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Preface
As far as I can remember, I have always been interested in machines and technology. Whenever I saw
something new, the first thing I would ask is; how does it work? This eagerness to find out how things
work led me to engineering. Many years later, I am now about to graduate in Mechanical Engineering.
In the past year, I have been working on this small mechanism, which may be a tiny thing in the grand
world of engineering, but it has shown me why I like machines and technology. The logic and the sim­
plicity of certain concepts which are the basis of complex machines ­ both on nanoscopic scale as well
as macroscopic scale ­ is what makes this field so fascinating and interesting.

This thesis report is the result of five and half years studying, in which everything I have learned about
engineering comes together. And I am glad I chose this path, because I have not only acquired skills
which will be useful in my professional career, but I have also grown as a person. And although this
thesis marks the end of my wonderful academic career, I am certain that it is also the beginning of a
professional career in which I will still learn a lot.

Hanzalah Ahmad
Amstelveen, January 2022
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1
Introduction

Compliant mechanisms are mechanisms that use the flexibility of their members to elastically deform
contrary to traditional mechanisms that use stiff and rigid parts with hinges [6]. A major advantage of
compliant mechanisms is that the total number of parts is significantly less than traditional mechanisms.
Compliant mechanisms have less wear and backlash and are more precise. Moreover, they are easier
to manufacture and can be used for applications on both the micro scale as well as the macro scale
[1],[6].

There are many different mechanisms and devices that can be identified as compliant mechanisms.
One class of compliant mechanisms are neutrally stable compliant mechanisms. Neutrally stable com­
pliant mechanisms can undergo large elastic deformation and maintain the deformed configuration
without the need for external work [10]. These neutrally stable compliant mechanisms require some
sort of pre­stress to reach the neutrally stable state. The disadvantage to this is, that this pre­stress is
mostly applied when the neutrally stable mechanisms are being made [3], [5] & [8]. Therefore, these
mechanisms are always in a neutrally stable state. Furthermore, when a compliant mechanism is ex­
posed to too much stress over a longer period of time, it can lead to creep [4].

Therefore, it is desired to find a system in which this stress can be turned on and off when required,
i.e., a compliant mechanism that can switch between a stiff state and a neutrally stable state. Such
a mechanism can for instance be used to transport a satellite with solar panels to its orbit around the
world. During transportation, the solar panels are folded, for which the joints of the solar panels need
to be in a stiff state. In orbit, the solar panels are unfolded, for which the joints should be neutrally stable.

Joosten et al. [7] have made a compliant Hygromorphic Rotational Actuator (HRA) which may be a
solution to the previously stated problem. The HRA is a rotational wooden actuator that shows neu­
trally stable behavior when it is made wet (activated). This neutrally stable behavior was however not
the main focus of the paper. Moreover, since the activation of the HRA is realized by absorption of
moisture by wood, this actuator has a limited lifetime of only two or three cycles, since moisture ab­
sorption is not completely reversible. This also means that after the HRA has rotated once, it does
not completely move back to its original position. However, the activatable behavior aspect of the ac­
tuator does provide opportunities for the pre­stress to be turned and off in neutrally stable mechanisms.

This thesis report focuses on the neutrally stable behavior of compliant mechanisms. In particular,
the neutrally stable behavior generated by rotational motion based on the HRA [7]. The goal of this
thesis is to make an activatable neutrally stable compliant mechanism, i.e. a compliant mechanism
that can switch between a stiff state and a neutrally stable state whenever required. This will also re­
move the issue of excessive stress exposure. This is realized by using a Flexinol SMA wire. When
heated, the Flexinol wire will contract and if it is cooled, it will elongate back to its original length. This
activatable behavior of the Flexinol wire is used to turn on and off the pre­stress whenever it is required.
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4 1. Introduction

1.1. Thesis outline
The main work of this thesis is the paper presented in chapter 2. In this paper, it is explained how a new
Compliant Activatable Neutrally Stable Joint (CANS­J) is made. This paper is followed by appendices
in which more in­depth information is given about: Design, prototyping and fabrication (A), Theoretical
Rotation (B), Simulation (C) and the Test Setup (D).

In appendix A, it is explained how the CANS­J was designed, how initial prototypes of the design
were made and how the eventual design was fabricated. Appendix B explains how the model for the
theoretical possible rotation is derived based on the model of the HRA. In appendix C, it is explained
how the CANS­J is simulated in Matlab. Appendix D gives information about how experiments on the
CANS­J are done to verify the results from the simulation.
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Design and fabrication of a compliant joint with activatable pre-stress to
switch between a stiff and a neutrally stable state.

Hanzalah Ahmad, Giuseppe Radaelli & Just Herder

Abstract—Neutrally stable compliant mechanisms are mecha-
nisms that use the flexibility of their members to deform and
maintain the deformed configuration without requiring external
work. However, neutrally stable compliant mechanisms require
some sort of pre-stress to become neutrally stable and thus cannot
easily switch between the stiff state and the neutrally state. In
this paper, a new Compliant Activatable Neutrally Stable Joint
(CANS-J) is designed, simulated, fabricated and tested that can
switch between a stiff state and a neutrally stable state using
a Flexinol SMA wire. Simulations are done to determine which
geometries show neutral stability behavior in the activated state.
These geometries are then fabricated and tested in a torsion
test bench and the torque during rotation is measured in both
the non-activated and the activated state. In experiments, a
clear neutral stability range is visible in the activated state
which goes from 22 degrees to 50 degrees, which correspond to
the simulations. The CANS-J provides opportunities for active
materials to be used in neutrally stable compliant mechanisms.

Index Terms—Active materials, compliant mechanisms, neutral
stability, pre-stress, SMA wire.

I. INTRODUCTION

Compliant mechanisms are mechanisms that use the flex-
ibility of their members to elastically deform and generate
motion, rather than using separate stiff and rigid parts with
hinges. The main advantages of compliant mechanisms are:
less parts, wear and backlash, more precision, no need for
lubrication, easy to manufacture and the ability to manufacture
MEMS devices [1]. The challenge of compliant mechanisms is
that in order to elastically deform a member, external work is
required. However, the ability to elastically deform can also be
used to create a neutrally stable mechanism. A neutrally stable
device can deform and stay in the deformed state, without the
application of any external work [2].

Combining these two principles will lead to neutrally stable
compliant mechanisms. There is already extensive research be-
ing done on neutrally stable compliant mechanisms. Neutrally
stable compliant mechanisms require some sort of pre-stress
to achieve the neutrally stable state. In most cases, this pre-
stress is already applied when a neutrally stable compliant
mechanism is made, meaning that the mechanism is always
in a neutrally stable state [3], [4], [5], [6], [7] & [8]. In these
examples, compliant mechanisms are made neutrally stable
by buckling some of their members. The pre-stress is applied
during fabrication to buckle the beams. As a consequence,
the joints are always neutrally stable. Another disadvantage of
applying pre-stress this way, is that over a period of time, the
mechanisms will suffer from creep [9]. Consequently, after a
while the neutral stability effect goes away. Therefore, it is
desired to develop a neutrally stable compliant mechanism

which can switch between the stiff state and the neutrally
stable state by turning on and off the pre-stress.

A solution to this problem may be the compliant neutrally
stable rotational actuator found in [10]. Joosten et al. [10]
have made a Hygromorphic Rotational Actuator (HRA) of
wood veneer that rotates when it is made wet, and when
it is dry again, it goes back to its original state, see figure
1. Surprisingly, the actuator shows neutrally stable behavior
in the wet state, meaning it can rotate and stay in the
rotated state without the application of any external work.
There are however a few disadvantages of the HRA: it has
a limited lifetime of just two to three cycles and it does not
completely move back to its original position when it is dry
again, since moisture absorption is not a completely reversible
process. However, the activatable behavior of the actuator does
provide opportunities to tackle the problem of excessive stress
exposure, i.e., active materials could be used to turn on and
off the pre-stress required for the compliant neutrally stable
mechanisms.

In this paper, a new Compliant Activatable Neutrally Stable
Joint (CANS-J) based on the HRA is designed and fabricated.
The main advantage of this joint is that the pres-stress can
be turned on and off, so that the joint can switch between
a stiff state and a neutrally stable state. Therefore, it is not
continuously exposed to unnecessary stress. The activation of
the pre-stress is realized using active materials. When the pre-
stress is activated, the joint will show zero-stiffness when it is
rotated. The design of CANS-J can be easily scaled to attain
many ranges of motion.

In section II, it is explained how this new joint is designed,
simulated, fabricated and tested. In the Results section, the
results retrieved from the simulation and experiments are
presented. This is followed by a Discussion section in which
the results are discussed and the paper ends with Conclusions.

II. METHODS

A. Design

In the HRA, when the wooden sheet is made wet, it wants
to elongate in the vertical direction. However, this elongation
is restricted along the centerline, h, and the upper and bottom
edges of the wooden sheet, see figure 1. This elongation
combined with the constraints causes the actuator to rotate.

The working principle of the CANS-J is somewhat similar
to the working principle of HRA. In the CANS-J, the rotation
is caused by contraction along the centerline, c, of the joint
and restriction of movement on the vertical outer edges, see
figure 2. The CANS-J is not made of a sheet, but flexures.

6 2. A Compliant Activatable Neutrally Stable Joint



Fig. 1. Schematic view of the HRA in the dry (left) and wet (right) state,
from [10].

Contraction in the center will apply a stress on the joint
causing the flexures to buckle, resulting in the possibility to
rotate. If the joint is now rotated, it will stay in the desired
rotated state.

Since the main objective of the CANS-J is to turn on and
off the pre-stress when required, a reversible active material
is used. Active materials (or smart materials) are a type
of material that can respond to external stimuli and change
their physical properties as a response [11]. Reversible active
materials can recover to their initial state, when the stimulus
is removed.

Fig. 2. Design of the CANS-J.

The active material used to turn on and off the pre-stress
was chosen to be a Shape Memory Alloy (SMA) wire. SMA
wires can change their shape when they are subjected to a
heat stimulus [12]. Since the stress provided in the CANS-J
is by way of contraction, Flexinol SMA wire was chosen, as
it is already programmed to shrink along its length when it is
heated and returns back to its original length when it is cooled.

The freedom to rotate when buckled combined with the
stress provided by the contracted Flexinol wire, makes the joint
neutrally stable. When the Flexinol wire is cooled, it elongates
back to its original length, taking away the stress. This means
that the flexures are unbuckled, making the joint stiff again
and difficult to rotate. Thus, the CANS-J can switch between
a stiff state and a neutrally stable state by simple heating and
cooling of the Flexinol wire in the center. In others words, the

stress can be turned on and off when required, taking away
the problem of excessive stress exposure.

When the Flexinol wire is contracted, the flexures may
buckle in the same direction. This will cause the joint to
collapse. To prevent this from happening when the Flexinol
wire is contracted, two of the aforementioned joints, see figure
2, are combined in a cross-like design with a 90 degrees of
angle between them. This results in a design, which can be
seen in figure 3.

Fig. 3. 3D design of the the joint.

There are four key design parameters that define the geom-
etry of the joint and have an influence on the performance of
the joint. The width of the joint is defined by the length of the
legs of the frame, lfr, and the height of the joint is defined
by the length of the flexures, lf , see figure 3. Moreover, the
width, wf , and the thickness, tf , of the flexures also have an
influence on the performance of the joint.

B. Theoretical Rotation

Just like the HRA, in the deformed state the CANS-J will
take a shape which resembles a helicoid. The authors of the
HRA derived a model to determine the theoretical possible
rotation of the HRA in the deformed state [10]. This model
can also be used to determine the theoretical possible rotation
of the CANS-J. However, since the helicoid shape is achieved
by a contrary motion in the CANS-J, a different assumption
is made.

In figure 4, it can be seen that a rolled-out helicoid takes
the shape of a triangle. Each side of this triangle corresponds
to the geometrical properties of the joint. h is the height of
the joint, L is the length of the outer edges and C is the
circumference of the helix. Using the Pythagorean theorem,
the height, h, can be defined as follows:

h =
√
L2 − C2 =

√
L2 − (2π)2 · r2 (1)

In CANS-J, the height, h, of the joint is driven by the length,
L, of the outer edges and the contraction strain, Sh. This can
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Fig. 4. A rolled-out helicoid, from [10].

be written as follows:

h = L · (1− Sh) (2)

Substituting equation 2 in equation 1 and solving for 2π
gives:

2π =

√
L2 − (L · (1− Sh))2

r2
(3)

Replacing the parameters to match that of the CANS-J, the
rotation angle in degrees can be calculated as follows:

θ =
180

π

√
(2Sh − S2

h)
(lf )2

(lfr)2
(4)

From the equation, it can be seen that the height and the
width of joint are the only two geometrical parameters that
influence the rotation.

C. Simulation

A FEM analysis is done on the design using Matlab to
determine which set of parameters gives the best result. This
FEM analysis is done using a linear beam model based on
the work of Battini [13]. The design is modeled by defining
nodes along the frame and flexures of the geometry, where
these nodes are connected with each other with elements, see
figure 5. Every element in the simulation is modeled as a beam
element of the Linear Beam Theory [14]. A linear material
model is used in which it is assumed that the material is
isotropic and uniform.

The number of nodes and thus elements can be increased
to improve the accuracy of the result. In this simulation, each
side of the joint is modelled using 10 elements. A convergence
analysis was done to determine this number of elements. A
slight geometrical offset is added to the top frame to make
sure that the simulation is run. This is needed to overcome
buckling. Thus, the center of the top frame is not perfectly
above the centre of the bottom frame. A grid search is done
to determine which values of the four design parameters give
the desired behavior of neutral stability. Table I shows all the
values of the four design parameter that were explored in the
simulation. This gave a total of 540 different combinations of
geometries.

Parameter Value (in mm)
lf 30 40 50 60 70 80
lfr 10 15 20 25 25 30
wf 1 2 3 4 5
tf 0.1 0.2 0.3

TABLE I
VALUES THAT ARE SEARCHED FOR ALL THE 5 DESIGN PARAMETERS. ALL

DIMENSIONS ARE IN mm.

Fig. 5. Element view of the design.

There are 2 different simulations done: one of the activated
state and one of the non-activated state. The simulation for
the activated state is done as follows: the first step would be
contracting the Flexinol with a strain of 4% and applying a
rotation of angle, θ, as calculated using equation 4. However,
for some dimensions this theoretical angle showed rotation
which is too small to be of interest for this research. Therefore,
a scaling factor of 1.5 is used in all the simulations. Thus, a
scaled rotation, θ′ = 1.5 · θ, is applied on the center of the
top frame, whilst the Flexinol wire is being contracted, see
figure 6. Subsequently, a rotation of −2θ′ is applied on the
same location at the center of the top frame. Constraints on
the center of the bottom frame are applied, which simulate
a fixed state, preventing the the bottom frame of the joint
from displacing when the SMA wire is contracted or when the
rotations are applied, see figure 6. There is also a constraint
applied on the center of the top frame to make sure that the
top frame can only rotate and move up and down.

The simulation of the non-activated state has 2 differences
from the simulation of the activated state. First, at the begin-
ning of the simulation, the Flexinol wire is not contracted.
Second, an extra movement constraint, a fixed support, is
added to the top frame similar to the bottom frame. Thus,
the top frame is prevented from moving up and down. This is
done to minimize the differences with the experiments, as in

8 2. A Compliant Activatable Neutrally Stable Joint



Fig. 6. Schematic view of the joint with all the boundary conditions used in
the simulation.

the experiments the top frame is also restricted from moving
up and down.

In the simulation, the reaction moment is measured during
the second rotation at the centre of the bottom frame. From this
reaction moment, torque-rotation graphs are made for all the
different combinations of the geometries. From these graphs,
five geometries were selected that showed neutrally stable
behavior and fabricated to validate the simulation. The torque-
angle graphs from the simulation of these five geometries are
presented in section III. The dimensions corresponding to these
results are shown in TABLE II.

Sample lf lfr wf tf
1 30 30 1 0.1
2 40 30 1 0.1
3 60 30 1 0.1
4 70 30 1 0.2
5 80 30 1 0.2

TABLE II
DIMENSIONS OF THE 5 RESULTING GEOMETRIES FROM THE SIMULATION.

ALL DIMENSIONS ARE IN mm.

D. Prototype Fabrication

The five geometries that showed neutrally stable behavior
found from the simulation were fabricated to validate the
simulations.

For the flexures, steel leaf springs were chosen due to their
flexure-like behavior and ease of manufacturing. An Optec
microlaser cutter with a 15 Watt Talon UV nanosecond pulsed
laser was used to lasercut the leaf springs corresponding to the
dimensions retrieved from the simulations. The dimensions of
the leaf springs are three of the four design parameters.

Since the objective is to turn on and off the pre-stress, it
was decided to use an active material. Flexinol SMA wire

was chosen since it can contract when heated and when it is
cooled, it recovers back to its initial length. They have a great
advantage of being widely available. Moreover, they can have
a lifetime of millions of cycles, when used correctly. Both
in the simulation and for the prototypes, Flexinol wire with
a diameter of 0.375mm and a contraction strain of 4% was
chosen.

The frame that holds the SMA wire and the flexures is
made using additive manufacturing. The frame is made of
PET-G using Fused Deposition Modelling (FDM) with a Prusa
MK3S 3D-printer. PET-G was chosen because of its high
operating temperature. Since the SMA wire in the center would
be heated, it would not have an influence on the mechanical
properties of the frame in case of PET-G. The distance from
the center of the frame to the outer edge (length of the frame:
lfr) was one of the design parameters. The frames have four
slits on each of the legs for the leaf springs and a hole in the
center of the frame for the Flexinol wire.

The leaf spring flexures were dipped in superglue and
inserted in the slits of the frame. The Flexinol wire was
inserted through the holes in both frames and clamped at the
outside of the frame using 2-pin wire joints. Figure 7 shows
all the parts that are used to fabricate the joints and figure 8
shows a fabricated joint. It can be seen that extra flanges are
added to the top and bottom frames. These are used to clamp
the joints machine during the experiments.

Fig. 7. All the parts used for fabrication. From left to right: Flexinol wire,
frame, leaf spring flexures, wire joint connectors, frame and superglue.

E. Material Properties

The joint is made of three different components: a PET-G
frame, Leaf Spring flexures and a Flexinol SMA wire. The two
frames are 3D-printed, with leaf springs in between them, that
act as flexures, see figure 8. In the centre of the joint, there
is a Flexinol SMA wire that contracts when it is heated. The
3D-printed frames are made of PET-G, which has a Young’s
modulus of 2100 MPa and shear modulus of 1375 MPa.

The leaf springs are made of EN1.4310 steel. The Young’s
Modulus for this steel can vary depending on the supplier. For
the simulation of the CANS-J, a Young’s Modulus of 210 GPa
and a shear modulus of 80 GPa is used.

The SMA wire in the centre is a Flexinol wire, that is
made of a nickel-titanium alloy. The Flexinol has the unique
behavior that it contracts when it is heated. Depending on how
much current is applied, the wire has a contraction strain of 3 -
5 %. SMA wires are highly sensitive to heat. When overheated,
their mechanical properties will change and this will influence
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Fig. 8. The fabricated joint.

the reversible behavior. SMA wires have 2 different Young’s
moduli since they have two different phases: martensite and
austenite. The reported Young’s modulus for the wires is 28
GPa and 75 GPa for martensite and austenite, respectively.
When the Flexinol wire is heated, it contracts. This happens
because the SMA wire goes from the martensitic state to
an austenitic state [15],[16]. In the neutrally stable state, the
Flexinol wire is thus in the austenite phase. Therefore, Young’s
modulus of the austenite phase is used for the simulation in the
activated state and Young’s modulus of the martensite phase
is used for the simulation in the non-activated state. For the
shear modulus, 28.2 GPa and 10.5 GPa is used for austenite
and martensite, respectively.

F. Test setup

Each of the five fabricated samples was tested in both the
neutrally stable (activated) state and the stiff (non-activated)
state. Experiments on the joints were done using a ZwickRoell
Z005 torsion machine.

The experiments in the activated state were done as follow-
ing: each of the five samples was placed in the torsion machine
and clamped at the bottom frame. Once the joint was clamped
at the bottom frame, a current was applied for one second

using a 9V battery making the Flexinol wire and the joint
contract. The joint was then clamped at the top frame. The
current could not be continuously applied, because it would
overheat the Flexinol wire, thereby changing the material
properties of it. The torsion machine then applies a rotation to
the top frame. However, the rotation angle in the experiments
was 5 to 15 degrees smaller than the angle θ′, used in the
simulation. This is done to prevent the samples from breaking.
Thereafter, the sample is rotated in the opposite direction twice
the angle initially applied. Finally, it is then rotated back to
its initial position. This whole process of rotations is repeated
three times for every sample.

The experiments in the inactive state were done as fol-
lowing: each of the five samples was placed in the torsion
machine and clamped at both the bottom frame and the top
frame, without applying current to the Flexinol wire. A similar
process of rotations as during the experiments in the active
state was then applied.

In both experiments (active and inactive state), torque was
measured at the bottom frame of the joint, using the HBM
T20WN torque sensor. This resulted in torque-angle graphs
which can be seen in section III.

Fig. 9. The joint clamped inside the torsion machine.

III. RESULTS

Figure 10 shows the torque-angle graphs of the geometries
that showed behavior which is close to neutrally stable from
the simulations. The torque-angle graphs from the experiments
of these 5 geometries can also be seen in figure 10. It can be
seen that in the simulation the five geometries show a flat
range, where the torque required for rotation is close to zero.
The slope of the curve in the flat region is not completely zero,
but slightly increasing. Thus, the joints have positive stiffness
in the simulation. In the experiment graphs, it can be seen that
apart from sample 3, all other samples show behavior which

10 2. A Compliant Activatable Neutrally Stable Joint



is close to bi-stable behavior. This means that the joints are
stiffer in the simulation than in reality.

In the experiment graph of all the samples, there is a
region where the torque required to rotate is close to zero.
Moreover, it must also be noted that there is some noise visible
in the trough and peak of the torque-angle graph from the
experiments of sample 4 and 5, respectively. This is due to
the change of buckling direction of the leaf springs during
rotation.

In can be seen that the neutral stablility range is similar in
both the simulation and the experiments. Table III shows the
the neutral stability ranges of the both the simulation and the
experiments for the five samples.

Neutral Stability Range
Sample Simulation Experiments

1 25 22
2 34 33
3 45 44
4 50 45
5 65 50

TABLE III
NEUTRAL STABILITY RANGE OF THE 5 GEOMETRIES IN DEGREES.

In figure 11, the simulation and experiments results of the
5 samples in the non-activated can be seen. It should be noted
that in the simulation, sample 4 and 5 are stiffer than in the
experiments. In the experiments graphs, there is a range where
sample 4 and 5 seem to be neutrally stable.

Figure 12 gives the results of the experiments of the the
5 samples in both the non-activated state and the activated
state. All 5 samples are tested 3 times in both states. It can
be seen that, in the non-activated state, all the five samples
still have a range where the torque required to rotate is zero.
However, this range is much smaller compared to the activated
state. Furthermore, it can be seen that in both states, there is
hysteresis in the experiments.

IV. DISCUSSION

A. Effects of Parameters

From the results of the simulation and the experiments, it
can be seen that the neutral stability range increases with the
height in both the simulation and the results. This is to be
expected when looking at the theoretical model of rotation in
equation 4. When the height of the joint increases, it should
be able to rotate more. However, when the height increases,
the stiffness of the leaf spring flexures also decreases. These
two factors explain the increasing neutral stability range with
the increasing height.

The fives geometries that follow from the simulation do
show neutrally stable behavior in the activated state, however
their stiffness in the non-activated state is very low. In figure
12, it can be seen that in the non-activated state, the samples
can be rotated without the application of much torque. The

Fig. 10. Simulation and experiments results of the activated state. Top to
bottom: Sample 1 through 5.
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Fig. 11. Simulation and experiments results of the non-activated state. Top
to bottom: Sample 1 through 5.

Fig. 12. Experiments: Non-activated vs activated state. Top to bottom: Sample
1 through 5. Each sample is tested 3 times in both states.

12 2. A Compliant Activatable Neutrally Stable Joint



samples seem to have a neutral stability range in the non-
activated state as well. This is because the dimensions of
flexures that follow from the simulations are small. The reason
for this is that the Flexinol wire that is used is thin. It can
therefore not exert much force. If the joint is to be made stiffer
in the non-activated state, the width and the thickness of the
leaf springs should be increased. However, a thicker Flexinol
wire should be then used as well. This will also increase the
off-axis stiffness of the joint.

B. Comparison of Simulation with Experiments

Comparing the results from the simulation with the results
from the experiments, it can be seen that the neutral stability
ranges of the five samples in the experiments are a bit smaller
than the ranges in the simulations. The differences are very
small and could be explained by inaccuracy in the fabrication
method. The leaf spring flexures are, as explained before,
lasercut. The leaf springs have a low thickness and width.
This has the consequence that, once these flexures are lasercut
and separated, they are slightly bent, making them a bit
stiffer then they would be if they were completely straight.
Therefore, when the whole joint is made using these bent leaf
spring flexures, it has a higher stiffness in reality than in the
simulation. This leads to a smaller neutral stability range in
the experiments than in the simulation.

There is also a difference in the constraints applied in
the simulation and the experiments. In the simulation, the
constraints are applied at the center of the frames, whereas
in the experiments, the whole frame is clamped and restricted
from movement. Furthermore, in the simulation, the top frame
can freely move up and down, whereas in the experiments the
top frame can not move once it is activated and clamped,
adding extra stiffness to the joint. This may also result in a
lower neutrally stable range.

This extra added stiffness due to the clamping of the top
frame is expected to have more influence in the non-activated
state than in the activated state. In the activated state, the leaf
springs are buckled, when the sample is clamped. This means
that the sample can be rotated easily. In the non-activated state,
the leaf springs are unbuckled (stiff), making it more difficult
to rotate. Thus, this also means that the neutrally stable ranges
visible in the non-activated state in figure 12 are smaller then
they would be if the experiments were done without clamping
the top frame of the sample.

The positive stiffness in the simulation graph of the activated
state, figure 10, may be due to overestimation of the Young’s
modulus of the steel leaf springs. The Young’s modulus of
the specific steel used can vary from 190 to 210 GPa. In the
experiments, the samples show bi-stable behavior. This means,
that the steel leaf springs may in reality be less stiffer than in
the simulation.

All the five samples show hysteresis. The frames of the joint
are made of PET-G which shows visco-elastic behavior when
it is loaded [17]. This means that energy is dissipated when
the a PET-G part is loaded and unloaded. Hysteresis could be
decreased by making the frames stiffer.

Another interesting difference between the simulation and
the experiments is the difference in the applied rotation angle.
In the simulation, an angle of 1.5 · θ is applied to rotate
the joint, whereas in the experiments this angle could not
applied. Therefore, a smaller angle is used to rotate during
the experiments. This can be explained by the fact that the
simulation does not check for plastic deformation, whereas in
reality if the angle applied is too high, the joint would deform
plastically.

C. Further research

In order to minimize the difference between the simulation
and the experiments, the samples could be made using a
monolithic method of fabrication. This would decrease the
inaccuracy errors in the fabricated sample. Furthermore, more
samples for each set of geometry could be made and tested
multiple times, instead of testing one sample of each geometry
3 times.

Moreover, the movement constraints at the top frame in the
experiments could be made similar to the constraints in the
simulation. This could be done by sending short impulses of
currents through the Flexinol wire. This way, the wire would
not overheat and the top frame would not need to be clamped
completely. The top frame would then only experience rota-
tion, similar to the simulation.

When looking at the results, the neutrally stable range could
be increased by making the joint higher or stacking multiple
joints on top of each other. This has the problem, that the
higher the joint gets, the more compliant it gets. The stiffness
can be increased by changing the dimensions of the leaf spring
flexures and using a thicker Flexinol wire. This way the off-
axis stiffness wil also be higher.

The results of this paper, in general provide opportunities
for activatable neutrally stable compliant mechanisms. Active
materials combined with certain movement constraints can act
as pre-stress to make neutrally stable compliant mechanisms
switch between the stiff state and the neutrally state.

D. Real-life applications

The main goal of this research is to research the pos-
sibilities of making neutrally stable compliant mechanisms
switch between the stiff state and a neutrally stable state. The
results of this research can however also be used for real-life
applications.

It can be used in applications where certain mechanisms
are only allowed to open when something is detected. For
example, a door that can only be opened if the right password
is inserted. When the right password is inserted, a signal is
sent to a current source which applies a current on the Flexinol
wire, making the joint neutrally stable and thus opening the
door.

Satellites circulating around the world use solar panels to
generate electricity. However, when these satellites are being
transported to the their location, these solar panels are folded
and when they reach their location, the solar panels are
unfolded. In order to fold and unfold, a joint is required that
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can switch between a stiff and a neutrally stable state. The
CANS-J could be used for this purpose.

The CANS-J can also be used as a joint where only a
specific amount of rotation is required. The simulation can
be optimized to find dimensions corresponding to the desired
range of motion.

V. CONCLUSION

In this paper, a new Compliant Activatable Neutrally Stable
Joint (CANS-J) is presented. The main advantage of this joint
is that it can switch between a stiff state and a neutrally stable
state by turning on and off the pre-stress, unlike previous
neutrally stable compliant joints. Furthermore, since the joint
is only exposed to stress when it is required, it also tackles the
problem of creep in compliant mechanisms. The joint is made
using 3D-printed PET-G frames that hold leaf spring flexures
and a Flexinol wire. The Flexinol wire can be activated to
contract, which provides the stress for the leaf springs flexures
to buckle. The design is simulated and a grid search is done
to determine which combination of design parameters give
the desired behavior. From the simulations five geometries
followed that showed neutrally stable behavior. These five
geometries are fabricated and tested. A clear neutrally stable
range is visible in the experiments, which goes from 22
degrees for the smallest sample to 50 degrees for the largest
sample. These ranges of motion correspond the simulation.
This means that simulation can be used to find different set of
parameters of the joint to achieve the desired range of motion.

The thin Flexinol wire has the consequence that the dimen-
sion of the CANS-J are as such, that it has a low off-axis
stiffness. However, upon further developments, the CANS-J
can be used as an application in mechanisms that need to
open and close. In general, CANS-J shows that active materials
have a great potential as a provider of stress in neutrally stable
compliant mechanisms.
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A
Design, Prototyping and Fabrication

The design of the CANS­joint is inspired by the HRA [7]. In the HRA, the movement along the centerline
and the top and bottom edges of the actuator is restricted. Thus, when the wooden sheet is elongated,
the HRA shows rotational behavior. However, during the initial prototyping phase, a similar yet opposite
design was thought of. Instead of applying the movement constraint to the centerline, constraint are
applied to the outer side edges along with the constraint on the top and bottom edges. And instead of
elongating the wooden sheet, the sheet is compressed. The two designs can be seen in figure A.1. The
red lines show where the constrains are applied, i.e. where the movement of the device is restricted.
The arrows show the movement (strain) direction.

Figure A.1: The 2 different designs. The black arrows show the strain direction (expansion vs. contraction). The red lines show
where the motion is restricted.

First prototypes were made to test the two proposed designs, which can be seen in figure D.1. These
prototypes are made of polymorph, which is a material that can be shaped in any form when it is heated.
If it is then cooled, it will keep the shape, until heated again.
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20 A. Design, Prototyping and Fabrication

Figure A.2: Prototypes of the 2 designs

After considering both designs, it was decided to develop and continue the new design, where the
movement constraints are applied on the outer edges and the device contracts in the centre. This had
two reasons. First: from literature, it was discovered that materials that shrink are much more easily
available. Secondly, the prototypes of the new design, showed a very clear bi­stable behavior. This
meant, that there had to be some dimensions, where it would show neutrally stable behavior.

Figure A.3: Wooden prototype of the new design

In figure A.3 above, a more advanced prototype of the new proposed design can be seen. It is made
of four small wooden sticks attached to each other and 2 elastic rubber bands, that provide the stress.
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This stress could be adjusted by adding or removing rubber bands. This way, the bi­stable ­ and till
some extent ­ the neutrally behavior could be made visible.

A.1. Materials
Analysing the new design, it can be divided in three different parts: a top and bottom frame, flexures
that are held in place by these frames and something that shrinks and this provides the stress in the
center of the joint.

Since the main purpose of this thesis is to turn on and off the stress, the choice for active materials
was made. Active (or smart) materials are materials that can respond to external stimuli and thereby
change their physical properties in response [11]. From literature, it was found that a Shape Memory
Alloy (SMA) wire could be used for this purpose. SMA wires can react to heat stimuli and thereby
change their physical appearance [9]. Since the active material needed for the previously discussed
design should contract and thereby provide stress, Flexinol SMA wire was chosen. A Flexinol wire is
a type of SMA wire that specifically contracts with a strain of 4% when it is heated. When it is cooled,
it will elongate back to its initial length [13],[12]. If the heating of the Flexinol wire is done correctly, it
will have a lifetime of millions of cycles. Flexinol wire with a diameter of 0.375𝑚𝑚 was chosen.

A commonly used part in compliant mechanisms as flexures are leaf springs. These leaf springs can
deflect efficiently, and thus corresponding to the property that compliant mechanisms move by using
the deflections of its members. The leaf springs are made of EN1.4310 steel and were laser cut with
varying dimensions, which followed from the simulation. These leaf springs were cut using Optec mi­
crolaser cutter with a 15 Watt Talon UV nanosecond pulsed laser.

The frames that holds the leaf springs and the Flexinol wire together were 3D­printed using PET­G
with a Prusa MK3S 3D­printer. PET­G was chosen instead of the more common PLA 3D­printing ma­
terial, because PET­G has a higher operating temperature than PLA. Since the Flexinol wire would be
heated, it would also heat the frame. It is therefore desired that this heat does not influence the phys­
ical/mechanical properties of the frame material. Thus, a material with higher operating temperature
was selected.

The proposed design was simulated in Matlab using the materials described here­above to determine
which set of parameters would give the desired neutrally stable behavior, see appendix C. The me­
chanical properties of the materials used in the simulation are given in table A.1.

PET­G EN1.4310 Steel Flexinol
Young’s Modulus 2.1 GPa 210 GPa 75 GPa
Shear Modulus 1.375 GPa 80 GPa 28.2 GPa

Table A.1: Mechanical properties of the materials used in the simulation

A.2. Fabrication
From the simulation, 5 geometries followed which showed neutrally stable behavior. These 5 samples
were fabricated using the materials described above.

As stated in the previous section, frames were 3D printed using PET­G which would hold the leaf
spring flexures and the Flexinol wires. For each sample, 2 frames were 3D­printed. These frames
have slits in them for the flexures and a hole in the centre that goes through the whole frame for the
Flexinol wire, see figure A.5. The top and bottom of the leaf springs were dipped in superglue and were
inserted in the slits of the frames on either side of the flexures. Once all the 4 flexures were in both
the frames, the whole joint was let to dry. After 15 minutes, the Flexinol wire was inserted through the
holes in both frames. Initially, the wire was held in place using metal glue. However, when the wire was
heated, the metal glue was also influenced by the heat. Therefore, it was decided to use a mechanical
clamp to hold the Flexinol wire in place. The mechanical clamp used was a 2­pin wire joint connector.
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Figure A.4: All the parts used to fabricate the joint.

Figure A.5: Slits for the leaf spring flexures and the whole through which the SMA wire is inserted.

Figure A.6: The 5 fabricated samples



B
Theoretical Rotation

Since the CANS­J will show rotational behavior when it is activated, it can be calculated, how much this
rotation will be. The rotational behavior of the CANS­J is similar to that of the HRA. Joosten, Radaelli,
and Vallery have derived a model with which the theoretical rotation of the HRA can be calculated
[7]. This model needs to be slightly adjusted for it to be valid for CANS­J. This is due to the fact that
the constraints are applied on different locations and the strain direction is opposite. First, the model
derived in [7] for the HRA is explained. Then in the second section, it is explained what adjustments
have been made and how the new model looks like.

B.1. Model for the HRA
In [7], the authors have derived a model that gives the theoretical possible rotation of the HRA when
it is in the activated state. The basis of this model is as follows: in the deformed state, the HRA will
take on a shape that resembles a helicoid. This helicoid shape can be projected onto a cylindrical
surface. When this surface is unfolded, a triangular shape will be formed, see figure B.1. Each side of
the unfolded triangle can be related to a geometrical parameter of the HRA, i.e., ℎ gives the height of
the HRA along the center and 𝐿 gives the length of the outer edges of the HRA. The length of the outer
edges, 𝐿, is driven by the expansion strain of the material, 𝑆ℎ and the height, ℎ. Therefore, this length,
𝐿, can be defined as follows:

𝐿 = ℎ ⋅ (1 + 𝑆ℎ) (B.1)

Figure B.1: Figure from [7]

When looking at figure B.1, the length, 𝐿, can also be defined as follows:

𝐿 = √ℎ2 + 𝐶2 = √ℎ2 + (2𝜋)2 ⋅ 𝑟2 (B.2)

Substituting equations B.2 and B.1 and solving for 2𝜋 gives the following equation for the theoretical
possible rotation in the activated state:
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2𝜋 = √(ℎ ⋅ (1 + 𝑆ℎ))
2 − ℎ2

𝑟2 (B.3)

This equation can then be further worked out and rewritten to get the rotation angle in degrees:

𝜃 = 180
𝜋
√(𝑆2ℎ + 2𝑆ℎ)

ℎ2
𝑟2 (B.4)

B.2. Model for the CANS­J
The model explained in the previous section is valid when the helicoid shape is obtained by way of
expansion. However, in the case of CANS­J, the helicoid shape is obtained by way of contraction.
Therefore, one assumption need to be adjusted.

Contrary to the model of the HRA, in CANS­J, the height, ℎ, along the centre is driven by the length of
the outer edges, 𝐿. In CANS­J, the length of the outer edges stays the same and the height along the
centre changes with contraction strain. This is due to a slightly different working principle, as explained
in Appendix A. The height, ℎ, can therefore be defined as follows:

ℎ = 𝐿 ⋅ (1 − 𝑆ℎ) (B.5)

Similarly, using figure B.1, the height, ℎ, can then be defined as follows:

ℎ = √𝐿2 − 𝐶2 = √𝐿2 − (2𝜋)2 ⋅ 𝑟2 (B.6)

Substituting equations B.6 in B.5 and solving for 2𝜋 gives the following equation for the theoretical
possible rotation in the activated state:

2𝜋 = √(𝐿 ⋅ (1 − 𝑆ℎ))
2 − 𝐿2

𝑟2 (B.7)

This equation can then be further worked out and rewritten to get the rotation angle in degrees:

𝜃 = 180
𝜋
√(2𝑆ℎ − 𝑆2ℎ)

𝐿2
𝑟2 (B.8)

Replacing the parameters in this equation with parameters that describe the design of the CANS­J,
gives the following equation:

𝜃 = 180
𝜋 √(2𝑆ℎ − 𝑆2ℎ)

𝑙𝑓2
𝑙𝑓𝑟2 (B.9)

As it can be seen in the model, the theoretical rotation depends only on the height and the width of the
joint.



C
Simulation

Before the final design was fabricated, simulations were done to get the optimal dimensions. These
dimensions would give the largest neutral stability range. The CANS­J was modeled in Matlab using
beam model based on the work of Battini, [2].

The whole joint was modeled in Matlab by defining nodes along the entire geometry where these node
are connected to each other. Every element connecting two nodes is modeled as a beam of the Linear
Beam Theory. The number of nodes can be increased, and thus increasing the number of elements
used to define the geometry. More elements would give a more accurate result.

In this appendix, it is explained how the geometry is built and where and how the forces and con­
straints are applied. Before the code can be built, it is important to define a coordinate system. In
figure C.1, the coordinate system used to build the code can be seen. Moreover, it should be clear that
in essence the whole joint is made of 12 beams connected to each other with a 13𝑡ℎ beam representing
the Flexinol wire.

Figure C.1: Coordinate system used to build the code

C.1. Dimensions
At the beginning of the code, the dimensions corresponding to the geometry are added. It must be
noted, that some of the dimensions are constant, whilst 4 dimensions are design parameters. It can
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26 C. Simulation

be seen in the following code that 3 of these 4 parameters (𝑤𝑓, 𝑡𝑓 & 𝑙𝑓𝑟) are used in for loops in
combination with the try,catch function of Matlab. The fourth parameter (𝑙𝑓) is changed manually.
Thus, for each value of 𝑙𝑓, 3 for loops were run, in which the other three design paramters were varied.

1 %% Dimensions
2

3 d = 0.375e−3; %diameter o f the SMA wire i n m
4 r = d / 2 ; %rad ius o f the SMA wire
5

6 l f = 0 .08 ; %he igh t o f the f l e xu res i n m var ied −−> [0 .03 0.04 0.05
0.06 0.07 0 .08 ]

7

8 t f r = 0 .003; %th ickness o f the cross shaped frame in m
9 h f r = 0.005; %he igh t o f the cross shaped frame in m
10

11

12

13 f o r wf = 0.001:0 .001:0 .005 %width o f the f l e xu res
14

15 f o r t f = 0.0001:0.0001:0.0003 %th ickness of the f l e xu res
16

17 f o r l f r = 0 .01 :0 .005 :0 .030 %leng th o f the frame −−> the width
o f the j o i n t

18

19 t r y

C.2. Rotation
With this code, the theoretical possible rotation is calculated, using equation B.6. It is important to
note that a scaling factor with the value of 1.5 is used to increase this rotation angle. This is because
for some combination of dimensions, the angle calculated by equation B.6 was too small to show any
movement.

1 %% Rotat ion
2

3 %This i s the t h e o r e t i c a l poss ib le r o t a t i o n ; t h i s equat ion i s der ived from
4 %the equat ion by Sebastiaan . According to t h i s equat ion , the th ickness and
5 %the width o f the l e a f f l e xu res have no e f f e c t on the r o t a t i o n .
6

7 t he ta = sq r t ( ( l f ^2 / l f r ^2) *0.0784) ; %t h e o r e t i c a l poss ib le r o t a t i o n
8 s f = 1 . 5 ; %sca l i ng f a c t o r
9 t h e t a s f = s f * t he ta ; %scaled ro t a i on
10

11 r o t1 = t he t a s f ; %f i r s t r o t a t i o n
12 r o t2 = −2* t h e t a s f ; %second r o t a t i o n

C.3. Elements
With this code, the geometry is split in as many as elements as required. First, the number of elements
that should be used are given. Thereafter, each of 12 beams of the joint is divided in as many elements
as given.

1 %% How many elements?
2

3 elms=10; %number o f elements , needs to be > 0
4 steps=elms+1; %steps needed to create these elements
5

6
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7 %% Se t t t i n g up the vec to rs
8

9 x_y_bot = l inspace (0 , l f r , steps ) ’ ; %the leng th o f the leg of
the bottom cross frame in and x and y d i r e c t i o n

10 x_top = l inspace (0 , l f r , steps ) ’ ; %the leng th o f the leg of
the top cross frame in x d i r e c t i o n

11

12 o f f s e t = zeros ( steps , 1 ) ; %the o f f s e t needed f o r the
s imu la t i on to run

13 o f f s e t ( end ) = 0.000001; %o f f s e t
14

15 y_top = l inspace (0.000001 , l f r , steps ) ’ ; %the leng th o f the leg of
the top cross frame in y d i r e c t i o n wi th the o f f s e t

16 y_top_neg = l inspace (0.000001 , − l f r , steps ) ’ ; %the leng th o f the leg of
the top cross frame in the negat ive y d i r e c t i o n wi th the o f f s e t

17 ve r t = l i nspace ( l f r , l f r , s teps ) ’ ; %t h i s holds the x and y
coord ina tes o f the f l exu res , needed to p l o t the f l e xu r e a t the end of
the cross frame

18

19 nulv = l inspace (0 ,0 , steps ) ’ ; %zero vec to r
20

21 z_r = l inspace (0 , l f , s teps ) ’ ; %leng th o f the f l e xu res
22 z_v = l inspace ( l f , l f , s teps ) ’ ; %he igh t o f the system

C.4. Defining the nodes along the geometry
In the following piece of code, each of the 12 beams is placed at the right placed and connected to the
right beams.

1 %% Model
2 % generat ion o f coord ina tes and conne c t i v i t i e s
3

4 Mat1=[ x_y_bot nu lv nu lv ; %Beam created
i n the x d i r e c t i o n a t the bottom of the crossframe

5 ve r t nu lv z_r ; %Flexure
created the y = 0 plane , l o ca t i o n = + l f r on the x−ax is

6 f l i p ( x_top ) o f f s e t z_v ; %Beam created
i n the x d i r e c t i o n a t the top of the crossframe

7 −x_top f l i p ( o f f s e t ) z_v ; %Beam created
i n the −x d i r e c t i o n a t the top o f the crossframe

8 −ve r t nu lv f l i p ( z_r ) ; %Flexure
created the y = 0 plane , l o ca t i o n = − l f r on the x−ax is

9 f l i p (− x_y_bot ) nu lv nu lv ; %Beam created
i n the −x d i r e c t i o n a t the bottom of the crossframe

10 nulv −x_y_bot nu lv ; %Beam created
i n the −y d i r e c t i o n a t the bottom of the crossframe

11 nulv −ve r t z_r ; %Flexure
created the x = 0 plane , l o ca t i o n = − l f r on the y−ax is

12 nulv f l i p ( y_top_neg ) z_v ; %Beam created
i n the −y d i r e c t i o n a t the top o f the crossframe

13 nulv y_top z_v ; %Beam created
i n the +y d i r e c t i o n a t the top o f the crossframe

14 nulv ve r t f l i p ( z_r ) ; %Flexure
created the x = 0 plane , l o ca t i o n = + l f r on the y−ax is

15 nulv f l i p ( x_y_bot ) nu lv ] ; %Beam created
i n the y d i r e c t i o n a t the bottom of the crossframe

16
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17

18 Mat2 = [ Mat1 zeros ( s ize (Mat1 ) ) ] ; %t o t a l mat r i x created , r o t a t i o n s added
19

20

21 Mat to t = unique (Mat2 , ’ rows ’ , ’ s tab le ’ ) ; %removes repeated rows i . e .
repeated nodes

22

23 %Some nodes are added because they are used mu l t i p l e times , i . e . the
o r i g i n

24 %and the top node
25 add = [0 0 0 0 0 0;
26 0 0 0 0 0 0;
27 0 0.000001 l f 0 0 0 ;
28 0 0.000001 l f 0 0 0 ] ;
29

30 Mat to t = inse r t rows ( Mattot , add , [6* elms leng th ( Mat to t ) 9*elms−1 leng th (
Mat to t ) +1 ] ) ;

C.5. Connecting the nodes
Once the nodes are defined along the geometry, they need to be connected to each other. With the
following code, each is node connected the node before. This connection is modeled as a beam
element of the Linear Beam Theory.

1 %% The nodes are connected to each other
2

3 l i n k = zeros (12*elms , 2 ) ; %zero mat r i x created to l i n k the nodes : 12*
elms are the beams of the frame+ f l e xu res

4

5 N = leng th ( l i n k ) ;
6

7 %the nodes are l i n ked wi th each other
8

9 f o r i =1:N+1
10

11 l i n k ( i , : ) = [ i i +1 ] ;
12

13 end

C.6. Physical and Mechanical Properties
In the following pieces of code, the physical and mechanical properties of the joint are applied to the
corresponding beams.

1 %% Dimensions o f the beams
2

3 B = ones (1 , leng th ( l i n k ) ) ; %width
4 H = ones (1 , leng th ( l i n k ) ) ; %he igh t
5

6 B = t f r *B; %width o f the frame
7 H = h f r *H; %he igh t o f the fram
8

9

10 B( ( elms+1) : ( 2 * elms ) ) = wf ; %width o f the f l e xu res
11 B( (4 * elms+1) : ( 5 * elms ) ) = wf ; %width o f the f l e xu res
12 B( (7 * elms+1) : ( 8 * elms ) ) = wf ; %width o f the f l e xu res
13 B( (10* elms+1) : (11* elms ) ) = wf ; %width o f the f l e xu res



C.6. Physical and Mechanical Properties 29

14 B( end ) = d ; %width o f the SMA
15

16 H( ( elms+1) : ( 2 * elms ) ) = t f ; %he igh t o f the f l e xu res
17 H( (4 * elms+1) : ( 5 * elms ) ) = t f ; %he igh t o f the f l e xu res
18 H( (7 * elms+1) : ( 8 * elms ) ) = t f ; %he igh t o f the f l e xu res
19 H((10* elms+1) : (11* elms ) ) = t f ; %he igh t o f the f l e xu res
20 H( end ) = d ; %he igh t o f the sma

1 %% Mechanical p rope r t i e s o f the beams
2

3 m_beams .E = 2.1e9 * ones (1 ,m_beams .
numberElements ) ; %Young ’ s Modulus o f the frame

4 m_beams .E ( ( elms+1) : ( 2 * elms ) ) = 210e9 ;
%Young ’ s Modulus o f the f l e xu r e

5 m_beams .E( ( 4 * elms+1) : ( 5 * elms ) ) = 210e9 ;
%Young ’ s Modulus o f the f l e xu r e

6 m_beams .E( ( 7 * elms+1) : ( 8 * elms ) ) = 210e9 ;
%Young ’ s Modulus o f the f l e xu r e

7 m_beams .E( (10* elms+1) : (11* elms ) ) = 210e9 ;
%Young ’ s Modulus o f the f l e xu r e

8 m_beams .E( end ) = 75e9 ;
%Young ’ s Modulus o f the SMA

Wire
9

10 m_beams .G = 1.375e9 * ones (1 ,m_beams .
numberElements ) ; %Shear modulus o f the frame

11 m_beams .G( ( elms+1) : ( 2 * elms ) ) = 80e9 ;
%Shear Modulus o f the f l e xu r e

12 m_beams .G( (4 * elms+1) : ( 5 * elms ) ) = 80e9 ;
%Shear Modulus o f the f l e xu r e

13 m_beams .G( (7 * elms+1) : ( 8 * elms ) ) = 80e9 ;
%Shear Modulus o f the f l e xu r e

14 m_beams .G( (10* elms+1) : (11* elms ) ) = 80e9 ;
%Shear Modulus o f the f l e xu r e

15 m_beams .G( end ) = 28.2e9 ;
%Shear Modulus o f the SMA Wire

16

17

18 m_beams .A = breedte . * hoogte ; %
Surface area of the beams

19 m_beams . I yy = hoogte . * breedte . ^ 3 / 1 2 ; %
Moment o f i n e r t i a

20 m_beams . I zz = breedte . * hoogte . ^ 3 / 1 2 ; %
Moment o f i n e r t i a

21 m_beams . J = ( breedte . * hoogte /12 ) . * ( breedte .^2+ hoogte . ^ 2 ) ; %
Moment o f i n e r t i a

22

23

24 m_beams .A( end ) = p i * ( r ^2) ; %
Surface area of the SMA wire

25 m_beams . I yy ( end ) = ( p i * ( r ^4) ) / 4 ; %Moment
o f i n e r t i a o f the SMA wire

26 m_beams . I zz ( end ) = ( p i * ( r ^4) ) / 4 ; %Moment
o f i n e r t i a o f the SMA wire

27 m_beams . J ( end ) = ( p i * ( r ^4) ) / 2 ; %Moment
o f i n e r t i a o f the SMA wire
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C.7. Contraction of the SMA wire
This piece of code simulates the contraction of the Flexinol wire. In the simulation for the non­activated
state, the strain is 0.

1 %% Cont rac t ion o f the SMA wire
2

3 m_beams . p r e s t r a i n = zeros (1 ,m_beams . numberElements ) ;
4 m_beams . p r e s t r a i n ( [ end ] ) = −0.04;
5 m_beams . p res t ra i n_ inc remen ta l = ’Yes ’ ;

C.8. Boundary conditions
In the following code, all the boundary conditions are applied. The nodes where the movement con­
straints, forces and movements are applied are listen in line 7 of the code. In line 8, the values corre­
sponding to these boundary conditions are given.

In the simulation of the non­activated state, an extra constraint is added in line 7, which is (12 ∗ 𝑒𝑙𝑚𝑠+
2) ∗ 6 − 3. The corresponding value for the constraint is 0 in line 8. This prevents the top frame from
moving up and down. Thus, it simulates a fixed support, together with the other constraints.

Two nodes are repeated in this geometry, since they are connected to many different beams. The
origin node is defined three times and the centre node of the top frame is also defined three times.
Therefore, it is desired that all the nodes that are used multiple times do the same thing, i.e., the whole
geometry acts as one. For this purpose, with the code from line 14 untill 19, it is made sure that all
the origin nodes do the same thing and all the nodes defining the centre of the top frame do the same
thing.

1 %% BOUNDARY CONDITIONS on begin − and endpoint
2

3 PreFe = zeros (m_beams . eqn , 1 ) ; %Preload
4 Fe = zeros (m_beams . eqn , 1 ) ;
5

6

7 bc = [ 1 : 6 (12*elms+2)*6−5 (12*elms+2)*6−4 (12*elms+2) *6 ] ; %
On which DOF’ s are there cons t r a i n t s ? E. g . : 1:6 are the DOF’ s o f the
f i r s t node ; 19 = the x coord ina te o f the 4 th node , e tc .

8 dofs . dp = [0 0 0 0 0 0 0 0 ro t1 ] ’ ; %What i s the value o f the
cons t r a i n t s app l ied hereabove?

9 dofs . a l l = ( 1 :m_beams . eqn ) ’ ;
10 dofs . bc = bc (~ isnan ( [ dofs . dp ] ) ) ;
11 dofs . dp = dofs . dp(~ isnan ( [ dofs . dp ] ) ) ;
12 dofs .R = sparse ( 1 : leng th ( dofs . bc ) , [ dofs . bc ] ,1+0* dofs . bc , leng th ( dofs .

bc ) ,m_beams . eqn ) ;
13

14 nieuwdeel = sparse ( [ 1 : 6 1:6 7:12 7:12 13:18 13:18 19:24 19 :24 ] , [ 1 : 6 (6*
elms+1) *6 −5:(6*elms+1) *6 1:6 (12*elms+1) *6 −5:(12*elms+1) *6 (12*elms+2)
*6 −5:(12*elms+2) *6 (3* elms+1) *6 −5:(3*elms+1) *6 (12*elms+2) *6 −5:(12*
elms+2) *6 (9* elms+1) *6 −5:(9*elms+1) *6 ] , [ 1 1 1 1 1 1 −1 −1 −1 −1 −1 −1
1 1 1 1 1 1 −1 −1 −1 −1 −1 −1 1 1 1 1 1 1 −1 −1 −1 −1 −1 −1 1 1 1 1 1
1 −1 −1 −1 −1 −1 −1] ,24 ,m_beams . eqn ) ;

15 nieuwdeel2 = zeros (24 ,1 ) ;
16

17

18 dofs .R = [ dofs .R; nieuwdeel ] ;
19 dofs . dp = [ dofs . dp ; nieuwdeel2 ] ;



D
Test setup

In this chapter, the test setup is explained which was used to validate results from the simulation.

The ZwickRoell Z005 torsion machine was used to apply rotation and a HBM T20WN torque sen­
sor was used to measure the resulting reaction torque. 2 experiments were done on each of the 5
samples. 1 experiment was in the activated state and the other was in the non­activated state.

The experiments in the activated state were done as follows. Each of the five samples was clamped in
the torsion machine at the bottom frame. Once clamped in the torsion machine, a current was applied
on the Flexinol wire for 1 second, making the wire and thus the joint, contract. The top frame was then
clamped. Once the joint was clamped at both the top and the bottom frame in the torsion machine,
the current is removed. Applying a current to the Flexinol wire for longer than a few seconds would
overheat the wire. This would change the micro structure and thus the behavior of the wire.

A rotation was then applied on the sample. The scaled angle 𝜃′ from the simulation could not be
applied in the experiments, because that angle would break the samples. The torque would reach the
limit of the torque sensor, before the rotation angle was even reached. Therefore, the applied angle
was 5 to 15 degrees smaller than thae angle 𝜃′ used in the simulation. After the first rotation, the sam­
ple was then rotated back with twice the angle applied. In the last step, the sample was rotated back to
its initial position. During this whole process, the reaction moment at the bottom frame was measured.
This process was repeated three times.

The experiments in the non­activated state were done as follows. The joint was clamped at both the
bottom and the top frames. No current was applied on the Flexinol SMA wire. A similar process of
rotations was applied. During rotations, the reaction moment at the bottom frame was measured. This
process was also repeated three times.

D.1. Improvement of the experiments
It is important to note that the height of the joint is constrained by the torsion test bench. In the simula­
tion, the height is not constrained at all and the top frame can move freely up and down. Furthermore,
constraining the top frame also adds extra stiffness to the joint.

Therefore, in order to improve the experiments, the top frame should not be clamped at all. In the
activated state, the height of the frame should be only constrained by the Flexinol wire. In order to
overcome heating of the wire, short pulses of current can be applied to the wire instead of a constant
current. The top frame should be only subject to rotation in both the activated and the non­activated
states.
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Figure D.1: Samples clamped in the test bench in the activated state.

Figure D.2: Sample clamped in the test bench in the activated state.
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Abstract

Zero-stiffness structures require no external work to change and maintain their position. Smart or
active materials are materials that can deform when an external stimulus is applied. In this review,
different smart materials are researched for the use in a zero-stiffness joint using the working principle
of the Hygromorphic Rotational Actuator. In order to achieve zero-stiffness in a structure, pre-stress
is required. This stress can be caused by smart materials in the active state, when their deformation is
constrained. An overview is presented of different smart materials with their corresponding stimulus
and the properties of these materials such as the response time and strain. The found materials are
graded in a performance criteria on their properties to determine which material is of the best use.
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Chapter 1 Introduction

Compliant mechanisms are mechanisms that use the flexibility of their members to elastically deform
and generate motion, rather than using separate stiff and rigid parts with hinges [8]. Compliant
mechanisms therefore require less parts, have high precision due to less wear and backlash, and can be
easily used in MEMS devices [1],[8]. An interesting compliant mechanism to make is a zero-stiffness
joint.

A zero-stiffness device can deform and then stay in the deformed state, without the application of
any force or moment [26]. However, achieving zero-stiffness in compliant mechanisms requires pre-
stressing. The disadvantage with this, is that when the pres-stress is continuously applied, it can
cause creep. This has a consequence that one is not able to switch between the stiff and zero-stiffness
state. Therefore, it would be interesting if one is able to apply the pre-stress when the zero-stiffness
state is desired and remove the pre-stress when the stiff state is desired. This can be done using smart
materials.

Smart materials are materials that can change their properties when an external stimulus is ap-
plied [27]. These materials can for instance change their shape or color. Examples of stimuli are a
change in temperature, pressure or pH-levels. Some smart materials even show reversible behavior,
which means that the materials deform back to their original shape, when the stimulus is removed.
Smart materials have applications in many fields including the medical, aerospace and civil engineering
fields [27]. Banerjee et al. present a thermo-responsive hydrogel that has wound-healing properties [2].
Simiriotis et al. use Shape Memory Alloy (SMA) to design and control actuators which can change the
geometry of the wing of an aircraft [28]. Zhu et al. have designed a hydrogel that is filled in cement
which gives the cement self-healing properties in case of crack occurrence [39].

So in order to make a compliant zero-stiffness joint that can switch between the stiff and zero-stiffness
state, a combination of smart material and pre-stress is required. This combination is used in an
actuator which is found in “Passive autonomy: hygromorphic rotational actuators” [13]. The authors
have developed an actuator made of wood that rotates when it is exposed to a humid environment.
The rotation is caused by expansion of the material on the one hand and constraining the movement
on the other hand. When the actuator is made wet, the sheet of wood tends to elongate in the z-
direction. However, this movement is constrained along the z-axis, see figure 1.1. Furthermore, the
top and bottom horizontal edges are constrained to a 90 degrees angle along the z-axis, see figure
1.1. As a consequence of these applied constraints, the total height is fixed. However, in order to
accommodate for the length change, the wooden sheet will twist, causing the top of the actuator to
rotate with respect to the bottom.
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Figure 1.1: Schematic view of the actuator (left) and the actuator in non-activated and activated state
(right) [13].

1.1 Problem

During the production of the actuator, the authors came across an interesting behavior when it is
activated. The stress that causes the rotational behavior seems to also cause a behavior which is that
the actuator has a range of angles over which it can rotate without any torque required. This is the
already discussed zero-stiffness behavior. Figure 1.2 below shows the behavior of the actuator in the
non-activated and activated state.

Figure 1.2: Zero stiffness range

The authors in [13] have thus made an actuator. However, the working principle of this actuator and
the pre-stress caused by that working principle can be used to make a compliant zero-stiffness joint.

However, this device has some disadvantages in order to use it properly as a joint. First of all,
the material which is used is wood, which makes the device fragile. This has a consequence that
its applications are very limited. Furthermore, once the stimulus is taken away, the device does not
fully deform back to its original shape. So, one can not completely switch between the stiff and the
zero-stiffness state. It can also be only activated twice or thrice.

The objective of this report is therefore to find materials that elongate or shrink when an exter-
nal stimulus is applied. Not only should these materials respond to a stimulus, the materials should
also show reversible behavior. This means that when the stimulus is taken away, the material should
deform back to its original shape.
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1.2 Report structure

First, it will be explained how the papers for this literature study were found. Then, in chapter 3, the
results of the found papers will be presented and categorized on properties that are of importance for
this problem. In chapter 4, the results are graded on a performance criteria. Chapter 5 discusses the
results of this review and chapter 6 ends the paper with conclusions.
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Chapter 2 Search Method

In order to perform this literature study, SCOPUS and Google Scholar were used to find relevant
papers. The terms that were used to find these papers are shown in the following table. The search
terms in the rows were used with ”OR” function with respect to the other rows and the columns were
used with the ”AND” function with respect to the other columns. This means that the search results
must have at least one term of each column.

AND

OR

Smart Structures Stimulus Response Elongation
Smart Materials Stimuli Responsive Expansion
Shape memory polymers* Stimuli-responsive Multi-stimuli response Bending
Shape memory alloys* Environmental-sensitive Bilayer
Smart structural systems Mechanical stimulus Shape changing
Shape memory* Chemical stimulus Deformation
Smart actuators Shape morphing
Shape changing polymers
Hydrogels
Reconfigurable metamaterials
Electroactive polymer
Intelligent actuators

*: shape memory materials are materials that can recover their original shape under the influence of
a specific stimulus [9].

All the papers used in this review are found in the way described above. During the search pro-
cess, there were also papers giving smart materials which are used in the field of Civil Engineering or
Biology. These papers are not used, since they could not be applied for the application proposed in
this review.
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Chapter 3 Literature Findings

In this chapter, the findings of the literature review will be presented. The results of all the papers
found by the search method explained in chapter 2 will first be given one by one after which a table
overview that lists the most important properties will be given.

Since we are looking for materials that deform to an external stimulus, the results are categorized
by the external stimulus applied. The stimuli presented in this review are: thermal, light, electrical,
water/humidity, pH-stimulus and chemical. Since the obtained papers only presented materials which
are either polymers or metals, they are further categorized by these two materials.

3.1 Thermal

3.1.1 Polymers

Gao et al. have made a bilayer which is made of polyvinylidene fluoride (PVDF) and graphene oxide
(GO) layers [6]. The bilayer is multi-responsive as it reacts to thermal, IR light and moisture stimulus.
The bilayer can bend when it is heated up to 37 ◦C. This light will cause heat which results in volume
expansion of the PVDF layer and volume contraction in the GO layer. Since the PVDF layer elongates
and the GO layer shrinks, the bilayer will bend, see figure 3.1. When the stimulus is taken away, it
returns back to the original shape, after which it can be used again. The strain of this actuator is 0.2
% for the thermal stimulus.

Figure 3.1: GO/PVDF bilayer [6]

Wang et al. have made a composite film which is made of polypyrrole nanoparticles (PPYNPs) added
in a agar (AG) solution [33]. The use of PPYNPs makes this film multi-responsive. In this section,
the thermal stimulus is presented. When the film is placed on a hot glass substrate, the beam bends
upwards. This is due to the fact that the side of the film in contact with the glass substrate expands
faster than the opposite side of the film. This difference is expansion causes the bending. The bending
curvature can be increased by increasing the temperature. From the bending curvature, the strain is
calculated to be 0.09 %.
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Wang et al. have made a soft actuator that is made of SMP fibers in an elastomer matrix [30].
The matrix material is TangoPlus and the fibers are made of VeroClear. The actuator consists of the
two layers. The top layer is the matrix material reinforced with the SMP fibers, whereas the bottom
layer is made of only the matrix material. The fibers are reinforced with an angle. This means that
the fibers are not parallel to the matrix material in the longitudinal direction, but they are inclined.
This has a consequence that when the actuator is heated up, it deforms into a helical shape. The
strain of this actuator is 13.5 %.

In [32], the authors have made a bilayer actuator, which consists of c-copolymer SMP layer on top of
an elastomer layer (rubber). Before the SMP layer is attached on top of the rubber elastomer layer,
it can be stretched upto a strain of 200 %. When the bilayer is heated upto 60 ◦C, the SMP layer
shrinks back to its original shape. This decrease in length of one layer causes bending of the actuator.
The response time is 30 seconds.

Rodriguez et al. [25] have made a semi-crystalline actuator that bends when it is heated upto 70
◦C, see figure 3.2. The actuator is made of cross-linked ethylene vinyl acetate copolymer (cEVA)
inside a polyester urethane elastomer (PU). The reported strain of this actuator is 30 % and can be
used many times.

Figure 3.2: cEVA copolymer in PU elastomer [25]

Pringpromsuk, Xia, and Ni have made a multi-responsive actuator that responds to a heat stimulus
[22]. It is made of shape memory polyurethane with dibutyl adipate (DBA) plasticizers incorporated
in it. This forms a SMP gel. When this gel is heated, it can be deformed to a temporary fixed shape.
When it is then further heated, it can return back to its original shape in 5 seconds, see figure 3.3.
The authors decided deform the SMP gel into a temporary helical shape, however it can be deformed
into any shape. When the stimulus is applied, the SMP gel will deform back to its original shape.

Figure 3.3: Multi-responsive actuator [22]

Wei et al. have made an actuator that is made of Nafion-Polypropylene-Polydimethylsiloxane (PDMS)/Graphite
multilayers [35]. This actuator shows revesible behavior and responds to thermal, optical and humid
stimuli, see figure 3.4 on the following page. This section explains the thermal stimulus. When the
multilayer is heated up to 80 ◦C, the PDMS/Graphite layer will have a volume expansion, whereas
the Nafion layer will shrink due to water disporption. This causes the the multilayer actuator to bend
towards the Nafion layer in 31 seconds.
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Figure 3.4: Multilayer actuator [35]

Liu et al. have developed a reversible hydrogel actuator that responds to a thermal stimulus. When
the actuator is immersed in water of 50 ◦C, it bends, see figure 3.5. The calculated strain is 5 %. It is
remarkable to note that water is also necessary for the actuator to work. However, the authors have
decided to present it as thermal stimulus.

Figure 3.5: Hydrogel actuator [16]

He et al. have made a reversible bilayer hydrogel actuator that responds to thermal and NIR (near-
infrared) stimuli [7]. This section presents the thermal stimulus. The actuator is made of polyNI-
PAM/GO hydrogel, however due to the distribution of the GO, it is transformed in a bilayer structure.
Similar to the previous section, this actuator also bends when it is inserted in hot water, see figure
3.6.

Figure 3.6: Hydrogel actuator [7]
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3.1.2 Metals

Li, Huang, and Liu have made an actuator which is made of SMA wire in a silicon rubber matrix [15].
The SMA wire is deformed into a curved wire which is then embedded in a matrix material. When
the temperature is increased to 340 K, the SMA wire inside the matrix will deform to straight shape.
When this stimulus is taken away, the SMA wire will then deform back to a curved shape, see figure
3.7. In this case, the SMA wire is actuated by heating up the matrix with the SMA wire inserted in
it. Later in section 3.3.2, more SMA wires are presented, which are actuated using electrical stimulus,
i.e., letting a current go through the SMA wire.

Figure 3.7: SMA wire in a matrix [15]

3.2 Light

As stated in section 3.1.1, Gao et al. have made a bilayer actuator of GO/PVDF layers, which responds
to thermal, IR light and moisture stimulus. When the IR-light is applied, the actuator bends towards
the GO side with a strain of 0.16 %. When the IR-light is removed, it deforms back to its original shape.

4d-printing is a way of manufacturing that uses 3d-printing and smart materials, which react to
an external stimulus [20]. Jeong et al. use 4D-printing to develop a system that will deform when a
specific light is applied [11]. The authors have made a sheet of a material called Tango+ that has
two different types of digital shape memory polymer fibers - Veroyellow and Verocyan - inserted in it.
Digital materials are created by 3D-printing multiple polymers with different properties to obtain a
desired composite polymer [36]. When this sheet with the fibers is printed, it can be stretched with a
strain of 10 % using heat treatment at a temperature of 90 degrees. If the fibers are then selectively
heated up to a temperature Tg of 67 ◦C, the fibers will deform back, which cause bending. This
selective heating is done via a light stimulus. If red LED illumination is applied, the light will only
be absorbed by the Verocyan fibers, which heats up. As a consequence, the blue fibers will deform
back to their original shape. Since the yellow fibers do not react, their shape stays the same. This
difference in length in the fibers causes the bending, see figure 3.8. If it is then illuminated with blue
light, it will deform back to the flat state. If the fibers are heat treated again, they can be used again.
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Figure 3.8: SMP fibers under light stimulus. [11]

As stated in section 3.1.1, Wang et al. have made a multi-stimuli actuator. One of these stimuli is
light. When NIR light irradiation is applied to one side of the film, it absorbs light, which results is
an increase in temperature and thermal expansion. This thermal expansion on side cause the beam to
bend to the other side within 1 second. Increasing the light intensity, increases the bending curvature.

Pilz da Cunha et al. have made a bilayer actuator, which is bent in its initial state, that responds to
light and a magnetic stimulus [21]. The bilayer actuator is made of a light responsive liquid crystal
network (LCN) layer on top of a magnetic responsive polydimethylsiloxane (PDMS) composite layer,
see figure 3.9. The light stimulus causes the bilayer to unbend, whereas with the magnetic stimulus
the rotation can be controlled. It is remarkable to note that the initial shape of the bilayer is a bent
shape.

Figure 3.9: LCN/PDMS bilayer [21]

He et al. have made a bilayer hydrogel actuator. This actuator responds to thermal and NIR stimuli.
This section explains the NIR stimulus. When the actuator is exposed to NIR light, it curls within in
17 seconds with a strain of 5.8 %.

Chen et al. have made a reversible bilayer actuator made of GO/PNIPAM hybrid films. When a
near-infrared (NIR) light stimulus is applied, the bilayer shows bending behavior within 2 minutes.
This is due to the shrinkage of the PNIPAM in the bilayer system when exposed to NIR light. The
strain of this actuator is 2.75 %. When this stimulus is removed, the bilayer recovers its original shape
in 20 minutes.
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3.3 Electrical

3.3.1 Polymers

In [17], the authors have made an actuator which is made of ionogel graphene composite. This actuator
reacts to an electric stimulus. The actuator reacts in 5 seconds and when the stimulus is removed, it
deforms back to its initial shape. When the electric stimulus is applied, the ions in the ionogel will
cause assymetric expansion, which leads to the bending deformation, see figure 3.10. Furthermore, if
the polarity is inverted, the direction of bending can be changed.

Figure 3.10: Ionogel graphene actuator [17]

Kim et al. have made a poly(methacrylic acid) (PMAAc) and sodium alginate (SA) hydrogel sheet
that bends when an electric field is applied [14]. The working principle of this actuator is similar
to the actuator explained previously. The direction of the bending is due to polarity of the applied
electric field. The bending is thought to caused by the movement of the ions and the expansion of
one side of the polymer and contraction of the other. It is important to note that before an electric
stimulus is applied, the hydrogel sheet is immersed in a HCl solution to make it swell.

Jiang et al. also report a bending hydrogel sheet when an electric stimulus is applied. In this case, the
author have used a Al-NC gel. The bending behavior is reversible. However, it can only be actuated
for a limited number of 10 times.

3.3.2 Metals

The device explained in section 3.1.2 - SMA wire by Li, Huang, and Liu - can also be used in com-
bination with an electrical stimulus [15]. Since this active material is a conductive wire, it can be
connected to an electric source, which will cause current to go through the SMA wire and which will
then heat up the SMA wire.

Icardi has made a reversible actuator that is made of two SMA wires in a elastomer beam [10].
The SMA wires are trained in such a way that when an electric current is applied, the wires deform to
a bending shape. When these wires are embedded in an elastomer beam and a current goes through
the wires, the entire beam bends due to the bending of the wires, see figure 3.11 on the following page.
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Figure 3.11: SMA wire inside an elastomer beam in activated state [10]

In [31], the authors have also made a reversible actuator using SMA wire. In this case, the actuator
is made of a SMA wire and a flexible beam inside a thin-walled elastic tube, see figure 3.12. The
actuator reacts in 2 seconds when an electric current is applied. The reversibility of the actuator is
achieved by training the SMA wire before application using thermomechanical loading and unloading
with resistive heating and a bias spring.

Figure 3.12: SMA wire in a tube [31]

Du et al. report a bending actuator made of a Ni-Ti SMA wire in an elastic substrate [5]. The SMA
wire was pre-treated by immersion in hot water and cooling in air to get the memeory effect. The
bending of the actuator is caused by the fact, that when an electric stimulus is applied, the temperature
increases in the actuator. When a certain temperature is reached, the SMA wires contracts, whereas
the elastric subtrate stays the same. This difference in length cause the bending. One disadvantage
of this actuator however is that it is not reversible.

Mineta et al. have also made an actuator with Ni-Ti SMA wire. In this case, the actuator is made
of Ni-Ti SMA wire in a bias coil spring which is embedded in a polyurethane tube. When current is
applied, the actuator shows bending behavior. When the stimulus is removed, the actuator deforms
back to its original shape due to the bias coil.

3.4 Water/Humidity

3.4.1 Polymers

Gao et al. have made a multi-responsive bilayer made of GO/PVDF that responds to thermal, IR and
moisture stimulus. When the moisture stimulus is applied, the GO layer absorbs water which leads
to volume expansion whereas the PVDF layer does not deform. This leads to bending towards the
PVDF layer with a strain of 0.25 %. When the stimulus is removed, the bilayer deforms back to its
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original flat shape.

Mao et al. have made a device which will bend [18]. This device consists of a hydrogel which is
confined between a SMP layer (Grey60) and an elastomer (Tangoblack). These two layers are con-
nected to each other via multiple columns. When the hydrogel comes into contact with water, it wants
to expand in all directions, however the columns limit the expansion only in one direction. If the beam
is then heated up to 75 ◦C, the stiffness of the SMP layer decreases compared to the stiffness of the
elastomer. This difference in the stiffness will cause the beam to bend. The thinner the elastomer,
the higher the bending curvature.

Figure 3.13: Hydrogel between a SMP and an elastomer[18]

Song et al. have developed a bilayer system, which has an active polyurethane (PU) elastomer layer
attached to a passive layer [29]. When the bilayer system is made wet, the active PU layer expands,
whereas the passive layer does not. This causes a bending deformation of the bilayer. The expansion
is controlled by using two moisture-cured polyurethane (PU) elastomers. One of these PU elastomer
is water-swellable, whereas the other is not. By playing with the the ratio of these two elastomers in
the active layer, one can control the expansion ratio. Furthermore, if one attaches this PU elastomer
to a SMP layer, you have 2 active layers, since the SMP layer reacts to a heat stimulus, see figure
3.14.

Figure 3.14: Active PU layer with a passive layer (left) and Active PU layer with an active SMP layer
(right) [29]

Another stimulus to which the actuator made by Wang et al. responds to, is humidity. When one side
of the film is exposed to humid air, a hydrated swollen layer is formed. The non-exposed side of the
film is however in a non-swollen sate. This difference in swelling of the sides causes the film to bend
in 2 seconds. When the humidity stimulus is removed, the film deforms back to its flat shape within
one minute [33].

As explained in section 3.1.1, Gao et al. have made a bilayer which is made of polyvinylidene flu-
oride (PVDF) and graphene oxide (GO) layers. However, contrary to the elongation of PVDF due to
thermal stimulus. The bilayer can bend when moisture is applied. This will cause volume expansion
of the GO layer, which then leads to bending, since the PVDF layer does not elongate. So one could
use only the GO layer in combination with moisture as stimulus for a zero-torque joint.
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Similar to the actuator explained in the previous section, Xiang et al. have also made an actua-
tor using graphene oxide (GO) that reacts to humidity stimulus [37]. However, in this case the GO
was combined with PVA-co-PE nanofibers (NFs) and silver nanowires (AgNWs). The working prin-
ciple of this actuator is similar to the working principle explained in the previous section, which is
the absorption/desoprtion of water, which leads to expansion/contraction of the layer, see figure 3.15.
This actuator has a response time of 1 second and is reversible.

Figure 3.15: Moisture responsive actuator [37]

Wang et al. have also made an actuator that is made of GO that responds to humidity stimulus [34].
This actuator is also responsive to chemical stimulus, see figure 3.16. In this case, the actuator is
made of GO and polydimethylsiloxane (PDMS) layers. The GO layer responds to moisture, whereas
the PDMS layer responds to alkane. This section explains the humidity stimulus. When the humidity
stimulus is applied, the GO layer is the active layer, which means that it expands, whereas the PDMS
layer stays the same. This difference in expansion leads to the bending behavior. The response time
is 7 seconds.

Figure 3.16: Dual stimuli responsive actuator [34]

Qin et al. have made an actuator that responds to water/moisture stimulus [24]. The actuator is made
of polyvinyl alcohol (PVA) nanofibers cut into different strips. When the stimulus is applied, the strips
can bend, twist, or rotate. When the deformed actuator is immersed in ethanol for 5 seconds, it will
restore to its original flat shape.

As explained in section 3.1.1, Wei et al. have made multi-stimulus actuator that is made of Nafion-
Polypropylene-Polydimethylsiloxane (PDMS)/Graphite layers [35]. This section presents the humidity
stimulus. When this actuator is in a humid environment, the Nafion layer absorbs water molecules.
This absorption results in swelling of the Nafion layer, whilst the PDMS/Ghraphite layer stays the
same. This leads to bending of the actuator within 5 seconds.

In [23], the authors present a hydrogel strip that can bend when immersed in water within 50 s.
The cross-sectional shape of the strip is a half circle. However, if it is kept in water longer, it deforms
back to the original shape.
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3.5 pH-stimulus

3.5.1 Polymers

Dai et al. have made a pH-responsive actuator [4]. It is made of a Lignin-based hydrogel. Using this
hydrogel, the authors made strips. When the strip was immersed in HCl, it obtained a bent shape.
When the strip was immersed in KOH, it restored its original shape, see figure 3.17. The calculated
strain for this actuator is 7.5 %. The authors report that this actuator shows reversibility, meaning
that it can be bent and unbent many times.

Figure 3.17: pH-responsive actuator [4]

3.6 Chemical

3.6.1 Polymers

The actuator made by Wang et al. can also react to NH3 and HCl gasses. Exposure to NH3 gas
causes the deprotonation of the PPYNPs. This increases the hydrophobicity of the PPYNPS, which
means that the Agar absorobs water from the nanoparticles. This absorption cause the swelling of
Agar, which leads to the bending behavior. Contrarily, when the film is exposed to HCl gas, the
PPYNPs get protonated. This means that the hydrophilicity of the PPYNPs increases. This means
that the nanoparticles absorb the water, which leads to swelling.

As explained is section 3.4.1, Wang et al. have made an actuator that responds to humidity and
chemical stimulus [34]. This section explains the chemical stimulus. When the actuator is exposed to
alkane, the active PDMS adsorps the alkane molecules. As a result, this layer swells. The GO layer is
inert. This leads to bending of the actuator. The response time is 16 seconds.

Zheng et al. have made a reversible actuator that responds to alcohol [38]. It is made of PDMS,
where one side of the PDMS sheet is treated with UV/O3. When the treated side is then exposed to
ethanol vapor, the sheet curls toward the untreated side, see figure 3.18 on the following page. The
response time is 10 seconds.
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Figure 3.18: Alcohol responsive actuator [38]

3.7 Overview of the findings

An overview of the findings is presented in table 3.1 on the following page. The table lists all the
relevant properties of the findings:

Materials: What material is used?

Stimulus: What stimulus does the material react to?

Response time: How much time does the material need to obtain the fully deformed shape when
the stimulus is applied?

(Un)-thetered: Is the stimulus applied at the material itself like an electrical stimulus or is it
applied from a distance like a thermal stimulus?

Reversible: Is the behavior reversible or not?

Strain: How much strain does the material achieve due to the stimulus?
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Chapter 4 Performance grading

In order to determine which result is the most useful to make a zero-stiffness joint, one needs to grade
these results according to a certain criterion. In this section, a performance criteria will be presented.
The sources will be graded in the following table using relative grading. This means that the best
result gets the highest grade whereas the worst result gets the lowest grade. The most relevant prop-
erties for the application in a zero-stiffness joint are the response time, strain and reversibility. These
properties will therefore be graded.

Response time: The source with the a response time between 1 - 5 seconds will get a grade of
10, a response time between 6 - 10 seconds gets a 7, a response time between 11 - 60 seconds gets a 5
and anything above 60 seconds gets a 1.

Strain: The source with a strain higher than 10 % gets a grade of 10, a strain between 6 - 10
% gets a 7, a strain between 2 - 5 gets a 5 and a strain between 0 and 2 % will be graded a 1.

Reversibility: The source which gives materials that show reversible behavior to the stimulus gets
a 5, whereas if it is not reversible, it gets a 1. When finding sources, reversibility was used as a
criterion for the source to match. Most of the sources show reversible behavior. However, there are
some sources that do not show this reversible behavior - but are good for the understanding of smart
materials - that are included in the findings as well. Therefore, reversibility is also graded to take
these sources into account. That is also the reason that the grade for reversibility is either 5 or 1.
Therefore, reversibility should not be the most influential factor in the total grading.

Total: The total grade is a weighted sum of 3 different criteria, in which the strain accounts for
50 % of the grade, the response time for 35 % and reversibility for 15 %.

The total grading table can be found on the following page.
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Chapter 5 Discussion

This review presents materials that respond to an external stimulus. The main objective of this review
is to find alternative materials that could be used to make a joint that works as the Hygromorphic
Rotational Actuator (HRA) [13].

It is interesting to note that some of the materials found, shrink when the stimulus is applied. This
is in contrast with the behavior of the HRA, where the wooden sheet elongates. The reason for also
considering materials that shrink is that instead of constraining the center of sheet and elongating the
sheet as in the HRA, one could also constrain the vertical outer edges and shrink the material. This
can not be said with certainty, however it is interesting do further research on this.

There are many different smart materials found. It should be noted that these materials are not
the only materials that could replace the wooden sheet in the HRA. However, these materials do give
a clear idea of what the possibilities are with smart materials. For instance, in cases where a hydro-
gel is used as an expanding material, any other hydrogel, gas, liquid or material that expands/swells
could be used. Or in case where SMA wires are used, one could potentially use SMP fibers or vice versa.

The findings of this review do not give materials that elongate or shrink specifically when the stimulus
is applied. However, these materials show a deformation such as bending or helical shape. What is of
use, is the underlying working principle of the deformation. The deformation is caused by elongation
or shrinkage of some material within the actuator, which can be used. In bilayer systems, one layer
usually expands, whereas the other shrinks or stays the same, which causes the bending behavior. For
the use in HRA, one could only use the expanding layer which can replace the wooden sheet. Or one
could use SMA wires or SMP fibers inside a matrix, that only elongate when a stimulus is applied.
Another possible way is using the principle of [30], where the fibers are inserted in a matrix with an
angle. When the stimulus is then applied, the device will rotate. This may have the advantage that
no constraints are required. This principle works for an actuator application, however it can not be
said with certainty that it will work for a joint as well. Therefore, it is an interesting principle that
can be tested with initial prototypes in the research phase.

In case of SMA wires, it is interesting to note that all of them work similarly. They all deform
when they are heated, which can be done thermally or electrically. These wires can be inserted in
different matrix materials which then deform due to the deformation of the SMA wires. In the case
of the joint, one can train the SMA wire in such a way that it either elongates or shrinks when it is
heated up. If these trained wires are then inserted in matrix, the whole matrix will deform when it is
activated which corresponds to the working principle of the HRA.

When looking at stimuli, it can be observed that some stimuli are more difficult to apply than the
others. Some hydrogels for instance sometimes not require only water, but the material needs to be
treated in certain chemicals before every use. This limits the real-life applications of the material.

For the grading table, it should be noted that there are two materials that are better than the others.
However, the rest of the materials are close to each other with the total grade. This is due to the
fact that some data could not be obtained from the findings. When it comes to time, it was generally
easier to get that from the source. However, for the strain, it has not been directly reported. Most
of the times, it was either the bending angle or bending curvature. So some calculations had to be
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made to get the strain. All these uncertainties give inaccuracy to the performance criteria. However
in order to pick from materials with close total grades, one should look at the strain, since the strain
will give the highest zero-stiffness range and that is the main objective of a zero-torque joint.
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Chapter 6 Conclusion

The objective of this report is to give an overview of different smart materials along with their cor-
responding stimuli. This work gives a clear indication of what kind of smart materials there are and
what their possibilities are. This review is done to find materials that can replace the wooden sheet
in the Hygromorphic Rotaional Actuator (HRA). Therefore, the main properties to look for are the
strain, response time and reversibility of materials. A performance criteria is given in which all these
properties are graded for all the sources. From this criteria, it is found that the best materials for the
use in the HRA are; a SMA wire inside a matrix that responds to thermal or electrical stimulus or
UV/O3 treated PDMS that responds to alcohol. However, it should be noted that this result does not
dismiss all the other materials that are found. They can also be used.
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Appendix A Extra data for strain calculation

The strain presented in Chapter 3, has not always been directly reported in the used papers. However,
most of the papers did give the dimensions of the actuator and bending angles or curvature, which
can be seen in table A.1 on the following page. This data is then used to calculate the strain with the
following beam equations:

L = ρθ (A.1)

ε =
y

ρ
(A.2)

L is the length of the beam, ρ is the radius of curvature and θ is the bending angle. The strain is
given by ε and y is the distance from the center of the beam to the top, i.e. half the thickness of the
beam.

It should be noted that table A.1 on the next page is not entirely filled. The main purpose of
this table is to obtain the information to calculate the strain. However, some of the sources did not
provide sufficient information, which has lead to the table missing some of the information.
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