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Introduction

1.1. Background information

Many applications require rotation with constant velocity, such as power transmission systems, par-
allel robot manipulators, rehabilitation and medical devices [1-3]. The conventional method to solve
the problem of rotational transmission is a rigid-body configuration. However, rigid-body configurations
have many disadvantages, such as wear, friction, backlash, the need for maintenance and they are
generally cost ineffective [4]. Besides they sometimes work inside a vacuum, wet or dirty environ-
ment. Making it difficult to use conventional bearings as pivot point, due to the need for lubrication
[5]. Currently engineering applications were high positioning accuracy is required are popular, such as
the scanning tunneling microscopes, precision positioning stages, X-ray lithography, and wafer align-
ment in microlithography [6—8]. The backlash in the rigid-body mechanical connections is a problem
for the needed accuracy of these applications. To overcome this problem, compliant mechanisms can
be used.

Compliant mechanisms transfer motion, force or energy by using the elastic deformation of its flex-
ure joints [9]. Compliant mechanisms are cheaper to fabricate than conventional types of high precision
mechanisms which feature rigid joints [5]. They could easily be fabricated as a monolithic structure due
to its hinge-less design. The monolithic design reduces wear, friction, and backlash in the mechanism
and correspondingly increases precision, which is vital in the design of high-precision instrumentation
[10]. The input energy is not directly transferred to the output of the mechanism, as on deformation the
energy is stored and thereby conserved in elastic members without dissipation [11].

Flexure hinges are usually constrained to a single-axis rotation and are widely utilized in precision
positioning applications [12]. However, they usually have a limited range of motion constrained to a
few radians, and a limited load capacity [13, 14]. Potentially, many more applications could benefit
from similar mechanisms if they possessed a larger range motion and higher load capacities. This
has resulted in more complex flexure designs (e.g. [15, 16]) or an increased number of joints in the
mechanism (e.g. [17, 18]). The majority of compliant hinges are designed using solely solid elements.
However, mechanical machine components have also been investigated that make use of the proper-
ties of fluids to obtain a desired behaviour. Examples are, dampers to relocate energy from a dynamic
system, concept compliant bearings supports and aerostatic dampers [19-21]. These concepts make
use of an encapsulated fluid. The use of a fluid inside a boundary material could be introduced for the
realization of a new compliant hinge design, improving the state of the art compliant hinges.
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2 1. Introduction

1.2. Project objective

As mentioned before, literature learns us that conventional compliant hinges have limited range of
motion and load capacity for deformation. To enlarge the potential of these hinges the range of op-
eration should be increased. The range of operation is defined as the stiffness discrepancy between
the normal- and rotation-stiffness. To make a sufficient comparison, the stiffness magnitudes of the
compliant hinge should be in the same order of magnitude as the average stiffness magnitude of the
conventional complaint hinges, therefore the rotational stiffness of the proposed hinge needs to be re-
duced while increasing the support stiffness. The resulting hinge should desirably have a high normal-
to-rotation stiffness ratio. To compare the proposed compliant hinge to the conventional compliant
hinges, the performance is expressed by the stiffness ratio between the normal- and rotation-stiffness.
The performance of the proposed compliant hinge should exceed the performance of the conventional
compliant hinges, as the individual stiffness magnitudes are within a set of boundary conditions. The
main objective of this thesis project is set as follows,

Design a compliant hinge which has a higher performance than the conventional compliant
hinges.

In order to improve the performance of the proposed compliant hinge, knowledge about the funda-
mental working principles of a closed fluid cell have to be obtained first. Next, the design of the compliant
hinge should be obtained along with the realization of the demonstrator. Finally, an experimental test
setup has to be built and experiments have to be conducted in order to validate if the performance of
the proposed compliant hinge exceeds the performance of conventional compliant hinges.

1.3. Thesis outline

This thesis starts by describing the fundamental theory behind the working principles of a compliant
hinge, based on a closed form pressure balancing, in Chapter 2. Chapter 3 elaborates on the boundary
conditions, the design choices and the detailed design of the hinge as well as the measurement results
found in this thesis. The main part of this thesis is found in the paper: "Design of a Compliant Hinge
based on Closed Form Pressure Balancing” that is presented in Chapter 4. The paper could be read
independently from the rest of this thesis. The paper presents the design of the compliant hinge,
having a performance of at least a factor 30 higher compared to the best performing conventional
compliant hinge. Additional information that supports the paper could be found in the appendices.
Appendix A elaborates the experimental test setup. The measurement results of different experiments
are shown in Appendix B. In Appendix C some design specification of the hinge and the conventional
compliant hinges are presented. Appendix D provides datasheets which elaborate to the content of
the thesis. Chapter 5 contains a discussion on the results of the research presented in the paper and
some additional results provided by the appendices. Finally, the main conclusions are drawn from the
results of the paper and the appendices. The conclusions, together with some recommendations for
further research, are presented in Chapter 6.



Fundamentals of a closed fluid pressure
balancing hinge

The proposed compliant hinge consists of a single standard element, closed form pressure balanc-
ing. The cross section of the most basic embodiment of the compliant hinge can be seen in Figure
2.1. The Figure on the left shows the complaint hinge while actuated by a normal displacement and
the Figure on the right shows the compliant hinge while the actuated by an angular displacement, both
displacement are applied on the bottom surface of the compliant hinge. The actuated displacement is
proportional to the height of the hinge. The fluid is enclosed and kept in place by the deforming material
during deformation of the hinge. Subsequently the applied force is diffused by the fluid on the inner
surface of the proposed hinge, causing stress on the boundary material. In this thesis all finite element
analysis (FEA) are performed by COMSOL, and Matlab is used for all mathematics [22, 23].

Deformed volume (V

| Deformed volume (V)
Translation Rotation

(@) (b)

Figure 2.1: Schematic overview of the 2D hinge design for its initial volume and deformed volumes actuated by a prescribed
normal displacement (a) and prescribed angular displacement (b).

In the course of this Chapter the various components, the corresponding working principles and
boundaries of the proposed compliant hinge are elaborated.

2.1. Geometric shape

To obtain insight in the behaviour of this type of hinge, a 2D hinge design is made. The basic em-
bodiment of the hinge consists of three geometric parameters: /, h, t. The 2D shape of the compliant
hinge is constructed by these three parameters to acquire an elementary design, see Figure 2.2. The

3



4 2. Fundamentals of a closed fluid pressure balancing hinge

elementary design could learn us more about the fundamental behaviour of such enclosed fluid cell
while actuated by various deformations.

7 N

Figure 2.2: Schematic overview of 2D hinge design for which the geometric parameters /, h, t are indicated by different colours
and lines. [ is the distance between the left edge (dot) and right edge (dash) of the parallel walls. h is the distance between the
upper (dash-dash-dot) and lower (line) edge of the parallel walls, and t is the dimension across the width of the wall.

The Figure shows that the hinge is enclosed by a boundary material with a thickness t. The middle
part of the hinge consist of two parallel beams, the outside surfaces of these parallel beams is parted
by the height h. The sides of the hinge consists of material curves, connecting both the parallel beams
to each other. These so-called ‘side curves’ are designed as a semicircle with radius g For a larger
radius, the side curves will increase in surface, enlarging the absolute length of the hinge. However, the
length parameter / does not include the constitution of these material curves and defines only the length
along the parallel walls in the middle of the compliant hinge. The additional length of the side curves
is not included in the length parameter of the compliant hinge because the first examinations on the
hinge showed that a relatively large length / and relatively small height h obtain desired measurement
results, causing the additional length of the curves to be relative small compared to the length of the
parallel beams.

A varying boundary thickness t will differ the behaviour of the hinge and introduce an additional
variable to the calculations on the hinge [19]. Therefore we assume a constant magnitude for the initial
thickness t along the entire geometry. For the design of the hinge, the material thickness t induces
an inner- and outer-boundary. The inner boundary is holding the fluid inside the hinge while the outer
boundary is connected to the surroundings of the hinge.

2.1.1. Constant volume

As mentioned before, the fluid chamber within the compliant hinge is enclosed. We assume that in-
side the enclosed material an incompressible fluid is located. Subsequently, we assume that the inner
volume should remain constant throughout deformation, a decrease in volume could dissipate the ac-
tuated force on the hinge, causing a decrease in performance. During deformation the volume of the
hinge tends to decrease, because of the applied force on the compliant hinge. The decrease in volume
causes the pressure inside the hinge to increase. To compensate this volume decrease during defor-
mation, the boundary material of the hinge will elongate. This elongation causes the radius of the side
curves to increase, compensating the decrease of the volume inside the hinge. The compensation of
volume inside the compliant hinge is continuously regulated, causing the volume of the hinge to remain
constant when applying the following equation,

%
() =1=0 2.1)

Where V, represents the initial volume of the compliant hinge over the inner boundary. The magnitude
of the deformed volume V should remain equal to the magnitude of I}, for the assumption of constant
volume. To calculate the deformed volume (V) we will use a powerful tool of integral calculus, called,
‘the theorem of divergence, or the theorem of Gauss’ [24]. Gauss’s theorem states that a closed surface
is equal to the volume integral of the divergence over the region inside the surface, Gauss equation is
denoted as,
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jf (V-EYdv = ﬁg(ﬁ -#)dS (2.2)
v S

For this equation F represents the vector field of the deformed surface and 7i denotes the normal vector
on the inner surface of the boundary material. The vector field of the deformed boundary material is
obtained for the global coordinates system. The displacement of each material point is expressed by
a material vector F. The material vector field F is divided in components x,y and z. Each component
represents a scalar part of the field vector. Similar, normal vector 7 is divided in components n,,n,
and n,. Since the volume of the inner boundary is calculated the normal vectors point ‘inwards’. The
schematic representation of the normal vectors is shown in Figure 2.3.

iyl

A

S

Outer surface boundary

Inner surface boundary

Figure 2.3: Schematic overview of 2D hinge design, static vector field F of the material and normal vectors 7 located at the inner
boundary of the compliant hinge.

To obtain the volume of the examined surface, the left part of equation 2.2 should only contain the
parameter of the deformed volume. In order to exclude the deformed volume, the divergence of the
vector field should equal the following,

(V-Fy=1 (2.3)

The divergence V of the vector field F should equal one. For a value of one, only the integral of the
deformed volume will remain on the left side of the equation. This means that the right sided equation
equals the deformed volume of the deformed hinge. The vector field corresponding to the displacement
of each material point is expressed as,

o 1
F(x,y,z) = §(x,y,z) (24)

Since we observed that the V of F should equal one, the V of the individual x, y and z components equals
%. During deformation of the hinge the initial shape will change. This change induces an deformation of
the side curves, resulting in a positive divergence. If we use Gauss’s theorem for the applied conditions,
we find the following equation for the deformed volume of the hinge,

V=_J‘(nx-x+ny-y+nz-z) (2.5)

3

The opposite direction of the vector field F and the normal vectors 7 cause a negative value for the dot
product of these vectors. To eliminate this negative result a minus is placed in front of the equation.

The initial pressure P inside the hinge is by definition not equal to the atmospheric pressure. The
pressure inside the hinge is determined by the water inside the hinge, as the pressure inside the hinge
increases on deformation. However, the pressure inside the hinge could also be defined by the tem-
perature or amount of water inside the compliant hinge. For various actuated forces the deformation
of the hinge induces a specific stiffness along its length /.

The design of the proposed hinge is elementary, as it consists only of three geometric parameters.
For this elementary design we assume that the deformation of the compliant hinge is only dependent
on the deformation of the side curves, as the parallel middle beams are selected rigid. If we look further
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at the elementary design of the proposed hinge we find that the unit of the normal stiffness is [N/m],
while the unit for the rotation stiffness is [N - m]. The difference of these units is schematically induced
by the relationship of the Young’s modulus E to the geometric thickness t of the boundary material.
The development of the normal stiffness is linear (E - t) while the development of the rotation stiffness
is non-linear (E - t3). These function are derived from the equation of the Hoop stress [25].

2.2. Model stiffness

The stiffness model of the compliant hinge constitutes the basis of modelling the performance. The
stiffness is defined by three different deformations: compression, rotation and lateral shear. The lateral
deformation of the hinge is not considered in this study, since the stiffness is predominantly defined
by shear stiffness of the front and back plane of the hinge, as a result, substantively higher than the
rotation stiffness, which is the results of the bending stiffness of the outer shell of the hinge. Moreover,
we are only interested in the stiffness introduced by the compression and rotation of the compliant
hinge. The normal stiffness is calculated by the integral of the traction F for a normal displacement on
the hinge. The rotation stiffness is calculated using the integral of the traction (M = F - [) multiplied by
the arm, defined by the geometric length [. The force F is obtained by the surface integral over the
traction for the actuated surface of the hinge [N /m?] [26], shown in the following equation,

F= fT‘dA = f(&-ﬁ)ds (2.6)

The equation shows two different options to calculate the reaction force F in Newton [N]. Both options
show that the force is determined by the integral over the actuated surface. The traction forces are
calculated by the Cauchy stress tensor for the deformed state of the material [27], and are calculated
by the following equation,

T=6n 2.7)

Here, i represents the normal vector on the actuated surface and & states the stress matrix on the
actuated boundary material. For the 2D model, the stress matrix consists of four elements and two
vectors in the x and Y direction. Where for the 3D model, the stress matrix consists of nine elements
and the three vectors in the X,Y and Z direction. For the stress matrix the magnitudes of the opposing
shear stresses are always equal due to symmetry, which is common in all equations involving stress
and strain. The uni-axial stress is determined by ¢ and the shear stress is determined by 7. The traction
T is indicated on the left side of both equations. A schematic representation of the traction is displayed
in Figure 2.4.

A cos()

v Asin(0)
Oyy

Figure 2.4: Schematic overview of a material cross section and the parameters used to determine the traction 7" on the cross
section.

The traction force is determined over the actuated surface of the compliant hinge. In particular, over
the same surface as the prescribed displacement is actuated.
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2.2.1. Normal- or support-stiffness

The prescribed displacement § is applied perpendicular to the rigid bottom surface of the hinge (positive
Y-axis), see Figure 2.1a. The displacement is applied relative to the height h of the hinge and could be
defined using the following equation,

8§ =Ah (2.8)

Here, h is the geometric height parameter. The prescribed displacement is denoted as a percentage
of the height h and is described by A;. For the parameter sensitivity analysis and parameter sweep
As is set to 1%, as the material is assumed linear elastic. For the other measurement done in this
thesis Ay is set to 6.25%. For the normal displacement the fluid inside the hinge diffuses the actuated
force identical over the side curves and corners. The side curves deform identical, applying the force
of the deformation along a relative large surface (Appendix B.2). If we look in literature, the stress on
the boundary material for the normal displacement could be partially indicated by the Hoop stress [25],
as only the side curves deform on deformation of the compliant hinge. Subsequently, the Hoop stress
could be used to calculate the deformation and the load capacity of the material for normal displacement
on the hinge.

2.2.2. Rotation stiffness

In order to compare the normal- and rotation-stiffness, both prescribed displacements should equal
magnitudes. The rotational displacement is defined by the arc length of the bottom surface edge,
perpendicular to the rotational axis (Z-axis), shown in Figure 2.1b. The edge displacement is equal to,

§=-0 (2.9)

The angle of rotation 6 is applied on the centre line of the actuated surface. The rotation stiffness is
induced by a mechanical moment on the compliant hinge. This moment is applied on the edge of the
actuated surface, which is indicated by the length [ of the compliant hinge. The angle of rotation is
defined by the following equation,

h-22
0= lf

The prescribed rotation (6) is dependent on the variation in height h and length /, since the edge dis-
placement of the bottom surface is dependent on a change in angle. The applied force compresses
the actuated surface of the hinge, introducing a decrease in angle of rotation. The compression of the
applied force is not measurable on the demonstrator. Therefore, the rotation stiffness of the 3D FEM
model and demonstrator are calculated by the recalculated angle of rotation obtained by the 3D FEM
model, for prescribed displacement of 6.25% of the height h.

When the rotation is applied, the total hinge deforms. The deformation causes one side of the hinge
to compress and the other side to expand. This deformation causes a shift of the volume inside the
hinge. Since the volume remains nearly constant, the volume shift induces a small elongation stiffness
upon rotation. Therefore, the rotation stiffness of the hinge is largely determined by the structural
stiffness of the hinge. The stress in the boundary material could not solely be defined by the Hoop
stress. The stress in the boundary material upon rotation is mostly caused by the volume enlargement
of the spherical corners and cylindrical side curves of the boundary material, along with an elongation
of the boundary material.

(2.10)

2.2.3. Performance

The proposed hinge to the conventional compliant hinges by the normal- and rotation-stiffness. The
resulting hinge should desirably have a high normal-to-rotation stiffness ratio, in this work defined as
performance, to exceed the conventional stiffness ratio of compliant hinges. To increase the range
of operation the rotation stiffness of the compliant hinge needs to be reduced while maintaining the
normal- or support-stiffness. To obtain such high performance, a low bending stiffness and high hoop
stiffness are required. Particularly the thickness parameter ¢ greatly effects the general behaviour of the
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hinge. The performance is defined as a function of the normal- and rotational-stiffness and is defined
as follows,

Ky[N/m]
K,.[N -m/0]
Here K, is the normal stiffness and K, the rotation stiffness. The ratio for the normal- and rotation-
stiffness is denoted as A,. The unit of K, is [N/m] and the unit for K, is [§/m?]. Showing that the
performance is not dimensionless. The objective of the project is to design a compliant hinge that has
a relative large normal stiffness and relative low rotation stiffness. Whereas the performance of the
proposed hinge is compared to the performance of conventional compliant compliant hinges [28]. The
stiffness magnitudes of these conventional compliant hinges are shown in the Appendix C.2.

What could be observed, from the Table in Appendix C.2, is that a trade-off is made between high
normal- or support-stifiness K,, and a high stiffness ratio. And even then, the ratio is limited to an order
of 4, = 500. The behaviour of these conventional compliant hinges could be compared to the behaviour
of the proposed hinge as the actuated motion is similar [28]. The shapes of the selected conventional
compliant hinges are different by design. However, the geometric dimensions of the selected conven-
tional compliant hinges could be fitted in a design space of a cube consisting equal edges of 2.5E~2m.
For that case we assume that the design space of the selected conventional compliant hinges is a cube
with equal edges of 2.5E?m.

A,.[0/m?] = 2.11)

2.3. Material properties

The fluid inside the hinge is secluded by a boundary material. In order to manufacture this boundary
edge, a castable silicone material is selected [29]. Since we are not able to construct the total hinge in
one run, we assume that the bonding region of silicone to silicone possesses similar material properties
as the silicone material [30]. To form the silicone material, the silicone is added to a hardener, for a
mutual weight ratio of one. The used silicone has a shore hardness of A40. To determine the material
properties, for implementation in FEM, an ISO:37 [31] tensile strength test is performed.

Stress-Strain curve of the silicone specimen Stress-Strain curve of the silicone specimen

1.2
3t = =First specimel g = Silicone material
e «# =« Linear-elastic line
o 1 O Intersection point
25} -
— N —08
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g'® ‘. 1 2
£ z 1 £
? a4l 7 1 ? 04
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P 1 ;
L e |
0.5 .(_'_ I 0.2
o ;
i I
oL I I . I I ! . 0
0 05 1 15 2 25 3 35 4 0 0.2 0.4 0.6 0.8 1 1.2 1.4
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(@) (b)

Figure 2.5: Plots of the stress-strain curves for the tested specimen. (a) Stress-strain curve of the silicone material for both
specimen. The difference is strain is caused by an instant release of the specimen from the clamp of the testing machine. (b)
Stress-strain curve of the average value for the stress-strain curves of both specimen. The region of interest is the slope for
small deformations (1% Strain). The window shows an zoomed view of the tangent linear-elastic line.

Figure 2.5a shows the stress-strain curves of the two specimen tested for the silicone material. The
measurement results have a variation of approximately 10 —15% along the plots of both specimen. The
measurements on both specimens were instantly released from the clamp of the machine during the
test. The instant release was a consequence of a decrease in material thickness by the elongation of the
specimen. The clamps were not actively compressing throughout the measurement on the attachment
points of the specimen. This resulted in a decrease of grip on the specimens, instantly releasing the
contact with one end of the specimen. The two specimen released itself at a different elongation length,
causing the strain (%) of both measurement to have a different magnitude.
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Both tested specimens are manufactured by the same run of hardened silicone, most likely having
the same material properties. The tested specimens and the demonstrator of the compliant hinge
are produced for different runs, hereby the mutual material properties can variate. For the tensile
measurements results of both specimen we take the average of the traction force and use that as the
benchmark for the material properties. Here a range of 15% for the Young’s modulus is set up around
the benchmark of the material properties: 1.2 + 0.18MPa [32]. The selected Young’'s modulus for the
detailed 3D FEM model is 1.061MPa, while we assume a Poisson ratio of 0.49 for the hyperelastic
silicone [33, 34].

After the individual measurements on both specimens, the specimens were both actuated fill fail-
ure. The failure measurements are not included in this thesis, since the properties of the material
were changed by to the first measurements. These raw data of these first measurements is shown in
appendix B.1.

Figure 2.5b shows the average stress-strain curves of both silicone specimen. In this thesis the
compliant hinge state a maximum deformation of 6.25% of the height. To simplify the calculations, the
Young’s modulus E is defined for a linear elastic material model at 1% of the strain. To determine the
stiffness of the stress-strain curve, we could use the tangent- or secant-stiffness. The secant stiffness
calculates the average rate of change over the whole concave curve [35]. However, we want to de-
termine the Young’s modulus at this exact point of the stress-strain curve, thus the tangent stiffness is
selected.

From the stress-strain curves we could see that the elongation stiffness of the silicone along the
length of the silicone material is relative large. Literature shows that the bending stiffness of the silicone
material is relative low compared to the elongation stiffness [36].

2.4. Fluid properties

The fluid inside the hinge is of great importance for the overall behaviour of the hinge. The prescribed
displacement on the hinge induces a force which is diffused by the fluid over the inner surface of the
hinge. It is important that the fluid inside the hinge is incompressible, otherwise the fluid will dissipate
the energy of the deformation. Therefore a gas could not be used, as the compressibility of gasses is
too high [37]. Also a solid could not be used, as a solid contains shear stress on deformation [38]. We
want to avoid shear stress as presence of shear stress increases the rotation stiffness of the compliant
hinge.

To simplify the realization of the hinge, tap water is chosen as fluid inside the hinge (Appendix D.2).
The properties of tap water tend towards incompressibility and therefore corresponds to the demands
of the fluid inside the hinge. To define the properties of the water we take a look at three quantities:
Poisson ratio, Shear stress and Bulk modulus.

1. ¥
|- > > «e

! t

Figure 2.6: A schematic overview of a square shaped material examined for the Poisson ratio, shear- and bulk-modulus, respec-
tively. The big (red) arrows represent the direction of stress exerted, the small ( ) green arrows represent the axis along
which the response is measured.

The Poisson ratio is divided by the relative contraction strain normal to the applied load (¢, ) and the
relative extension strain perpendicular to the applied load ¢€,,. The Poisson Ratio could be expressed
as,

v=-—= (2.12)
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A schematic overview of the Poisson ratio on a piece of material is shown in Figure 2.6. The Poisson
ratio of an incompressible fluid is assumed to be 0.5 [39].

The shear stress [N /m?] represents the component of stress co-planar to the material cross section.
Apply a shear stress to a liquid and it continues to deform at a constant rate until the stress is removed,
hereby the deformation Ax will tend to infinite [38]. Therefore, the shear modulus of an ideal liquid is
assumed to be zero [40]. The equation to calculate the shear stress is the following,

Txy _ Fl

G = (2.13)

Yoy  ADx
Here, G is the shear modulus or modulus of rigidity, 7,,, is the shear stress and y,,, is the shear strain.
A schematic overview of the shear modulus on a piece of material could be seen in Figure 2.6.

The bulk modulus measures the decrease in volume for an increase in pressure. The ‘modulus of
elasticity’ of a liquid varies widely, depending on the specific gravity and temperature of the liquid. The
bulk modulus is calculated by the following equation,

dp
K= _Vﬁ (2.14)
Where P is the pressure, V is the volume and 2—5 denotes the derivative of pressure with respect to vol-
ume. As mentioned before, the water inside the compliant hinge is approximately incompressible. This
could also be observed by the Bulk modulus for water which is relatively high, 2.2E°Pa. A schematic
overview of the bulk modulus on a piece of material could be seen in Figure 2.6.

Deformed volume (V.

Deformed volume (V)
Translation Rotation

(a) (b)

Figure 2.7: Schematic overview of the 2D hinge design for its initial volume and deformed volumes actuated by a prescribed
normal displacement (a) and prescribed angular displacement (b). For both deformations the assumed fluid distribution inside
the hinged is visualized.

The assumed fluid distribution inside the hinge gives an schematic overview of the assumption
made for the normal- and rotation-stiffness on the proposed hinge. During the normal deformation
the fluid inside the hinge diffuses proportionally towards the side curves. The normal deformation is
mostly determined by the elongation of the silicone material. For rotational deformation the fluid inside
the hinge shifts to the expanded side of the hinge, since one side of the hinge is compressed. The
rotational deformations is mostly determined by the bending of the silicone material. As a results, we
state that the relative large normal stiffness and relative low rotation stiffness of the hinge are caused
by the fluid properties of the water.

The initial volume of hinge is used to fill the inside of the hinge for a certain volume of water, as it
is difficult to indicate if the hinge is totally filled with water. The design of 3D hinge consists of an initial
volume of 7.7813E~%m3 for the first configuration, which is equal to 7.78mL. Since the density of water

is 997k—‘i the mass of the water inside the hinge is shown by the following equation [41],
m

kg

997 — - 7.7813E°m3 = 7.76 - 103K g (2.15)
m
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Now we obtained the fundamental working principle of the closed form pressure balanced hinge,
we could construct the demonstrator. This Chapter elaborates the chosen geometric parameters and
discusses important design aspects that have to be taken into consideration to manufacture the demon-
strator.

3.1. Parameter sensitivity analysis

First, a 2D parameter sensitivity analysis is performed to observe the behaviour of the individual param-
eters. The development of the stiffness is of interest during this parameter sensitivity analysis. Various
exploratory simulations on the convergence and stability of the solutions showed us that a hinge shape
for a larger length than height provides desired results. The exploratory research on the shape of the
hinge showed that the most converging solutions are obtained for a £> 1, therefore the lower boundary
is set to one,

+1<-<100

> Sl

+1<-<100

The range of variation was selected to cover two orders of magnitude for the individual parameter vari-
ation. Within these ranges we found that multiple configurations introduce non-feasible deformations.
For internal collisions of the boundary material to its own structure a lower boundary is set for the non-
converging simulations. A schematic overview of the collision on the inside of the hinge is shown in
Figure 3.1.

In this Figure the ratio between the height h and the thickness t of the compliant hinge is too small
to apply the desired deformation, as the inner boundary collides to the opposite inner boundary of the
hinge. This collision induces divergence for the solutions of the simulation. The lower boundary for %
is set on 4, below this geometric ratio the solutions of the hinge are not feasible for every deformation.
The lower boundary of ratio % is set on 2.5, since all the simulations converge from this geometric ratio.
For extremely small deformations the stiffness magnitudes of the traction force occasionally become
negative, as the non-converging solution is too soon within the FEM tolerance. This could be prevented
by enlarging the compliant hinge. The negative traction force occurs more often when the consecutive
ratio of the of the boundary % is approximately 40. Therefore the higher boundary of both geometric
ratio’s forms a multiplication of 40, as shown below,

+25<-<4

l
h

11
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Y,

Deformed volume (V)

Initial volume (V)

Deformed volume (V)
Translation Rotation

(a) (b)

Figure 3.1: Schematic overview of initial 2D hinge volume and the 2D hinge deformed volume for a prescribed normal dis-
placement (a) and prescribed angular displacement (b). Here % is approximately 3, causing the applied prescribed rotation to
introduce internal collision of the boundary material.

+4<-<10

s s

This new range causes stable converging solutions for all measurements done in FEM. The chosen
range for the length [ is within the boundary range of the conventional compliant hinges, as we set the
range of the length to, 10mm—25mm. Consecutively the ranges of the height, 6.25mm —10mm and the
thickness 1mm — 2.5mm are determined by the selected parameter ratios. The linear elastic material,
used in these simulations, is characterized by an linear relation between stress and strain [42], shown
in the following equation,

G=E-¢ (3.1)

The individual parameter variation does not depend on the material properties (E, v, p), making the
exact stiffness magnitudes on the parameter sensitivity analysis irrelevant. Instead, the values on the
y-axis of the parameter sensitivity analysis show the relative change in stiffness magnitude over the
variation of the various parameters. In these plots the initial 2D hinge design is indicated by a circle to
act as reference for the variation in stiffness.

3.2. Global parameter sweep

Now the behaviour of each individual parameters is known, a case study is used to analyse the per-
formance of the detailed hinge. A global parameter sweep is performed to indicate the geometric
parameter values corresponding to the highest performance within the given 2D boundary design. To
ensure a fair comparison between the compliant hinge an the state of the art compliant hinges, the
normal- and rotation-stiffness should be related to the conventional stiffness magnitudes (Appendix
C.2) based on the following statements,

* 100 [N/m] < K,, of the proposed hinge
* 10 [N-m/6] > K, of the proposed hinge

The stiffness magnitudes are presented based on the average magnitudes of the normal- and rotation-
stiffness of the conventional compliant hinges, shown in Appendix C.2. The average of these conven-
tional magnitudes are 49.50N/m and 5.85N - m/8, respectively. The stiffness values are respectively
rounded to create a desired boundary for the normal- and rotation-stiffness of the proposed hinge. The
boundaries prevent the hinge from large overall stiffness. Since a large overall stiffness could cause
malfunctions for the implementation in current compliant hinge applications, as the hinge not provides
a rotation stiffness low enough to obtain the desired angle of rotation for the same input force.

For all simulations done in this thesis the FEM makes use of a non-linear solver. The non-linear
solver is used to coop with the non-linear deformations of the silicone material [43, 44]. The non-
linearity could be visualised by the Green-Lagrange equation for normal strain [24]. The quadratic
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term(s), depending on 2D or 3D, at the end of the Green-Lagrange equation implies the non-linear
deformations induced by the silicone material.

In a geometrically linear setting, the equations of equilibrium are formulated in the undeformed state
and are not updated with the deformation. For the most engineering problems this is not a problem,
since the deformations are so small that the deviation from the original geometry is not perceptible. This
is why a majority of analyses are made with an assumption of geometric linearity [45]. To calculate the
volume of the compliant hinge continuously, the FEM makes use of geometric non-linearity, as for every
step the volume of the compliant hinge should be constant. For geometric non-linearity the equations
of equilibrium are formulated in the undeformed state and are updated with each deformation [46]. The
displacement of the material could be calculated by the following equation,

% =X(xt)+1i(xt) (3.2)

Here the spatial coordinates of a certain point x differ from the material coordinates of the same point X
by the the displacement vector u. The material coordinates and the displacement vector are a function
of the spatial coordinate system.

During deformation a residual force could introduces an unbalanced force for the applied load. For
the non-linear FEM solver, the solver will often introduce damping [47]. The FEM damping factor in this
thesis is set to one, inducing no residual forces. The used constant Newton scheme instead will cause
the solver to make larger updates, having a higher computational power. The solver used in this thesis
is the MUMPS solver in COMSOL [22].

3.3. Transition from 2D to 3D

We obtained a sufficient 2D geometry of the proposed hinge, now the transition to the 3D model is
needed. A choice with respect to the revolved design is made. The choice is based on a large normal
stiffness and a low rotation stiffness for the 3D design of the compliant hinge.
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Figure 3.2: Schematic overviews of a 3D half cylinder shape and a 3D quarter sphere shape. (a) An overview of a half cylinder
for an axial applied load. The half cylinder represents a side curve of the proposed hinge. (b) An overview of a quarter sphere
for an axial applied load. The quarter sphere represents a corner of the proposed hinge. The arrow represent the applied force
on the different shapes. The Figures are solely used to visualize the axial force on the shapes.

To obtain the 3D design of the hinge we needed to perform a transition from the 2D hinge design to
the 3D hinge design. For the transition we did not revolved the 2D design around its middle point, as a
revolved 2D design would cause a round shaped 3D model for which the sides around the design are
basically spherical corners. The disadvantage of a spherical shape is that the axial stiffness is higher
than the axial stiffness of half a cylinder, visualized in Figure 3.2 [48]. Therefore, a round shaped 3D
hinge design will induce a relative higher bending stiffness than a square shaped 3D design. This high
structural stiffness causes the rotation stiffness to be undesired high during deformation, decreasing
the performance of the compliant hinge. The transition is performed by adding a depth parameter d
to the 2D hinge design, here the 2D geometry of the compliant hinge remains while adding a third
dimension. The scaling in depth d is used to calculate the traction force for a selected depth of the
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2D hinge design. This helps us to compare the traction forces on the 2D FEM model and the 3D FEM
model.

To obtain a design that is stiff for a normal displacement and compliant for an angular displacement.
The fluid inside the hinge should induce high normal stiffness, as the structural design should be relative
compliant. Otherwise the rotation stiffness will become large, as it is mostly depends on the bending
stiffness of the hinge. We assume that the 2D hinge design is enclosed by two vertical plates on the
visual front and back. The axial stiffness induces by a vertical plate is high. For the 3D model of the
compliant hinge, the side curves of the 2D hinge model are places on either side of the hinge and the
corners are designed as quarter spheres. Each corner sphere is connected to two side curves around
the proposed hinge.

3.4. Detailed design

The detailed 3D analysis of the hinge is obtained to determine a more accurate performance of the pro-
posed hinge. The parameter sweep provides us two different 2D hinge configurations for the demon-
strator. The traction force on these configurations is measured by a Zwick-Roell Z005 (Appendix D.3),
which uses compression to apply the prescribed displacement to the surface of the hinge.

The feasible boundary domain of the demonstrator has chosen to be exactly a factor two larger than
the boundary domain of the conventional hinges. This is done to overcome the small non-feasible size
of the proposed hinge. The small sized hinge induces a smaller mesh size for the FEM model, this
smaller model needs more computational power to solve the model. The extended computation power
and the boundary domain of the feasible design constitute to the design space of the demonstrator.
The measured stiffness magnitudes on the demonstrator are compared to the stiffness magnitudes
of the selected conventional compliant hinges. In general hinges are constrained to have one axis of
rotation, however the proposed hinge is able to rotate around multiple axis. Therefore the proposed
hinge could be seen as a joint. The rotation stiffness around the X and Z-axis are similar (Figure 3.4a,
as the dimensions of the proposed hinge are perfect symmetric. To constrain the proposed joint to
one axis of rotation, the surface of the proposed hinge could be connected to the surface of another
proposed hinge. The combination of these hinges induces a series that will only rotate around one
selected axis. Another solution would be to redesign the geometry of the compliant hinge to obtain
rotation around only one axis.

The rotation of the proposed hinge should be aligned along the shortest distance across the hinge.
This means that the proposed hinge is rotated along its length / around the X- or Z-axis, shown in Figure
3.3. Alarger distance to the middle of the hinge would induce a larger mechanical moment and thus a
larger rotation stiffness.

L

Y[—'X
' ' 1 1
—> —>
z

Figure 3.3: Schematic overviews of 3D hinge design. (a) The top view of the 3D hinge design. (b) The side view of the 3D hinge
design. The indicated dimension are corresponding to the detailed hinge design.

We assume that a larger design induces larger displacements and larger forces. An incidental
benefit of the demonstrator are the relative large traction forces which do not tend towards wrong
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solutions, for which diverging solutions of the simulation are within the tolerance of the FEM solver.
The larger displacement is also convenient to fit the range of the testing machine.

For a displacement of 6.25% of the height h we obtained an angle of rotation equal to 2.86° (0.05rad).
The magnitude of this angle does not corresponds to the angle of rotation made by the conventional
compliant hinges, seen in Appendix C.2. The maximum angle of displacement for the proposed hinge
is located around 45°, tested by hand. For this angle of rotation the inner boundary of the demonstrator
of the second configuration collides to its own structure, as shown in Figure 3.1. The maximum angle
of rotation for the first configuration is slightly smaller.

The load capacity is the maximal demanded stress that the material of the hinge could withstand
without failure and is not equal to the stiffness magnitudes of the hinge. To examine the maximal loads
on the proposed hinge we looked at the strain energy density [J/m3] and the shear stress [N/m?] in
the material [49]. During deformation we came to the conclusion that the maximal FEM deformation
of 6.25% causes the magnitudes of the shear stress and the strain energy density to increase con-
stantly. If the material boundary of the compliant hinge would fail for this deformation, we would expect
a large increase for one of these quantities, however the stepsize remains similar towards the maxi-
mum displacement in FEM. We suggest that the FEM model is not sufficient to calculate the maximum
displacement of the model as it is limited by unproportionally large deforming elements. Therefore we
could not examine the load capacity of the proposed hinge.

The deforming compliant hinge for the normal- and rotation-displacement in COMSOL is shown in
Appendix C.1. When applying the normal- and rotation-displacement on the compliant hinge, the side
curves and corner spheres are the only parts to deform. The large deforming surface could provide a
larger displacement without reaching critical material stress, in comparison to point deformations [13].
The deformation of the compliant is visualized by the Von Mises stress on the surface of the hinge
[5]. We see that the overall deformation of the compliant hinge, for a normal displacement, causes the
Von Mises stress on the surface of the side curves to be relative high to the Von Mises stress on the
surface of the corners, which is relative low. For the prescribed rotation the Von Mises stress is evenly
distributed across the entire surface of the compliant hinge. The distribution is caused by a shift of
volume inside the hinge as mentioned in Chapter 2.

3.4.1. Demonstrator

To validate the proof of concept a demonstrator is manufactured. The demonstrator is similar to the
3D detailed model of the compliant hinge. The traction force of the demonstrator is measured by a test
machine (Appendix D.3). The joint connector simulates the rigid surface of the proposed hinge while
making contact to the testing machine. To verify the rigidness of the joint connector an aluminium plate
is used. Both configurations are elaborated in this section.
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Figure 3.4: Schematic overview of the joint connector. (a) Schematic isometric view of the joint connector attached to the
compliant hinge. The geometric parameters [, d are corresponding to the parameters of the compliant hinge. The height of the
joint connector is denoted by w and has a magnitude of 2mm. (b) Cross section view of the joint connector, attached to the
compliant hinge. The intersection is located along the middle of the depth d.
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The specific joint connector is shown in Figure 3.4a. The joint connector is attached to the proposed
hinge by the silicone material, enclosing the middle beam inside the structure of the joint connector,
see figure 3.4b. The enclosed middle beam prevents the joint connector from separation to the hinge
in the X, Y and Z-direction. The enclosed middle beam and square shape of the connector prevent the
joint connector from rotation relative to the hinge in the XY and Z-axis, constraining the joint connector
for all undesirable displacements. The top of the connector holds a lid that could be removed. The
bottom holds an open surface, enclosed by the boundary material of the connector. The joint connector
simulates the rigidness of the actuated surface during deformation. Visually the joint connector seems
rigid. However, we do not know the rigidness of the joint connector as the inside is filled with hardened
silicone. To put the joint connector to the test we compare the traction forces on the hinge obtained by
the joint connector and the aluminium connector.

The aluminium connector is an aluminium plate with a thickness of 5mm, that is connected to the
compliant hinge by only friction. The aluminium plate is stiff enough to neglect deformations induced by
the forces on the hinge (< 200N) [50]. We assume that the aluminium plate is completely rigid. In Ap-
pendix B.1 the raw measurement results of the joint connector for the normal- and rotation-displacement
are shown. Also the normal displacement for the aluminium connector is shown. The rotational dis-
placement of the aluminium connector is not shown, as the aluminium plate does not totally bond to
the actuated surface of the hinge during the entire rotation. This phenomena could been seen in Ap-
pendix A.1, were the bonding between the aluminium connector and the proposed hinge induces a gap
during rotation. The gap introduces an incorrect magnitude of the traction force for the rotation, as the
boundary of the hinge is not deforming to the displacements of the aluminium connector.

Furthermore, the measurement results on the aluminium surface are more consistent than the mea-
surement on the surface of 3D printed PLA, see Appendix B.3. The irregularities on the joint connector
are the results of the vertical aluminium plate which slides along the top surface of the connectors when
applying the angular displacement. The material to material contact causes disturbance as the surface
of both materials is not completely smooth. For the measurement results we assume that the sliding
aluminium to aluminium surface contact is more smooth than the sliding aluminium to 3D printed PLA
surface contact [51].

3.4.2. Measurement results

The measurement results of the joint connector and the aluminium connector are shown in Appendix
B. The slope of the measurement results for the normal forces on both configurations is in close corre-
spondence. However, the normal force of the joint connector is almost constant at the first part of the
graph for the first configuration. What could be seen in all measurement results, on both configurations,
is that there is a preload applied to the proposed hinge. The preload is present has a magnitude of
0.4N. On could see that the preload applied to the rotation is relative higher, since the rotational traction
force is lower than the normal traction force.

The joint connector is actuated by the vertical plate to introduce angular displacement. This vertical
plate applied a force on the edge of the joint connected to induce a moment on the proposed hinge.
During this actuation the other side of the joint connector is also compressed towards the hinge, this
causes the angle of rotation to decrease. To define the actual angle of rotation, the total compression,
induces by the prescribed displacement, is determined. For the experiment test setup on the demon-
strator this method is not applied, since we could not indicate the total compression of the hinge. We
assumed that the compression on the demonstrator is in close correspondence to the compression of
the 3D FEM model. Subsequently we calculated the rotation stiffness of both models by the revised
angle of rotation. However, the total compression of the hinge due to the applied mechanical moment
is low (< 5% of the height), having little influence on the rotation stiffness of the compliant hinge.

The comparable magnitude of the traction forces is located at the end of the deformation. For both
configurations the measurements on the demonstrator is repeated 3 times. The measurement results
of the normal force state a mutual difference of approximately 1%, based on a normal displacement
of 6.25% of the height h. For the measurement results of the rotation force the tip of the top plate
glides along the rough surface of the joint connector, causing irregularities in the measured data. To
compensate for both prescribed displacements the three measured traction forces are curve fitted by
the Matlab command ’cftool’ [23].

The load capacity and maximum angle of rotation of the hinge are not determined. As the range of
operation and the corresponding stiffness values could be determined for small displacements. To show
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the effect of an additional amount of water and a larger normal displacement on the compliant hinge, we
added a 15% surplus volume of water inside the compliant hinge. This larger volume of water creates
a larger initial pressure inside the compliant hinge. Furthermore, we tested the normal displacement
on the hinge for 17.5% of the height h, causing the prescribed normal displacement on the hinge to
be 3.5mm, see Appendix B.3. The measurement results on the compliant hinge showed a steeper
slope compared to the slopes on the previous shown measurement (Appendix B.1). Additionally, a
non-linear part is shown for small deformations. Nevertheless, we showed that the compliant hinge is
able to coop with larger displacement. We did not applied larger displacements as we did not want to
break the hinge.
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Abstract—Compliant mechanisms consist of a monolithic body
and obtain motion through elastic deformation. Multiple compli-
ant flexure designs are known but their range of motion and load
capacity are often limited. When considering rotational hinges,
improving the operational range requires reducing the rotation
stiffness while increasing normal stiffness. This work introduces
a novel compliant hinge design with increased stiffness ratio
compared to the state of the art compliant hinges. The design
makes use of a so-called closed form pressure balancing principle
to obtain this high ratio. This principle utilizes incompressible
fluid inside a closed body. A 2D parameter sweep is performed
to identify the highest performing hinge design. Subsequently, a
computational 3D analysis is performed and the resulting design
is realized as a demonstrator. The performance is compared to
conventional compliant hinges based on the ratio of the normal-
and rotation-stiffness. This showed an increase of at least a factor
30 on the stiffness ratio.

Keywords—Compliant mechanism, Closed form Pressure bal-
ancing, Stiffness ratio, rotational hinge.

I. INTRODUCTION

Conventional mechanical systems with assembled joints
and rigid links usually possess undesirable properties such as
backlash, friction and abrasion during motion [1]. Compared
to conventional mechanisms, compliant mechanisms provide
motion without friction, backlash, stick-slip, or wear [2]. Com-
pliant mechanisms rely on elastic deformation and continuous
displacement to transfer force or motion [3]. Their monolithic
design ensures a compact structure and avoids system assem-
bly errors. They are widely used in engineering applications
where high positioning accuracy is required, such as scanning
tunneling microscopes, precision positioning stages, X-ray
lithography, and wafer alignment in microlithography [4], [5],
[6]. Generally, compliant mechanisms are cheaper to fabricate
than conventional high precision mechanisms which feature
rigid joints [7].

Flexure hinges are typically constrained to a single-axis
rotation and are widely utilized in precision positioning appli-
cations [8]. Conventional flexure hinges have a limited range
of motion constrained to a few radians [9], [10]. Potentially,
many more applications could benefit from similar mecha-
nisms if they would posses a larger range of motion and
higher load capacities. Currently, this search has resulted in
more complex flexure designs (e.g. [11], [12]) or an increased
number of joints in the mechanism (e.g. [13], [14]). To
exceed the performance of the state of the art compliant
hinges we want to enhance the range of operation for the
compliant hinge. The range of operation is the difference
between the normal- and rotation-stiffness. To increase the

Deformed volume (V)

Translation

(a) Schematic overview of normal deformed shape to the initial
shape of the hinge.

Deformed volume (V)

Rotation

(b) Schematic overview of rotational deformed shape to the
initial shape of the hinge.

Fig. 1: Schematic overview of 2D hinge design for the initial
volume and deformed volume due to a prescribed normal
displacement (a) prescribed angular displacement (b).

range of operation the rotation stiffness of the compliant
hinge needs to be reduced while maintaining the normal-
or support-stiffness. The majority of compliant hinges are
designed using solely solid elements. However, mechanical
machine components have also been investigated that make
use of the properties of fluids to obtain desired properties
for flexure hinges. Mechanisms consisting of fluid chambers
have been used as dampers to relocate energy from a dynamic
system [15], or as concept hydrostatic bearing design which
uses the pressurized film to obtain a form of pressure balancing
[16] or as fluid chambers in aerostatic dampers [17].

In general, fluids can be considered incompressible. Water
for example only has a compressibility of 4.59 - E~10Pg~!
for a temperature of 20°C [18]. This could also be observed
by the bulk modulus which is relatively high at 2.2E° Pa,



while inherently the shear modulus equals 0Pa. The bulk-
and shear-modulus could obtain high support stiffness under
compression while maintaining a low rotation stiffness. This
idea, defined in literature as closed form pressure balancing,
is the basis for a new type of compliant hinge presented in
this work.

The basic embodiment of such closed form is shown in
Figure 1 and consists of a fluid chamber enclosed by an elastic
boundary material. The resulting hinge should desirably have
a high normal-to-rotation stiffness ratio, in this work defined
as performance. This dimensional ratio is defined in this work
as,

Kn[N/m]
K,.[N-m/0)
Where K, represents the normal stiffness and K. the rotation
stiffness. In literature, an overview of the performance of
existing compliant hinges has been presented using these two
stiffness measurements [19], see figure 2.

A\ [0/m?] = (1)

(@) (b) () (d)

Fig. 2: Visualised overview of the conventional single-axis
flexure hinges utilized in this work [19].

The performance of the selected conventional hinges in
terms of stiffness is presented in Table I. The specific size
of the hinges is based on a design space of an equally edged
cube of 0.025m.

What can be observed from Table I is that a trade-off is
made between a high normal- or support-stiffness (K,,) or a
high stiffness ratio (A,). And even then, the ratio is limited to
a maximum in the order of A\, = 500.

The objective of this paper is to introduce a new design of a
compliant hinge, that improves on these stiffness characteris-
tics. First the conceptual design of the closed form, geometric
parameters, external boundary conditions and model stiffness
are established in section II. A 2D finite element model (FEM)
is used to determine the hinge characteristics. Using the 2D
FEM model, a parameter sensitivity analysis is performed on
parameters /, h, t. The global 2D parameter sweep, 3D FEM
model and the measurement approach of the demonstrator are
introduced in section III. Next, the results of the simulations

TABLE I: Overview of the stiffness ratio, normal- and
rotation-stiffness of the conventional compliant hinges as
presented in Figure 2.

Design | K, [N/m] | K, [N-m/0] | A\ [0/m?]
A 7778 6.481 12.001
B B 0.112 s
C 152.11 23342 6.517
D 164.64 7.103 23.18
E 42 0.0079 531.65
F 16.8 0.0315 533.33
G 42 0.0078 538.46
H 94.99 34.142 2782
I 2.1 0.021 100.0
J 10.76 0.0941 114.35
K 2.7 0.126 21.43
L 42 0.047 89.36

and subsequent measurements are shown in section IV. Finally,
sections V & VI discuss and conclude the found developments
and present the limitations of the model.

II. METHODS

To obtain insight in the behaviour of this new type of hinge,
a 2D model is introduced. Figure 3 presents a schematic
2D overview of the basic embodiment, consisting of three
geometric parameters,

o Length [ is the distance between the left edge (dot) and
right edge (dash) of the parallel walls.

o Height h is the distance between the upper (dash-dash-
dot) and lower (line) edge of the parallel walls.

o Thickness ¢ is the dimension across the width of the wall.

Fig. 3: Schematic overview of 2D hinge design and the
indicated geometric parameters. The various coloured lines in-
dicate the dimensions of the geometric parameters as described
above.

The outer surface of the curved sides is defined by a
semicircle with radius % The initial thickness ¢ remains
constant over the entire geometry. In this model, the used
encapsulating body material is homogeneous isotropic linear
elastic, following Hooke’s law [20]. Since the fluid chamber
within the compliant hinge is enclosed and the fluid is assumed
incompressible, the inner volume remains constant throughout
deformation. This is defined as follows,

Vv

(%)*1:0 2



Here V) is the initial volume. The deformed volume V' should
remain equal to V[, for the assumption to hold, while the
shape of the inner boundary changes. The change of the
inner boundary is caused by the two actuation states resulting
in the normal- and rotation-stiffness. A schematic overview
of the boundary alterations, regarding a prescribed normal
displacement and prescribed angular displacement are shown
in Figure 1.

The deformed volume V' is calculated using Gauss’s theo-
rem [21]. Gauss’s theorem states that a closed surface is equal
to the volume integral of the divergence over the region inside

the surface,
///(v - F)dV = #(ﬁ -it)dS 3)
1% S

Here F represents the 3D vector field of deformed surface and
7 states the normal vector on the inner surface. The schematic
representation of the vectors is shown in Figure 4.
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Fig. 4: Schematic overview of 2D hinge design for the static
vector field F' of the boundary material and the normal vectors
7 located at the inner boundary of the hinge.

Using Gauss’s theorem we find the following equation
regarding the deformed volume of the hinge,

V:7/(nz-x+ny-y+nz-z)

3 “)

In equation 4 the material vector field F'is divided in compo-
nents X,Y and Z. Each component represents a scalar part of
the field vector F' for the global coordinates system. Similar,
normal vector 77 is divided in components 7, n,, and 7. Next,
the initial pressure P inside the hinge is by definition not equal
to the atmospheric pressure. The pressure inside the hinge is
determined by the water inside the hinge as seen in Figure
5. After that, any variation to the initial shape of the hinge
induces an internal pressure increase. The increase in pressure
causes the boundary material to elongate whereas a specific
stiffness is induced on normal- or rotation-deformation.

A. EXTERNAL BOUNDARY CONDITIONS

To design the hinge towards certain requirements, a set of
boundary conditions is applied. The model is displacement
controlled, meaning that a prescribed displacement is defined
on the surface of the proposed hinge. The prescribed normal

Fixed in space

Pressure (P)

l Presribed displacements

Fig. 5: Schematic overview of 2D hinge design and the internal
pressure P, prescribed displacements and fixed boundary. The
prescribed displacement is defined on the lower surface (dot).
The upper surface of the top wall (dash) is fixed in space,
opposing the actuated surface.

displacement (Figure la) is actuated in the direction of the
positive Y -axis. The motion in both the X — and Z-direction
is constrained. In the same way the prescribed rotation (Figure
1b) is actuated around the positive Z-axis, inducing a counter-
clockwise rotation. Translation in X,Y and Z-direction is
constrained. For both displacements the actuated surface is
selected rigid. The effect of the deforming material and en-
closed fluid will constitute the total behaviour of the compliant
hinge.

B. MODEL STIFFNESS

The stiffness model of the hinge constitutes the basis
of modelling the performance. The stiffness is defined by
three different deformations: Compression, rotation and lateral
shear. The lateral deformation of the hinge is not considered
in this study, since the stiffness is predominantly defined in
the 3D hinge by shear stiffness of the front and back plane
of the hinge, as a result, substantitily higher than the rotation
stiffness, which is the results of the bending stiffness of the
outer shell of the hinge. The normal- and rotation-stiffness are
defined as follows,

K = ®)

5 ol

N |~

K, =

7 (6)

The force (F) is obtained by the surface integral of the traction
(N/ m?) in the direction of the force [22]. The rotation stiffness
is calculated using the integral of the traction multiplied by the
arm (M = F -1). To obtain a high stiffness ratio, low bending
stiffness and high hoop stiffness are required. Particularly the
thickness parameter ¢ greatly effects the general behaviour.
The wall thickness ¢ should not be large in comparison to the
fluid volume. If it does, the physics of the hinge will tend
more to behave like a pure elastic solid body. The magnitude
of the fluid volume should not be much larger than the wall
thickness ¢, where the hinge will tend to behave similar to the
fluid properties, e.g. like a balloon.



Since the normal deformation § is applied perpendicular to
the rigid bottom surface of the hinge (positive Y-axis), the
prescribed normal displacement is made relative to the height
h of the hinge and is defined using equation 7,

§=Ash %

The geometric height is indicated by parameter h. The pre-
scribed displacement is denoted as a percentage of the height
h and is described by A;. In order to compare the normal-
and rotation-stiffness, both relative displacements should equal
magnitudes. The angular displacement is defined by the arc
length for the edge of the bottom surface, perpendicular to the
rotational axis (Z-axis). The edge displacement is equal to,

l
6= 30 (8)

The prescribed rotation # is applied at the centre line of the
actuated surface and is defined as,

h l2>\ ¥ ©)
The prescribed rotation 6 is dependent on the variation in
height & and length [. Since the edge displacement of the

bottom surface is dependent on a change in angle to induce a
displacement relative to the height 4.

0 —

C. 2D PARAMETER SENSITIVITY ANALYSIS

A 2D parameter sensitivity analysis is performed to observe
the behaviour of the individual parameters. The range of
variation was selected to cover two orders of magnitude for
the selected ratios between the individual parameters. These
ranges are based on various exploratory simulations regarding
the convergence and stability of the solutions,

« 1 < % < 100

o 1 <2 <100
We found that multiple configurations within the boundary
range induce non-feasible deformations, due to small stiffness

Variation of length (I)

Variation of height (h)

magnitudes or internal collision of the elastic boundary to the
structure of the hinge. Therefore, an adaptive range was set

up,

These ranges provide insight on the general behaviour of
the compliant hinge besides a stable working range for the
numerical model. Prior to the parameter sensitivity analysis,
an initial geometry was chosen, based on an exploratory pa-
rameter search, to set the other variables during identification
of a single parameter. The chosen range is limited by the
boundary range of the conventional compliant hinges, as we
set the range of the length [ to, 10mm —25mm. Consecutively
the ranges of the height h, 6.25mm —10mm and the thickness
t, lmm — 2.bmm are determined by the selected parameter
ratios, based on the upper limit of each parameter variation.
The initial geometry was selected in the middle of these
selected ranges. As mentioned before, these values are set
up by means of physical requirements and are solely used
to center the parameter sensitivity analysis.

The finite element simulation is based on a linear elastic
material model, making only the ratio between the geometric
parameters relevant. The profile of the individual parameter
variation does not depend on the material properties (E,
v, p), thus the magnitude of these properties is irrelevant.
Consequently, the Y'-axis is scaled to indicate the stiffness
on the initial design of the compliant hinge. The course of the
stiffness profiles are of interest to design the compliant hinge.
The 2D parameter sensitivity analysis determines the effect of
variation for each geometric parameter.

First the variation over the length [ is presented in Figure
6a, showing a change in normalized stiffness magnitude. The
normal stiffness increases linear for an increase in length /,
while the rotation stiffness increases non-linear for an increase
in length I. We would expect that both stiffness profiles are
different, as the discrepancy between the normal- and rotation-
stiffness is largely dependent on the length [ of the hinge.

Variation of thickness (t)
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(a) Variation of length [ for stationary
geometric parameters /2 and ¢.
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(b) Variation of height & for stationary
geometric parameters / and .
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(c) Variation of thickness ¢ for stationary geo-
metric parameters / and h.

Fig. 6: Overview of individual 2D parameter sensitivity analysis of the three geometric parameters [ (a), h (b), ¢ (c),
displayed on the X-axis. The Y-axis indicates a dimensionless stiffness as both the normal- and rotation-stiffness. The
stiffness on the initial 2D hinge geometry is shown as a benchmark.



Secondly, the variation over the height A is presented in
Figure 6b. The shape of both stiffness profiles is approximately
similar. Nevertheless, the plot shows a discrepancy between
both stiffness profiles. We would expect that both stiffness
profiles are similar.

Finally, the thickness ¢ is varied in Figure 6¢. The plot shows
a small difference between the normal- and rotation-stiffness.
We would expect that both stiffness profiles are similar.

III. CASE STUDY

A case study is performed to analyse the performance of the
pressure balanced hinge. First a 2D parameter sweep has been
performed to the geometric parameter values of the given 2D
boundary design. The normal- and rotation-stiffness should be
related to the conventional stiffness magnitudes based on the
following statements,

« 100 N/m < K, of the proposed hinge

e 10 N-m/f > K, of the proposed hinge

Where the required stiffness values are based on the rounded
average stiffness magnitudes of the conventional compliant
hinges (Table I). The statements prevent the hinge from a high
rotation stiffness, as a high performance could be obtained for
high rotation stiffness and even higher normal stiffness.

Furthermore, the FEM model makes use of a non-linear
solver and geometric non-linearity. The relative tolerance used
in FEM solver is 1E~3. The parameter space defined by the
triplet X, Y, Z is uniformly discretized in a 19 x 19 x 19 space.
For the parameter sweep we make use of the same geometric
ranges as for the parameters sensitivity analysis.

Global parameter sweep of geometric parameters |, h ,t
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Fig. 7: Overview of the global parameter sweep of the three
geometric parameters [, h,t. The high performances are lo-
cated at the plane [ = 25mm. The stiffness ratio is scaled to
the interval [0.1,1].

From the results, the highest performances within the
boundary range are located at the boundaries of the parameter
sweep. This is clarified in Figure 8, were three intersected
views of the global parameter sweep are shown. For the total
variation over the thickness t, the results are in close corre-
spondence. The first thing that clearly stands out in Figure 7 is

the pattern on the left side for variation in height h, thickness ¢
and length [ = 25mm. Some calculation points show diverging
colours to the descending colour panel. The divergence is
the result of the transition between the edge of the actuated
surface and the side of the hinge during deformation. Elements
is this region are deforming significantly, causing numerical
errors and a limited range of deformation for the performed
parameter sweep in FEM.

Intersection of parameter sweep as function of t = 1mm, 1.75mm, 2.5n11m
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Stiffness ratio [-]
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Fig. 8: Intersected view of the global parameter sweep. The
high performances are located at the boundary of the parameter
sweep. The stiffness ratio is scaled to the interval [0.1,1].

The highest performances in the selected boundary range are
found for large length [, height i and a small thickness ¢. To
partially validate the design of the hinge two configurations
of the 2D model are selected within the feasible boundary
range. The selected designs are chosen based on the highest
performances within the parameter sweep. The configurations
are located at the upper- and bottom-limit of the variation
over the thickness ¢ in the global parameter range. The chosen
configurations are defined as follow: % = 2.5,% = 4 and
% = 2.5, % = 10, respectively.

The calculations in the design space were performed within
the design space of 25 x 25 x 25mm, similar to the design
space of the conventional compliant hinges shown in figure
2. The dimensions for the experimental demonstrator were
subsequently enlarged by factor 2 to ensure the feasibility of
the demonstrator. Therefore, the selected feasible boundary
range of the demonstrator comprises a cube with equal edges
of 0.05m. The dimensions of both configurations are show in

Table 1II,

TABLE II: Geometric parameters of the 2D hinge design for
the two most promising configurations of the demonstrator.

Parameter | Configuration 1 | Configuration 2
1 0.05 m 0.05 m
h 0.02 m 0.02 m
t 0.005 m 0.002 m

The magnitudes of the height h and thickness ¢ are based
on the previous selected mutual ratio between the geometric



parameters and are limited by the constrained magnitude of
the length [ = 0.05m.

A. DEMONSTRATOR

A detailed 3D analysis of the hinge is obtained to determine
a more accurate performance. Figure 9 shows a partly inter-
sected view of the 3D hinge, introducing a depth dimensions d.
For the transition of 2D to 3D, the newly added curves front
and back of the hinge are similar to the curves at the side.
The newly added corners are designed as a quarter sphere.
The introduction of the additional parameter d influences the
normal- and rotation-stiffness of the hinge as can be seen in
Figure 10.

Incompressible fluid

Fig. 9: Intersected 3D view of the compliant hinge for an
additional parameter: depth d. The black outline indicates the
2D hinge design shown in Figure 1.
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Fig. 10: Plot of depth scaling factor R for the stiffness ratio,

normal- and rotation stiffness of the 3D FEM model. The

2D geometric parameters (I,h,t) are kept constant during

deformation.

For this selected range of different depth values, the stiff-
ness ratio remains approximately constant. Subsequently, the
performance of the detailed 3D model is defined. The hinge
allows for large (non-linear) deformations, but in the model
we have limited the deformations to be small, linear. In
order to ensure numerically stable calculations, the relative

displacement is limited to less than 6.25% of the height h.
We assume that the depth d is equal to length [ of the hinge
to fulfil the feasible design space. Since the stiffness profiles
are approximately constant, the slope of the traction forces
provide a more sufficient benchmark. The traction forces
corresponding to the normal- and rotation-displacement on
both configurations are presented in Figures 11 & 12. The
traction force on the 2D FEM model is used for an assumed
depth of the hinge of 50mm, similar to the 3D FEM model.
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Fig. 11: Plot of the traction forces for the normal displacement
of the 2D- & 3D-FEM model comprising the first- and second-
configuration. The traction forces on the 2D- and 3D-FEM
models are calculated for a depth of 0.05m.

The normal forces of both configurations decrease with the
transition from 2D to 3D. The normal force of the 3D FEM
model is approximately 40% lower compared to the normal
force of the 2D FEM model.

Traction force regarding the angular displacement
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Fig. 12: Plot of the traction force for the angular displacement
of the 2D- & 3D-FEM model comprising the first- and second-
configuration. The traction forces on the 2D- and 3D-FEM
models are calculated for a depth of 0.05m.

In Figure 12 the rotation forces of both configurations are
shown. The rotation force of the 3D FEM model is significant



higher compared to the rotation force of the 2D FEM model.
Overall, the stiffness ratio of the 3D FEM model is lower
compared to the stiffness ratio of the 2D FEM model, for
both configurations. Now the effect of the depth R is known,
the geometric scaling S needs to be examined.

B. GEOMETRIC SCALING

The effect of geometric scaling is of interest to fit the
conventional applications. Scaling the geometric parameters
(I, h,t) scales the performance of the hinge. During scaling
the various ratios between the geometric parameters are kept
constant, the shape of the hinge remains similar. The effects
of scaling are shown in Figure 13.
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Fig. 13: Overview of the stiffness profiles for an increasing
geometric scale. (a) The course of the normal- and rotation-
stiffness for an increase in geometric scale. (b) The scaling
function is applied to the initial 3D hinge design.

In Figure 13a the development of the normal- and rotation-
stiffness are shown for scaling of the geometric parameters
(I, h,t). The scale factor S is obtained by dividing the calcu-
lated normal- to the rotation-stiffness, respectively. Figure 13b
provides the scale factor S as a function of the performance,
having an magnitude of approximately %

C. MEASUREMENT MODEL

The experimental study is divided into two steps: fabrication
of the hinge and experimental test setup.

FABRICATION

To partially validate the concept, a demonstrator is pro-
duced. In order to manufacture the encapsulating body, a
castable silicone material is selected [23]. We assume that
the bonding region of silicone to silicone possesses similar
material properties as the silicone material [24]. The used
silicone has a shore hardness of A40. To determine the material
properties, as used in the FEM model, an ISO:37 tensile
strength test is performed [25].

1o Stress-Strain curve of the silicone specimen
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Fig. 14: Stress-strain curve of the silicone material. The region
of interest is the slope for small deformations (1% Strain).
The window shows an enlargement of the tangent linear-elastic
line.

Figure 14 shows the stress-strain curve of the silicone
material. To simplify the calculations, the Young’s modulus £
is defined from a tangent linear elastic material model at 1%
of the strain. The specimen of the tensile test and the hinge are
produced in different runs, the material properties may vary.
Therefore a range of 15% [26] for the Young’s modulus is
used: 1.2 £ 0.18M Pa. The selected Young’s modulus for the
detailed 3D FEM model is 1.061M Pa, while we assume a
Poisson ratio of 0.49 for the hyperelastic silicone [27], [28].

The mold is designed for a castable material and fabricates
half the closed form, shown in Figure 15.

Figure 15 shows on the left the total mold assembly consist-
ing of three parts: The top, the middle and the bottom. The top
and bottom part together form half the compliant hinge. The
middle part creates pocket in one half of the hinge. The other
half is produced without pocket to create a large opposing
surface. The hinge is filled with room temperature tap water
(~ 20°C), by an injection needle. Alternately, another needle
is used to extract the air inside the hinge, using the same
injection spot on the surface of the hinge. Both needles are
similar and have a diameter of 0.6mm, causing the material
layer to remain impermeable after retraining.
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Fig. 15: An overview and section view of the mold assembly.
On the left the three different mold components and the total
assembly. On the right three cross section views of the side-,
top- and intersected-view, respectively.

D. JOINT CONNECTOR

To measure the traction forces on the demonstrator, a con-
nector is required between the hinge and the testing machine.
The connector should provide the surface rigidness simulated
in FEM. Since we want to avoid bonding to the silicone, to
prevent bonding effects in the measurement results, a specific
joint connector is designed. To clarify the working principle,
Figure 16 shows a cross section of the joint connector.

P |
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Middle beam
w

Silicone material

IWater Closed form

Fig. 16: Schematic cross section view of the joint connector at-
tached to the compliant hinge, indicating the used dimensions.
The intersection is located along the middle of the depth d.

Here, the magnitudes of parameter [ and the depth d are
equal to the parameters used in Figure 9. The height of the
connector is denoted by parameter w, which is equal to 0.02m.
The connector is 3D printed by PLA material. The bottom
holds an open surface enclosed by the boundary material of
the connector.

To attach the joint connector to the hinge, the silicone is
casted in the extruded part on top. Inside the extruded part,
a middle beam is connected to the joint connector, covering
approximately % of the surface area. The silicone enclosed
middle beam prevents the joint connector from separating to
the hinge in the X,Y and Z-direction. The square shape of
the connector prevents rotation around the X,Y and Z-axis,
constraining the joint connector for undesirable displacements.

EXPERIMENTAL TEST SETUP

A Zwick-Roell Z005 tensile test bench is used to perform the
measurement on the normal- and rotation-displacement. The
experimental setup of the machine for the normal displacement
is shown in Figure 17.

= .| Top plate
-

™ )

Fig. 17: An overview of the experimental test setup for a
normal deformation which is applied by two horizontal plates.
The Figure also shows the testing machine.

The hinge is enclosed between two horizontal plates. The
top plate is connected to the testing machine, while the bottom
plate is rigidly fixed to the world. Actuating the top plate in
the negative Y -direction provides the normal deformation of
the hinge. The experimental test setup for the rotation is shown
in Figure 18.

The rotational measurement results are obtained by two
plates, a horizontal bottom plate and a vertical top plate. To
induce a moment on the compliant hinge, the vertical top
plate applies a force perpendicular to the joint connector of
the compliant hinge. The distance from the point of force
application to the geometric center of the hinge introduces
the mechanical moment on the hinge.

IV. RESULTS

To validate the proof of concept all examined models
are compared. This is done by means of the stiffness ratio,
normal- and rotation-force. For both configurations, shown in
Table II, the measurement on the demonstrator is repeated 3
times. The repeated measurement results for the normal force
exhibit a maximum difference of approximately 1%. For the
measurements on the rotation force the tip of the top plate
glides along the rough surface of the joint connector, causing
irregularities in the measured data. Therefore, the three mea-
surements of both prescribed displacements are curve fitted to
the measured traction forces, showing a maximum difference



Fig. 18: A side overview of the experimental test setup for
rotational deformation which is applied by a horizontal bottom
plate and a vertical top plate. The Figure also shows the testing
machine.

of approximately 1% at maximal displacement. The curve
fitted traction forces as measured in the first configuration
(t = bmm) are shown in Figure 20.

The curve fitted traction forces of the 3D FEM model
and the demonstrator are in close correspondence for both
deformations (+10%). In Figure 21 the curve fitted traction
forces of the second configuration are shown.

Again, the results of the 3D FEM are in close correspon-
dence to the measurement results on the demonstrator (£10%).
To determine the performance of the proposed hinge, the
overall stiffness ratio of the demonstrator is compared to the
stiffness ratio of the the conventional compliant hinges (Table
I). The overall performance of the three examined models
are shown for both examined configuration in Figure 19.
The Figure on the left shows the performances of the first
configuration. As shown, the performance of the 3D FEM
model and the demonstrator are in close correspondence. The
Figure on the right shows the performances of the second
configuration. Again, the performance of the 3D FEM model
and the demonstrator are in close correspondence. Therefore,
it is said that, all the measurement results on the demonstrator
are in close correspondence to the measurement results of
the 3D FEM model. The magnitudes of the performances are
summerized in Table III,

To finally compare the performance of the conventional
compliant hinges, to the performance of the proposed hinge,
the design space of the conventional compliant hinges should
be adhered to. Since the 3D-FEM model is validated, the
model can be used to calculate the traction forces on every
sized model. Therefore, the stiffness magnitudes of the 3D

TABLE III: Measurement results of the two promising design
configurations for 2D- & 3D-FEM models within the feasible
boundary range of the demonstrator. The performances of the
2D- & 3D-FEM models are shown for unit [rad/m?].

Configuration 1

3.71+04 rad/m?
1.23e+04 rad/m?

Configuration 2
1.71e+05 rad/m?
2.13e¢+04 rad/m?

2D - Stiftness ratio
3D - Stiffness ratio

FEM model are used to obtain the stiffness ratio for the
proposed hinge regarding the design space of the conventional
compliant hinges, shown in Table IV,

TABLE IV: Measurement results of the two promising design
configurations for 2D-, 3D-FEM models within the design
range of the conventional compliant hinges. The performances
of the 2D- & 3D-FEM models are shown for unit [rad/ m2].
Configuration 1 | Configuration 2

2D - stiffness ratio | 7.89e+04 rad/m? | 3.42e+05 rad/m?>
3D - stiffness ratio | 1.69¢+04 rad/m? | 2.18e+04 rad/m?

The performance of the conventional compliant hinges
(Table I) is compared to the performance of the proposed
hinge (Table IV). If we analyse the magnitude of the stiffness
ratio for the conventional compliant hinges and the 3D FEM
model of the proposed hinge, we find that the largest state
of the art stiffness ratio is increased by a factor of 30 and
40 for configuration 1 and 2, respectively. These factors are
based on the best performing conventional hinge G, visualized
in Figure 2. The performance of this conventional compliant
hinge is 538.460/m?2.

V. DISCUSSION

Following the structure of the detailed design, the results
and analysis of the measurements on the demonstrator are
discussed. Each section will be discussed in terms of found
result, assumptions and simplifications.

A. HINGE DESIGN

In the transition from the 2D- to the 3D-model we have
observed that the additional side curves and the corners of the
3D model have an attenuating effect on the normal force of the
hinge and an enhancing effect on the rotation force. The total
inner surface of the side curves around the 3D model of the
hinge is significant larger compared to the inner surface of the
side curves of 2D FEM model. As the actuated force on the
hinge is divided over the inner surface, the boundary material
of the hinge elongates. For the 2D model the water diffuses
over a smaller surface for which the boundary material extends
even more, having a larger stiffness for the same actuated
force. Furthermore, the bending stiffness of the additional
curves and corners enhances the rotation stiffness of the 3D
model over the 2D model.

The aim of the design is focused towards a large range of
operation, thereby the goal to increase the range of motion of
this hinge has not been considered in this research. In practice
the geometric size of the hinge determines the potential angle
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Fig. 19: Overview of the performance of the 2D- & 3D-FEM models and the demonstrator. (a) The performances of the first
configuration (t = 5mm). (b) The performances of the second configuration (¢t = 2mm). All performances are obtained for a
displacement of 6.25% of the height h of the demonstrator.
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Fig. 20: Plots of the normal- and rotation-forces for the 2D-
& 3D-FEM models and the demonstrator, which has a wall
thickness of ¢ = 5mm (Configuration 1). The traction forces
are obtained for a displacement of 6.25% of the height h of
the demonstrator.
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(b) Rotation forces of configuration 2.

Fig. 21: Plot of the normal- and rotation-forces for the 2D- &
3D-FEM models and demonstrator, which has a wall thickness
of ¢t = 2mm (Configuration 2). The traction forces are
obtained for a displacement of 6.25% of the height h of the
demonstrator.



of rotation, as the rotation is limited by the internal collision
of the body. The proposed hinge design is not able to provide
a larger angle of rotation for the same input force as conven-
tional compliant hinges. However, the operational range of the
proposed hinge is at least a factor 30 larger than the operational
range of the best performing conventional compliant hinge,
providing many potential applications for the proposed hinge,
including: Hydrostatic bearings, force distribution system and
moving architecture, including stadium doors [29], [30], [31].

B. MEASUREMENT

The measurements show that the traction forces on the
demonstrator are in close correspondence with the traction
forces of the 3D FEM model. The traction forces on the
demonstrator deviates a maximum of 10% to the traction
forces on the 3D FEM model. The close corresponding traction
forces could confirm that the 3D FEM model is similar to
the realized demonstrator. Confirming that the joint connector
induces a rigid connection between the experimental test setup
and the proposed hinge.

For the actuation on the demonstrator we observed a line
symmetry through the center of the hinge. The symmetry
causes the top plate of the testing machine to move the
prescribed distance whereas the surface on top and bottom
of the hinge are displaced half the distance of the prescribed
displacement. The study showed that, due to the symmetry,
the hinge holds the same physics on deformation.

The pressure of the enclosed water was not observed to
decrease during the experiments, as the measurement results
were nearly similar, which suggest that there is little to no
leakage of water during deformation of the hinge.

We only looked at small deformations because of the lim-
itations in the FEM model. For the maximal displacement of
6.25% of the height h, the hinge does not fail, which confirms
the assumption that the bonding of the silicone to silicone
for small deformations remains intact. Large deformations
become relevant when the geometric size of proposed hinge
is enlarged. However, further research towards the maximum
angle of rotation, load capacity and the geometric design of
the hinge are recommended.

C. PERFORMANCE

The performance of both demonstrators are in close corre-
spondence with the performance of the 3D FEM model. The
stiffness ratio on the demonstrator deviates maximal 5% to
the stiffness ratio on the 3D FEM model. This variation in
performance could originate from the material properties of
the silicone, which can variate due to the composite of the
mixture with the hardener. Also the applied rotation on the
demonstrator is dependent for the performance, as the rotation
should be aligned along the shortest distance across the surface
of the hinge. Otherwise the rotation stiffness will increase and
the performance of the proposed hinge decreases.

The rotation stiffness of the realized demonstrators of the
new hinge is not lower than the lowest rotation stiffness of
the conventional compliant hinges, as conventional hinge G
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provides the lowest conventional rotation stiffness of 7.8E£~2
N -m/0. The rotation stiffness for the second configuration of
the proposed hinge is 1.5V - m/f, which is a factor 192 higher
than conventional hinge G. On the other hand, the second
configuration of the proposed hinge provides a large normal
stiffness of 4.3E* N/m, were conventional hinge D provides
the highest conventional normal stiffness of 164.64N/m. The
normal stiffness of the proposed hinge is a factor 261 higher
than the largest normal stiffness of conventional hinge D.
Comparing the factors of both stiffness results in the high
performance of the hinge. For the first configuration the
normal- and rotation-stiffness are even higher.

Although the measurement results and calculated FEM
results are already in close correspondence, for the applied
normal compression and the applied rotation, there is room
for improvement in the applied rotation. In the current setup
the force application point slides over the top plane of the
hinge, causing some inaccuracies.

VI. CONCLUSIONS

The new design of the proposed hinge for a large operation
range results into a hinge with relative large normal stiffness
and relative low rotation stiffness compared to the average
stiffness of the conventional compliant hinges. In this research
the main objective was to enhance the performance of the
conventional compliant hinges by introducing a new hinge
design which utilizes incompressible fluid inside an elastic
closed body to obtain the desired stiffness profile.

It has been demonstrated that the performance of the
proposed hinge exceeds the performance of the state of the
art. Here, the highest performance of conventional compliant
hinges is compared to the performance of both demonstrator
hinge configurations. The performance of the best conventional
hinge G is exceeded by the first configuration for a factor 30
and by the second configuration for a factor 40. The increase
in performance includes a larger range of operation. Due
to limitations in FEM and the current design of the hinge
only small displacements have been studied. Therefore, further
research towards the increase in angle of rotation and the
load capacity of the hinge are recommended. Overall, it is
believed that the implementation of the proposed compliant
hinge in current applications, in which a stiff compression
and compliant rotation are required, will pave the way for the
development of new compliant hinges based on closed form
pressure balancing.
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Discussion

The main objective of this thesis is to design a compliant hinge, based on closed form pressure
balancing, having a larger performance than the selected conventional compliant hinges. In this Chap-
ter the results of this research are discussed in a broad sense. First, the results of the paper and the
main objective of this thesis are discussed. Subsequently, the appendices supporting the paper will be
discussed.

5.1. Paper

This thesis has provided the required knowledge for the development of a new compliant hinge design,
based on an enclosed fluid principle. The paper (Chapter 4) presents the design of a new type com-
pliant hinge which utilizes water inside an closed silicone body to obtain a desired performance. The
performance of the compliant hinge is defined by the normal-to-rotation stiffness ratio. Fundamental
knowledge and FEM analysis have been used to measure this performance. The results of the FEM
analysis showed a high performance over the range of geometric parameter t within the selected bound-
ary range. Two configurations were chosen to be realized. These configurations are located at both
ends of the boundary range, both having a high performance. Conventional hinge G provides the low-
est conventional rotation stiffness of 7.8E72N - m/6, and a normal stiffness of 4.2N/m, see Appendix
C.2. The performance of this conventional hinge is 538.460/m?. The performance of the proposed
hinge exceeds the performance of the best conventional hinge by a factor 30 for the first configuration
and by a factor 40 for the second configuration.

The literature provides a review about the analytical behaviour of the conventional compliant hinges.
The hinge properties are analytically determined by various papers, including the range of motion, the
normal- and rotation-stiffness. We assume that these analytical results are comparable to the mea-
surement results on the proposed hinge, as the motions for compression and rotation are equal to the
motion of the conventional compliant hinge. A point of interest is the range of motion for the conven-
tional compliant hinges. This range is also determined analytical, based on the material properties
Practically this range could differ from the analytical results due to physical limitations, similar to the
proposed hinge. The maximum angle of rotation for the proposed hinge does not meet the state of the
art angles of rotation. Theoretically, the angle of rotation is proportional to the input force by means of
the rotation stiffness of the hinge. In practice the geometric size of the hinge determines the potential
angle of rotation. Also inefficiencies in the silicone material could differ the angle of rotation, since the
material properties of the silicone could variate due to the composite with the hardener. This varies the
stiffness and therefore the range of motion. Even the alignment of the rotation is dependent, as the
rotation should be applied along the shortest distance across the surface of the hinge. Otherwise the
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boundary conditions of the hinge are exceeded, causing a larger rotation stiffness. This means that
further research towards the maximum angle of rotation and the geometric design of the hinge needs
to be performed, since the maximum angle of rotation is not fully understood yet.

Analysis during deformation of the compliant hinge showed us errors in the FEM model. These er-
rors were mainly causes by the transition elements between the side curves and the actuated surface
of the compliant hinge. Here the finite elements are exposed to large deformations, causing errors in
the convergence. The errors cause a limited deformation of 6.25% of the height h of the compliant
hinge. Other errors are induced by diverging solutions of the FEM model which comply the FEM toler-
ance, giving negative traction force values. This indicates that the design of the compliant hinge is not
capable of finding the maximum angle of rotation in FEM.

To simplify the calculations we have estimated the development of the fluid inside the hinge. The
assumptions made about the properties of the water inside the hinge could be reviewed to make sure
that the difference in performance is not induces by a misconception in the behaviour of the fluid. The
fluid properties provide a relative high normal stiffness and a relative low rotational stiffness. During the
experiments on the demonstrator the pressure of the enclosed water was not observed to variation as
the repeated measurement results were nearly similar. This could suggest little or no leakage of water
during actuation of the hinge. However, it has to be taken into consideration that the pressure in the
hinge could be influenced by the increase in temperature due to fluid friction or by the temperature of
the water. Another point of interest is the volume of water inside the hinge. The inside of the compliant
hinge could contain some air besides the volume of the applied water, this combination of air en water
could cause different measurement results of the traction forces on the compliant hinge. For further
research it is recommended to develop a method to check the percentage of water inside the compliant
hinge.

When lowering the rotation stiffness and increasing the normal stiffness, the proposed compliant
hinge is able to provide a large range of operation. Meaning that the proposed hinge is is able to with-
stand high compression and compliant rotations. The material used to obtain these compliant hinge
properties is silicone. Silicone is used for its feasibility and material properties, see elongation and
bending. We assume that the stiffness induced by the normal- and rotation-displacement are mostly
dependent on the elongation- and bending-stiffness of the material. To obtain these results, other ma-
terials can been used, for example: Thin flexure spring steel. On the other hand, the feasibility of the
corners and bends along the hinge design is questionable. Large term displacement experiments are
recommended in order to validate these theories.

The compliant hinge has not been observed to failure while actuated by a prescribed displacement,
as the maximal displacement of the FEM model is 6.25% of the height h. For the maximal displace-
ment of 6.25% of the height h in FEM, the demonstrator does not fail. To validate the compliant hinge
in this thesis, the limit of failure for the normal- and rotation-displacement does not have to be known.
Since the objective is to obtain a relative large normal stiffness and relative low rotation stiffness under
deformation. To address the limitations, the shape of the hinge should be reviewed. The current hinge
shape does not provide a sufficient FEM model to locate the physical limits of the hinge design. This
limitation of the FEM model could also be observed by the development of the strain energy density
and the shear stress on the boundary material of the proposed hinge. At the maximum displacement
of the FEM model the shear stress and strain energy density on the boundary material did not exceed
their material limits, and the stepsize was kept constant. Even though we measured these quantities
at the transition line from the side curves to the front and back plane of the hinge. Here the highest
surface stress is indicated during deformation. Therefore the FEM model does not meet the failure
identification of the proposed hinge.

The 3D FEM analysis has overestimated both stiffness profiles by approximately +10% for a dis-
placement of 6.25% of the height h. This could be caused by the wrong assumptions made in the FEM
analysis, manufacturing errors in the test setup or even errors in the joint connector. Most likely the
composition of the silicone material is not similar to the composition of the silicone material used in
the test specimens that obtained the material properties of the silicone. This resulted in larger normal
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forces and larger rotation forces than has been assumed by the 3D FEM analysis. This statement
applies for both configurations. However, multiple factors could influence the traction forces on the
demonstrators, as we should also keep in mind the stick-slip for the contact regions of the joint con-
nector and the silicone material. Throughout this discussion multiple factors are reviewed.

The performance of the hinge decreases when the geometric scale increases. The model predicts
a large decrease in performance for an enlargement of the geometry, while for scaling in depth the
performance scales constant. The mathematical model for both scaling methods was derived using
FEM and is verified by the correlation of the FEM and measurements on the demonstrator. Moreover,
the stiffness magnitudes of the 2D hinge model suggest that the scaling in depth provides the traction
force regarding the desired depth of the hinge. As mentioned before, the traction forces of the 2D FEM
greatly differs from the traction forces of the 3D FEM. The difference in magnitude is probably induced
by the small inner volume and the lack of bending stiffness of the 2D hinge design.

Furthermore, for a large length [ the surface of the corner spheres is relative small compared to the
total surface of the hinge, and therefore the contribution of the corners on the behaviour of the hinge
will be inherent smaller, confirming the design choices made in a previous section.

5.2. Appendices

The raw measurements results of the normal traction force and the rotation traction force on the se-
lected surface of the compliant hinge are presented in appendix B.1. The measurements show that
the results on the demonstrator are in good correlation with the results of the FEM. However, the de-
velopment of the traction forces regarding the measurement results of the aluminium connector seem
more gradually (Appendix B.2). As the measurement results of the joint connector shows a fluctuation
in the development of the traction forces. The measurement results on the aluminium connector are
far more stable compared to the measurement results on the joint connector. However, the connection
between the hinge and aluminium connector is not sufficient for rotations, because the entire actuated
surface of the aluminium connector is not bonded to the surface of the compliant hinge for the complete
deformation, inducing a semi rigid actuated surface, see Appendix A.1. If we look further at these mea-
surement results, we find that there is a difference in the normal force on the joint connector and the
normal force on the aluminium connector. The development of the normal force on the joint connector
induces a low constant magnitude at the start of the measurement. Whereas the slope of both graphs
seems similar towards the end of the measurement. The low normal force may be induced by the a
small gap between the hinge and joint connector or air inside the hinge, as for a larger preload this
problem is solved. The traction forces on the joint connector and on the aluminium connector show a
recurrent pattern for both deformations. An undesired deformation of the joint connector could there-
fore be excluded.

Furthermore the extended test on the demonstrator showed us that a prescribed normal displace-
ment of 17.5% of the height h could also be applied without failure of the hinge. Confirming that the
hinge could be compressed for larger displacements. It looked like the compliant hinge could deal
with larger deformations, as in the behaviour and traction forces there were no deviations. The mea-
surement results of this test are shown in Appendix B.3. The begin of the plot showed a non-linear
development of the normal force. The non-linear normal force could be induced by the a gap between
the aluminium connector and compliant hinge, as the additional volume of water provided a curved
front and back plane of the compliant hinge. The aluminium connector was located on top of this curve,
without preload. Therefore, the non-linear traction force, represented in the plot, is the compression on
the curves surface of the hinge, acting like a preload.

The finite element analysis presented in appendix C.1 indicates the Von Mises stress on the surface
of the hinge. The Von Mises stress is solely used to obtain the indicate the stress on the boundary ma-
terial relative to other stress on the compliant hinge. One could see that the stress is equally divided on
the side curves of the compliant hinge throughout the normal deformation. The stress on the surface
of the corner spheres is relative low to the stress on the side curves. For the rotation the Von Mises
stresses are divided more equally over the total surface as the volume inside the hinge is shifted instead
of locally increased. This means that the deformation is performed over a large surface, resulting in



36 5. Discussion

lower stresses inside the material and more efficient energy translocation.

According to the measurement results seen in this Appendix, the physics on the demonstrators are
similar to the FEM. This is confirmed by the observed line symmetry through the center of the hinge,
the symmetry distributes the prescribed displacement over the front- and back-plane of the compliant
hinge. However, for the applied moment on the demonstrator the vertical plate slides along the actuated
surface of the compliant hinge, whereas the applied moment in FEM is provided by a static load. This
could suggest alignment errors, causing performance variation in the measurement results. The slip
could imply that the experimental setup has influenced the rotation stiffness of the compliant hinge.
Experiments actuated for a pure rotation could be examined to test this theory.



Conclusions and Recommendations

The main objective of this research is to improve the performance of the conventional compliant
hinge by introducing a new hinge design. This goal is successfully accomplished on the basis of the
results presented in Chapter 4. A new type of compliant hinge, which utilizes incompressible fluid inside
an elastic closed body to obtain the desired stiffness profiles, is developed and presented in this paper.
It is experimentally validated that the performance of the demonstrator corresponds to the performance
of the 3D FEM model. The first part of this Chapter summarises the most important conclusions of this
thesis project. In the second part recommendations, ideas and tips for further research are given.

6.1.

General conclusion

6.1.1. Paper

The compliant hinge has a larger range of operation than the conventional compliant hinges, as
the difference between the normal- and rotation-stiffness exceeds the stiffness ratios of the con-
ventional compliant hinges. The design space of the compliant hinge and conventional compliant
hinges are similar.

The objective of this thesis is achieved, since the performance of the proposed compliant design
is at least a factor 30 higher than the best performing conventional hinge G. The stiffness are
obtained for a limitation in the displacement of the hinge for 6.25% of the height h.

Numerical errors mainly depends on the transition elements between the side curves and the
actuated surface of the compliant hinge. Here, finite elements are exposed to relative large de-
formations, causing errors in the convergence of the simulation.

By introducing the FEM method to validate the demonstrator, the maximal displacement of the
FEM model is 6.25% of the height h. For the maximal displacement of 6.25% of the height h of
the compliant hinge, the hinge does not fail.

The load capacity and maximum angle of rotation are not determined as the maximum displace-
ment of the hinge in FEM is used as benchmark. However, further research towards the maximum
angle of rotation, load capacity and the geometric design of the hinge are recommended.

The normal- and rotation-stiffness of the proposed hinge could be designed towards a required
magnitude. As many variables influence the stiffness of the hinge, we could adjust these variables
towards a required value.
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6. Conclusions and Recommendations

The elongation stiffness of the boundary material is mostly dependent of the normal stiffness of
the hinge, while the bending stiffness of the material is mostly dependent on the rotation stiffness
of the hinge.

Any variation to the initial shape of the hinge induces an internal pressure increase that elongates
the boundary material to compensate for the decrease in volume causes by the actuated force.
The volume inside the hinge is kept constant.

We assume little or no leakage of water during deformation of the hinge, as the measurements
results around the initial geometry of the compliant hinge remain similar.

The performance of the compliant hinge decreases when the geometry of the hinge is scaled to
a larger extent.

The performance of the compliant hinge decreases when the applied rotation is not aligned along
the shortest distance across the surface of the hinge. When the rotation is misaligned on the
surface of the hinge, the distance to the middle of the compliant hinge is larger. A larger arm ap-
plies a larger moment, upon which the rotation stiffness increases and the performance inherent
decreases.

6.1.2. Appendices

6.2.

After the compliant hinge is actuated for a prescribed displacement, the deformation is largely
divided over a large surface of the boundary material. This results in a lower peak stress and a
more efficient energy translocation.

The measurements results show that the demonstrator and FEM are close correlated. The mag-
nitudes of the curve fitted traction forces at the end of the prescribed displacement are within 1%
variation for both deformations.

The material properties of the joint connector and the silicone material within the joint connector,
correspond to the simulated rigid surface in FEM, as the measurement results of the aluminium
connector were in close correspondence to the measurements on the joint connector.

For the measurements of the rotation force on both configurations, the applied moment causes
the vertical plate to slides along the surface of the demonstrator. For the applied rotation the
aluminium connector provides a smoother development of the traction forces than the joint con-
nector.

Recommendations

First some recommendations for possible research subjects are given. Next, recommendations for
improving the experimental test setup are provided. Finally, an overview of interesting potential appli-
cations for the compliant hinge is presented.

6.2.1. Research

Perform experiments on the maximum angle of rotation and the load capacity of the proposed
hinge.

Perform a general shape optimization to enhance the angle of rotation and the load capacity of
the hinge.

Create more insight in the cause of failure for the proposed hinge.

Apply a high load to the compliant hinge, causing the hinge to fail. On the failure of the compliant
hinge we could learn more about the working principles on deformation.

Optimising the initial shape of the hinge while obtaining a larger performance within the boundary
conditions.
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Model the optimised shape of the compliant hinge without a direct boundary between the actuated
surface and the deforming surface to prevent numerical errors.

Investigate the influence of other fluids inside the compliant hinge. Even a mixture of multiple
fluids could be examined.

Investigate the performance of a high and a low initial pressure inside the compliant hinge.

Implement the compliant hinge inside static entities, in order to maintain the bending stiffness and
increase the compliant characteristics of the entity.

Investigate the decrease of the performance for geometric scaling on the demonstrator. Also the
performance for scaling in depth should be investigated on the demonstrator.

Create more insight in the degradation process of the compliant hinge over time.
Investigate the influence of air inside the hinge, as the hinge would not entirely be filled with water.
Investigate the influence of other boundary material on the hinge, obtaining both stiffness profiles.

Analyse the presence of stick-slip in the contact regions of the silicone material and the joint
connector on deformation.

6.2.2. Experimental test setup

Set up a method to measure the angle of rotation and the load capacity of the compliant hinge.

Implement a method to apply a pure rotation on the demonstrator. By doings so, the specific
rotation stiffness of the hinge could be calculated without compression of the total hinge.

Investigate further long term experiments in order to determine the operation time of the hinge
before failure.

Create a measurement setup to gain more insight in the distribution, velocity and the pressure of
the fluid inside the hinge during deformation.

Design a universal measurement setup that applies unproportional shaped surfaces to the surface
of the compliant hinge to indicate the behaviour of the compliant hinge for various deformations.

Design a method to indicate the total compression of the compliant hinge by the applied rotation
performed in this thesis.

6.2.3. Potential applications

The implementation in conventional systems which require large deformable properties for large
compressible stiffness, including: Hydrostatic bearings, force distribution system and moving
general architecture, including stadium doors [52],[53],[54].

Implementation in application with face unproportional shaped surfaces, needing a large de-
formable guiding device to follow the trajectory of the surface while carrying a load.

Applications which require a compliant hinge for high axial stiffness.

Applications which require a compliant joint for high axial stiffness, as the proposed hinge could
deform around multiple axis.

General application for high precision compliant hinges and joints.
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Experimental Test Setup

In this appendix additional information on the experimental test setup, measurement results and the
constructed parts and extended datasheets of the paper are provided.

A.1. Overview setup

A picture taken of the experimental test setup can be seen in Figure A.1.

Figure A.1: Total overview of the test bench (Zwick-Roell Z005) and two horizontal plates. These plates are coloured blue to
clarify the contrast with the surroundings.
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Figures A.2 and A.3 give an overview of the experimental test setup regarding the aluminium con-
nector.
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Figure A.2: An overview of the experimental test setup were the proposed hinge is actuated by the aluminium connector. (a)
The normal displacement on the compliant hinge provided by two horizontal plates actuated on the aluminium connector. (b)
The angular displacement on the compliant hinge provided by a horizontal bottom plate and a vertical top plate actuated on the

aluminium connector.

Figure A.3: An extensive side-view of the experimental test setup for rotational deformation provided by a horizontal bottom plate
and a vertical top plate actuated on the aluminium connector
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A.2. Dimensions of 3D-printed parts

Most of the structural parts of the experimental test setup consist of 3mm thick 3D printed PLA material.
Figures A.4 till A.5 show the most important dimensions of the structural parts of the joint connector
that have been 3D printed for the experimental test setup.

—>§‘<7 29.13 ~—F<—
|

i i
ol | e ___
! I ]
I I N~ I - 11
| 50 |
® I !
50
f3p) 7 1 I
/7 )
(40}
-~ o
™ 0
—y ) 3
(ep) \\\l lj/ -
44

(@) (b)

Figure A.4: Drawing of side- and top-view of all parts regarding the joint connector. (a) The dimensions of the base of the joint
connector. (b) The dimensions of the lid of the joint connector.

Figures A.6 shows on the left a drawing of the dimensions of the compliant hinge mold. The mold
forms the base to shape the compliant hinge by the silicone material. On the right the mold for the
specimen of the the tensile strength test is shown.
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Figure A.5: Drawing of side- and top-view of top and bottom part of the hinge mold. (a) The dimensions of the top part of the
hinge mold. (b) The dimensions of the bottom part of the hinge mold. Together these parts could be used to form half of the
compliant hinge shape.
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Figure A.6: Drawing of side- and top-view of: (a) The dimensions of the middle part of the hinge mold, introducing a dent in one
half of the hinge shape. (b) The dimensions of the mold of the specimen, used for the tensile strength tests to obtain its material
properties.



Measurement

This appendix provides the data that has been obtained by the experiments done in the paper
(Chapter 4). The additional measurements on the traction forces on the proposed hinge are presented.
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48 B. Measurement

B.1. Joint connector

Figures B.1 and B.2 present the measurement results of the traction forces on both demonstrators
during deformation. The proposed hinge is connected to the testing machine by the joint connector.
Each measurement was repeated three times to obtain the correct results.
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Figure B.1: Plots of all the measurements performed on the first configuration of the demonstrator by the joint connector. The
plots show the integrated traction force over the surface of the actuated surface of the hinge. (a) The traction force of the normal

displacement. (b) The traction force of the angular displacement. The traction forces are obtained for a displacement of 6.25%
of the height h of the demonstrator.
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Figure B.2: Plots of all the measurements performed on the second configuration of the demonstrator by the joint connector.
The plots show the integrated traction force over the surface of the actuated surface of the hinge. (a) The traction force of the

normal displacement. (b) The traction force of the angular displacement. The traction forces are obtained for a displacement of
6.25% of the height h of the demonstrator.
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B.2. Aluminium connector

Figure B.3 presents the measurement results of the traction forces on both demonstrators during defor-
mation. Whereas the proposed hinge is connected to the testing machine by the aluminium connector.
Each measurement was repeated three times to obtain the correct results.

Normal force on the aluminium connector [5mm] Rotation force on the aluminium connector [Smm]
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Figure B.3: Plots of all the measurements performed on the first configuration of the demonstrator by the aluminium connector.
The plots show the integrated traction force over the surface of the actuated surface of the hinge. (a) The traction force of the
normal displacement. (b) The traction force of the angular displacement. The traction forces are obtained for a displacement of
6.25% of the height h of the demonstrator.

B.3. Extended measurement

Figure B.4 present the extended measurement results of the normal forces on the second configura-
tion of the demonstrator. The proposed hinge is connected to the testing machine by the aluminium
connector. The measurement is repeated one time.
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Figure B.4: Plots of the extended measurement performed on the first configuration of the demonstrator by the aluminium
connector. The plots show the integrated traction force over the surface of the actuated surface of the hinge for the normal
displacement. The proposed hinge is actuated by a displacement of 17.5% of the height (h) of the demonstrator.






Design notes

C.1. FEM analysis

Figures C.1 and C.2 show the Von Mises stress on the surface of the proposed hinge during normal
displacement. The magnitude of the Von Mises stress is in this case irrelevant, since the distribution of
the stress during deformation on the hinge is of interest. The mutual difference between the Von mises
stress on the surface of the hinge indicates the diffusion of the stress over the boundary material.
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52 C. Design notes

surface: von Mises stress (N/m?)
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Figure C.1: Schematic side-view of the 3D hinge design for a normal displacement showing the Von Mises stress [%] on the
outer surface of the hinge. The Von Mises stresses are obtained for a displacement of 6.25% of the height h of the demonstrator.
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Figure C.2: Schematic isometric-view of the 3D hinge design for a normal displacement showing the Von Mises stress [%]

on the outer surface of the hinge. The Von Mises stresses are obtained for a displacement of 6.25% of the height h of the
demonstrator.
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Figures C.3 and C.4 show the Von Mises stress on the surface of the proposed hinge during rota-
tional deformation. Again the magnitude of the Von Mises stress is irrelevant, since the distribution of
the stress during deformation on the hinge is of interest. The mutual difference between the Von mises
stress on the surface of the hinge indicates the diffusion of the stress over the boundary material.

Surface: von Mises stress (N/m?)
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15

v

Figure C.3: Schematic side-view of the 3D hinge design for a rotation displacement showing the Von Mises stress [%] on the
outer surface of the hinge. The Von Mises stresses are obtained for a displacement of 6.25% of the height h of the demonstrator.

phi0(26)=6.25E-4 m Surface: von Mises stress (N/m?)
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X

Figure C.4: Schematic isometric-view of the 3D hinge design for a rotation displacement showing the Von Mises stress [%]

on the outer surface of the hinge. The Von Mises stresses are obtained for a displacement of 6.25% of the height h of the
demonstrator.



54 C. Design notes

C.2. Conventional hinges

Figures C.5 till C.6 present the visualization and stiffness magnitudes of the conventional hinges as
found in literature [28]. From this collection of flexures some hinges are chosen based on their be-
haviour, as the behaviour is in close correspondence to the behaviour of the proposed hinge.

Figure C.5: Compliant revolute joints; (a) rectangular, (b) RCCF, (c) circular, (d) “a” parabolic, “b” hyperbolic, “c” elliptical, “d”
cycloidal, (e) V-shape, (f) cross axis, (g) cartwheel, (h) X2, (i) LITF, (j) ADLIF, (k) butterfly, (I) CR-1, (m) CR-2, (n) ‘-flexure hinge,
(o) CR-3, (p) multileaf, (q) multileaf spring, (r) split-tube-1(ST-1), (s) ST-2, (t) spiral, (u) helical, (v) annulus-shape, (w) revolute
pair, (x) XR-joint, (y) contact-aided, and (z) rolling contact-2
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Fig. 3(v) [20]
Fig. 3(w) [59] .
Fig. 3(x) [60-62]

Flexure type On-axis stiffness Off-axis STIFFNESS
Ko. Ko, Kox K. K, K,

Compliant Range of Axis
revolute Primitive Complex Notch- Leaf- Tape- Curve- Contact- motion  drift
joints flexure flexure type spring spring beam  base 0, (rad) J,(um) N-mm/rad x 1073 N/mm x 1073
Fig. 3(a) [36-39] . . 0.113 198.7 6.481 648.15 246.1 24 0.24 71.78
Fig. 3(b) [40] ° . 0.06 4.2 0.112 — — — — —
Fig. 3(c) [36-39] . ° 0.03 34 23.342 1267.6 48533 5505 1.153 152.11
Fig. 3(d)-a [41,42] ° . — — 20.43 — — — 1553 265.04
Fig. 3(d)-b [41,42] ° . — — 7.103 — — — 774 164.64
Fig. 3(d)-c [42,43] ° . — — 23.342 1267.6 — — 57.186 152.11
Fig. 3(d)-d [44] ° . — — 36.12 1832 — 80.66 1758 109.84
Fig. 3(e) [44] . . — — 34.142 1585.1 — 6815 1.642 94.99
Fig. 3(f) [38,45,46] . . 1.676 6620 0.0079 5.6 2.11  0.042 0.00006 4.2
Fig. 3(g) [38] . . 0.419 82.8 0.0315 224 8433 0.672 0.0009 16.8
Fig. 3(h) [47] . ° 0.838 130 0.0078 1.4 0.529 0.042 0.0002 42
Fig. 3(i) [48,49] ° ° 0.173 34 0.094 11.2 422 0336 0.00047 8.4
Fig. 3(j) [48-51] ° . 0.346 11.9 0.047 5.6 2.1 0.168 0.00024 4.2
Fig. 3(k) [48-52] . . 0.35 — 0.021 2.8 1.054 0.084 0.00012 2.1
Fig. 3(/) [21] . . 0.558 0 0.0941 358.52 358.52 33.29 10.76 10.76
Fig. 3(m) [21] . ° 0.267 0 0.126 89.73 89.73 33.6 2.7 2.7
Fig. 3(n) [53] . . — — — — — — — —
Fig. 3(0) [21] . . 1.4 — 0.0057 — — 1.01 —
Fig. 3(p) [20] . ° 2.55 — 0.0027 — — 0403  — —
Fig. 3(q) [54] . . — — — — —
Fig. 3(r) [55,56] ° 0.65 — 0.056 82,6 826 — 248 2.48
Fig. 3(s) [57] . — — — — —
Fig. 3(7) [58] ° — — — — — — — —
Fig. 3(u) [58] ° — — — — — — — —

Fig. 3(y) [63]
Fig. 3(z) [64]

Table 3 Geometric parameters values for compliant revolute joints

Compliant revolute joint b (mm) L, I (mm) t, r (mm) C, R, g, hy (mm) @, @1, Q2 (deg)
Figs. 3(a)-3(d) 10 9 1 4.5 —

Fig. 3(e) 10 9 1 2.25 —

Figs. 3()-3(h) 4 20 0.15 — 45
Figs. 3(i) and 3()) 4 10 0.15 1 45
Fig. 3(k) 4 10 0.15 1 40, 50
Fig. 3() 8 10 0.15 — —

Fig. 3(m) 4 10 0.15 0.2 —

Figs. 3(0) and 3(p) 4 10 0.15 2 —

Fig. 3(r) — 10 0.15 3 —

Figure C.6: Overview of the compliant revolute joints, with flexure type, range of motion, axis drift, on-axis and off-axis stiffness;
Dash (-) denotes the analytical data are not available. The embodiment of each hinge is showed in Figure C.5






Datasheets

Section D.1 presents the material specifications of the silicone material. Including the concerned
website.

Section D.2 presents the specification of the fluid. The water was tapped from the pipe entering
my house. The specification are published by the supplier of the tap water for the 4t" quarter of 2019.

Section D.3 presents the specifications of the Zwick-Roell Z005 machine. The detailed product
information provides the applications and limitations of the machine.
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D.1. Material specifications

9-1-2020 Poly-Sil PS 8540 Siliconenrubber

Q &
L M=l V= T

K UNSTHARS TECHNIEKEHN

=4 =8 B8

SILICONENRUBBER PS 8540 SET

bestaat uit Poly-Sil PS 8540 Siliconenrubber A en B component

Maat:

Kleur:

€ 72.12inc. BTW

1 =

v Voor 15.00 uur besteld vandaag verzonden

v Beveiligde betaalomgeving via SSL!

v Afhalen in Amsterdam of Nieuwerkerk a/d lJssel

https://www.polyservice.nl/siliconenrubber/210-siliconenrubber-ps-8540-set.html ?search_query=8540&results=8

1/4



9-1-2020
Mengverhouding
Verwerkingstemperatuur
Verwerkingstijd
Ontvormbaar
Kleur
Maat
Type

Opslag

Poly-Sil PS 8540 Siliconenrubber
Q & -
Meng 100 gewichtsdelen A met 100 gewichtsdelen B

Minimaal 15°C

Bij 20°C circa 15 minuten

Bij 20°C na circa 2 uur

Wit / Grijs

2 kg, 10 kg,20 kg,30 kg,40 kg,50 kg

PS 8540

Koel, droog en vorstvrij bewaren

13 ANDERE PRODUCTEN IN DEZELFDE CATEGORIE:

250 mil

i
< SiniconE® s

SILICONENOLIE
€11.86

MEER

PRODUCTEN VAN HETZELFDE MERK

)
N’

PRAKTIJKHANDBOEK SILICONEN VERDIKKINGSMID!
€29.89 €7.26
TOEVOEGEN AAN WINKELWAGEN MEER

https://www.polyservice.nl/siliconenrubber/210-siliconenrubber-ps-8540-set.html ?search_query=8540&results=8 2/4



D.2. Fluid specifications

~
g
HET \r, WATERLABORATORIUM

Gegevens 4e kwartaal 2019 Dunea
Locatie: Katwijk
Naam: Rein water
norm

meetgegevens Drinkwaterbesluit
Omschrijving Eenheid minimum | gemiddelde [ maximum min max
Aluminium ug/l Al 3,4 3,4 3,4 200
Arseen yg/l As 3,1 3,4 3,7 10
Boor mg/| B 0,05 0,05 0,05 0,5
Calcium mg/| Ca 39 40 41 -
Chloride mg/| Cl 49 51 53 150 **
Koolstofdioxide mg/I CO, 0,6 0,7 0,9 -
EGV (elek. geleid.verm. 20°C) mS/m 47,9 48,7 49,6 <125
Fluoride mg/l F 0,21 0,22 0,24 1,0
Dzer mg/| Fe <0.01 <0.01 <0.01 0,2
Troebeling FTU <0.03 0,05 0,20 1
Geur (kwalitatief) afwezig afwezig afwezig Fokoxok
Waterstofcarbonaat mg/! HCO; 169 170 173 >60
Kwik ug/l Hg <0.02 <0.02 <0.02 1
Totale hardheid mmol/| 1,28 1,33 1,36 >1.0
Totale hardheid °Duits 7,2 7,4 7,6 >5.6
Kleurgetal mg/| Pt 5 5 6 20
Lood ug/l Pb <0.5 <0.5 <0.5 10
Magnesium mg/l Mg 7,6 7,8 8,0 -
Mangaan mg/| Mn <0.01 <0.01 <0.01 0,05
Natrium mg/| Na 56 57 59 150
Ammonium mg/I NH, <0.02 <0.02 <0.02 0,2
Nitriet mg/I NO, <0.007 <0.007 0,008 0,1
Nitraat mg/I NO; 1,71 2,42 3,03 50
Zuurstof, opgelost mg/1 O, 9,3 9,3 9,3 >2
pH berekend pH 8,43 8,55 8,62 7,0 9,5
Orthofosfaat mg/I PO, 0,18 0,18 0,18 -
Seleen pg/l <0.5 <0.5 <0.5 10
Verzadigingsindex S.I. berekend pH 0,82 0,82 0,82 >-0.2
Smaak (kwalitatief) afwezig afwezig afwezig Fkxok
Sulfaat mg/| 44 46 47 150
Temperatuur °C 14,1 15,3 16,5 25
Totaal organisch koolstof mg/! 2,1 2,1 2,1 kK
Aeromonas kve/100 ml 0 1 1 1000
Clostridium perfringens kve/100 ml 0 0 0 0
Coli 37°C kve/100 ml 0 0 0 0
Enterococcen kve/100 ml 0 0 0 0
Koloniegetal 22 °C * kve/ml 2 2 3 100 ***
Legionella kve/I| <50 <50 <50 <100
* Geometrisch kwartaalgemiddelde koloniegetal 22°C = 2.3
** norm jaargemiddelde
*** norm geometrisch jaargemiddelde




D.3. Testing machine specifications

PI1 375 2.0919

zwick [ Roell

Product Information

ProLine table-top testing machines Z005 up to Z100

ProLine ZO50TN

Range of application

The ProLine materials testing machine product group
was primarily developed for standardized tests on ma-
terials and components. Used in conjunction with the
intuitive testXpert Il software, ProLine materials testing
machines are fast and very easy to operate.

Made in Germany

ProLine, including all mechanical, electronic and soft-
ware components, together with the extensive range
of accessories are developed and produced at Zwick
Roell’s production facility in Germany and are therefore
ideally matched to each other. This means that
ProLine is an extremely high-quality product and also
allows Zwick to offer the best possible support.

Powerful drives

Extremely low minimum speeds can be set, combined
with excellent speed-accuracy. The drive also delivers
high crosshead travel resolution; this is important in
tests on components requiring a high degree of travel-
precision and in tests on specimens with high levels of
stiffness and low travel, for example.

The high test speed range can be used without restric-
tion. In addition, test loads up to 110% of the machine
nominal load are permissible to compensate for heavy
combinations of test fixtures, accessories etc.
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Principle drawing of the ProLine Z005/Z020 TN

The faster return speeds reduce cycle times and
increase test throughput, with AC drive technology
ensuring that the motor is maintenance-free.

Precision crosshead guides

ProLine’s moving crosshead is guided very accurately
via two steel columns, enabling precise force application
to the specimen. This is advantageous for flexure, tests,
compression tests, precision tests on components etc.

Exclusively from Zwick: Xforce load cells
ProLine materials testing machines are equipped with
Xforce load cells developed and manufactured in the
Zwick Roell Group. The effect of parasitic influences
(such as temperature and transverse forces) on test
results is significantly less than with other, comparable
load cells. In addition, Xforce loads cells are very stable
and less sensitive to transverse forces in compression
and flexure tests, for example.

Short delivery times

The very short delivery time of 2 weeks for ProLine
materials testing machines means that pending tests
can quickly be tackled without losing valuable time.

Safety for you and the entire testing system
Features ensuring safety include the 2-channel (= dou-
ble safeguard) safety circuit, operating-mode selector-
switch, Drive Off switch and motor holding brake.



zwick [ Roell

Product Information

ProLine table-top testing machines Z005 up to Z100

Powerful, innovative testControl Il electro-
nics

ProLine is equipped with testControl Il digital mea-
surement and control electronics, mounted vertically on
the load frame for better protection against ingress of
liquids or conductive particles.

testXpert Il - intelligent and reliable

testXpert Il testing software and testControl ||
electronics are perfectly matched, ensuring safe,
efficient, reliable operation of the testing machine.
testXpert Il offers the optimum solution for any testing
requirement.

Eco mode
testControl Il automatically switches to eco mode when
not in use, saving energy.

Built-in safety in accordance with EC Machine-
ry Directive

The statutory safety requirements of the EC Machinery
Directive are implemented in all Zwick machines, which
are accompanied by an EC Declaration of Conformity
on delivery. Only the latest safety technologies and pro-
ven industrial components are used. A very high level
of safety is guaranteed for user, test results, specimen
material and testing system.

Ergonomic remote control with display

The entire test can be performed via the display-
equipped remote control unit, independently of the PC.
In addition, rapid, high-precision positioning is possible
via the rocker switch with integrated thumbwheel.

Overview of key advantages of testControl Il electronics

1-6 testControl Il provides 6 flexible, time-syn-
chronized slots, enabling several sensors
to be in use at the same time, with monito-
ring and protection, regardless of use.

K Flexibility through modularity
%

i

<

B Machine compliance correction

“"“ The high-quality drive technology and on-
line machine compliance correction enable
extremely accurate travel measurement
and positioning.

High data transmission rate

High data transmission rate (2000 Hz)
allows fast measurement combined with
maximum reproducibility. This is highly
advantageous for rapid tests, short brittle
fracture events and for tear growth, adhe-
sion and peel tests, for example.

System monitoring

Detailed information regarding current
status and usage level of testing equip-
ment greatly simplifies processes such as
planning maintenance and spares/replace-
ment procurement.

Fast, adaptive drive-controller

The high drive control frequency of

1000 Hz enables fast, precise force and
strain control. Benefits include enabling
components to be loaded very quickly and
accurately with the specified force.

lo!

In addition, all control parameters required
for fast, accurate approach to target posi-
tions are automatically set, enabling time
and cost savings by eliminating the need
for time-consuming pre-tests.

Maximum accuracy

High (24-bit) measured-value resolution
for maximum test-result accuracy and
reproducibility. This means for example
that even minimal force changes on the
specimen can be recorded and displayed
accurately.

Innovative interfaces

E.g. time-synchronised EtherCat® bus sys-
tem allows future-proof sensor integration
to be taken for granted.

LtherCAT ™
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Product Information

ProLine table-top testing machines Z005 up to Z100

Data Value
Load frame
Finish RAL 7021 black grey, stainless steel metallic,

Ambient temperature
Air humidity
Conformity

RAL 3031 orientred
+10 ... +35 °C
20...90 %

ISO 9000 and CE

Drive system

Motor

Input signal, set-value preset
Controller / Cycle time
Positioning, repetition accuracy
Permissible feedback energy

AC servo-motor

digital (real-time Ethernet, EtherCAT®)
adaptive / 1000 Hz

+2 um

Up to 50 % machine utilization

Measurement and control electronics
Number of slots available for measurement
and control modules

Force measurement

Measurement range

Calculated resolution (e.g. in tensile / compression direction)
Data acquisation rate, internal

Test data transmission rate to the PC

Zero-point correction

Measurement signal runtime correction for all channels
Interface for PC

Eco Mode

CE conformity

2 synchronized module bus slots (expandable to 5)"
1 synchronised PCle slots

grade 0.5/ 1 see load cell, to

DIN EN ISO 7500-1, ASTM E4,

up to 165 % of F,

24 bits

400 kHz

500 Hz (optional 2000 Hz)
automatically at measurement begin
yes

Ethernet

yes, power section automatically switched off (time adjustable)

yes, according to machine guidelines 2006/42/EG

Power ratings
Electrical connections
Range of tolerance
Mains frequency

A DCSC module is included in delivery (occupies one module bus slot).

230 VAC
+10 %
50/60 Hz



zwick [ Roell

Product Information
ProLine table-top testing machines Z005 up to Z100

Item number 059008 059010 059011 059012 059013 059021 1025089

Load frame

Test load F, in tensile/compr. direction 5 10 10 20 30 50 100 kN

Test area width 440 440 440 440 440 440 640 mm

Height of test area (dimension A)(' 1070 1050 1450 1050 1370 1370 1360 mm

Max travel of moving crosshead! 1000 980 1380 980 1285 1285 1275 mm

Height 1331 1331 1731 1331 1743 1743 1829 mm

Width 770 770 770 770 850 850 1070 mm

Width with electronics console 917 917 917 917 1000 1000 1205 mm

Depth 358 358 358 358 456 456 602 mm

Depth with electronics console 439 439 439 439 462 462 645 mm

Total weight with electron. console 110 135 150 135 330 330 530 kg

Lower mounting stud dia. 20 20 20 36 36 36 60 mm
(included in scope of supply)

Noise level measured at maximum 59 57 57 58 68 69 60 dB (A)

test speed

Drive unit

Crosshead speed 0,0005 0,0005 0,0005 0,0005 0,0005 0,0005 @ 0,0005

Voo Ve ..1500 ...1000  ...1000 .. 500 ... 300 ... 600 ... 300 mm/min

Increased crosshead return speed 2000 1500 1500 750 500 800 400 mm/min

(at reduced force)

Drive system’s travel resolution 0.039 0.038 0.038 0.018 0.012 0.016 0.0081 um

Positioning, repetition accuracy +2 +2 +2 +2 +2 +2 +2 um

Power ratings

Electrical connections (adjustable) 1PH, N, PE

Mains frequency 50/60 50/60 50/60 50/60 50/60 50/60 50/60 Hz

Power rating 0.8 0.8 0.8 0.8 0.8 1.6 1.6 KkVA

' Without accessories

@ At testing machine Z010 TH the maximum total weight of in the moving crosshead inserted specimen grips and tools is limited to 20 kg

All data at ambient temperature.

All rights reserved.
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Product Information

ProLine table-top testing machines Z005 up to Z100

Data Value
Load frame
Finish RAL 7021 black grey, stainless steel metallic,

Ambient temperature
Air humidity
Conformity

RAL 3031 orientred
+10 ... +35 °C
20...90 %

ISO 9000 and CE

Drive system

Motor

Input signal, set-value preset
Controller / Cycle time
Positioning, repetition accuracy
Permissible feedback energy

AC servo-motor

digital (real-time Ethernet, EtherCAT®)
adaptive / 1000 Hz

+2 um

Up to 50 % machine utilization

Measurement and control electronics
Number of slots available for measurement
and control modules

Force measurement

Measurement range

Calculated resolution (e.g. in tensile / compression direction)
Data acquisation rate, internal

Test data transmission rate to the PC

Zero-point correction

Measurement signal runtime correction for all channels
Interface for PC

Eco Mode

CE conformity

2 synchronized module bus slots (expandable to 5)"
1 synchronised PCle slots

grade 0.5/ 1 see load cell, to

DIN EN ISO 7500-1, ASTM E4,

up to 165 % of F,

24 bits

400 kHz

500 Hz (optional 2000 Hz)
automatically at measurement begin
yes

Ethernet

yes, power section automatically switched off (time adjustable)

yes, according to machine guidelines 2006/42/EG

Power ratings
Electrical connections
Range of tolerance
Mains frequency

A DCSC module is included in delivery (occupies one module bus slot).

230 VAC
+10 %
50/60 Hz
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Product Information
ProLine table-top testing machines Z005 up to Z100

Item number 059008 059010 059011 059012 059013 059021 1025089

Load frame

Test load F, in tensile/compr. direction 5 10 10 20 30 50 100 kN

Test area width 440 440 440 440 440 440 640 mm

Height of test area (dimension A)(' 1070 1050 1450 1050 1370 1370 1360 mm

Max travel of moving crosshead! 1000 980 1380 980 1285 1285 1275 mm

Height 1331 1331 1731 1331 1743 1743 1829 mm

Width 770 770 770 770 850 850 1070 mm

Width with electronics console 917 917 917 917 1000 1000 1205 mm

Depth 358 358 358 358 456 456 602 mm

Depth with electronics console 439 439 439 439 462 462 645 mm

Total weight with electron. console 110 135 150 135 330 330 530 kg

Lower mounting stud dia. 20 20 20 36 36 36 60 mm
(included in scope of supply)

Noise level measured at maximum 59 57 57 58 68 69 60 dB (A)

test speed

Drive unit

Crosshead speed 0,0005 0,0005 0,0005 0,0005 0,0005 0,0005 @ 0,0005

Voo Ve ..1500 ...1000  ...1000 .. 500 ... 300 ... 600 ... 300 mm/min

Increased crosshead return speed 2000 1500 1500 750 500 800 400 mm/min

(at reduced force)

Drive system’s travel resolution 0.039 0.038 0.038 0.018 0.012 0.016 0.0081 um

Positioning, repetition accuracy +2 +2 +2 +2 +2 +2 +2 um

Power ratings

Electrical connections (adjustable) 1PH, N, PE

Mains frequency 50/60 50/60 50/60 50/60 50/60 50/60 50/60 Hz

Power rating 0.8 0.8 0.8 0.8 0.8 1.6 1.6 KkVA

' Without accessories

@ At testing machine Z010 TH the maximum total weight of in the moving crosshead inserted specimen grips and tools is limited to 20 kg

All data at ambient temperature.

All rights reserved.
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