
continuously around the base instead of the base itself. The
cables push against one side of the forceps in order for it
to make it bend, but the bending radii is a lot less than the
previously mentioned surgical tool.

A different kind of cable driven compliant arm is the arm
described in [45]. This arm has a compliant body made of
flexure joints, which have a large range of motion and low
stiffness. The mechanism is again actuated with 2 wires,
but it has a different method of navigating tiny spaces.
The last mentioned continuum robots would jump back to
their original position once the tension is released from
the wires. That is also the case for this mechanism, but
it uses the phenomenon called Underactuation. Instead of
the robot not wanting to touch the environment in order to
prevent damage on the environment or the robot itself, this
mechanism is able the anchor itself against the walls of the
environment. If the tension is removed from the cables, it
will keep its shape the environment gave it. If the robot is
pushed forward, the front can be steered again, while the
rest of the body is able to adjust itself to the environment.
But this is of course not possible in every situation.

And there also exist a variant on continuum robots that
do not make use of a cable driven mechanism, but make
use of flexible corrugated tubes that make up the body
[46]. It makes use of three of these tubes in the shapes of
a triangle and that can move up and down with the use
of a geared motor. If one of the tubes is elongated, it will
bend in that direction. And another version makes use of
compliant springs as joints in the body, but the actuation
method has not been mentioned. It is purely experimental
without a direct application area, so it has been actuated
by hand for different experiments.

D. Challenges for Compliant Mechanisms in Flexible
Robotics

From the found literature and the summary in the pre-
vious subsections a numerous of challenges were observed
and mentioned below.

One of the key features of flexible robots is its compliant
design which gives it the ability to work in all kinds
of different environments. And while all the mentioned
applications show fundamentals of working principles,
there is one aspect of the robots where an opportunity
lies and that is on the actuation side of the mechanisms.
Compliant mechanisms, also in the form of origami and
continuum robots, have proven themselves on multiple
aspects to be useful in different kinds of applications, but
if the actuation method is not compliant it cannot fully
serve its purpose. While using a cable driven mechanism or
traditional electric motor, the applications still benefit from
the added advantages of the compliant body such as the the
lubrication that can be left out, no particle production and
a high repeatability. But when looking into the next steps
for flexible robotics, it is of interest to solve these problems
of the actuators producing particles, need lubrication and
are in need of big assembly tasks. So to make sure future

robotics could be deployed in multiple environments, it is
of interest to look into a compliant kind of actuators. But
what are compliant actuators?

IV. SMART MATERIAL ACTUATION FOR COMPLIANT
MECHANISMS

Compliant actuators are the exact opposite of a non-
compliant actuator, which can be defined by a stiff actuator
which is a device that is able to move to a specific position
and stay there whatever the external forces are on the
actuator [47]. A compliant actuator will allow deviation
from the equilibrium position under external loads, but
this can be minimized. The most conventional actuators for
these purposes are the hydraulic and pneumatic actuators
used in soft robotics, which can easily be found in the
literature. Looking further into the recent advances in
compliant actuators shows the use of smart materials for
this purpose.

Smart material actuators are devices that have embodied
intelligence, which are internal specification with unique
properties to generate a mechanical motion or force while
stimulated with the correct, external, triggers like an elec-
tric or magnetic field, temperature change, light or pH. The
are often referred to as smart because they have the ability
to alter their properties in a controllable manner which
is also reversible. The most well known smart materials
are shape morphing materials, electro- and magnetostrictive
materials and thermoelectric materials. The smart materials
actuated by light or pH are not of interest because of the
need for the robot to work in challenging environments
where this is difficult to implement. This has also been
confirmed by the literature search where no examples
of these stimuli have been found in combination with
compliant mechanisms or flexible robotics. The others will
be discussed in the next sections.

Fig. 8: The influence of different stimuli on smart materials
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A. Shape Memory Materials

Shape memory materials are characterized by their ca-
pability to regain their initial shape after undergoing, what
seems like, plastic deformation after the correct external
stimuli has been applied [48]. This phenomenon is called
the shape memory effect (SME) and this can be found
in two different types: Shape memory alloys (SMAs) and
shape memory polymers (SMPs). An example of both types
of materials can be found in Figure 8.

The first SMAs that exhibited this effect where found in
Ti-Ni and Cu-Al-Ni alloys in 1963 [49] and could recover
their shape completely when heated above a certain tem-
perature. The alloys undergo a thermoelastic martensitic
transformation and shift their shape with a temperature
change or in other words a thermal activation. But it is also
possible to active these alloys with the use of an electric
current [50]. By running this current through a materials
that generates resistive heating, it counts as a change of
heat and the SME is set in motion. An advanced of this is
that with the use of an electric current the control of the
temperature is more accurate and more rapid.

The use of SMAs have a few advantages apart from the
fact that it could be used as a compliant actuator. SMAs
could undergo large deformations and could still go back to
their original shape, meaning they could be ideal for the use
in macro robotics. SMAs have good mechanical properties
which includes high strength and durability, which results
in a relative large power density. The actuation time of
SMAs depends on how quickly the temperature can change,
which depends on its input values. The downsides of SMAs
is that they are relatively expensive and experience some
creep, which is the slow deformation under constant stress.
Additionally they have a big power consumption, which
could be solved by integrating a SMA actuator with a
multi-stable structure [51], because remaining in either
stable states would result in no input power.

The use of SMAs in combination with compliant mech-
anisms are mostly fundamentally explored, meaning that
underlying principle of a possible robotic feature is exam-
ined thoroughly. But there are little to no fully developed
robots mentioned in the literature for the recommended
application areas. An example of this is the use of an
origami hinge with the use of a SMA [52] that ensures
the automatic bending of a certain origami section. This
proves the ability of SMAs with working with origami
mechanisms and potentially other compliant variations. The
same counts for the ability of SMAs to bend metal plates
in order to manipulate a structure, with an example for
automatic ventilation shafts in buildings [53]. Rigid com-
pliant linkages with concentrated or distributed body parts,
with application opportunities in micro-scale manipulation
devices, biomedical devices and metastructures, are also
proven to have been actuated using a thermally driven
wire [54]. And next to that it is a promising technique for
the use of locomotion combined with compliant bistable
mechanisms to lower the needed power [55].

Along the lines of origami, there are also applications
of fundamentals for deployable structures. SMAs are used
for actuator to create a 180°bend from a 0°starting point
and are enveloped bij a polydimethylsiloxane (PDMS)
elastomer that keeps the internals together [56]. But the
most interesting part is the use of a fusible alloy (FA) that
can shift its state under thermal activation. This means that
the structure can change it stiffness between actuation to
carry loads.

SMPs are closely related to SMAs, because they have
the ability to temporarily change their shape when exposed
to an external stimulus as well but in a polymer form. The
main applications lie in various fields that are in need for
their reversible shape-changing capabilities. This can be
seen in the origami field of compliant mechanisms where
SMPs are used to bend a hinge between two rigid panels
with the use of active composites where the shape memory
polymer fibers are directly printed into the elastomeric
matrix [57]. SMPs are also of use in the twistable origami
and kirigami where SMPs are used to actuate the structure
entirely or for example in a locomotion robot where the
legs are assembled out of a two dimensional sheet [58].

B. Electro- and Magnetostrictive Materials

Electrostrictive materials are a type of smart material
that undergo mechanical deformation in response to an
applied electric field. This deformation is caused by the
rearrangement of the internal structure of the material’s
molecules in the presence of an electric field [59]. Elec-
trostriction is the phenomenon where a material changes
its shape in response to an electric field, and this effect
is reversible. The same effect is possible when certain
materials are exposed to a magnetic field which are called
magnetostrictive materials.

There are multiple subcategories that fall under these
terms. The first subcategory is the piezoelectric materials,
which consist mostly of crystals, ceramics or polymers that
exhibit the piezoelectric effect. This effect is described
by the ability to generate an electric charge in response
to mechanical stress or deformation, or vice versa. If
the electric field is switched off, the material will return
to its original state. A representation of this working
principle can be found in Figure 9. A multiple of these
materials together in a tower-like configuration is known
as a piezoelectric stack and has applications for actuation,
energy harvesting and sensors because of the straight line
actuation. Within the field of compliant mechanisms the
piezoelectric stack is used for lockable shape morphing
lattices for airplane wings [60, 61], but also compliant
amplifiers [62, 61] to boost the characteristics of the stack.
One of the disadvantages of the piezoelectric stack is that
it has a limited displacement range, which hardly exceeds
100µm [63]. But this does make the piezoelectric stack
ideal for applications such as micro grippers [64, 65] and
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slightly large surgical forceps [66]. Other advantage of the
stack are a high force output, precision control possibilities
and their compact size.

The second subcategory that is being used for compliant
mechanism are the electroactive polymers (EAPs) and the
magnetoactive elastomers (MAEs), which are both types
of smart materials that undergo mechanical deformation as
a responds on an external stimuli. But the first reacts to
an applied electric field and the other an applied magnetic
field. Both materials have application areas in soft robotics,
vibration damping, sensors and actuators. Dielectric elas-
tomers are a class of electroactive polymers which have
an elastomeric material sandwiched between compliant
electrodes. Due to the electrostatic forces between the
layers, the material experiences a change in thickness or
area.

EAPs have the advantage that they have a large de-
formation range and are lightweight, but they require a
high voltage, are not that durable over a large number of
actuations and have a complex control system. For MAEs
it is roughly the same, although they have a more limited
operation deflection but they are mechanically tunable.
Think of the stiffness and damping.

The use of these materials for compliant mechanisms
has more capabilities than the piezoelectric stack. They
are mostly used in soft robotic applications, but have
fundamental applications with compliant mechanisms. One
of the ways to apply MAEs is in combination with a
bistable mechanism [67]. Due to the applied magnetic
field, the bistable could be triggered into the second stable
position and back saving energy. And the application of
EAPs in microposition stages is also validated [68]. Here,
the EAP is rigidly connected but could twist up and
down when an electric field is applied. As has been said
this is a fundamental piece of research for a precision
z-stage, but this could indicate for the possibilities of
adding EAPs in robotic applications such as locomotion or
stiffness changing robotic arms. EAPs are already added
to numerous applications on their own, not necessarily
with compliant mechanism. These applications range from
a flapping robotic fly, a small gripper and a multi-joint
robotic finger which uses traditional joints [69].

As mentioned in the beginning of this chapter, there
are multiple other smart materials such as the hydrogels
and rheological fluid actuators. While these have not been
found in the literature in combination with compliant
mechanisms, it is important to mention these techniques
as possibilities when looking into the future of robotics.
They could have similar basic functionalities as described
in Figure 9 such as a hydrogel could absorb and retain
a significant amount of water more on the top of the
material than at the bottom to make sure a bend is created.
For the rheological fluid actuators, it is possible to create
an application with variable stiffness and could lock the
material in place ones the viscosity of the material has
been shifted. However, these materials are not commonly

used for flexible robotics in combination with compliant
mechanisms as far as the literature goes.

Fig. 9: Example of piezoelectric material or electroactive
polymers in an application

C. Hybrid Use of Smart Materials

Another recent innovation within the world of smart
material actuation for compliant mechanism is the hybrid
systems. This means that multiple different smart material
actuators will be used to create, or, other properties or
enhance a property. The combination of shape morph-
ing alloys with piezoelectic material could lead to the
creation of a better shape morphing wing for unmanned
aerial vehicles [70]. Or the characteristics of dielectric
and magnetoactive elastomers could be combined in a
single mechanism to create multiple bending possibilities,
as visualised in Figure 10. An origami mechanism could
bend a certain way when an electric field is applied, but can
behave completely different the external stimulus switched
to a magnetic field. While the literature about this topic is
still scarce in the field of compliant mechanisms, it could
be of great value for future applications.

Fig. 10: A part could have different reactions to multiple
stimuli to satisfy multiple functions
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V. A WAY FORWARD IN FLEXIBLE ROBOTICS

To create a comprehensive overview of the found litera-
ture and to make a potential literature gap visible, a matrix
has been made to highlight most of the technologies used
between the flexible robotics and smart material actuated
compliant mechanisms field. This table can be found in
Table I. When looking in the matrix, the first visible
literature gap is that of the continuum robotics with the
use of smart material actuators. The most recent and most
used technology for continuum robotics is the cable driven
actuator and in the literature no real examples of the use
of smart materials is present. The second difference is
the fact that the piezoelectric stack has not been used
for origami mechanisms. This is due to the fact that this
actuator has a short stroke length and is mostly used in
micro and nano applications, while origami mechanisms
mostly need a larger stroke. And to further elaborate on
the matrix, the next subsection contains recommendations
for possible ways forward in the flexible robotics field. The
recommendations are explained according to the respective
underlying compliant principles.

A. Recommendations

1) General Compliant Mechanisms: Basic compliant
mechanisms, concentrated or distributed, are already
greatly researched and there is a good understanding of
what is possible. But for flexible robotics with smart
material actuation, there is still room for improvement.
By combining the available techniques, it would be very
interesting to combine a smart material actuated bistable
mechanisms into a variable stiffness mechanisms to apply
in robotic arms. Or having electroactive polymers take
control of new path generators for locomotion. And while
the flexible robots with compliant mechanisms and actua-
tion are mainly focused on the micro and nano world for
MEMS and micro grippers, it could be of interest to test out
the amplification mechanisms to create application that are
scaled upwards instead of down. It is convenient because
the piezoelectric stack has a very small stroke actuation,
but maybe there are possibilities to implement them in
compliant macro grippers for space applications. Another
great technology that has been mentioned in [56] is the use
of fusible alloys in stiffness changing applications. These
fusible alloys can shift phase because of their very low
melting point and essentially could ’lock’ joints in place
that are submerged in this alloy.

With the current advances in 3D printing, which is
already the most used manufacturing tool for prototypes
and even real application, it could be of interest to look
into assembling the actuation method directly into the
mechanism while it is still printing. An advantage would
be the low assembly time and it creates opportunities to
make the structure more compact. Furthermore it would be
better to control because the assembly technique is more
predictable and overall it would be more efficient and create
more versatile robotic movements.

2) Continuum Robotics: Continuum robotics is an out-
standing subcategory of compliant mechanism with numer-
ous application field such as locomotion and gripping for
minimally invasive surgery, soft grippers and manipulators
and the navigation of challenging spaces. But the actuation
methods are largely cable driven of provided by an electric
motor. While the literature does not state the use of smart
material actuators with continuum robotics specifically,
there are recommendations that could be made. Zhang et
al. [76] describes a mechanism that makes use of a hybrid
design using both pneumatic actuators as cable driven ones
to actuate a continuum robot. But he also admits in the
conclusion that by using smart material actuators such
as shape memory alloys could decrease complexity and
further increase the miniaturization of the mechanism.

All the different smart material actuators covered in this
paper could be of use in continuum robotics. Applications
could range from fully compliant robotic arms, either with
compliant joints or origami structures, to the use for more
complex locomotion or variable stiffness arms.

3) Origami Mechanisms: The main advantages of
origami mechanisms is that they have a low price point
in terms of manufacturing and they are lightweight and
compact. These mechanisms have already numerous ap-
plications for space exploration, such as the James Webb
telescope, medical surgery devices, in the automotive in-
dustry in the form of an airbag and possible application in
the industrial industry. But for the use in flexible robotics in
combination with smart material actuation, it shows that the
fundamentals are already in place. All the different types of
smart material actuators have been proven to bend and twist
the origami structure to their desired position. The only
actuator that has not been implemented is the piezoelectric
stack due to its minimal stroke length.

These origami structures and actuation types could be
implemented in (continuum) robotic arms. It would be
possible to reconfigure the mechanism to use shape mem-
ory alloys as a way to implement a variable stiffness
mechanism into it. Or the electrostrictive materials could be
used with origami to create macro grippers as this would
be possible due to their large actuation angle. Different
types of locomotion, which has previously been done in
worm-like structures using shape memory alloys, would be
possible to create a walking like motion. Hybrid actuation
methods could help with making the robotic applications
more versatile. While under the influence of an electric
field, the mechanisms could be used for locomotion while
by using a magnetic stimulus it could change the structure
so it can be used for grabbing objects.

B. Emerging Technologies

With the use of the new modeling techniques available
this day and age, the non-linear behaviours of compli-
ant mechanisms and smart material actuators could be
combined to create a better understanding and eventually
robotic applications. The current industrial market asks
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General Compliant Mechanisms Origami Mechanisms Continuum Robotics

Shape Memory Materials
Deployable Stucture [56]
XY Precision Stage [71]
Rigid Body Mechanisms [54]

Variable Stiffness Hinges [72]
Normal Hinge Mechanisms [53, 73]
Twistable Origami [74]
Ventilation Systems [52]

There are no examples
in literature, but there
are numerous of
recommendations that
could be of value. Such
as locomotion, gripping
applications and robotic
manipulators in
combination with smart
materials.

Electro- and Magnetostrictive Polymers

Z Moving Stage [68]
Bistable Mechanisms [67]
Grippers [69]
A lot of Soft Robotics

Bistable Origami Mechanisms [67]
Origami Hinges [73]

Piezoelectric Stack

Micro Grippers [64, 65]
Medical Applications [65]
Shape Morphing Lattices [60]
Amplification Mechanisms [62, 61]

-

Hybrid Systems Shape Morphing Lattices [70] Deployable Structures [75]

TABLE I: The different combinations of compliant mechanisms and smart actuators in literature

for more and more compliant mechanisms due to the
challenging environments robots have to work in. This
could be the aerospace, offshore and maritime industry or
precision mechanisms operating in vacuum. These tech-
niques are FEA, PRBM and Topology Optimization that
keep continuing to improve each year. Secondly, the rising
technology of 3D and 4D printing creates more opportunity
for complex compliant structures. Think of printing the
smart material actuator inside the material itself to create
a more rigid structure that is better to predict and control.

VI. CONCLUSION

The potential enhancement of future flexible robots
through the integration of smart material actuators instead
of conventional actuation methods has been explored as
a prospective opportunity. A thorough examination of the
contemporary literature on compliant mechanisms in flex-
ible robotics revealed a recurrent bottleneck in actuation
processes. Commonly, these mechanisms were activated
manually, employed electric motors, or were cable-driven.
The introduction of a compliant actuation method was
identified as a viable solution to tackle this bottleneck,
rendering robots more adaptable for diverse applications in
various working environments. Consequently, we proposed
to shift the focus more towards investigating smart material
actuators as a plausible means of addressing this challenge.

Smart material actuators for compliant mechanisms have
been investigated up to a similar point as the literature of
compliant mechanisms themselves. Different materials like
shape memory materials, the electo- and magnetostrictive
materials and the hybrid solutions all have been evaluated
to a certain extend where it can be concluded that they are
capable of working with compliant mechanisms.

However, we came to the conclusion that this field is
lacking that, while the fundamentals of both innovations
have proven to work great, there are not a lot of pa-
pers working on actually implementing these techniques
together in real life industrial applications.

The recommendations range from focusing on a robotic
compliant continuum manipulator actuated with smart ma-
terials for applications in challenging environments or
locomotion implementations. However, this step towards

more complex and bigger applications is not something
to take in one go. While there are papers that prove
certain smart materials can actuate a very simple compliant
structure, there are a lot of intermediate steps towards the
big picture. It could be of great value to look into variable
stiffness compliant mechanisms actuated by smart materials
instead by the human hand, or the use of smart material
actuated origami in continuum robots before looking for
the straight implementation of the full robotic arm into the
aerospace industry. Smaller applications, such as the use
of fusible alloys or even the use of piezoelectric stacks in
macro mechanisms, could already be of great value towards
the future in robotics.
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