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Summary

This study examines shape-stabilised phase changing materials (SSPCMs) for enabling temperature-
dependent tuning of stiffness and damping. While literature and a reassessment of previous work
showed a proof of concept between a decrease in stiffness due to chain mobility and an increase
in stiffness due to thermal wax expansion, it did not provide sufficient accuracy. To obtain more
reliable insight, in-house SSPCMs were designed, manufactured and characterized using a DMA
machine. Small, well-controlled specimens allowed direct measurement of viscoelastic proper-
ties revealing clear tunable behaviour linked to the wax transition. The results demonstrate that
SSPCM tunability becomes evident only when the wax content exceeds a certain threshold.
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1 | Introduction

In the aerospace industry, there is a continuous drive to develop innovative materials that are
lighter, stronger and more cost-efficient. In the current design process, the evaluation of a struc-
ture’s dynamic properties is typically conducted at the final stage. As a result, implementing
design changes at that point often becomes impractical and costly.

Shape-Stabilised Phase Changing Materials (SSPCMs) offer a potential solution. These mate-
rials can transition between phases, for example from liquid to gas or from solid to liquid, when
exposed to external stimuli such as temperature or pressure. The phase transition alters the ma-
terial properties, which provides a unique advantage: instead of being restricted to one material
with fixed characteristics, the properties can be adapted after manufacturing. The key advantage
is that any material parameter, within a specified range, can be tailored to its application. This
makes the design process easier and it can be implemented in many applications.

An example of a potential implementation is in aircraft wings or wind turbine blades to pre-
vent flutter. Flutter is a dynamic instability of a structure in fluid flow. It occurs when the aero-
dynamic forces exerted on a structure result in a positive feedback loop for the deflection of the
wing or blade, which in turn will excite the eigenfrequency of the wing [17].

An example of flutter in an aircraft wing is displayed in Figure 1.1. This figure shows two
coupled mode shapes, the bending and torsion mode. At low speeds flutter is not a problem,
as the eigenfrequency of two different modes are far away from each other. However, at higher
speeds, the aerodynamic forces change, modifying the effective stiffness, damping and the eigen-
frequency of the wing. As a consequence, when two different eigenfrequencies move close to-
gether, they become aerodynamically coupled. The result is that beyond a certain speed, these
modes start to vibrate simultaneously and the system becomes self-excited and oscillation ampli-
tudes grow rapidly. An increased amplitude or in other words a large displacement is typically
undesired since it reduces the lifetime of the wing or blade.

Figure 1.1: A schematic representation of aircraft wing flutter [45]

There are two possible solutions to counteract uncontrolled vibrations, the first one is to in-
crease the stiffness. This results in a greater separation of the eigenfrequencies of the wing. This
is advantageous because the chance of two eigenfrequency coinciding, resulting in flutter, is re-
duced. To achieve a stiffer wing the most simple option is to add more material to the wing but
this increases weight and thus reduces efficiency. However, a stiffer wing also has some draw-
backs as it increases high-cycle fatigue. Additionally, an excessively stiff wing reduces the aircraft
capability of natural flexing, which is needed to improve passenger comfort by reducing the vi-
brations induced by turbulence.

The second solution is to change the damping. The damping is defined as the sum of the
contribution of the positive damping ratio due to the damping of the material and the contribution
of the negative damping ratio caused by the aerodynamic forces. This means the net damping
can have three values. First, positive net damping, this is the controlled situation, where the
oscillations in the wing the damp out and do not cause any problems. Second, zero net damping,
the vibrations of the structure stay harmonic and do not damp out. In practice this case rarely
happens as the net damping changes constantly. Lastly, the net damping turns negative. The
vibrations grow unbounded and the wing starts to oscillate. The result is damaging or even

1



2 Chapter 1. Introduction

breakage of the wing or blade. This situation arises because, at higher airspeeds, aerodynamic
forces increase quadratically with velocity. When this growth exceeds the structural damping
capacity, the total damping can no longer remain positive, meaning the structural damping ratio is
insufficient to counter the aerodynamic contribution [46]. To resolve this issue, the damping could
be increased, but this introduces several drawbacks. The most substantial one is that excessive
damping reduces the responsiveness of control surfaces. This weakens the aircraft’s ability to
perform rapid and precise manoeuvres, which may be required in fighter aircraft. Moreover, high
damping disrupts the balance by absorbing energy that would otherwise facilitate the necessary
deformations for optimal lift and drag distribution [91].

This reveals the central challenge: flutter prevention requires precise control of both stiffness
and damping, yet traditional materials offer no means of tuning these properties during opera-
tion. SSPCMs, however, introduce that capability. By using temperature as a trigger, SSPCMs
can shift from low- to high-damping behaviour, allowing the material to act as a temperature-
dependent viscoelastic damper. Such tunability offers three major benefits: design freedom after
fabrication, structural optimisation for varying load cases, and reduced reliance on conservative
worst-case design assumptions.

This establishes the basis for the objective of the present work. Although tuning stiffness and
damping simultaneously is challenging due to competing physical mechanisms, SSPCMs pro-
vide a pathway to achieve such behaviour. The goal of this study is therefore, to characterize, design
and develop state-of-the-art SSPCMs capable of adjusting stiffness and damping through controlled tem-
perature changes. This is achieved by examining different silicone rubber–wax compositions and
analysing how their combined thermomechanical behaviour enables controlled tuning.

To achieve this goal, the report is structured into five main sections. Section 2 presents the lit-
erature study, which examines in detail the fundamental behaviour of SSPCMs. It discusses the
material properties of the constituents of SSPCM: silicone rubber and paraffin wax in Sections 2.1
and 2.2. It will identify the key factors that govern the thermomechanical response and integrates
this knowledge to establish a solid foundation for understanding SSPCMs as a combined system
from a material science point of view. It will also provide the necessary background information
about polymers in Section 2.3 and how the viscoelastic material properties can be assessed us-
ing a dynamic mechanical analyser (DMA) machine in Section 2.4. The chapter concludes with a
general summary of SSPCMs in Section 2.5.

Section 3 provides the fundamental principles of modal analysis. Section 3.1 first examines the
concept of damping. This is followed by a more sophisticated analysis method for determining
the modal properties of MDOF systems. The discussion begins with an undamped free vibration
SDOF model in Section 3.2 and progresses to a forced vibration MDOF model with hysteretic
damping in Section 3.3. These models are subsequently applied in the Experimental Modal Anal-
ysis described in Section 3.4, after which the modal parameters are determined using the methods
outlined in Section 3.5.

This is followed by Section 4, which applies the previously established knowledge to perform
a theoretical review of the SSPCMs developed by Flint in Section 4.1. Next, these same SSPCMs
are experimentally evaluated using a modal shaker and hammer test, the corresponding stiff-
ness and damping properties are reported in Section 4.2 focusing more on a structural dynamics
perspective.

Section 5 combines the obtained knowledge from the theoretical and experimental test of the
SSPCMs to design, develop and manufacture in house SSPCMs with the capability of tuning the
stiffness and damping. The materials used in SSPCMs will be reconsidered in Sections 5.1 and 5.2.
The newly made SSPCMs will be manufactured in Section 5.3 and tested using a DMA machine
in Section 5.4. In Section 5.5 the results of these in house samples are evaluated and concluded in
Section 5.6.

Finally, Section 6 presents the overall conclusions drawn from this work. It also outlines sev-
eral directions for future research that could further advance the understanding and development
of the tunability of SSPCMs.



2 | Literature study

SSPCMs are hybrid materials composed of two constituents: a matrix material and a phase-
changing filler. They can be seen as composite materials in which the matrix provides structural
support and keeps the filler contained, even when the filler becomes liquid at higher tempera-
tures. Typical matrix materials include polyurethane, polypropylene, epoxy and silicone rubber.
The filler commonly consists of phase changing materials (PCMs) such as paraffin wax, which
undergoes significant volumetric expansion during melting. It is essential to first examine the
properties of the individual constituents, before the overall behaviour of SSPCMs can be under-
stood. Therefore, the literature study is divided into five sections. Starting with Section 2.1, which
discusses the classification and composition of PCMs, followed by their key material properties.
Section 2.2 presents the same structure for the matrix material. Section 2.3 then provides an exten-
sive overview of how temperature, frequency, strain and preload affect the viscoelastic behaviour
of polymers. Section 2.4 explains the working principles of DMA testing and lastly, Section 2.5
presents state of the art research on the material properties of SSPCMs.

2.1 Phase Changing Materials

PCMs are compounds that release or absorb a large amount of heat during a phase transition.
This latent heat is stored within the material and can be used for temperature regulation, since
the temperature remains nearly constant during the phase transition. Furthermore, PCMs such
as paraffin waxes are chemically inert, non-corrosive and are safe to handle, which makes them
suitable for both research and industrial applications.

2.1.1 Classification

Figure 2.1 shows the main categories of PCMs: organic, eutectic and inorganic. Within the or-
ganic group, non-paraffin PCMs such as fatty acids and glycols are excluded from the research
because they are flammable, have low thermal conductivity, are more expensive than paraffins
and may be mildly corrosive [97]. Organic paraffins are included due to their suitable melting
range, high volumetric expansion and low cost. On the inorganic side, only metallic PCMs are
considered. Salt hydrates are excluded because they suffer from phase separation, supercooling
and poor long-term stability [97]. Eutectic PCMs are shown for completeness but are not investi-
gated further.

Figure 2.1: Classification of PCMs
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4 Chapter 2. Literature study

2.1.2 Composition

Paraffin compounds are manufactured from petroleum. This is refined and de-waxed and the
resulting product is paraffin wax. Paraffin waxes are mixtures of saturated hydrocarbons with
typical chain lengths ranging from 20 to 50 carbon atoms. Their molecular structure is dominated
by carbon carbon backbones bond with methyl groups at both ends. Although they are primarily
composed of linear n-alkanes, they also contain iso-paraffins, cycloparaffins and small amounts
of benzene rings. In general, they follow the chemical formula CnH2n+2, where n denotes the
number of carbon atoms in the chain. Paraffin waxes are often categorised by chain length, with
soft waxes containing approximately 20 to 30 carbon atoms and hard waxes containing roughly
30 to 40 carbon atoms. The distribution of chain lengths, together with the presence of linear,
branched and cyclic hydrocarbons, ultimately determines the final material properties. Hard
waxes typically contain very little oil and are composed mainly of linear paraffin chains. These
chains can pack efficiently, creating a dense crystalline structure. This dense packing increases the
cumulative van der Waals forces, which contributes to a harder material with a higher melting
area. The longer the carbon chains the stronger the intermolecular forces and as a result, hard
waxes display higher crystallinity and stiffness. In contrast, soft waxes contain more oil and a
larger proportion of iso-paraffins, cycloparaffins and benzene rings. These irregular and branched
structures prevent efficient packing, producing a less dense and more amorphous structure with
a lower melting point.

2.1.3 Applications

Typical applications of general PCMs include their use in buildings to passively manage indoor
temperatures in a more sustainable way, eliminating the need for active heating or cooling [103].
They are also commonly applied in heat sinks, solar energy storage systems, and even in textiles
to create thermally adaptive clothing [80]. In most of these applications the intrinsic property of
high coefficient of thermal expansion (CTE) in wax is undesirable. In this research, however, this
property is deliberately exploited to enhance make the tunability of the material properties pos-
sible. Typical applications of hard paraffin waxes include coatings, adhesives and, most notably,
candles. Soft waxes, on the other hand, are more commonly used in cosmetics and as lubricants
[79].

2.1.4 Melting area

The melting area of soft and hard paraffins waxes depend on the exact composition of the wax.
Waxes always contain different length of hydrocarbons each with a different melting point, there-
fore, it is more common to talk about a melting area [2]. For pure hydrocarbons each increase in
carbon atom adds around 3 °C to the melting temperature, starting from 17 carbon atoms at 22 °C
up to 50 carbon atoms and 120 °C [114].

2.1.5 Thermal conductivity

Thermal conductivity, denoted by λ, expresses how much heat per second flows through a ma-
terial per unit area and per unit temperature gradient, meaning that materials with a high value
conduct heat efficiently, whereas those with a low value do not and act as insulators. Paraffin
waxes fall into the latter category. They have a very low thermal conductivity of only 0.2-0.4
W/(mK) [92], which is roughly a factor of 1000 lower than that of standard aluminium. A com-
mon approach to increases the thermal conductivity often necessitates the addition of conductive
fillers like graphite powder. This enhances the thermal conductivity by a factor 10 [12, 118].

Several studies have shown that the thermal conductivity of paraffin waxes increase at the
onset of melting area and reaches its maximum near the melting point of the most dominant
hydrocarbon. Once the phase transition is complete and the material is fully liquefied, the thermal
conductivity decreases again to its initial value [58, 103].

Most research do not specify the difference between soft and hard wax therefore, it is as-
sumed that the thermal conductivity is the same for both. However, in reality, paraffins with a
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more branched structure (like soft wax) should show a reduction in the thermal conductivity in
the solid phase as branching hinders neat alignment and crystallization which enhance thermal
conductivity [15]. Therefore, it is expected that in practice hard paraffin wax has a higher thermal
conductivity than soft paraffin wax.

2.1.6 Coefficient of thermal expansion

The coefficient of thermal expansion, denoted by α for linear CTE and αv for volumetric CTE, is an
important property as it will be used as the primary mechanism to change the material properties.
It says something about how much a material expands per unit temperature. Paraffins undergo
large volume expansion during the solid-to-liquid transition. For a hydrocarbon with a chain
length of 24 carbon atoms, this expansion can be up to 22.9 % over a 50 °C temperature range (αv

= 4580 ppm/K) [116]. However, most paraffins are mixtures of different length of hydrocarbons.
Research showed that high purity of the paraffin wax is important to achieve high CTE. Just as
the thermal conductivity the maximum thermal expansion occurs in the melting area. Paraffins
waxes are a mixture of different hydrocarbons, so the melting area is very broad and as a result
the CTE is lower when compared with pure hydrocarbons [108].

A pivot in most reports is that only a single CTE value is provided, even though waxes ex-
hibit strong temperature dependence and ideally a full CTE curve over the relevant temperature
range should be reported. An schematic of such a curve is presented in Figure 2.2. It shows
that when the wax is in solid phase the volume change is little however, when the tempera-
ture approaches the melting area the volume change increases significantly. The slope of the
temperature-volumetric expansion graph is directly related to the CTE. A steep slope indicates a
great volume change so an increase CTE. The highest CTE is thus present in the melting range.

Several studies have reported volumetric CTE values for paraffin waxes ranging from 400 to
2000 ppm/K [58, 71, 108], which is one to two orders of magnitude higher than typical values for
metals [110]. Manufacturers also report volume changes of approximately 10 to 15 percent during
melting [37, 38, 39, 71].

Lastly, it is also important to characterize the CTE. Several techniques can be used to determine
the CTE, including dilatometry, thermo-mechanical analysis (TMA), X-ray diffraction, laser inter-
ferometry and digital image correlation (DIC). For PCMs, the most common approaches are TMA
and dilatometry, the latter often relying on using a pycnometer to determine density changes
[58, 71].

Figure 2.2: Typical temperature-volumetric expansion curve of paraffin wax

2.1.7 Limitations

Paraffin waxes also present certain limitations. They are flammable, meaning that any contact
with flames must be avoided. In addition, hard paraffin waxes are often brittle at room tem-
perature and should therefore be handled with care. Next, reaching temperature above 200 °C,
decomposes the wax. This makes the phase transition process irreversible and the PCM unusable
[104, 119]. The final element that should be assessed is the solid to liquid phase change. When



6 Chapter 2. Literature study

the wax is tested above the melting temperature it turns liquid and will lose its shape and, if not
enclosed, it will leak. A possible solution is to combine the wax with a second material called the
matrix. This material will act as encapsulation and keeps the wax contained and will be discussed
in the next section.

2.2 Matrix materials

Several materials can serve as a matrix for PCMs. Although alternatives such as polyurethane
and epoxy are discussed in Sections 5.1.2 and 5.1.1, silicone rubber is discussed in this section.
It focuses on silicone rubber by outlining its composition and common applications, followed by
the key material properties relevant to SSPCMs.

2.2.1 Composition

Silicone rubber is a synthetic viscoelastic elastomer compound composed of a main backbone of
Si-O bonds connected by organic side groups such as methyl (−CH3) or vinyl (= CH2). Therefore,
Silicone rubbers are also commonly denoted as polysiloxane. Most silicone rubbers consist of two
components. The first component is the base polymer and consists of silicone with methyl en
vinyl side groups on each and an additional catalyst. The second component is the crossing
agent and contains silicone hydride (Si −H). To create silicone rubber, the two components are
mixed and then the catalysis or cure starts. The silicone rubbers used within this research are all
platinum-cured compounds. This is a basic addition reaction where a vinyl group reacts with the
hydrogen atom in the curing agent in the presence of a platinum catalyst to form a cross-linked
3D network. The formation of this network takes place under ambient conditions because the
silicone rubber is a room-temperature-vulcanizing (RTV) system. Its vulcanization is irreversible,
meaning the material cannot be reshaped once cured, which classifies it as a thermoset [5, 7]. This
provides excellent thermal stability but limits recyclability.

2.2.2 Applications

Silicone rubber is used in a wide variety of applications. From automotive applications utilized
for gaskets and seals to the food industry where it is used for flexible baking ware and storage
containers due to its high temperature resistance and flexibility. It is also commonly used in
medical industry to create implants or prosthetics [115].

2.2.3 Thermal conductivity

The thermal conductivity of silicone rubber is comparable to that of paraffin wax. Silicone rub-
bers act as insulators, with typical values ranging from approximately 0.2 to 0.8 W/(mK) [5, 54,
99, 109]. Although this can be improved by incorporating thermally conductive fillers such as
aluminium oxide or boron nitride [57], doing so increases the complexity of the SSPCM system.
To maintain simplicity, fillers are therefore, not considered further in this work. Unlike paraffin
wax, the thermal conductivity of silicone rubber shows only slight variation with temperature
and remains roughly constant throughout the rubbery region [62].

2.2.4 Coefficient of thermal expansion

The Free Volume Fraction, or Fractional Free Volume (FFV), plays a central role in determining
the CTE. It is a dimensionless parameter that indicates how much of the polymer’s volume is not
occupied by material and therefore reflects how much “empty” space is present. This concept
forms the basis for several important material relations. A more detailed explanation of FFV is
provided in Section 2.5.4.

The CTE of polymers can be understood as the combined result of two molecular mecha-
nisms influencing the FFV: a vibrational contribution and a configurational contribution. Below
the glass transition temperature, thermal expansion is governed almost entirely by anharmonic
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molecular vibrations. In this regime, the free volume remains constant because polymer mobil-
ity is restricted. These local vibrations create only small changes in intermolecular spacing and
therefore, contribute minimally to the CTE. Above the glass transition temperature, the situation
changes. While the vibrational contribution remains approximately constant, the configurational
contribution becomes active [69]. In this state, polymer chains have sufficient mobility to shift
into new configurations which generate additional free volume. This configurational mechanism
is the dominant driver of thermal expansion in the rubbery state and is typically two to three times
larger than the vibrational contribution [69]. The combined effect can be expressed by Equation
2.1, where the configurational term is zero when the temperature is below the glass transition
temperature.

Reported CTE values in the rubbery state (αT>Tg
)) are widely available. For example, Adams

et al. [3] measured a linear CTE of approximately 250 ppm/K for DC745 silicone rubber between
-30 °C and 60 °C using a TMA machine. Other studies state similar values in the range of 200 to
400 ppm/K [5, 6, 61, 63, 93]

αT>Tg
= αvibrational + αconfigurational ≈ 3αT<Tg

(2.1)

2.2.5 Castability
Soft silicone rubbers are well known for their ability to accurately replicate the shape of the mould
in which they are cast. This property makes it easy to produce a wide variety of geometries using
silicone rubber materials.

2.3 Influence of different factors on the viscoelastic properties of
polymers

To tune the dynamic properties of an SSPCM, it is essential to identify which parameters most
strongly influence the stiffness and damping behaviour. These parameters can be grouped into
factors that modify the polymers composition at microscopic (compositional) level and those that
affect the behaviour at macroscopic (operational) level. Microscopic factors include cross-link
density, molecular weight, the ratio between base polymer and curing agent and the presence
or number of fillers. Macroscopic factors include the temperature, excitation frequency, strain
amplitude and the static or dynamic (pre)load. Since this study adopts a macroscopic perspective,
only the influence of these operational parameters will be examined in the sections below. In
polymer science the stiffness and damping are not often used to describe the material behaviour,
as a results three new material properties are introduced: storage modulus, loss modulus and loss
factor.

The storage modulus, denoted by E′, is the elastic part of the materials response, it indicates
how much of the stored energy is returned during a cycle of deformation. It is a measure for the
stiffness of the material. A high storage modulus indicates a high stiffness and means that the
material acts more as a solid.

The loss modulus, denoted by E′′, is the viscous part of the material response. It says some-
thing about how much energy dissipated during once cycle of deformation. A high loss modulus
indicates a greater capacity for energy dissipation.

The loss factor, denoted by tan(δ), describes the damping behaviour of a polymer and is de-
fined as the ratio of the loss modulus to the storage modulus, as shown in Equation 2.2. A high
loss factor indicates strong damping capacity, whereas a low value reflects limited damping.

tan(δ) =
E′′

E′ (2.2)
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2.3.1 Temperature dependence

Temperature is arguably the most dominant parameter influencing the damping properties of vis-
coelastic materials. The viscoelastic behaviour is not a simple linear function of temperature but
instead is characterized by the behaviour of different regions which are connected to molecular
mobility. The influence of temperature in different regions on the storage modulus, loss modulus
and loss factor is discussed using Figure 2.3. Starting at the glassy region and ending beyond the
terminal zone.

Silicone rubber does not exhibit a melting temperature like semi-crystalline paraffin wax be-
cause it is an amorphous polymer. These types of polymers only contain a glass transition tem-
perature. This temperature marks the range where the polymer transition from rigid, hard, glassy
state to a soft, elastic rubbery state. This is represented by a peak in the viscoelastic properties in
the glass transition region in Figure 2.3.

In the region below the glass transition temperature, molecular mobility is highly restricted
and the polymer chains are effectively frozen in place. As a result, the material resists deformation
well, which leads to a high stiffness and therefore, a high storage modulus. The loss modulus is
low in this range but increases slightly as the temperature approaches Tg , mainly due to secondary
relaxation mechanisms where localized motions of side groups become active and can dissipate
energy. The loss factor remains very low because the storage modulus is dominant over the
loss modulus, yet it increases slightly as these secondary relaxations introduce additional energy
dissipation increasing the loss modulus [8]. This is all shown in the glassy region of Figure 2.3.

As the material enters the glass transition region, the α-relaxation is activated. When the tem-
perature increases, the polymer backbone gains mobility and segmental motion begins, leading
to a gradual softening of the material. The glass transition does not occur at a single temperature
but over a range in which molecular mobility progressively increases. This allows the chains to
rearrange more easily, causing the storage modulus to decrease. The α-relaxation also increases
internal friction, which produces a peak in the loss modulus. Immediately after, at higher tem-
peratures, the mobility of the polymer chains become fully activated, allowing them to respond
rapidly to deformation. This dissipates less energy and reduce the modulus because the chains
can move past each other with greater ease. The loss factor reaches its maximum because the stor-
age modulus decreases more rapidly than the loss modulus in this region. For applications where
maximum damping is desired, the material should be tested in the vicinity of the glass transition
temperature. For silicone rubber, this is between approximately -120 and -100 °C [56, 81, 113].

The rubber plateau is the third region in Figure 2.3. Above Tg , the material is very soft and
flexible as the molecular chains gained large scale mobility. However, the material is still able to
provide elasticity due to the formed cross-links and chain entanglements, those are weaker than
molecular restriction in the previous two region but can still provide some resistance against de-
formation resulting in a moderate storage modulus. The loss modulus remains constant through-
out this region, because of the chain mobility. The loss factor decreases drastically after Tg and
stabilizes on a low constant value. The applicability to silicone rubber is as follows. Having a Tg

Figure 2.3: Temperature influence of an amorphous polymer on viscoelastic properties [59]
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between -120 and -50 °C and usage scenario between -25 and 60 °C, means the silicone rubber is
used in the rubbery plateau region, where the damping capacity of the polymer is significantly
lower than at the glass transition temperature. Typical values between 0.05 to 0.4 are encountered
for room temperature [18, 41, 42]

The terminal zone marks the transition from a rubbery, elastic response to a viscous state. In
this region, the molecular chains have sufficient mobility to flow freely, the only force keeping
the polymer together, are the entanglements. As a result, the storage modulus drops to nearly
zero. The behaviour becomes dominated by viscous flow, allowing the material to dissipate large
amounts of energy, which is reflected by an increase in the loss modulus. Due to a decrease
in storage modulus and an increases in loss modulus, the loss factor rises, as can be seen in
Figure 2.3. Since the polymer behaves essentially as a liquid, this region is avoided in engineering
applications that require structural integrity [41]. For silicone rubbers, the terminal zone typically
occurs around 200–230 °C [101, 102].

At even higher temperatures the material enters the thermal degradation zone, where chemi-
cal bonds begin to break. This process is irreversible and leads to a loss of all functional properties.
For paraffin wax, degradation typically starts around 200–250 °C [94], while silicone rubbers de-
grade between roughly 250-400 °C [113]. These temperatures lie far beyond the range shown in
Figure 2.3.

2.3.2 Frequency dependence

The viscoelastic properties of silicone rubbers are also highly dependent on the frequency of the
applied load. This dependency is due to the relaxation time of the polymer chains. At low fre-
quencies, the polymer chains have the time to adapt to the applied deformation. The chains can
easily rearrange and flow past each another, resulting in viscous like behaviour. When the fre-
quency is increased the chains do not have sufficient time to rearrange and will act more like
springs resulting in a stiffer response.

When the loading frequency increases, both the storage modulus and the loss modulus rise as
well. Because these two quantities increase simultaneously, it is not known beforehand whether
the loss factor will increase or decrease. What is certain however, is that the loss factor eventually
reaches a maximum. This peak occurs when the excitation frequency matches the characteristic
frequency of the polymer’s primary relaxation process, the α-relaxation, at which the material
dissipates the greatest amount of energy.

For silicone rubber at room temperature, the situation is different. Because the material is far
above its Tg , the α-relaxation cannot be reached within accessible frequency ranges. According
to the Time-Temperature Superposition Principle (TTSP), which is explained in more detail in
Section 2.4.2, the large temperature distance above Tg must be compensated by an enormous
upward shift in frequency. As a result, the α-relaxation peak for silicone rubber lies at extremely
high frequencies, far beyond the range of standard testing equipment and practical applications
[68].

2.3.3 Strain amplitude dependence

Material behaviour is often assumed to be linear viscoelastic, meaning that stress and strain are
proportional and independent of the strain amplitude. In reality, this linearity only holds for
small deformations. As the applied strain increases, the material response becomes non-linear.
The strain range in which the material still behaves linearly is known as the linear viscoelastic
(LVE) regime. Identifying this regime is essential to test the material properties. To find this
region a DMA test is executed where the temperature and frequency are kept constant and the
dynamic strain amplitude is changed in a logarithmic way from very low dynamic strain am-
plitude (0.001 %) to high dynamic strain amplitude (100 %). The next step is to plot the storage
against the dynamic strain, the point where the modulus deviation is around 5 % of the initial
value, is defined as the critical dynamic strain and all measurement hereafter must be performed
below this critical strain to stay in the LVE regime [51].
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2.3.4 Static and dynamic preload dependence

The next parameter influencing the viscoelastic response is the static preload. The primary pur-
pose of this preload is to prevent slippage during testing and to maintain a consistent geometry,
thereby ensuring that the specimen initial length remains constant throughout the measurement.
Applying a static preload to an elastomer deforms its polymer network. If the preload is small,
the effect is negligible, which is desirable. However, when the preload is large, it can change the
molecular orientation and increase the stiffness of the material [78]. A study of Cortazar showed
that the storage modulus is bigger for lower preloads in the glassy region, while in the rubbery
region the opposite is true. A frequency sweep test in the rubbery region was performed and
showed for different prestress levels, ranging from 2 to 12 N, an increase in storage modulus of 58
%, while the influence on the loss factor was negligible. The work also revealed that Tg increases,
with increasing preload [25].

The last parameter is closely related to the static preload and is the dynamic preload. This is
the oscillatory component of the total applied load. Mathematically they are related as shown
in Equation 2.3. This equation reveals that the static preload must always be greater than the
dynamic preload to ensure that sample is always in tension. If this is not the case the total load
would become negative and the sample would go from tension to compression.

The final parameter is the dynamic preload, which represents the oscillatory part of the total
applied load and is directly related to the static preload, as shown in Equation 2.3. This relation-
ship shows that the static preload must always exceed the dynamic preload to keep the sample in
tension. Otherwise, the total load would become negative and the measurement invalid.

ϵ(t) = ϵstatic + ϵdynamic sin(ωt) (2.3)

2.4 Dynamic Mechanical Analysis

The viscoelastic material properties described above can be measured using a Dynamic Mechan-
ical Analysis (DMA) machine. This section introduces what a DMA machine is and the basic
working principles. When the viscoelastic materials are determined the TTSP is discussed and
the shift factors to construct the master curves.

2.4.1 Working Principle

DMA is a technique to characterise the viscoelastic properties of a polymer or rubber compound.
The working principle is that a sinusoidal stress or strain is applied to the material. The response
of the material is measured and tells something about the material properties. When the material
is fully elastic the response will be in phase with excitation, indicating the stress and strain are
proportional by the Young’s modulus. At the other end of the spectrum, the material is completely
viscous and the phase lags exactly 90° behind the excitation, meaning that the stress and viscosity
are proportional by the strain rate. For viscoelastic materials the response is a combination of the
elastic and viscous behaviour, resulting in a phase angle between 0 and 90°. Using this this the
storage modulus, loss modulus and loss factor can be determined [52].

The DMA machine used in this research is shown in Figure 2.4b and a simplified schematic
of its internal components is presented in Figure 2.4a. It shows that the sample is driven by
a linear motor that imposes a small oscillatory deformation. When the furnace heats up, the
sample expands. This is directly linked to the displacement of the probe which is recorded by a
Linear Variable Differential Transformer (LVDT). When the measured displacement is compared
to the applied force of the linear motor the phase lag can be determined, from this relationship
the storage modulus, loss modulus and loss factor are computed.

In a stress-controlled measurement the force is controlled. This approach is often used for
stiff materials and in creep or relaxation tests. When the DMA tries to maintain the target force,
it keeps applying the force even though the material can no longer sustain it. This can cause
the strain to grow rapidly resulting in excessive deformation. To avoid this, a strain-controlled
measurement is introduced, where the deformation is controlled. Silicone rubber is a very soft
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material, Since silicone rubber is very soft, strain-controlled testing is the appropriate choice [84].

(a) Schematic representation of a DMA machine
(b) The DMA 523 Eplexor (middle), the liquid nitrogen tank
(left) and the computer (right)

Figure 2.4: Overview of the DMA setup and instrumentation

2.4.2 Time-Temperature Superposition principle

The TTSP states that the influence of frequency and temperature on the viscoelastic properties
of a polymer are equivalent. This implies that increasing the temperature has the same effect as
decreasing the frequency and vice versa. This equivalence allows data taken at different isotherms
to be horizontally shifted along the frequency axis until the curves overlap. These shifts create a
single, continuous master curve, which shows the viscoelastic properties over several decades of
frequency. A schematic master curve is shown by the bolt line T0, in Figure 2.5a.

However, there are some limitations to when the TTSP holds. First the material must remain
intact and must not change morphology. This means no additional molecular transitions such
as crystallization, melting or phase change can occur. Next, it is important that each isotherm
covers the same range. Also, the material should be excited within the LVE region. However,
The most important one is that the material must be thermorheological simple, this means that a
measurement can only be shifted horizontally along the frequency axis without altering the shape
of the isotherm. To achieve this an isothermal curve is moved an arbitrary amount determined
by the shift factor. Mathematically this is shown in Equation 2.4, where the viscoelastic properties
(Υ) are a function of f and fref , the measured frequency range and scaled frequency, T and Tref

the environmental temperature and reference temperature and lastly the horizontal shift factor
aT [68]. The shape of the master curve is governed by these shift factors, which are examined
further in the next section.

Υ(f, T ) = Υ

(
fref
aT

, Tref

)
(2.4)

2.4.3 Shift factors

The shift factor is the amount of translation needed to transform the isothermal curve at temper-
ature T to the reference temperature Tref . There are several ways to calculate the shift factors, the
easiest one is to manually adjust all the shift factors such that the data of a isotherm corresponds
with the reference isotherm. This is very tedious and operator dependent process. An improved
method is to use the Root Mean Square error (RMSE) method which minimizes the horizontal
distance between adjacent isotherms by means of extrapolation of the current curve. A drawback
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of this method, is that the extrapolation method is highly sensitive to the input data before and to
the type of extrapolation.

The final method that resolves this limitation is the closed form shifting (CFS) method, which
provides a deterministic and fully automated procedure for computing the shift factors. The
method operates by minimizing the area between two isothermal measurements. Any pair of
isotherms contains a region where their modulus values overlap, known as the overlapping win-
dow and is illustrated in Figure2.5b. The objective is to horizontally translate the isotherm at
temperature T1 onto the reference isotherm at T0 such that the area enclosed within this over-
lapping window becomes zero. The x-axis is logarithmic, this means that the found shift factors
for minimizing the area are linear in log(aT ). This linearity enables the derivation of an explicit
closed form expression, removing operator-dependent bias and eliminating the need for complex
interpolation functions [68]. Both the RMSE method and the CFS method are used in this work to
determine the shift factors for each isotherm and use these to construct the master curves.

A different way to interpret the shift factors is to examine the trend as a function of temper-
ature. Several models can describe this behaviour, including the Williams–Landel–Ferry (WLF)
model, the Arrhenius model, the Vogel–Fulcher model and the Doolittle model [13]. Each model
introduces its own correction terms and assumptions, making it applicable to specific temperature
regions of the polymer. Despite these differences, they all originate from the Arrhenius relation.
In this work, only the WLF and Arrhenius models are considered.

(a) A simplified representation of the TTSP [9] (modified) (b) Schematic explanation of the CFS algorithm

Figure 2.5: Overview of the TTSP and schematic of the CFS method

Williams-Landel-Ferry model

The WLF model is an empirical relation based on free-volume theory, which states that the FFV
increases linearly with temperature above Tg . Below Tg however, the free volume is essentially
frozen, its contribution to segmental mobility becomes negligible and it remains constant with
temperature. Above Tg , the free volume begins to increase, making the WLF model applicable
only within the range from approximately Tg to Tg + 100 °C [60]. An additional assumption is
that the polymer must be fully amorphous and that the same assumptions as for the TTSP hold.

The WLF model is defined in Equation 2.5. It shows the logarithmic shift factor depends on the
two free volume constants, called C1 and C2, and the temperature difference between the selected
and reference temperature. The WLF constants are determined by plotting the logarithmic shift
factor versus the absolute temperature, by iterative procedure the best fits for the free volume
constants are found. The constants are dependent on the reference temperature chosen and do
not tell anything about the material properties. Fortunately, WLF invariants have been defined,
which are independent of the reference temperate. The first WLF-invariant tells something about
when all motion within a polymer is completely restricted for that polymer (T∞ = Tref −C2), the
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second and more important invariant is the product of the free volume constants (C1 · C2). For
amorphous polymers this should be in range between 900 K and 1500 K [13].

log(aT ) =
C1(T − Tref )

C2 + (T − Tref
) (2.5)

Arrhenius model

The WLF model has the limitation that it is not valid at temperatures below Tg , because the rela-
tion between free volume and thermal expansion breaks down. As a result, the temperature de-
pendence of relaxation is no longer governed by free-volume expansion but instead dominated by
surpassing an energy threshold. The Arrhenius model remains applicable under these conditions
because it does not rely on free-volume concepts and instead characterises the relaxation process
through an activation energy (Ea) [68]. The Arrhenius law expresses this behaviour through an
exponential temperature dependence, as shown in the first part of Equation 2.6, where τ is the
relaxation time, R is the universal gas constant and A the Arrhenius factor. When the ratio of
relaxation times is taken of the working temperature and the reference temperature, it results in
the last part of Equation 2.6. The activation energy becomes the only unknown and is used as an
invariant to characterize the material.

τ(T ) = Ae−Ea/RT → log(aT (T )) = log
τ(T )

τ(Tref )
=

Ea

R ln(10)

(
1

T
− 1

Tref

)
(2.6)

2.5 Shape-stabilised Phase Changing Materials

The material characteristics of the individual constituents of SSPCMs have been identified to-
gether with viscoelastic properties of polymers. This section of the literature review integrates
the information on the matrix and filler materials to explain how SSPCMs change with increasing
wax content and how this can be used to tune their material properties. The goal of this section
is to elaborate on different types of SSPCM, cover dominant material characteristics and discuss
the concept of Free Fractional Volume for different wax contents.

SSPCMs is a two-component system where the PCM is encapsulated within a supporting ma-
trix. This matrix is designed to be solid at all operating temperatures and provides the mechanical
integrity to retain shape, even when the PCM component is fully molten. To achieve this a vari-
ety of encapsulation techniques can be used, for example micro encapsulation, metallic support,
carbon-based support, polymer matrix or metal organic framework. The scope of this research is
limited to only polymer matrix encapsulations. These are divided into polyolefins, epoxies and
silicone rubbers.

Early studies used mainly polyolefins like HPDE, LDPE, LLDPE as a matrix materialsin com-
bination with paraffin wax as a filler material. They showed good encapsulation and prevented
leakage. However, they showed very limited thermal conductivity of 0.33 - 0.43 W/mk for LDPE
and 0.42 - 0.51 W/mK for HDPE. To solve this a filler like graphite can be added, graphite is misci-
ble with polyolefin/wax blends. It turns out that the thermal conductivity of the blends increases
almost linearly with the addition and increase in the content of the conductive filler irrespective
of the conductive particle used [79].

2.5.1 Viscoelastic properties
More recent works have turned to silicone rubber matrices to create SSPCMs. A study of Shi et al.
[98] showed the influence of wax content on silicone rubber-wax compounds. They performed a
DMA test to find the viscoelastic properties of the different composition ranging from 0 % wax to
30 % wax. They found that at temperatures below the wax melting area (around 50 °C), adding
wax increases the storage modulus. Once the temperature is within the melting area, the storage
modulus dropped by a factor of 10, see Figure 2.6a. For compounds with a high wax content this
drop was even more significant. This result is consistent with the theory: at low temperatures, the
wax is a solid and is dispersed within the silicone rubber matrix, as semi-crystalline paraffin wax
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has a higher modulus than the silicone rubber, the net modulus increases. When the temperature
is outside the melting area, the wax has turned into a liquid no longer acting as a reinforcement.
Instead, it functions as a plasticizer for the silicone rubber polymer chains. A plasticizer increases
the chain mobility and reduces the modulus. The higher the wax content the more profound this
effect is [98].

The loss factor for the different wax compositions is shown in Figure 2.6b. The highest loss
factor is observed in the SSPCMs with the highest wax content, demonstrating that damping ca-
pacity increases with wax content in the melting area. Notably, the temperature at which the
peak loss factor occurs does not shift with wax composition. All mixtures exhibit their maxi-
mum damping at the same temperature where the storage modulus drops. This indicates that
the melting area of the wax governs the peak position of the loss factor, independent of the wax
composition. Beyond this melting area, the loss factor decreases as the material transitions into
the rubbery state, as explained in Section 2.3.1. Shi et al. also reported that the amplification of the
loss-factor peak becomes significant only when the wax content exceeds approximately 20 wt%.
Furthermore, the study found that the elongation at break decreases with increasing wax content.
The presence of solid wax makes the SSPCM more brittle, resulting in lower strain at failure [98].

(a) E′ for various silicone rubber–wax compositions (b) tan(δ) for different silicone rubber–wax compositions

Figure 2.6: The viscoelastic properties of the silicone rubber–wax compositions, as determined from DMA measure-
ments [98]

2.5.2 Coefficient of thermal expansion

In silicone rubber–wax SSPCMs, the wax content largely determines the overall thermal expan-
sion, as the PCM undergoes the most significant volumetric change during melting of the wax.
The silicone rubber matrix, characterised by high flexibility and a large elongation at break, can
stretch and deform to accommodate this expansion without losing structural integrity. This elas-
tic behaviour makes silicone rubber a suitable matrix material. The CTE of silicone rubber is
expected to remain nearly constant over the measured temperature area (discussed in Section
2.2.4), whereas the wax shows a sharp increase in the melting area (discussed in Section 2.1.6).
The highest CTE therefore, occurs at the wax melting area.

2.5.3 Thermal conductivity

As mentioned in Section 2.1.5 and 2.2.3, the thermal conductivity of silicone rubber and wax are
very low, both acting as an insulator. The results is that increasing the wax content does not result
in a significant change to the total thermal conductivity [98].
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2.5.4 Fractional Free Volume
The Free Volume Fraction (FFV) is a parameter that defines how much unoccupied space there is
within the material. It is defined by Equation 2.7 and can be interpreted as the ratio of the free
volume over the occupied volume, where the specific volume (Vsp) is the inverse of the materials’
density [117]. It shows that the material properties are not governed by the total volume but by
the free volume. Moreover, a low FFV is associated with higher viscosity and modulus due to
decreased molecular mobility, as shown by Lee et al. [63]. In contrast, when the FFV is high the
chains have more space to move and as a results viscosity and modulus are low.

The FFV can be estimated in three ways: the Bondi method, the PVT method and the PALS
method. The last two require expensive machines and long testing procedures, fortunately the
first method is based on empirical formulation and can be evaluated by Equation 2.7.

FFV =
Vsp − Voc

Vsp
(2.7)

To determine the FFV, the occupied volume (Voc) must first be defined, as shown in Equation
2.8. This expression uses the dimensionless packing factor (αp), a semi-empirical constant typi-
cally between 1.2 and 1.4, which corrects the idealised assumptions of the specific van der Waals
volume (vw). The correction is needed because the van der Waals volume assumes perfectly spher-
ical molecular packing at 0 K, whereas real molecules require additional space to form bonds and
are measured at much higher temperatures [117].

Voc = αpvw (2.8)

The next step is to determine the specific van der Waals volume, as defined in Equation 2.9.
This quantity represents the ratio of the van der Waals volume (Vw) per unit of molar mass (Mw),
both depending on the chosen material.

vw =
Vw

Mw
(2.9)

To determine these properties, first a unit cell size is chosen, which is a sort of repeating unit
for the chosen material. For silicone rubber, this unit is dimethylsiloxane (Si(CH3)2–O), while
for paraffin wax it is a small hydrocarbon group (CH2). Literature values for these molecular
units, together with density measurements obtained via the Archimedes principle, are listed in
Table 2.1, where ‘SR’ denotes silicone rubber and ‘PW’ denotes paraffin wax properties. With
these parameters, the FFV of the pure constituents can be calculated. However, determining the
FFV of a SSPCMs requires combining the properties of silicone rubber and wax. Using the rule
of mixtures based on the volume fraction of each component Equations 2.7 to 2.9 can be adjusted.
The resulting FFV for various compositions are summarised in Table 2.2.

Based on the results in Table 2.2, the FFV increases approximately linearly with rising wax
content. This implies that the CTE increases with higher wax fractions, which is consistent with
the temperature-dependent expansion behaviour described in Section 2.2.4. The link between
composition, FFV and CTE becomes clearer when considering how FFV evolves with tempera-
ture.

Table 2.1: Material properties required for calculating
the fractional free volume

Variables Value Unit
ρSR 1.08 g/cm3

Vw,SR 50.6 [120] cm3/mol
Mw,SR 74.1 [76] g/mol
ρPW 0.864 g/cm3

Vw,PW 10.2 [70] cm3/mol
Mw,PW 14.03 [76] g/mol
αp 1.30 [47] -

Table 2.2: Calculated fractional free volume for different
silicone rubber–wax composition using the Bondi method

Composition (si/wax vol%) FFV [%]
100/0 4.39
85/15 6.45
70/30 8.51
50/50 11.3
30/70 14.0
15/85 16.1
0/100 18.1
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To evaluate FFV over a temperature range, the occupied volume is assumed to remain con-
stant. As temperature increases, the specific volume of the material grows due to a reduction
in density, causing FFV to increase proportionally. Combined with the compositional trend, this
means that both higher wax content and higher temperatures lead to increased FFV, and therefore,
to a higher CTE.
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To find the material properties of a dynamic system, one of the simplest yet most instructive
models is the single degree of freedom (SDOF) mass–spring–damper system. Although its di-
rect applicability to real structures is limited, it provides essential insight in how a system can be
modelled and will form the basis for analysing multi degree of freedom (MDOF) systems. Before
introducing these models, it is important to address one of the most challenging aspects of struc-
tural dynamics: damping. While the mass and stiffness matrices can be derived directly from
the geometry and material properties, damping is far more complex to characterise and typically
requires experimental testing. Therefore, Section 3.1 first introduces the main damping concepts
and models that will be used throughout this work.

Building on this foundation, Section 3.2 describes the free and forced vibration response of an
SDOF system and introduces the concept of the Frequency Response Function (FRF). Section 3.3
then generalises these ideas to MDOF systems by deriving the free and forced vibration response,
first without damping and subsequently including structural damping in the most general case.
Section 3.4 presents the experimental modal analysis (EMA). It explains how FRF matrices are
obtained using impact hammer and shaker excitation testing and discusses key concepts such as
reciprocity and linearity. Finally, Section 3.5 describes the post-processing required to extract the
modal parameters using the peak picking, line fit and logarithmic decrement method.

3.1 Damping

Damping is characterised by how mechanical energy is dissipated via heat. When a structure
vibrates, a part of the energy is lost due to for example fluid friction, (internal) friction or air
resistance. This causes the vibration response to decay over time, even in the absence of external
forces.

Mathematically, damping is defined as a force opposing the motion of an object. To describe
this force, three different damping models are used: viscous damping, hysteretic damping (or
structural damping) and viscoelastic damping. The first two types are covered in this section and
the viscoelastic damping was already covered in Section 2.3. In practice the damping is often a
combination of multiple models because, these are purely theoretical.

Viscous damping is typically used in mechanical and structural systems, because it provides
a simple expression. It dissipates energy through fluid friction which creates shear stresses. It is
modelled by a dashpot element where the damping force is proportional to the velocity, expressed
by Fd = cẋ. The damping coefficient is defined by c in units of Ns/m and ẋ represents the velocity.
It becomes apparent that in this formulation the damping is always in phase with the velocity.
The velocity is frequency dependent and consequently the damping force varies with frequency
as well. This becomes problematic if a SDOF model over a wide range of frequencies is required,
as a high frequency results in a higher damping. This is not realistic because most structures
behave independent from frequency [30].

An alternative model that solves this problem is hysteretic damping. This is caused by (inter-
nal) friction within the material during cyclic loading. The damping force is velocity independent
and appears as phase lag in the stiffness. Mathematically, it is often incorporated via a complex
stiffness Fd = (k(1 + iη)x, where η is the dimensionless loss factor and x the displacement. When
this formulation is used, a constant damping can be defined independent of the velocity and
frequency.

17
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3.2 Single Degree Of Freedom systems

First, the standard SDOF mass–spring–damper system is analysed for its free vibration response,
after which the corresponding forced vibration response is derived.

3.2.1 Free vibration response of a SDOF system
The Equation Of Motion (EOM) for the standard SDOF mass–spring–damper system is shown
in Figure 3.1. The displacement (x(t)) depends on the stiffness of the spring (k), the damping
coefficient of the damper (c) and the weight of the mass (m). Each element applies a force, such
that when a Free Body Diagram (FBD) is constructed and the sum of forces in the x-direction is
considered, the EOM of the system can be derived. It takes the form of a second-order linear
homogeneous Ordinary Differential Equation (ODE) as displayed in Section 3.1. For the free
vibration response, no external forces are assumed. The corresponding mass-normalised form,
obtained by dividing the entire equation by the mass, is also presented in Equation 3.1.

ΣFx = mẍ = −kx− cẋ → mẍ+ cẋ+ kx = ẍ+
c

m
ẋ+

k

m
x = 0 (3.1)

When also the damping is neglected the definition for the eigenfrequency can be derived.
The EOM reduces to just mẍ + kx = 0. It is straightforward to derive the expression for the
eigenfrequency when a harmonic trial function is used, as shown in Equation 3.2.

x = Xsin(ωt) → m(−Xω2sin(ωt)) + k(Xsin(ωt)) → ωn =

√
k

m
(3.2)

When revisiting Equation 3.1, it is common practice in dynamics to express it in an alternative
form, as shown in Equation 3.3.

ẍ+ 2ζωn + ω2
nx = 0 (3.3)

This form is often used because it provides a simple expression for the eigenfrequency, as
shown in Equation 3.2 and defines the damping ratio, as shown in Equation 3.4 [95].

ζ =
c

2mωn
(3.4)

3.2.2 Forced vibration response of an SDOF system
To find the forced vibration response of a SDOF system, the standard mass-spring-damper model
is considered again. This time an arbitrary excitation force (F (t)) is applied, resulting in an arbi-
trary excitation displacement (X(t)). This adds an additional component to the force balance as
shown in Equation 3.5.

ΣFx = mẍ = −kx− cẋ+ F (t) → F (t) = mẍ+ cẋ+ kx (3.5)

In Equation 3.5, the objective is to determine the displacement response of the system from
the EOM. To facilitate this, an exponential trial function is introduced for both the displacement
and the external excitation, as expressed in Equation 3.6. The equation is transformed from the
time domain to the frequency domain.

x = Xeiωt → ẋ = Xiωeiωt → ẍ = −Xω2eiωt, F (t) = Feiωt (3.6)

Upon substitution this yields the EOM shown in Equation 3.7.

(−ω2m+ iωc+ k)Xeiωt = Feiωt (3.7)

Next the response model can be extracted in terms of the FRF. This functions describes how
the output of a system is related to the input. It characterizes both the magnitude and phase of
the response, showing how the system amplifies or attenuates vibrations at different frequencies.
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Figure 3.1: Schematic of a SDOF mass-spring-damper system

Using the FRF several modal parameters can be extracted like eigenfrequencies, mode shapes and
damping ratios. Mathematically, the FRF is obtained by dividing output over the input, applied
to Equation 3.7, this yields the expression shown in Equation 3.8. It is called the receptance and is
denoted by α(ω).

H(ω) = α(ω) =
X(ω)

F (ω)
=

1

−ω2m+ iωc+ k
(3.8)

3.2.3 Mobility and accelerance
The output however, is not always a displacement. It depends on the measurement sensor and
can also be a velocity or acceleration. For example, if the output is the velocity, the mobility can
be defined by Y (ω) as shown in Equation 3.9.

H(ω) = Y (ω) =
v

F
= iω

X

F
= iωα(ω) (3.9)

Similarly, the acceleration can be used, which is very common in modal testing. The acceler-
ation over the input force is called the inertance or accelerance (A(ω)) and is related to the recep-
tance according to Equation 3.10. It emphasizes high-frequency modes and reduces the influence
of rigid-body motions [96].

H(ω) = A(ω) =
a

F
= −ω2X

F
= −ω2α(ω) (3.10)

3.3 Multi Degree Of Freedom systems

In real structures, a SDOF model cannot accurately represent the dynamic behaviour of a system
therefore, a MDOF system is introduced. While an SDOF system requires only one EOM and has
one FRF, a MDOF system with N degrees of freedom requires N EOMs and N2 entries for the FRF
to be fully defined. As a result, the system dynamics are expressed using vectors and matrices
instead of scalars. To illustrate the concept, a N DOF model is presented. First, the free vibration
of a MDOF system without damping is derived, secondly the forced vibration without damping
and lastly the most complex model which includes damping of a forced vibration response is
derived.

3.3.1 Free vibration response of MDOF system excluding damping
The EOM of a MDOF system without damping is shown in Equation 3.11, where M and K are
N by N mass and stiffness matrices and x(t) is a N by one displacement vectors as a function of
time. For clarity the time is not shown in the equations hereafter.

Mẍ(t) +Kx(t) = 0 (3.11)

In a MDOF system, similarly to the SDOF system, the solution for displacement must be
found. To solve for this, the free vibration response is considered as this reveals the eigenfre-
quencies and mode shapes of the system. If a freely vibrating system is assumed, no external
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forces act on it and the governing equation reduces to a coupled, second-order, linear, homoge-
neous differential equation. In that case the general trial solution is known to be very similar to
the SDOF solution (Equation 3.6). The only difference is that the displacement is now a vector
instead of scalar.

When the trial solution is substituted in the EOM of Equation 3.11, it yields Equation 3.12.
To solve this equation, it is recognised that the exponential function can never be zero. Another
solution occurs when X = 0. This is the trivial solution and indicates that the system is not in
motion. Therefore, the only non-trivial solution occurs when the term in brackets is zero. In this
case the non-trivial solution exists if the determinant of the term between brackets is zero, because
this means that the matrix is not singular and that there are non-zero solutions.

(K−Mω2)Xeiωt = 0 (3.12)

When Equation 3.12 is rewritten to Equation 3.13 it is in the form of the generalized eigen-
value problem. In standard form it looks like Ax = λBx, where λ are the eigenvalues and x the
eigenvectors. When the determinant is found it results in a characteristic equation for ω2. This is a
polynomial equation that can be solved analytically; the results are the eigenvalues or in this con-
text the eigenfrequencies of the system. The number of eigenfrequencies is equal to NDOF and is
often expressed as a diagonal eigenvalue matrix (ω2

r ). When the eigenvalues are back substituted
in the eigenvalue problem the eigenvectors are obtained or in this context the mode shapes. This
eigenvector matrix is denoted by Ψr and is a NDOF by NDOF matrix, where the columns repre-
sent each mode shape and the rows the relative movement of these mode shapes with respect to
each other for each DOF.

det(K − ω2M) = 0 → KX = ω2MX (3.13)

A key observation is that the eigenvalue matrix contains the unique eigenfrequencies of the
system, while the eigenvector matrix does not. The mode shapes are subjected to an arbitrary
scaling factor, which does not affect the shape but only the amplitude. It is said that those mode
shapes are linearly independent. How the modes shapes are normalised depends on which math-
ematical procedure is followed, but within structural dynamics mass normalisation is commonly
used.

To define mass normalisation first the orthogonality of modes is considered. Equation 3.14
and 3.15 show that a pre and post multiplication of the relative eigenvector matrix with the mass
and stiffness matrix result in diagonal modal mass (mr) and stiffness matrix (kr). These matrices
are still subjected to arbitrary scaling and are not unique, the ratio however, is unique and is equal
to the eigenvalue, ω2

r = kr/mr.

ΨTMΨ = diag(mr) (3.14)

ΨTKΨ = diag(kr) (3.15)

The next step in mass normalisation is to use the modal mass and stiffness matrices to scale the
mode shapes such that each mode has a unit modal mass. In Equation 3.14 this can be achieved
by dividing by mr, which yields an identity matrix. The Left Hand Side (LHS) contains Ψ twice,
so to transform the unscaled modes to the scaled modes (Φ) a scaling factor equal to the square
root of the modal mass is required, see Equation 3.16.

Ψ = Φ
√
mr (3.16)

When Equation 3.16 is substituted in 3.14 and 3.15 it yields the reduced mass and stiffness
matrix, shown in Equation 3.17 and 3.18.

ΦT√mrMΦ
√
mr = diag(mr) → Mred = ΦTMΦ = I (3.17)

ΦT√mrKΦ
√
mr = diag(kr) → ΦTKΦmr = diag(kr) → Kred = ΦTKΦ = diag(ω2

r) (3.18)
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The major advantage of mass normalisation is that it simplifies the mathematical formulation.
The transformation to scaled modes enables the EOMs to be decoupled into SDOF systems, which
can be solved in a more efficient manner than MDOF systems. Mass normalisation also helps to
facilitate direct comparison between the modes.

3.3.2 Forced vibration response of MDOF system excluding damping
The forced vibration response describes how the structure behaves when subjected to external
loads. It uses a similar expression asin Equation 3.11, the only difference is the force vector (F(t))
is included at the RHS, see Equation 3.19.

Mẍ(t) +Kx(t) = F(t) (3.19)

To solve for the displacement a similar trial function is used as in Section 3.2, Upon substitu-
tion in 3.19, yields Equation 3.20

(K−Mω2)Xeiωt = Feiωt → (K−Mω2)X = F (3.20)

A unique solution for the displacement response exists only when the term in brackets is
non-singular, meaning that its determinant is non-zero and the matrix can be inverted, resulting
in Equation 3.21. The matrix Z is referred to as the impedance matrix, while the inverse is the
receptance as defined in Section 3.2.

X = (K−Mω2)−1F → X = Z−1F = αF (3.21)

It is evident from Equation 3.21 that the system response can be evaluated by substituting the
corresponding mass, stiffness and force matrices over a range of excitation frequencies. However,
determining the displacement requires computing the inverse of the mass and stiffness matrix,
which becomes computationally expensive for systems with a large number of DOF. Moreover,
this approach is inefficient when only a limited number of FRFs are of interest. Therefore, an al-
ternative formulation is often used, in which the receptance matrix is expressed as a summation
of modal contributions, allowing the response to be efficiently computed through modal super-
position. Modal superposition is a method used to determine the dynamic response of a MDOF
system by expressing the dynamic response as a linear combination of its mode shapes.

Using the definition of the receptance in Equation 3.21, premultiplying by ΦT and postmulti-
plying by Φ, results in Equation 3.22.

ΦT (K− ω2M)Φ = ΦTα(ω)−1Φ (3.22)

This can further be simplified by substituting Equation 3.17 and 3.18 in 3.22, this yields Equa-
tion 3.23.

diag(ω2
r)− ω2 = ΦTα(ω)−1Φ (3.23)

When the receptance is isolated, it results in Equation 3.24

α(ω) = Φ[diag(ω2
r)− ω2]−1ΦT (3.24)

From Equation 3.24, it follows that in the absence of damping, the receptance matrix is sym-
metric. This symmetry reflects the principle of reciprocity, which is further discussed in Section
3.4.1.

Equation 3.24 has eliminated the drawbacks mentioned before. Even though the inverse must
still be computed; it is rather easy because the matrix is diagonal. The inverse is calculated as
the individual components divided by one. Additionally, a single FRFs can now be calculated,
further reducing computation time. Equation 3.24 can be rewritten even further. The goal was
to express all possible FRFs as the sum of the contribution of all modes. In component form
Equation 3.24 gives Equation 3.25. It shows a summation that starts at the first mode and ends at
the last mode. To finalise the derivation, a new variable is introduced called the modal constant
or residue (Ajk,r) and is referred to as the product of the mode shapes.
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αjk(ω) =

M∑
r=1

ΦjrΦkr

diag(ω2
r)− ω2

=

M∑
r=1

Ajk,r

diag(ω2
r)− ω2

(3.25)

3.3.3 Forced vibration response of MDOF system including damping
Until now all MDOF systems have been considered without any damping, to keep the derivation
simple. However, the assumption of no damping does not hold in practice because all structures
will exhibit some degree of damping. The viscous damping described before is not representative
in real structures. Therefore, hysteretic damping will be used to describe the damping. When this
term is implemented in the EOM it yields Equation 3.26.

(K+ iD− ω2M)Xeiωt = Feiωt (3.26)

A similar procedure can be applied to mitigate the inefficient calculation of the FRFs. There-
fore, the receptance will be premultiplied and post-multiplied by the mode shapes. This results in
one additional term ΦTiDΦ, which is incorporated as the complex damping (1 + iηr). The result
is shown in Equation 3.27, where the term in brackets is a diagonal matrix.

α(ω) = Φ(diag(ω2
r(1 + iηr))− ω2)ΦT (3.27)

Upon rewriting using index notation a similar expression is defined as in Equation 3.25. Equa-
tion 3.25 shows the final result and again this formulation enables calculating each FRF separately.
This equation forms the basis for synthesising the FRFs. When the eigenfrequency (ω2

r ), loss fac-
tor (ηr) and modal constant (Ajk) are determined, the FRF can be synthesised. This research will
cover the two methods to find the modal parameters to synthesise the FRF: the peak picking
method explained in Section 3.5.1 and the line fit method explained in Section 3.5.2.

αjk(ω) =
xj

Fk
=

Output

Input
=

M∑
r=1

ΦjrΦkr

ω2
r − ω2 + iηrω2

r

=

M∑
r=1

Ajk,r

ω2
r − ω2 + iηrω2

r

(3.28)

3.4 Experimental modal testing

The theory presented above must be validated through experimental modal testing. This section
introduces the FRF matrix and explains how it can be simplified using the principle of reciprocity.
The assumption of linearity and coherence are also briefly addressed. Finally, the use of impact
hammer and shaker excitation testing is discussed, showing how these techniques are used to fill
the remaining entries of the FRF matrix.

3.4.1 FRF matrix
As shown by Equation 3.28 there are multiple FRFs in a MDOF system. Therefore, the FRF matrix
allows capturing all excitation response relationships in one compact form. It has the dimen-
sions of NDOF by NDOF with N2 entries, see Equation 3.29. Each element (Hjk(ω)) denotes
the response at coordinate j resulting from an excitation force applied at coordinate k, with the
columns corresponding to response locations and the rows to excitation locations.

H(ω) = Hjk(ω) =



H11 H12 · · · · · · H1k

H21 H22 · · · · · ·
...

...
...

. . .
...

...
...

. . .
...

Hj1 · · · · · · Hjk


(3.29)

When the excitation force and the measured response act at the same physical location and in
the same direction, the measurement is referred to as a driving-point FRF. In the FRF matrix, these
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correspond to the diagonal elements (Hii(ω)). Driving-point measurements are essential because
they directly relate the applied force to the resulting response at that point, providing information
about the absolute motion of the structure. These measurements are important for modal scaling,
as it allows the determination of absolute mode shapes.

The off-diagonal elements of the FRF matrix represent the transfer FRFs, which describe the
response at one coordinate due to an excitation at another. These functions show the coupling
between different points and illustrate how vibrations propagate through the structure. In com-
bination with the driving-point FRFs, the transfer FRFs enable the identification of the structure’s
relative mode shapes.

During a test, filling an entire FRF matrix is often labour-intensive, as each excitation loca-
tion requires a separate set of measurements. A common approach to reduce testing time is to
increase the number of response sensors (e.g. accelerometers), allowing multiple response points
to be measured simultaneously for a single excitation. This approach fills the columns of the
FRF matrix. However, excessive sensor mass can change the dynamic properties of the structure,
leading to measurement errors.

It is often not required to measure the complete FRF matrix to accurately identify a systems
dynamic properties. In most cases, one or two excitation points, combined with a larger number
of response points, are sufficient. Among these, at least one should be a driving-point measure-
ment to ensure proper modal scaling and one should be a transfer FRF. Even with a limited set
of FRFs, it is possible to extract the key modal parameters including eigenfrequencies, damping
ratios and mode shapes.

3.4.2 Reciprocity

Another possible way to reduce the number of entries to fill the FRF matrix is to assume principle
of reciprocity. This principle applies when the response at point j due to a excitation in point k is
the same as a response in point k due to an excitation in point j. This allows the FRF matrix to be
symmetric, which indicates that only half of the number of measurements are needed. It also sug-
gests symmetric mass, damping and stiffness matrix, as proven in Section 3.3.3. Mathematically a
symmetric FRF matrix is expressed as Hjk = Hkj . However, in practice two FRFs never perfectly
overlap, due to measurement uncertainties, improper sensor placement, varying boundary con-
ditions, added mass of the sensor etc. As a consequence, reciprocity is often used a consistency
check. When Hjk and Hkj differ significantly, it may suggest an incorrect measurement setup.

3.4.3 Linearity

Verifying if a system is linear is an important concept within structural dynamics. A system is
linear when, first, the response is independent of the magnitude of the excitation. This means
that when several soft and hard excitations are applied to the same points all results must be the
same. The second criterion states that the deflection caused by two forces applied simultaneously
must equal the sum of the deflections produced when each force is applied individually.

3.4.4 Impact hammer Testing

Impact hammer testing uses a calibrated force hammer to create a short, controlled impact on
the structure, simultaneously an accelerometer is used to measure the response. Typical user
cases are in lightweight structures with light to moderate damping, because the vibrations do not
disappear too quickly after the impact. The biggest advantage of this method is that it is efficient
and simple, while also being highly flexible due to the ease of changing of the excitation point.

3.4.5 Shaker excitation testing

In a shaker excitation test, an electrodynamic actuator is used to apply a controlled and continu-
ous force over a defined frequency range. This method is typically used for larger or more heavily
damped structures, where a stable and precisely controlled excitation is required and where an
impact hammer cannot provide sufficient input force. Although the shaker setup is less flexible
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and more time-consuming to configure compared to hammer testing, it offers the advantage of
high consistency and repeatability

3.4.6 Coherence

In an ideal linear system the input and output are directly related, but in practice the measured
response always contains some noise. Such noise may arise from poor excitation, non-linear
behaviour, sensor errors or any disturbance not originating from the intended input. To quantify
how much of the measured output can be explained by the applied input, the coherence function
is introduced. It provides a direct indication of whether features in the FRF, such as resonance
peaks or damping estimates, are physically meaningful or artefacts. Coherence is a dimensionless
quantity obtained by combining the power spectral densities (S) of the input (I) and output (O)
signals, as shown in Equation 3.30. Its value ranges from zero to one, where zero indicates that the
input cannot explain the output and one reflects a perfect relationship. In this work, it is used to
assess how reliably the hammer and shaker excitation predict the dynamic response of the system
[30].

γ2(f) =
|SIO(f)|2

SOO(f)SII(f)
(3.30)

3.5 Modal parameter extraction methods

The most basic approach to modal analysis is the SDOF method, where it is assumed that each
resonance peak is evaluated separately. When multiple modes are close in frequency, both mag-
nitudes contribute to the response, which makes it difficult to isolate the modal properties of a
single peak. In other words, for the SDOF approach to work, the behaviour of one peak should
be dominating. Common SDOF techniques are the peak picking method, line fit method and
logarithmic decrement method which will be discussed below, but also the circle fit method is a
possibility.

3.5.1 Peak picking

The peak picking or peak amplitude method is an easy and powerful tool to quickly evaluate the
modal properties of a system. In this method one peak is completely isolated from the rest and
treated while ignoring all other modes. The method works as follows: the eigenfrequency (ωr) of
a mode is determined by finding a local optimum for this mode, Hmax, shown in Figure 3.2. The
next step is to determine the response level of the FRF. This can be found by Hmax/

√
2 or if the

response is converted to logarithmic and expressed in decibels the response level is 3 dB lower
than Hmax. The response level will intersect the FRF twice, called ωa and ωb and are shown in
Figure 3.2. Now all frequencies are determined and using Equation 3.31 the loss factor can be
determined.

η =
ω2
a − ω2

b

2ω2
r

(3.31)

The last unknown modal parameter in Equation 3.28 to completely synthesise the FRF, is the
modal constant (Ar). Without further derivation, the modal constant can be calculated by apply-
ing the expression in Equation 3.32 [30]. There are, however, some limitations to this method,
peak picking assumes a linear system. Additionally, the method works best for lightly damped
modes, because peak picking requires the resonance peaks to be in a narrow range. Lastly, the
peak picking method only results in real modal constants this implies that only real modes or
proportionally damped structures can be described. In practice, this is often not the case and the
modes are complex. A method that does include complex modes, is the line fit method, which is
explained in the following section.

Ar =| Hmax | ω2
rηr (3.32)
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Figure 3.2: Schematic representation of the peak picking method

3.5.2 Line fit method

The line fit method, also known as the inverse method, provides an alternative approach for
extracting modal parameters. It is based on the fact that when the reciprocal of the receptance is
plotted (real and imaginary) for a narrow frequency band in the vicinity of the eigenfrequency,
it traces out a straight line which can be fit with constants that describe the modal parameters.
The method is best suited for real valued modes, because it assumes one single dominant mode,
minimal interaction between modes and lastly a low damping. However, to still account for the
imaginary part the modal constant is assumed to be complex. The goal is to find expression for
the modal parameters similar to Section 3.5.1, such that the response can be synthesised.

The derivation starts with the reciprocal of the receptance corresponding to a single mode.
For an SDOF system, this inverse FRF forms a perfect straight line when plotted in the complex
plane against ω2. In contrast, for real structures, the measured FRF represents the superposition
of multiple modal contributions rather than a single isolated mode, as previously expressed in
Equation 3.25. When this equation is inverted for MDOF systems it does not yield the same
result as when each individual mode is summed and inverted. In other words, the inverse of
a sum is not the same as the sum of inverses, Equation 3.33. Even though each single mode
term individually would yield a straight line when inverted, their combined response cannot be
separated by simply taking the reciprocal of the sum and as a result the line in the complex plane
is not straight anymore.

αjk(ω)
−1 =

(∑
r

Ajk,r

ω2
r − ω2 + iω2

rηr

)−1

̸=
∑
r

ω2
r − ω2 + iω2

rηr
Ajk,r

(3.33)

To restore the linear relationship a local modified inverse FRF is used. An new variable is
introduced as a correction term (α′

jk) and is simply the difference between the actual FRF (αjk(ω))
and the value of the FRF at one fixed frequency in the range of interest, this frequency is referred
to as the fixing frequency and is represent by αjk(Ω). So the correction term is defined as Equation
3.34.

α′
jk(ω) = αjk(ω)− αjk(Ω) (3.34)

The next step introduces the inverse FRF parameter (∆(ω)), defined in Equation 3.35. This
quantity scales the frequency-squared difference relative to the chosen fixing frequency, by divid-
ing the corrected receptance term. In this formulation, the numerator represents the deviation
from the fixing frequency, while the denominator ensures that the modal contributions of other
modes are removed.

∆(ω) =
ω2 − Ω2

α′
jk(ω)

→ ∆(ω) = Re(∆) + iIm(∆) (3.35)
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Advancing to the next step, the ∆(ω) is split in a real part and imaginary part. For a fixed
Ω, both the real and imaginary parts of ∆(ω) vary almost linearly with ω2, allowing them to be
expressed as a Equation 3.36.

Re(∆) = mRω
2 + cr ∧ Im(∆) = mIω

2 + cI (3.36)

The procedure involves two successive linearisation stages, first with respect to the measure-
ment frequency ω and subsequently with respect to the fixing frequency Ω. In the first stage,
a least-squares regression is applied to determine the coefficients mr, mI , cR and cI for a con-
stant fixing frequency. These coefficients describe how the inverse FRF behaves locally around
the resonance and thus represent the first-stage linearisation of the method. Because the results
still depend on the chosen fixing frequency, a second-stage linearisation is introduced. When the
slopes from the first stage slopes and intercepts are computed for several fixing frequencies, they
also themselves exhibit a linear dependence on Ω2, as shown in Equation 3.37. Similarly a least
squares fit is applied to find the new constants nr, nI , dr and dI , these are directly related to the
modal parameters as shown in Equation 3.38 for the eigenfrequency, the loss factor in 3.39 and
the real and imaginary part of the modal constant in 3.40 and 3.41 related as Ajk,r = Ar + iBr.

mR = nRΩ
2 + dR ∧mI = nIΩ

2 + dI (3.37)

ω2
r =

nRdR + nIdI
n2
R + n2

I

(3.38)

ηr =
nRdI − nIdR
nRdR + nIdI

. (3.39)

Ar = nR (3.40)

Br = −nI (3.41)

One of the biggest advantages over other methods is that for most methods they rely on reli-
able measurements near the resonance region, while those points are also the most challenging to
measure. In the line fit method however, the emphasis is more on the points further away from
the eigenfrequency as they determine the slope of the real and imaginary graph. Therefore, this
method is likely to be less sensitive to measurement errors. Secondly, the straight-line feature
means that it is easier to spot discrepancies, when the data does not lay on the straight line it may
indicate poor data capturing, inappropriate damping or non-linear behaviour [30] .

3.5.3 Logarithmic decrement method
The last method that is discussed can only be used in the time domain. This brings as an advan-
tage that it requires less computational effort because no transformation to the frequency domain
is needed, like the peak picking and line fit method. A disadvantage however, is that it is less ac-
curate. It works best on systems that are slightly damped, also it relies on clear and well-defined
peaks, without any rapid decay. The method takes the peak at each oscillation and finds the log-
arithmic decrement between two consecutive peaks. It is expressed as the natural log of the ratio
between two consecutive peaks, as shown in Equation 3.42. The unit of ζ is dimensionless. The
eigenfrequency is obtained by simply counting the number of periods and dividing by the total
time length of the signal. A more robust method that can be applied is the Fast Fourier Transform
(FFT). This method converts the time domain signal to the frequency domain signal by decom-
posing the signal into a series of sinusoidal components, it reveals which frequencies are present
and how strongly they contribute to the overall response [1].

ζ =
1

2π
ln(

xn

xn + 1
) (3.42)
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The next part of this work will consist of two main sections. First a theoretical review of pre-
manufactured SSPCMs is performed. Section 4.1 covers an in-depth discussion of the research
performed by Spencer Flint from the University of Washington, Seattle. He showed a proof of
concept where the material properties can be tuned using different composition of SSPCMs. Flint
produced its own samples and tested them using experimental modal testing. His findings are
discussed and the most important results are used as a knowledge foundation for the second
section of the case study. Section 4.2 presents a re-evaluation and experimental validation of the
samples manufactured by Flint using his recommended procedures. The tests were executed on
the same samples that Flint originally tested. This reassessment provided a deeper understand-
ing of the working mechanisms of SSPCMs and resulted in fundamental knowledge required to
design and develop new SSPCMs.

4.1 Theoretical review of pre-manufactured SSPCMs

A direct implementation of SSPCMs is presented by the Master Thesis of Flint [33]. His study
covered the testing of the eigenfrequency and damping for different compositions of SSPCMs.
The sample manufacturing and method are discussed, whereafter the results are shown and con-
cluded with a extensive discussion and reflection of the work of Flint.

4.1.1 Sample manufacturing

To find the material properties for different compositions of SSPCMs, two rectangular hollow
carbon fibre beams were manufactured consisting of a pre-impregnated carbon fibre laminate
with a 2×2 twill weave and a [-45/45/0/45/-45] layup, as shown in Figure 4.1a. The beams
are filled with a combination of two different materials to create a SSPCM. The matrix material
is a type of tin-catalysed silicone rubber: Mold wax 14 NV [102]. The filler material is a type
paraffin wax with a melting temperature between 52 °C and 58 °C. The ratio between the wax
and silicone rubber in the first beam is 100/0 % and in the second beam 85/15 %. Other than the
two core materials and the carbon fibre shell, the beams also contained a heating strip made out
of flexible kapton heaters powered by a DC power supply, as shown in Figure 4.1b. To measure
the temperature of the heaters two thermocouples were implemented in the beams. Lastly, to seal
of both ends, white plastic caps were added, which were screwed into the carbon fibre beam.

(a) Close up of the outside of the beam. Shown are the small
holes to attach the plastic cap (top and bottom) and the weave
pattern of the carbon fibre

(b) Close up of the inside of the beam. Shown are the kapton
heating elements (light yellow) and power supply (red cable)
[33]

Figure 4.1: Out- and inside of the tested carbon fibre beams

27
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4.1.2 Method

The material properties of the SSPCMs were determined using modal testing. In Flints study
[33] the structure was excited using an impact hammer test and the corresponding output was
recorded using a single accelerometer. The beam was tested in a clamped–free configuration.

The response and excitation signal are measured in the time domain. To investigate the be-
haviour the signals were transformed to the frequency domain using a FFT, next to obtain the FRF
the FFT of the output is divided by the FFT of the input. To extract the eigenfrequency and damp-
ing ratio from such measurement, two different methods were used. To find the eigenfrequency
the ’modalfit’ function from Matlab was used. It uses the Least-squares complex exponential
method, which estimates a systems modal parameters by fitting a sum of decaying complex ex-
ponentials to a FRF. Using the least squares method, the complex poles are determined, from
which the eigenfrequencies can be calculated. Additionally, the logarithmic decrement method
was used to determine the damping ratio, as explained in Section 3.5.3.

To test the temperature dependent behaviour of the beams, the temperature was increased
from 20 to 55 °C. It was monitored by the two thermocouples and averaged to get the mean
temperature of the sample. Ideally, a steady state temperature is reached however, this task de-
manded significant time and effort. Therefore, only a few data points were obtained for each
sample.

4.1.3 Results

The results are divided into two paragraphs the first one discussing the results of the eigenfre-
quency and the second one the damping ratio.

Eigenfrequency

The results for the eigenfrequency for the two beams are shown in Figure 4.2a. The tempera-
ture, ranging from 20 to 55 °C, is depicted on the x-axis, while the y-axis shows the normalized
eigenfrequency with respect to the first measurement.

The first beam, with 100/0 % silicone rubber-wax composition and shown in blue, showed a
downwards trend with increasing temperature. Over the complete temperature range the eigen-
frequency had decreased with 10 %. For the second beam, with a 85/15 % composition and shown
in orange, the eigenfrequency stayed within the ± 5% of the value at room temperature. When
compared with the 100/0 % composition the eigenfrequency had increased, so the drop eigenfre-
quency which was initially created, is now compensated by the wax. The increase in frequency
due to the increase in wax content can be explained by two opposing temperature-dependent
mechanisms. First, at elevated temperatures, polymers exhibit enhanced chain mobility, which
leads to a decrease in stiffness and eigenfrequency, as explained in Section 2.3.1. Second, the op-
posing mechanism increases the stiffness and is characterized by a high CTE at the melting area of
the wax, which results in a significant volumetric expansion. This expansion generates additional
internal pressure on the enclosing shell, resulting in an increase in the stiffness of the beam [33].
As these two effects counteract each other, the resulting eigenfrequency remains approximately
constant across the examined temperature range.

Damping ratio

The results for the normalized damping ratio are presented in Figure 4.2b. The x-axis is identical
to Figure 4.2a and also in this plot the y-axis is normalized. For both samples a clear increasing
trend with temperature was observed. The damping for the 100/0 % composition beam had
increased by 60 % at 55 °C which is more than the increase of the beam with 85/15 % composition
which increased by 45 % at 55 °C. This trend is not only clearly visible at high temperatures but
also at low temperatures, the damping of the 100/0 % composition beam is higher than the 85/15
% composition beam. This indicates that increasing the wax content reduces the damping ratio,
while increase the temperature increases the damping ratio.
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(a) The normalized frequency of the first mode at different tem-
peratures for different compositions

(b) The normalized damping ratio of the first mode at different
temperatures for different compositions

Figure 4.2: Comparison of modal parameters between different beam compositions for different temperatures

4.1.4 Conclusion & Discussion

The study of Flint demonstrated a proof of concept for tunable dynamic behaviour of SSPCMs.
Two samples were manufactured with a 100/0 % and 85/15 % silicone rubber-wax composition.
A modal test was performed and the modal parameters were extracted using the modalfit and
logarithmic decrement method and suggest that there may be a correlation between an increase
in temperature and a decrease in the eigenfrequency for the 100/0 % composition. The eigenfre-
quency dropped by 10 % at elevated temperatures. This drop in eigenfrequency is directly related
to a drop in stiffness and may be attributed to the increased chain mobility of the polymer. On the
other hand, the stiffness drop is compensated by the thermal expansion of the wax in the 85/15
% beam. The expansion creates additional internal pressure increasing the stiffness. As a re-
sult, the eigenfrequency remains constant. The damping ratio showed similar behaviour for both
beam compositions, as both damping ratios increase with increasing temperature. The influence
of increasing the wax content turned out to work counter intuitive as the 85/15 % composition
showed a lower damping ratio than the 100/0 % composition.

These results should be interpreted with caution, because the testing procedure revealed some
limitations: First, the dataset was limited, as each measurement contained only 5 to 6 data points.
This increases the likelihood of measurement errors and makes it difficult to capture the overall
behaviour reliably. In addition, only two beam compositions were tested; to better understand
how frequency and damping evolve with increasing wax content, more beams with higher wax
fractions should be examined. Additionally, the measurement set up could be adjusted by increas-
ing the number of accelerometers, which could increase the accuracy of the measurements. Fur-
thermore, it was recommended by Flint [33] to change the boundary conditions from fixed–free to
free–free, as the fixed–free configuration introduces two major disadvantages. First, clamping re-
duces the effective beam length and since the eigenfrequency scales with 1

L2 (Equation A.8), even
a small change in effective length can produce a large shift in eigenfrequency [33]. Second, the
clamping condition is inherently unreliable: the stiffness depends on the applied clamping force
and the resulting friction, both of which can change during testing as vibrations can gradually
loosen the clamp. This makes it difficult to obtain consistent and repeatable measurements.

besides, the improvements in the measurement set-up, also the post processing could be re-
fined. The modal parameter extraction method is now limited to logarithmic decrement method
for the damping. A proposed solution is to use a different method like peak picking, inverse
method or circle fit method or more advanced methods like the Rational Fraction Polynomial
(RFP) and Ibrahim Time Domain (ITD) method [30].

Fourthly, the thermal equilibrium was difficult to reach and maintain by the kapton heaters
as no control system was applied to regulate the internal temperature. A solution would be to
use a PID controller or a climate chamber that regulates the temperature. Flint proposed the
solution to reduce the heating from 1.7 to less than 0.5 °C/min [33].Moreover, the temperature
was measured at only two locations, leaving open the possibility that the beam had not reached
full thermal equilibrium during testing. So, more thermocouples must be added or a thermal
camera can be used.
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Lastly, the variation introduced during sample manufacturing can also be reduced. Flint ac-
knowledges that an insufficient mixing temperature leads to large wax clumps, compromising
uniformity. The homogeneity of each sample should therefore be verified, for example using
microscopy or DSC, to determine the exact composition.

Nonetheless, the findings indicate the potential of SSPCMs for temperature tunable dynamic
applications. However, further validation with more controlled experiments is needed to exploit
material properties of SSPCMs. The next section will cover the details of a more in-depth test to
identify the material characteristics, considering all improvement points discussed above.

4.2 Experimental review of pre-manufactured SSPCMs

This chapter will explore in greater detail the research conducted by Flint. Although, it provided
a valuable first exploration into the use of SSPCMs, it did not offer sufficient insight into how
the material behaved with changing temperature. As outlined in Section 4.1.4, several limitations
were present. Nevertheless, Flint’s work forms an essential foundation for further investigation
into the underlying physics of SSPCMs. Building on this groundwork, the present study intro-
duces a refined testing approach that examines the same beam compositions while addressing
the identified shortcomings. In particular, the limited number of test specimens was addressed
by introducing an additional beam with a 80/20 % silicone rubber–wax composition.

First the method of the new test set-up will be presented in Section 4.2.1, followed by the
results in Section 4.2.2, which cover various topics like the difference between impact hammer
testing and shaker excitation testing on the eigenfrequency and loss factor, different modal iden-
tification methods, linearity, etc.

First, the new test set-up is described in Section 4.2.1, followed by the results in Section 4.2.2.
These results cover several topics, including the differences between impact hammer and shaker
excitation on the effects of eigenfrequency and loss factor, the performance of different modal
identification methods and the assessment of linearity.

4.2.1 Method
To extract the material properties from the beam, a different experimental set-up is used com-
pared with Flint’s research [33]. A schematic of the setup is shown in Figure 4.3a. This flowchart
consists of two main parts, the first part (outside the boxed area) shows the cable management
for the signal analysis, the power supply and the sensors. Each sensor (accelerometer, thermo-
couple, modal hammer, force sensor and shaker) is first connected to a Data Acquisition (DAQ)
module. From this module all data is transferred and visualized on the computer. Furthermore
the shaker is connected in a loop to the DAQ module and amplifier. Lastly, the thermal camera is

(a) Schematic of the experimental setup combining (b) Experimental free-free modal test setup with the shaker

Figure 4.3: The schematic and experimental setup of the modal test
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connected to the computer to visualize the temperature distribution of the beam, a more detailed
explanation about the thermal camera is given in Section 4.2.1. The second part is all about the
components inside the boxed area. This part is physically represented by Figure 4.3b. It shows
the accelerometer, the force sensor and the cables of the thermocouples. Additionally, it can be
seen that the whole structure is mounted on a solid piece of metal to mitigate external vibrations
and that the beam is suspended by two strings, to simulate free-free behaviour. The beam was
divided into 13 equal segments of 5 cm each, plus one additional node for the excitation location
of the shaker.

A schematic representation of the beam is shown in Figure 4.4a, which is not to scale. The
green and yellow dots indicate the positions of the thermocouples, with the green dot located
near the edge of the beam and the yellow dot positioned at centre of the beam. The white strip
represents the kapton heating element, which extends through the middle along the full length of
the beam.

Frequency range

Based on the analytically derived EOM, the theoretical eigenfrequencies were calculated using
Equation 4.1.

ωn = (βnL)
2

√
EI

mL3
(4.1)

This formulation assumes a homogeneous material; therefore, the rule of mixtures is applied
to determine the effective stiffness and inertia. The full derivation of Equation 4.1, together with
the application of the rule of mixtures, is provided in Appendix A.3. The resulting analytical
eigenfrequencies are summarised in Table 4.1.

Table 4.1: Analytically calculated eigenfrequencies for different silicone rubber-wax compositions

Sample si/wax [%] ω1 [Hz] ω2 [Hz]
Beam 1 100/0 370 1020
Beam 2 85/15 379 1044
Beam 3 80/20 495 1365

The first eigenfrequency was determined between 370 and 495 Hz and the second eigenfre-
quency between 1020 and 1365 Hz. Since, the interest was only to capture the first eigenfrequency,
it was decided to test up to 500 Hz. When the system is freely suspended, the structure will exhibit
Rigid Body Modes (RBM). In theory, any structure contains six RBM each at a eigenfrequency of
0 Hz. However, in practice a structure is never completely freely suspended. The supports, albeit
very thin strings, add stiffness and damping to the system which increase the eigenfrequencies
of the RBM to marginal amount. There is no interest to capture the RBM modes of the system,
therefore, the lower bound frequency is set to 50 Hz.

Temperature measurement

The temperature inside the beam is regulated by the kapton heaters. Kapton heaters are voltage
controlled; therefore, it is not possible to set an exact temperature but rather a voltage that corre-
sponds to a certain heating rate. The heating rate was set to around 0.10 to 0.15 °C/min, starting
at room temperature and ending around 50 to 65 °C.

Flint used the thermocouples inside to monitor the temperature of the beam. However, in
beam 1 and 2 the thermocouples malfunctioned and were not labelled, so it was unknown which
thermocouple belonged to what temperature. Therefore, a different method was used to capture
the temperature behaviour: a thermal camera. A thermal camera measures the infrared radiation,
which is emitted by all objects, and transforms this into a temperature-dependent electrical signal
and displays this as a thermal image. For this research the ThermalIMAGER TIM 160 from Mi-
croEpsilon is used. This thermal camera has a frame rate of 120 Hz and a measurement range from
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(a) Schematic representation of the beam dimensions (b) Temperature distribution of the beam at 30.3 °C

Figure 4.4: Schematic representation and temperature distribution of the beam

-20 °C to 100 °C. The camera was placed 4.5 meters away from the sample to ensure the complete
temperature distribution of the beam was captured. An example of such a distribution is shown
in Figure 4.4b. In this figure multiple things can be observed. First, the box in the top-middle of
the figure indicates the reference temperature and was based on the current room temperature
and regularly updated by measuring the room temperature with a pyrometer. Second, five small
rectangles can be seen on the sample, each measuring the average temperature of that area. The
number displayed in the upper-right corner corresponds to the average temperature across the
five rectangles. This averaged value is considered the mean beam temperature for all subsequent
analysis in this section. The room was not temperature-controlled and the beam was not placed
in a climate chamber, meaning the temperature could not be fully regulated.

Sensors selection

To measure the in- and output signal several sensors were used. It is possible to measure the
input force in two ways. The first option is to use a modal hammer, which contains a force sensor
with a sensitivity of 21.12 mV/N. The second option is to use a shaker with a sensitivity is 2.5 N,
as shown in Figure 4.3b. The output signal or response is measured by an accelerometer, with a
sensitivity of 10.53 mV/(m/s2) and was mounted on the beam at node 5. shown in Figure 4.3b.
The sampling rate for the accelerometer and force sensor were both set to 25600 Hz.

Impact hammer testing procedure

The beam is excited using a modal hammer to extract the mode shapes. This is only possible
with a hammer test, because exciting multiple points fills an entire row of the FRF matrix, which
is necessary to define a mode shape. In contrast, a shaker excites the beam at a single point
and therefore provides only one entry in the FRF matrix and cannot be used to extract the mode
shapes. After each hit, the response is recorded and three consecutive hits are averaged to obtain
the FRF at that node. The hammer is moved to the next node, and the procedure is repeated.
Throughout the test, the response location remains fixed at node 5.

All measurements were collected using the in-house software program: sound and vibration
measurement system, after which the analysis was carried out either in FEMtools or in Matlab,
depending on the objective. Mode shape extraction was conducted in FEMtools, while all remain-
ing analyses were executed in Matlab. To simplify the approach, the sample was not heated and
all hammer tests were carried out at room temperature.
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Shaker excitation testing procedure

The input for the shaker was set as a sine sweep with a frequency ranging from 50 to 500 Hz.
The amplitude was measured in volts and normalized between -1 V to 1 V. This signal is sent
to the amplifier, which increases the voltage. The final step is to send it to the shaker, which
converts the voltage into a controlled vibration. To improve accuracy of the signal in the time
domain, a smooth start stop signal is used. This prevents leakage, reduces noise and makes
the signal smoother. The type of shaker used is the Bruel & Kjaer Mini Shaker Type 4810. The
duration of the sine sweep, called sweep time, is very important to consider. It is important
to check that the steady-state response conditions are reached before the measurement the next
measurement is taken. An excessive or a too low sweep rate results in incorrect measurements
which do not represent the system. A proper sweep time can be determined using the damping
ratio. Theoretically, any sweep time is too fast because it takes an infinite amount of time to reach
complete steady state. However, to reach 99 % amplitude, the sweep time can be significantly
reduced. A guideline for the linear sweep time is defined in the book of Ewins. For a loss factor
ranging from 0.05 to 0.2 and a starting frequency of 50 Hz and ending frequency of 500 Hz, the
recommended sweep rate is between 20 and 100 seconds [30]. It was decided to take the middle
which is a 60 seconds sweep time.

4.2.2 Results
This section provides an overview of the modal test results for the beams containing SSPCMs.
It first compares the similarities and differences between impact hammer and shaker excitation,
followed by the extracted eigenfrequencies and damping ratios for the three beams. The subse-
quent sections serve as validation steps to confirm that the measurements were performed cor-
rectly, addressing aspects such as sensor mounting, modal identification methods, antiresonance
behaviour, linearity and reciprocity.

Impact hammer testing

The measurement at each node resulte in one FRF, resulting in a total of 14 FRFs. All these FRFs
are combined into FEMtools and as a result the standard first bending mode shape could be
identified for all three beams, as shown in Figure 4.5. The green arrow indicates the excitation
point (node 12) and the blue arrow the response point (node 5). Figure 4.5a shows one irregularity
at the response node and this is probably due to poor attachment of the accelerometer leading to
a reduced amplitude response.

To compare the hammer test data with the shaker measurement data, only a single FRF from
the 14 hammer-based FRFs is used: the FRF corresponding to the same FRF matrix entry as the
shaker test, namely the entry at response node 5 and excitation node 12. The comparison of both
FRFs is shown in Figure 4.6a. On the x-axis it displays the measured frequency range in Hz, on
the left y-axis in blue the inertance and on the right y-axis in orange the coherence ranging from
zero to one. It shows minor low-frequency peaks for both the hammer and shaker tests, while the
shaker response additionally only shows high-frequency noise. This behaviour is likely related to
the stinger, which is intended to operate mainly in axial tension and compression but in practice
also bends and vibrates laterally, introducing extra noise.

The coherence plot in Figure 4.6a shows that the impact hammer test achieves consistently
higher coherence than the shaker excitation test. This difference arises because the shaker is me-
chanically attached to the structure and therefore, becomes part of the dynamic system. Such

(a) Beam 1 (b) Beam 2 (c) Beam 3

Figure 4.5: Mode shapes of beam 1, 2 and 3 obtained by hammer impact testing
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attachment introduces mass loading, meaning that the additional mass and stiffness modify the
dynamics. As a result, the measured response no longer corresponds precisely to the expected
response by the applied force, particularly near resonance where the shaker cannot fully follow
the motion of the displacement. This mismatch reduces the input–output correlation and leads
to lower coherence. In contrast, for hammer impact tests this effect is negligible, because the
hammer is in contact with the structure only for a short period of time and therefore, introduces
almost no mass loading. As a result, the coherence is very clean and approaches one across the
full frequency range.

Further observing Figure 4.6a shows that the first eigenfrequency occurs around 160 Hz,
which is why a cropped FRF and coherence over this range is presented in Figure 4.6b. This
plot indicates that the shaker produces a slightly lower eigenfrequency and a reduced amplitude
compared with the hammer test. This trend is consistent with the values in Table 4.2. This table
shows the result of the peaking picking method (PP) for the beams 1, 2 and 3. The first beam
shows a first eigenfrequency of 164 Hz for the hammer test and 160 Hz for the shaker test, with
the second and third beams exhibiting the same pattern. This behaviour can also be attributed to
mass loading: attaching the shaker adds mass to the system, which lowers the natural frequency
according to Equation 3.2 and reduces the structural compliance at resonance. As a result, the
shaker-based FRF lies lower in amplitude and shifts the eigenfrequency to the left relative to the
Impact hammer test.

The experimental eigenfrequencies can also be compared to the analytical predictions, shown
in Table 4.1. It reveals a substantial difference for all beams. The analytical predictions for each
beam consistently overestimate the measured eigenfrequency by a factor of 2.2. This trend is
correctly captured by the rule of mixtures however, it does not accurately predict the absolute
material properties and thus eigenfrequencies. This may be caused by insufficient material uni-
formity inside the beam, leading to a violation of the homogeneous-material assumption.

The damping is now expressed using the loss factor rather than the damping ratio, since this is
the standard convention in viscoelastic material characterization. The two quantities are related
through Equation 4.2. As long as the damping ratio remains below 0.3, the difference between
the two formulations is small and introduces less than 5 % error [31].

η = 2ζ
√
(1− ζ2) ≈ 2ζ (4.2)

The loss factors obtained from the hammer and shaker tests are summarised in Table 4.2. For
beam 1, the shaker test produced a loss factor that is about 7 % higher than the hammer result. In
beam 2, both methods yielded the same value and beam 3 showed the opposite behaviour, where
the hammer test produced a loss factor approximately 50 % higher than that of the shaker.

(a) FRF comparison highlighting the difference between the
hammer and shaker excitation measurement in terms of response
of coherence

(b) Cropped FRF around the first eigenfrequency, highlighting
the difference between hammer and shaker excitation in terms of
response of coherence

Figure 4.6: Comparison of the FRFs obtained from hammer and shaker excitation at node 12, measured at response
node 5 for beam 1
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Shaker excitation testing

The shaker test involved increasing the temperature inside beam and measuring the temperature
with the thermal camera, as explained in Section 4.2.1. To obtain a clearer trend of how the beams
behave with changing temperature, measurements were taken at intervals of approximately 0.5
°C. For the first beam, this resulted in 76 FRFs between 20 and 51 °C. For each of the 76 FRF the
following modal parameters were extracted: eigenfrequency, loss factor and modal constant. Us-
ing these parameters it was possible the synthesize the FRF in the vicinity of the eigenfrequency,
as explained in Section 3.5. A similar procedure was used for beam 2 and 3, which have a total of
83 and 102 measurements, respectively.

From all these measurements of beam 1 four FRFs are selected and displayed Figure 4.7. The
reference FRF is shown in blue at 20 °C with a clear peak around 160 Hz. Secondly, the FRF
with the highest loss factor is shown in orange at 28.8 °C. When, using the peak picking method,
the values for ωa and ωb are spaced far apart which increase the damping. Additionally, it was
found that this FRF had a great antiresonance, shown by the black dots. A relation was observed
between an increasing loss factor and a greater antiresonance. An elaborate explanation about
antiresonances is given in section 4.2.2. The third and yellow FRF shows the response for 33.7
°C. This temperature showed the highest eigenfrequency at 172 Hz. The damping for this tem-
perature is relatively low and the antiresonance has vanished. Lastly, the purple FRF at 50.5 °C
shows the strongest response but not the highest eigenfrequency, this means that the amplitude
of the vibration was the highest but the frequency was lower in comparison with the other FRFs.
When examining the evolution of the FRFs with increasing temperature, the response amplitude
continues to grow.

Table 4.2: Results of the hammer and shaker test for
beams 1, 2 and 3 at room temperature.

Beam Excitation ωn [Hz] Loss factor [-]

1 Hammer (PP) 163.9 0.122
1 Shaker (PP) 160.3 0.131
2 Hammer (PP) 174.1 0.0890
2 Shaker (PP) 172.6 0.0856
3 Hammer (PP) 219.8 0.0528
3 Shaker (PP) 214.0 0.0267

Figure 4.7: Selected FRFs of beam 1 for different temper-
atures.

Eigenfrequency

The eigenfrequency results are shown in Figure 4.8a, which presents the normalized eigenfre-
quency of the three beam compositions on the y-axis as a function of the mean beam temperature
on the x-axis, obtained using the peak-picking method. The normalization is based on the first
measurement of each beam. Beam 1 shows a pronounced increase, reaching a maximum increase
of approximately 8 % (roughly 12 Hz) near 32 °C, followed by linear decline with a slope of about
-0.36 Hz/°C, ending at around a 4 % increase at 50 °C. Beam 2 follows a similar trend but with
a lower peak of about 5 % (roughly 9 Hz) near 29 °C and a steeper post-peak decrease of ap-
proximately -0.49 Hz/°C, resulting in eigenfrequencies that fall below their initial value at higher
temperatures. In contrast, Beam 3 does not exhibit a peak. Instead, the eigenfrequency decreases
linearly across the entire temperature range with a slope of -0.16 Hz/°C, corresponding to a total
reduction of 2.7 %.

Beam 1, which has no wax content, shows a higher increase in eigenfrequency than beam 2
and 3. This indicates that adding wax does not increase the eigenfrequency. The silicone rubber
already provides enough tunability of the eigenfrequency, adding wax seems to have a coun-
terproductive effect. Also, adding wax seems to first shift the peak for maximum increase of
eigenfrequency to the left but when the wax content is further increased this trend is not contin-
ued.
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All measurements were performed in duplicate to ensure reproducibility. This resulted for
beam 1, prior to the peak, in minor deviations of around 3 Hz. However, beyond the peak, the
measurements converged and follow a single consistent trend. Beam 2 and 3 show identical
results for the duplicate runs already from the beginning.

Loss factor

Figure 4.8b presents the temperature-dependent evolution of the loss factor, using the same tem-
perature axis as before but now showing the normalized loss factor on the y-axis. Several observa-
tions can be made. Beam 1 shows the highest initial loss factor, which increases by approximately
50 % to a maximum of 0.118 at 29 °C. Beyond this point, the loss factor decreases linearly and
drops below its initial value at around 39 °C, after which it stabilizes at roughly half of the origi-
nal value. There are small differences between the duplicate measurements. Although the curves
diverge slightly after the peak, they follow the same overall trend.

A similar observation is made for beam 2, in absolute terms it starts a little lower at 0.0627, but
has a bigger maximum relative increase than beam 1, which is 150 % increase in loss factor at 25
°C. Next, the slope of the loss factor increases with the same rate as it decreased before, to half of
the initial value at 31 °C and remains constant for the remainder of the measurement. For beam 2
all the duplicate measurements are on the exact same line.

A similar trend is observed for beam 2. The initial loss factor is slightly lower at 0.0627, but
it shows a larger relative increase than beam 1, reaching a maximum of about 250 % at 25 °C.
Thereafter, the loss factor decreases with approximately the same slope as during the initial rise,
reaching half of the initial value at 31 °C, after which it remains constant for the rest of the mea-
surement range. For beam 2, the duplicate measurements coincide almost perfectly.

Just like with the eigenfrequency, the loss factor of beam 3 shows behaviour distinct from that
of beams 1 and 2. The initial loss factor is around 0.03 and increases only slightly over a span of 30
°C. Above 50 °C however, the slope changes and a strong increase in damping is observed, with
the loss factor increasing by nearly 250 percent at 66 °C. The duplicate measurements exhibit the
same overall behaviour.

In summary, beam 1 shows the highest absolute loss factor, consistent with the inherently
high damping capacity of silicone rubber also reported by Flint [33]. However, the largest relative
increase in damping occurs in beam 3, which has the highest wax content, followed by beam
2. These results indicate that adding wax enhances the relative damping capacity but does not
increase the absolute damping level.

Upon comparing the trends of the eigenfrequency and loss factor it shows that the loss factor
always peaks a three to four °C earlier than the eigenfrequency for beam 1 and 2. This can be seen
as a kind of delayed response, where first the damping increases and then the eigenfrequency.

In most cases, the damping increases as the temperature approaches the glass transition tem-

(a) The eigenfrequency results of the modal testing for different
temperatures

(b) The loss factor results of the modal testing for different tem-
peratures

Figure 4.8: Results of the modal testing with changing temperature for beams 1, 2 and 3
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perature. Mold Max 14 NV has a glass transition temperature near -120 °C, while paraffin wax
typically lies between 45 and 62 °C. In the results however, a peak appears at 31 °C for beam 1
and at 25 °C for beam 2. These temperatures do not coincide with the expected glass transition
range and therefore, cannot be explained. Beam 3 shows a melting area between 55 and 65 °C
which could come from the molten wax.

Verification of measurement repeatability for accelerometer mounting

During some measurements, it was found that the accelerometer did not stick properly once the
beam was heated. The mounting wax used to attach it to the beam began to lose stickiness around
35–40 °C, causing poor contact and increased noise. To check whether this affected the modal
parameters, a second accelerometer was installed using a high-temperature epoxy. This sensor
was placed directly next to the wax mounted accelerometer, ensuring both were located on the
same longitudinal 2D plane. A schematic of the sensor placements is shown in Figure 4.9a.

At high temperatures there were two types of FRFs. First, one where two sensor mounting
configurations showed no difference in eigenfrequency, with a deviation of only 0.2 Hz (0.10 %)
and also the loss factor also differed only marginally between the two configurations, with a
maximum deviation of 0.013 (2.6 %). And second, one where the wax-mounted sensor exhibited
significant noise across the entire spectrum, as illustrated by the blue FRF in Figure 4.9b.

At higher temperatures, two distinct types of FRFs were observed. In the first case, the two
sensor-mounting configurations produced nearly identical results: the eigenfrequency differed by
only 0.2 Hz (0.10 %) and the loss factor showed only minor variation, with a maximum deviation
of 0.013 (2.6 %). In the second case, the wax-mounted sensor exhibited substantial noise across
the entire spectrum, as shown by the blue FRF in Figure 4.9b. The distorted response leads to an
underestimation of the damping in the synthesized FRF, visible as the sharp orange peak, whereas
the FRF obtained with the epoxy-mounted sensor (yellow) shows minimal noise and produces a
synthesized FRF (purple) that more accurately fits the measured data.

The results shown in Figure 4.9b apply to beam 3 and it was decided to use the epoxy-mounted
sensors in the remainder of this research because the provided more consistent measurements
than the wax-mounted sensor. For beam 1 and 2, the noise at high temperatures was minimal and
the wax-mounted sensors were used instead.

(a) Sensor mounting on the beam with mounting wax on the
right and epoxy on the left

(b) Measured and synthesized FRF at 38.4 °C for both sensor
mounting types

Figure 4.9: Comparison between mounting wax and epoxy for sensor attachment
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Different modal identification methods

To verify the modal parameters, three methods were applied: the peak-picking (PP) and line-
fit (LF) method described in Sections 3.5.1 and 3.5.2 and the Complex Mode Indicator Function
(CMIF), as implemented in Femtools. The CMIF is based on singular value decomposition of the
FRF matrix and is a more sophisticated but computationally heavier model than the peak picking
and line fit method [30]. Figure 4.10a shows the absolute eigenfrequency against temperature for
the CMIF, PP method and LF method. The eigenfrequency of the PP method matches very well
with the CMIF with average difference of 0.20 Hz. Similarly to the LF method, which showed an
average difference of 0.23 Hz.

Figure 4.10b shows the loss factor and it is immediately evident that the PP and LF method
yield lower values for the loss factor compared with the CMIF results. On average this is 0.0075,
which is equal to 16 %. This behaviour is more often observed and explained in literature. It
boils down to the fact that the CMIF method evaluates the complete FRF matrix, meaning it
incorporates both the diagonal and off-diagonal terms. In contrast, the PP and LF method rely
on a single FRF and therefore, assume that each resonance behaves as an isolated SDOF system.
This assumption breaks down when modes are not well separated or when damping is moderate.
When this happens, the modal contributions from adjacent modes broaden the resonance, but this
broadening is not captured by a single FRF. As a result, the resonance becomes narrower, leading
to an underestimate in the damping for the PP and LF method [30].

Since the CMIF approach requires each FRF to be imported into FEMtools individually, apply-
ing it to the complete set of measurements was considered too time-consuming. Therefore, the
PP method was found to be accurate enough and will be used as the modal parameter extraction
method.

(a) Eigenfrequency of the CMIF, PP and LF method (b) Loss factor of the CMIF, PP and LF method

Figure 4.10: Comparison of different modal parameter extraction methods for different temperatures for beam 1

Antiresonances

Antiresonances were shown by the black dots in Figure 4.7. It shows on the x-axis the beam
length, while the y-axis shows the normalized vertical displacement. The beam is divided into 13
nodes, spaced five cm apart plus one red node for the excitation point and a blue node for the re-
sponse point. The tilted FRF, plotted at the right, shows the ratio of the response of the blue node
over the excitation of the red node. Each resonance peak corresponds to an eigenfrequency of the
beam and is associated with a specific mode shape. The first resonance peak (top graph) repre-
sents the ideal first bending mode shape occurring at the first eigenfrequency. At this frequency,
the magnitude is the highest because the excitation is high and response low. As the excitation
frequency increases past the first resonance, the beam begins to vibrate in second mode shape
(bottom graph). Between the resonance peaks however, a distinct dip appears; the antiresonance.
At this frequency the beam does not vibrate in a single mode shape but rather in arbitrary com-
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Figure 4.11: Visual representation of antiresonances in a dynamic system

bination of the first and second mode shape. Due to the specific amplitude relationships between
these modes, the contributions at the response node cancel, resulting in nearly zero displacement.
This behaviour is clearly visible in the middle graph of Figure 4.11 where the blue dot indicates
near zero displacement. Mathematically, antiresonances occurs when the numerator in Equation
3.28 becomes zero, implying a cancellation of the modal contributions of the eigenvectors.

It is important to emphasize that Figure 4.11 provides an idealized, simplified representation.
In practice, as shown in Figure 4.5, the measured mode shapes include contributions from higher-
order modes and effects due to non-proportional damping. As a result, zero displacement of a
node at an antiresonance is an idealization.

Linearity

To verify the linearity of the system, a modal hammer test was executed where three different
levels of excitation were applied: soft, middle and hard. Consequently, each FRF was plotted and
it was verified if there was any differnce. The results are shown in Figure 4.12a. The x-axis shows
the frequency in Hz, but the y-axis displays the linear inertance in 1/kg. Using a linear scale
makes it easier to directly compare two levels of excitation level. As expected, the soft excitation
results in the lowest response and the hard excitation in the highest. At low and high frequencies
all 3 levels of excitation have a similar response magnitude, where the inertance only differs about
0.5 1/kg. The biggest difference occurs at the eigenfrequency where the difference between the
soft and hard excitation is 1.5 1/kg, due to this small difference the system is assumed to be linear.
It is expected that the deviation is greatest at the resonance because non-linear effects are most
pronounced when the system oscillates at large amplitudes [65]. Also, adjusting the excitation
force changes only the response amplitude and not the eigenfrequency itself.

Reciprocity

Next, it is important to verify the reciprocity of the system. It helps so simplify the measurements
as it allows the excitation and response locations to be interchanged. To check the system for
reciprocity, beam 3 is excited using a modal hammer at node 5 and the response is measured with
an accelerometer at node 6 and vice versa. The resulting two FRFs are shown in Figure 4.12b.
The difference is very little even at the eigenfrequency where the maximum difference is less than
0.30 1/kg. Therefore, reciprocity for beam 3 is considered valid. Although no explicit linearity or
reciprocity tests were performed for beams 1 and 2, it is assumed that the same conclusions apply
to them as well, since all three beams are made from similar materials.
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(a) Verification of the linearity at three different levels of excita-
tion

(b) Verification of the reciprocity by switching the response and
excitation location

Figure 4.12: Verification of the linearity and reciprocity

4.2.3 Conclusion & Discussion
The reassessment of the study of Flint demonstrated a refined testing of the modal parameters
of SSPCMs. Three different silicone rubber-wax compositions have been evaluated using an im-
pact hammer and shaker excitation test by increasing the temperature from 20 °C to 62 °C. The
modal parameters were extracted using EMA, which involved 3 different methods: peak pick-
ing method, line fit method and complex modal indicator function. The results revealed that
the shaker test produced lower eigenfrequencies than the hammer, due to the mass loading of
the shaker. Additionally, beam 1 showed the highest relative increase of 8 % of all beams. This
behaviour is unexpected, since beam 1 contained did not contain any wax, it appears that the
silicone rubber already showed good tuning capabilities for the eigenfrequency. Beam 2, while
containing wax, showed a limited change in frequency only about 5 %. Beam 3, did not show any
tuning capabilities as the eigenfrequency only decreased with temperature.

The tested SSPCMs suggested a general trend in which higher wax content leads to a higher
relative loss factor. However, no decisive conclusion can be drawn regarding the temperature at
which the maximum loss factor occurs, as this behaviour is not consistent across the beams. Beam
2 exhibits an early increase in damping, whereas beam 3 shows an unusually late peak at 60 °C,
which may not accurately reflect the behaviour.

This makes it essential to evaluate the findings carefully, especially for beam 3, as a 5 % in-
crease in wax content would not normally produce such a large change in response. First, the
significantly lower weight suggests that the actual composition may deviate from the intended
composition, these inconsistencies limit the certainty of the measurements. It is also unexpected
that the damping peak occurs at a much higher temperature than in the other beams, which may
be explained by a non-homogeneous temperature distribution caused by misalignment of the
kapton heaters. The thermal camera observed only one side of the beam, a heater positioned
closer to that face could lead to an overestimated temperature. This was confirmed in one of the
tests where a side-to-side difference of about 20 °C was found.

Secondly, the carbon fibre shell introduces extra uncertainty in the measurement, because the
resin and fibres show temperature-dependent properties which are not considered in the analysis.
Therefore, an improvement would be to only consider the matrix and filler system without any
additional encapsulation.

Lastly, achieving thermal equilibrium turned out to be difficult because of the substantial
amount of thermal mass of the beam and the uneven heat distribution caused by the internal
heater, especially when it was aligned in the middle. A practical improvement would be to re-
duce the thermal mass and apply external heating.

Since all these limitations cannot be resolved with the current samples, they are not considered
further. The next part of this work will focus on the design, manufacturing and characterization
of new SSPCMs.
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This section covers the manufacturing, testing and evaluation of in-house manufactured SSPCMs.
The work carried out by Flint forms the foundation for this research. The proof of concept devel-
oped in the previous sections of the report serve as the basis for development and design of the
SSPCMs.

To determine the fundamental properties of the SSPCMs, the focus of the report was redi-
rected. Whereas experimental testing provides insight into the behaviour of complete structures,
the objective here is to understand the behaviour of the individual constituents and their interac-
tions. For that reason, the emphasis shifted from experimental modal testing to material charac-
terisation at the local level.

In the research of Flint only the silicone rubber-wax composition were considered as SSPCMs.
However, there are more material combinations that can be used as SSPCMs. To find these new
combinations a list of requirements is made based on the literature study and the knowledge
obtained from the case study. The new SSPCMs will consist of the matrix and filler material,
each with its own function and set of requirements. The requirements for the matrix material
are presented in Section 5.1, followed by the requirements for the filler material in Section 5.2.
Section 5.3 then describes how these materials are combined to manufacture the in-house SSPCM
samples. The testing procedure for evaluating the samples in the DMA machine is explained
in Section 5.4, and the corresponding results are discussed in Section 5.5. Finally, Section 5.6
provides the overall conclusions.

5.1 Matrix material selection

The main goal of the matrix material is to hold the filler material. The list below elaborates on the
design requirements for the matrix material, defined using the SMART formulation.

• The matrix material must remain functional within a operational temperature range of -50
- 130 °C throughout the operational lifetime of the material. The lower limit reflects the
requirement for performance in cold aircraft environments, while the upper limit ensures
that the matrix can retain the core material at elevated temperatures [105].

• The matrix material must have an elongation at break of at least 25 % in the operational
temperature range from -50 to 130 °C, ensuring sufficient space to accommodate the thermal
expansion of the filler material without breaking throughout the service life of the material
[116].

• The matrix material must have a stiffness below 1 GPa at 20 °C, ensuring that the addi-
tion of the filler material results in at least a 30 % increase in stiffness over the operational
temperature range.

• The matrix material must have a thermal conductivity of at least 5 W/mK, ensuring suffi-
cient heat transfer is possible to support phase change of the filler material throughout the
operating temperature range.

• The matrix material must be manufactured from a castable material. Using custom-designed
moulds simplifies fabrication, allowing accurate shaping within 1 % accuracy and consistent
reproduction without the need for additional machining.

• The matrix material must not cost more than 50 €/kg.

Additionally, the matrix material must not be harmful to humans (not poisonous or toxic),
widely available and have low chemical reactivity with other materials.

41
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After an investigation of the possible materials that fulfil the above-mentioned requirements,
three possible materials were found: epoxy, polyurethane and silicone rubber. The material prop-
erties of epoxy will be explained in section 5.1.1 and the properties of polyurethane in Section
5.1.2. The properties of silicone rubber have already been discussed in Section 2.2 and only a
summary of the material properties is shown Table 5.2.

5.1.1 Epoxy

Epoxy, is a thermosetting polymer consisting of 2 benzene rings combined by 2 methyl groups
and 2 oxygen atoms, called the epoxy resin group. The resin adds stiffness and determines the
viscosity of the cured epoxy. It reacts with a hardener and cures under room temperature forming
a cross-linked 3-dimensional network. The hardener determines the cure speed and the ductility
of the cured material. By adjusting the ratio of resin and hardener, epoxies can be tailored to
achieve specific material properties for different applications. These range from surface coatings
and counters to fast curing sealing epoxies and deep-pour epoxies used in marine structures.
Epoxy also offers several more advantages, including low moisture absorption, high tolerance
and a predictable, linear curing behaviour [88].

The service temperature refers to the range where the material can maintain its properties
without significant degradation. Extended exposure to temperatures outside the regime may
results in irreversible damage. For epoxy it is dependent of the exact type. The most general
epoxies can serve between -50 °C and 60 °C, which does not full fill the requirement. As a results
high temperature resistant epoxies are used, which can handle up to 250 °C. The maximum service
temperature is limited by and typically set somewhat below the glass transition temperature.

A lower cross-linking density in the epoxy results in a reduction of the tensile strength and an
increase in the elongation at break. This occurs because fewer cross-links create a more flexible
polymer network with greater chain mobility, allowing the material absorb more energy before
failure. So there is trade-off between tensile strength and elongation at break. In this case, the
elongation at break is more important than the tensile strength therefore, an epoxy with low
cross-linking density is preferred [64]. The cross-linking density is a key factor determining the
Young’s modulus, since a higher degree of cross-linking restricts molecular chain mobility and
thereby increases the modulus [20].

The thermal conductivity of unfilled epoxies is generally very poor and do not exceed 0.2
W/mK, a proposed solution is to add heat conductive fillers, this can extend the thermal con-
ductivity range to 35 W/mK. The thermal conductivity is also strongly influenced by the cross-
linking density. A higher degree of cross-linking reduces the free volume, which results in tighter
packing of the polymer chains and therefore increases thermal conductivity. This effect was also
demonstrated in the work of Struzziero et al. [106].

Epoxies are suitable for casting because they are, before curing, in a low to medium viscous
state, which allows them to fill moulds accurately and reproduce fine geometries. Their low
curing shrinkage, typically in the range of 1–2 percent, further supports dimensional stability.
However, successful casting requires control of the heat build-up as curing epoxy is a exothermic
reaction. An excessive release of heat may result in cracks of internal defects in the final part [86].

A summary of all the above discussed material properties is seen in Table 5.1.

5.1.2 Polyurethane

The second option is to use polyurethane (PU) or to be more specific a thermoset polyurethane
elastomer. It is manufactured from an isocyanates, called the hard component, which is composed
of 2 benzene rings connected by an alkane and (−N = C = O) at either ends. It is mixed with
a polyol group, called the soft component, which is composed of an alkene with multiple OH
groups. The result is an alternating block polymer with soft and hard chain segments. By altering
the ratio of hard and soft components the desired modulus, elongation and thermal expansion
can be achieved [35]. Increasing the soft components increases the elongation while more hard
components can be used to increase the stiffness.

The castability of PU is good, because before curing, the components show low viscosity such
that the mixture can easily flow into the moulds. During the cure the PU shows limited shrinkage
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of 0.5 % which is less than the shrinkage of epoxy [107]. Additionally, PU also shows an exother-
mic reaction, but less heat is released in comparison with the epoxy, resulting in a higher quality
product.

The service temperature is between -65 °C and 110 °C. It is important that PU can withstand
temperatures above service temperature without irreversible damage, but only for a short period
of time [77].

PU has a very wide variety of applications some examples are the usage in seals, hoses, shoe
insoles, sport equipment or rollercoaster wheels. Additionally, PU has been extensively used in
applications which require damping capacity, for example PUR foam in house insulation and
dampers in cars to reduce engine noise [43]. Researchers are actively tuning PU composition
to enhance vibration absorption; they showed that by using different types of PU polymers the
damping characteristics are additive [44]. An increase in damping is caused by increasing the
amount polyol components (OH bridges), these bonds restrict the chain movement, overcoming
this restriction dissipates large amount of energy and increases damping [44]. Other research
showed that the narrow range of high damping, which is typical for PU, can be broadened. This
is achieved by increasing the amount of imine bonds. Imine bonds are dynamic covalent bonds
(= C = N−) which can reversibly break and reform at increasing temperature. Each time a bond
breaks it absorbs energy from the system. When it reforms, some of the energy is needed to make
the bond again, but the majority is dissipated as heat. This cycle starts at high temperatures, so
just when the damping from the hydrogen bonds decreases due to high temperature the imine
bonds start to break and reform increasing the damping. Ultimately, this results in a broadened
temperature range of the damping [11, 44].

A summary of all the above-mentioned material properties are shown in the third column of
Table 5.1. Considering all properties a choice has to be made about which material will function
as the matrix material. After weighing all advantages and disadvantages, it was decided that sili-
cone rubber will be used. The main reason having a very high elongation at break, so the silicone
rubber can accommodate all thermal expansion and its very low shrinkage which will provide
accurate shaping of the samples. The specific type used is Dragon SkinTM 30 from smooth-on
[101].

Table 5.1: Comparative overview of the potential matrix materials and their key thermophysical properties

Property Epoxy Polyurethane Silicone Rubber

Young’s modulus [MPa] 1000 – 2000 [55] 6 – 35 [26, 74] 0.5 – 5 [32, 101]
Tensile strength [MPa] 7 – 20 [55, 64] 25 – 30 [23, 26, 83] 3.5 – 10 [18, 101]
Elongation at break [%] 50 – 200 [55, 64] 300 – 700 [23, 26, 83] 300 – 1000 [18, 101]
Service temperature [°C] -50 – 250 [19, 50] -65 – 110 [23, 34] -60 – 230 [24, 85]
Glass transition temperature Tg [°C] 42 – 80 [19, 75] -46 – -35 [10, 74] -120 – -100 [56, 81]
Thermal conductivity [w/mK] 0.1 – 35 [29, 75] 0.13 – 0.29 [21, 74, 112] 0.2 – 0.8 [54, 99, 109]
Hardness [Shore] > 60 D [73] 70 – 80 A [21, 23, 26] 10 – 30 A [101]
Cure shrinkage [%] 0.5 – 1 [4] 0.15 – 0.5 [100, 107] < 0.1 [101]
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5.2 Filler material selection

The main goal of the filler material is to leverage its great thermal expansion upon phase change
to alter the material properties. The points below detail the filler material requirements, each
defined using the SMART framework.

• The filler material must have an average linear CTE of 300 ppm/K over a temperature range
± 15 °C of the melting point of the filler material.

• The filler material must have a thermal conductivity of at least 5 W/mK, ensuring sufficient
heat transfer is possible to support phase change throughout the operating temperature
range.

• The filler material must remain reversible without the loose of more than 10 % of the me-
chanical performance.

• The filler material must have a solid to liquid phase transition between 30 °C and 80 °C,
verified by DMA measurements.

• The filler material must remain fully solid at standard atmospheric conditions with no de-
tectable softening.

• The filler material must not cost more than 30 €/kg.

Additionally, the filler material must not be harmful to humans (not poisonous or toxic),
widely available and have low chemical reactivity with other materials.

After considering the requirements for the filler materials, two possible groups of candidates
were found: inorganic metallics and paraffin waxes. The inorganic metallics are discussed in
Section 5.2.1, the properties of paraffin waxes have been extensively discussed in Section 2.1 and
therefore, section 5.2.1 will only provide the material properties in Table 5.3 and a comparison
with inorganic metallics.

5.2.1 Inorganic metallics
An inorganic metallic is a mixture of two or more materials which have a lower melting point
than the individual components. There is a ratio of the two materials where the lowest possible
melting point occurs, this is called the eutectic point. At this point the individual components of
the metallic do not separate into individual components and are still miscible. A table with possi-
ble inorganic metallics is shown in Table 5.2 and will be compared with the material properties in
Table 5.3 of possible paraffin waxes. Comparing the two material classes reveals several clear dis-
tinctions. The metallics show densities that are roughly an order of magnitude higher than those
of the paraffin waxes, when applied in aircraft applications a higher mass is undesired. Melt
temperature is also an important factor. Most inorganic metallics fall outside the desired melt-
ing range, with only Field’s metal meeting the requirement, whereas both paraffin waxes show
suitable melting areas satisfying the requirements. A major advantage of the inorganic metallics
is their much higher thermal conductivity compared with the waxes, often by a factor of 50 to
100. This eliminates the issue of poor heat conduction typically associated with SSPCms. Despite
this, the thermal expansion of the metallics remains lower than that of the waxes, but still great
enough to generate useful thermal expansion. The primary drawback of most inorganic metallics
is their toxicity. Several of the shown composition’s present health risks, where prolonged expo-
sure to fumes can irritate the skin and eyes. LM95, in particular, contains lead, which can cause
neurological damage. Finally, inorganic metallics are substantially more expensive than paraffin
waxes, which further reduces their suitability for large-scale SSPCM implementation.
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After evaluating all relevant material properties, the benefits of paraffin waxes were found to
outweigh those of the inorganic metallics. In particular, the health risks associated with several
metallics and the lower thermal expansion were important factors. The high thermal conductiv-
ity of the alloys was not sufficient to compensate for these drawbacks. Hard paraffin wax was
selected as the preferred PCM [14], as it provides a higher CTE, greater volumetric expansion and
is easier to process and mix than soft paraffin wax.

Table 5.2: Overview of potential inorganic metallics and their key thermophysical properties

Property LM95 [28] LM138 [27] Field’s metal [66] Galinstan [82, 90]

Composition [wt%] 52.5 Bi / 32 Pb / 15.5 Sn 58 Bi / 42 Sn 32.5 Bi / 51 In / 16.5 Sn 67 Ga / 20.5 In / 12.5 Sn

ρ [kg/m3] 9.7E3 8.6E3 7.9E3 [89] 6.36E3 [22]

Tm [°C] 95 138 62 10

λ [W/mK] ∼19 ∼21 19–28 ∼24

αv [ppm/K] ∼500 ∼400 ∼286 [67] ∼13.1

Health risks Contains Pb (toxic) No May cause burns Corrosive to Al

Price [€/kg] ∼55 ∼69 >50 ∼640

Application Soldering and moulding Soldering and moulding Die casting [49] Heat transfer fluids

Table 5.3: Overview of paraffin wax and their key thermophysical properties

Property Soft paraffin wax [114] Hard paraffin wax [114]

Composition [wt%] Mix of C20–C30 Mix of C30–C40

ρ [kg/m3 0.79E3–0.91E3 [16] 0.88E3–0.95E3 [16]

Tm [°C] 45–55 52–62

λ [W/mK] 0.19–0.35* [16, 37, 38, 58, 72, 92]

αv [ppm/K] 400–2000* [58, 71, 108, 111]

Health risks Flammable Flammable

Price [€/kg] 10–15 10–15

Application Cosmetics Candles

*Temperature dependent

5.3 SSPCMs sample manufacturing

After the materials for the matrix and filler have been selected, it was time to manufacture the
SSPCMs required for the DMA. It was initially unknown which geometry would yield the most
reliable results in the DMA, so three different sample types were produced: tensile, compression
and three-point bending specimens. The corresponding dimensions for each type were deter-
mined based on the manufacturer’s specifications of the DMA instrument provided in Appendix
A.4. A fourth sample was also manufactured for testing in the TMA machine; however, the ma-
chine was later found to be out of service and no measurements could be performed.

Casting was selected as the manufacturing technique due to its simplicity and efficiency, de-
spite the need for a dedicated mould. A custom mould capable of producing all four sample
types at once was therefore, designed and 3D printed. PET-G filament was used instead of stan-
dard PLA because the mould needed to withstand temperatures up to approximately 60 °C, which
corresponds to the glass-transition temperature of PLA. The final design is shown in Figure 5.1a,
it also shows the corresponding samples for each test configuration.

Following the work of Flint, the range of wax contents in the samples was extended to further
investigate the influence of wax concentration on the overall material properties. Flint tested
three silicone rubber-wax compositions of 100/0 %, 85/15 %, and 80/20 wt%. In this study, an
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(a) 3D printed mould with the corresponding samples (b) Au-bain-marie setup used to melt the wax. The large pan
contains hot water; the smaller pan contains the liquid paraffin
wax

Figure 5.1: Preparation steps for manufacturing the silicone rubber–wax samples

additional composition of 70/30 % and 50/50 % was included to broaden the range, the 80/20
% composition was removed. Increasing the wax content to 70 % or higher resulted in samples
with poorly defined geometries and unstable composition, also samples consisting of 100 % wax
were found not viable for testing because they were too brittle to remove from the mould and
would completely melt when tested above melting temperature. Table 5.4 show a summary of
the composition, in the remainder of this work, these compositions will be referred to as sample
S1, S2, S3 and S4.

The S1 samples were manufactured by mixing the A and B component of the Dragon Skin
silicone rubber in a 1:1 ratio to form the final elastomer. The mixture was poured into the moulds
and levelled at the surface, after which any excess material was removed.

For samples S2, S3 and S4 an additional step was required. Since the wax must be in a liquid
state to mix with the silicone rubber, it was melted using an au-bain-marie construction to prevent
the wax from burning, see Figure 5.1b. The temperature was monitored with a thermometer
throughout the process to find melting area. Once fully melted, the wax was combined with the
liquid silicone in the prescribed ratios in Table 5.4 using scales and syringes and mixed for at least
two minutes to obtain an uniform suspension. Each composition was then poured into separate
moulds. In total, four moulds were printed so that all samples could cure simultaneously. The
curing procedure consisted of 16 hours at 23 °C, followed by a post-cure at 23 °C for 7 days to
ensure optimal material properties. After curing, the samples were carefully demoulded using a
small knife.

The final results of the sample manufacturing is four different samples with four different
compositions.

Name Silicone composition [wt%] Wax composition [wt%]

S1 100 0

S2 85 15

S3 70 30

S4 50 50

Table 5.4: Overview of the composition of the manufactured SSPCMs
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5.4 DMA testing procedure

Before the DMA test can begin, the LVE region must be identified, as explained in Section 5.4.1.
It is also essential to understand how the DMA machine computes the viscoelastic properties
from the measurements, which is described in Section 5.4.2 and 5.4.3. The selection and use of
the clamps are discussed in Section 5.4.4 and finally, the machine specifications are provided in
Section 5.4.5.

5.4.1 Linear viscoelastic regime
For each test the machine was calibrated using the 20 mm calibration block, to ensure consistent
measurements. As explained in Section 2.3.3, the interest lies in testing the material within the
LVE regime. Two tests were performed, one with a static strain of 5 % and varying linear dynamic
strain of 0.1 % to 4 % and a second test where the static strain was set at 10 % with a varying linear
dynamic strain between 0.1 % and 9 %. The results showed a consistent modulus throughout the
complete dynamic strain range. It was not recommended to test on higher static/dynamic strains
therefore, it was decided to keep the static strain at 5 % and the dynamic strain at 2 %. All the
other settings can be found in Appendix A.2.

5.4.2 Measurement type
After the LVE region has been defined, the setup on for the actual test can be performed. A
temperature-frequency sweep has been chosen, as it can be used to construct the master curve of
the material. A frequency range from 1 Hz to 81 Hz with a linear frequency increment of 5 Hz
has been selected and repeated at different temperatures from -25 °C to 55 °C with a temperature
increment of 5 °C. Between two different temperature measurements, after the material reached
the target temperature, 300 seconds of dwell time was added to ensure thermal equilibrium.

5.4.3 Measurement definition
During the sweep measurements, the change in sample length is recorded. These length measure-
ments are converted into the storage modulus using Equation 5.1, following the recommended
method by the DMA manufacturer. The first fraction term is a correction for the static preload
as this already deforms the sample. This correction method assumes that the volume before (A0

and L0) and after the test (Am and Lm) remains constant. The second term (k) is the stiffness
simply defined as the dynamic force over the dynamic displacement and the last term represents
the measured phase lag, as explained in Section 2.4. Using similar expressions, the loss modulus
and loss factor can be defined for each temperature and frequency [84].

E′ =
L2
m

L0A0
k cos(δ) (5.1)

5.4.4 Clamp selection
A key advantage of DMA is its ability to characterize a wide range of material properties, which
requires different clamp configurations. Tensile clamps enable uniaxial tension tests, three-point
bending fixtures are used to determine flexural behaviour and compression clamps allow the
measurement of compressive modulus. Initially, tensile clamps were considered, but the sam-
ples were too soft for reliable characterization. The DMA could not apply a stable static preload,
preventing consistent measurements of the initial length. Clamping was also problematic as the
torque wrench used for tightening the grips applied too much force, causing the sample to be
squeezed effectively increasing the length and more importantly damaging the sample. Three-
point bending clamps were tested next, but the samples sagged noticeably under their own
weight before any load was applied. This made the setup impractical for accurate measurements.
As a result, only the compression clamps are left for testing and will be used to examine the be-
haviour of SSPCM. Another check that was performed is weighing all samples before and after
testing to verify that no material leakage occurred.
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5.4.5 Machine specifications

The DMA used in this study is a DMA 523 Eplexor® 2000 N, shown in Figure 2.4b. The instrument
operates over a temperature range of -160 °C to 500 °C, allows testing frequencies from 0.0001 to
100 Hz and accommodates static deformations up to 45 mm with a dynamic amplitude of ±6 mm
[36].

5.5 Results

This section presents the results of the DMA tests. Section 5.5.1 discusses the dependence of the
storage modulus on temperature and frequency, followed by the analysis of the loss factor in
Section 5.5.2. Finally, the data from these measurements are combined to construct master curves
for all viscoelastic properties of each sample, as shown in Section 5.5.3.

5.5.1 Storage modulus

Figure 5.2 presents the relationship between the temperature and storage modulus over a temper-
ature range from -25 °C to 55 °C for the four different compositions. The figure also displays the
storage modulus in relation with the excitation frequency indicated by the colormap, spanning
from low frequencies (1 Hz, red) to high frequencies (81 Hz, blue). The same dataset can also be
visualised with frequency on the x-axis and temperature as the varying parameter. This alterna-
tive representation is provided in Appendix A.1 and displays the identical data shown in Figure
5.2.

The S1 sample is investigated first. From Figure 5.2a it becomes evident that the storage mod-
ulus increases with frequency, but only with a small amount of ≈17 % or 0.4 MPa. This behaviour
is also observed in other research from Ouis and Lei [68, 87] and corresponds with the explana-
tion in Section 2.3.2. It is also observed that most isotherms do not intersect, implying that the
material behaves consistent and no external effects such as phase change are present, which is in
line with expectations, because S1 does not contain any wax. The most interesting result is that
as the temperature increases the modulus increases as well, on average ≈11 % or 0.26 MPa, this
is unexpected and was only seen for the S1 sample. It also conflicts with the theory presented in
Section 2.3.1, which states that the storage modulus should decease with increasing temperature.
Based on the above-mentioned results, it can be concluded that the increase in frequency had a
greater influence on the storage modulus than increasing the temperature.

The S2 sample in Figure 5.2b demonstrates a different effect than sample S1. Rather than
increasing, the storage modulus decreases with increasing temperature, showing a decrease of
about 43 % or 1.7 MPa across the full temperature range. Increasing the frequency has the opposite
effect and increases the storage modulus by 40 % or 1 MPa, similar to the behaviour in S1. Another
interesting observation is that the slope of Figure 5.2b becomes noticeably steeper beyond 35 °C,
before returning to its original slope once the temperature exceeds 45 °C. This intermediate region
likely corresponds to the melting area of the wax, as discussed in Section 5.3. In this sample, the
wax content is too low to increase the storage modulus by thermal expansion. Instead, the wax
starts to act as a plasticizer reducing the slope of the storage modulus, as explained in Section
2.5.1.

For the sample S3, the same general behaviour as observed for the second composition is
present. The data in Figure 5.2c shows that the modulus decreases with increasing temperature.
The relative change is comparable to sample S2, with a reduction of approximately 46 %, corre-
sponding to about 2.6 MPa. Increasing the frequency again leads to a higher storage modulus,
showing an increase of roughly 48 %, or 1.6 MPa, which is slightly higher than the effect measured
for sample S2. As shown in Figure 5.2c, the curve begins to flatten at approximately 35 °C, sug-
gesting that the high thermal expansion of the wax starts to influence the storage modulus. In the
second composition, the plasticizer effect dominated over the thermal expansion effect, whereas
in sample S3 the thermal expansion of the wax becomes strong enough to locally increase the
modulus. Because the great increase in thermal expansion is limited to the melting range, the
slope decreases once this interval is passed and the plasticizer effect becomes the dominant con-



5.5. Results 49

(a) Sample S1 (b) Sample S2

(c) Sample S3 (d) Sample S4

Figure 5.2: Storage modulus as a function of temperature for different frequencies for the four SSPCM compositions

tribution again. When the was content increases, the stiffness reduction caused by the plasticizer
effect is compensated more strongly. This will be showcased in the last sample with the highest
wax content.

The last sample S4 with the highest wax content is depicted in Figure 5.2d. The initial part of
the curve matches that of sample S3. Once the melting area is reached, the higher wax content
amplifies the thermal expansion. While this effect was limited in sample S3, it clearly outweighs
the plasticizer effect in sample S4, leading to a local increase in storage modulus of about 23 % or
1.5 MPa at 40 °C for the high frequencies only. After this local peak the storage modulus decreases
again, but with a steeper slope as in sample S3, the decrease of the complete range is on average
around 58 % or 3.9 MPa, which is the highest drop of all samples. This is likely due to increased
plasticizer effect of the added wax. The trend with increase frequency and increasing modulus
was again consistent resulting in a 80 % or 2.4 MPa increase in modulus.

A general trend observed with increasing wax content is the linear rise in the initial storage
modulus measured at -25 °C. The data suggests that each additional 10 % of wax, increases the
initial storage modulus by approximately 0.85 MPa. When this is linearly extrapolated, it would
result in a storage modulus of around 11 MPa for a 100 % wax content, which is in the same order
of magnitude of other paraffin waxes [80].

5.5.2 Loss factor

Figure 5.3 presents the dependence of the loss factor on the temperature for the four different
compositions. The figure shows the same temperature x-axis as for the storage modulus and also
colormap for the frequency is the same. The only difference is that the y-axis now displays the
loss factor instead of the storage modulus. The plots where the frequency is on the x-axis and the
temperature is in the colormap are included in Appendix A.1.

The S1 sample is evaluated first. Inspection of Figure 5.3a shows that the loss factor decreases
with increasing temperature, the average decrease is around 33 % or 0.028. This is because the
storage modulus increases more than the loss modulus decreases, resulting in a decrease in the
loss factor, as defined according to Equation 2.2. An increase in frequency however, results in a
decrease in the loss factor by 59 % or 0.032. All the isofrequency lines are all monotonically de-
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(a) C100 0 (b) C85 15

(c) C70 30 (d) C50 50

Figure 5.3: Loss factor as a function of temperature for the four SSPCM compositions

creasing with temperature except the frequency at 1 Hz, which shows different behaviour than the
other lines. This phenomenon was also observed in Figure 5.2a, where the 1 Hz isofrequency line
showed significantly lower storage modulus values. It was also observed that most isofrequencies
do not cross each other which implies that the material behaves consistent and no external effects
such as phase change are present. Lastly, Figure 5.3a shows no distinct peak in the storage modu-
lus, which is as expected, because the peak of the loss factor occurs at way higher frequencies, as
explained in Section 2.3.2.

The data in Figure 5.3b for sample S2 shows that the loss factor increases slightly with tem-
perature, by approximately 9.5 % or 0.0128. This trend is in contrast with sample S1, where the
loss factor decreased with temperature. The storage modulus increased by roughly 20 % or 0.027
when the frequency was increased. However, this increase is not monotonic. Initially, the loss
factor decreases from 1 Hz up to 21 Hz before rising again above the initial value. No clear expla-
nation for this non-monotonic trend could be identified. Finally, a small peak appears at around
45 °C for all frequencies, suggesting that the thermal expansion of the wax starts to play a role.

The behaviour of sample S3 differs noticeably from that of samples S1 and S2. The loss factor,
shown in Figure 5.3c, initially rises up to approximately 15 °C, after which it gradually decreases
back towards the starting value around 40 °C. Beyond this temperature several of the lower-
frequency curves show a pronounced increase in loss factor. This rise can be attributed to wax
expansion within the melting interval, which generates additional free volume and enhances the
materials damping capacity. The maximum increase in loss factor is observed at low frequency
and high temperature. In particular, 1 Hz and 50 °C, where the loss factor grows by roughly 50
% or 0.10. In contrast, the higher frequencies do not exhibit this increase. Instead, their curves
converge to a lower value and cluster at around 55 °C.

Inspection of Figure 5.3d for sample S4 reveals behaviour that is largely comparable to the
sample S3. The main difference is that the additional wax increases the overall loss factor. As
in sample S3, only the lower frequencies show a pronounced peak in the loss factor at elevated
temperatures. This peak results in an increase of about 37 %, or 0.12. Although the absolute
increase is larger than in sample S3, the relative increase is smaller. Nevertheless, this local peak
remains lower than the maximum loss factor observed around 15 °C for all high-frequencies.

A consistent trend across all samples is that the four lowest frequencies (1, 6, 11, and 16 Hz)
show behaviour that differs from the higher frequencies. No definitive explanation was identified,
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although it is may be possible that the DMA did not fully capture the loss factor at these low
frequencies.

Another general observation is that the loss factor increases linearly with wax content when
evaluated at -25 °C. The data indicates that each additional 10 % of wax raises the initial loss factor
by approximately 0.062. A linear extrapolation to 100 % wax yields a value of about 0.69, which
is high damping for a material. Finally, the measured loss factors align with the values reported
in the literature.

5.5.3 Master curves

The shift factors used to construct the master curves were determined with both the RMSE and
CFS methods, as described in Section 2.4.3. Each method provides a set of temperature-dependent
shift factors, which can subsequently be fitted using either the WLF or Arrhenius model, intro-
duced in Sections 2.4.3 and 2.4.3. For each sample, the results of both models are examined, and
the master curve obtained from the RMSE method is presented. The master curves derived from
the RMSE and CFS methods are than compared, followed by an evaluation of the validity of the
WLF and Arrhenius fits.

To construct the master curve, first the unshifted isotherms for a fixed frequency range are
considered on the left side of Figure 5.4. This plot presents the storage modulus as a function
of the logarithmic frequency, with high temperatures indicated in red and low temperatures in
blue. After selecting a reference temperature, the isotherms are shifted horizontally according
to Equation 2.4, yielding the master curve shown on the right side of Figure 5.4. Curves are
shifted to the left by subtracting the corresponding logarithmic shift factor and to the right by
adding it, while the shift factor at the reference temperature is zero. The same procedure is used
to generate the remaining master curves. Therefore, to avoid redundancy, only the final shifted
plots are presented in the subsequent figures. It is worth noting that each sample uses the same
shift factors to construct the master curves of the storage modulus, loss modulus and loss factor.
Because the loss modulus can be derived directly from the storage modulus and the loss factor, it
is not discussed in detail in the results. It is included only for completeness in the corresponding
figures.

Figure 5.4: Isotherms of the storage modulus of sample S2 at various temperatures (left) and the corresponding master
curve (right) for the RMSE method

Sample S1

The shift factors obtained from the RMSE method for sample S1 are shown in Figure 5.5a. It
presents the shift factors obtained from the RMSE and CFS method in separate plots, along with
their corresponding WLF and Arrhenius model fits. The WLF model is shown as a solid blue
curve, representing the best fit for the free volume parameters (C1 and C2). The Arrhenius model
is shown as a dashed red curve, characterised by the activation energy (Ea). The temperature is
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plotted on the x-axis and the logarithmic shift factor on the y-axis. The reference temperature is
indicated by a green marker.

The behaviour of the shift curves immediately stands out from the other samples. Unlike the
silicone rubber–wax compositions, where the shift factors decrease with temperature, sample S1
shows an increase. This aligns with the observations in Section 5.5.1, where the storage modulus
was found to increase with temperature. However, the assumptions of the TTSP breaks down
when the storage modulus increases with temperature. As a result, the shift factors become in-
valid for both the WLF and Arrhenius models, which return negative invariants for the fits. This
behaviour is reflected in the low R2 value. Although a mathematical fit can still be obtained, since
the invariants are not constrained, the results lack physical meaning and the corresponding R2

values do not provide any meaningful insight.
The shift factors obtained using the CFS method, shown in Figure 5.5b, show similar be-

haviour to the RMSE method. Both the WLF and Arrhenius models again yield negative invari-
ants and although the R2 values are high, these results are not physically meaningful and should
be interpreted with caution.

(a) RMSE method (b) CFS method

Figure 5.5: Determination of the shift factors using the RMSE and CFS method, fitted by the WLF and Arrhenius
model. Shown is the S1 sample with a reference temperature of 25 °C

Because the shift factors are not physically plausible, poor master curves were expected. This
was confirmed by the three master curves in Figure 5.12. The storage modulus showed some
correlation, but the master curves for the loss modulus and factor show very poor correlation.
The data does not collapse onto a single curve, indicating that the frequency cannot be related
reliably to the viscoelastic behaviour.

Figure 5.6: The master curves of the viscoelastic properties of sample S1 using the RMSE method
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Sample S2

The shift factors for the RMSE method are shown in Figure 5.7a. The WLF and Arrhenius model
turned out to be a good predictor for the shift factors, each achieving a R2 of 0.93. The two curves
are almost identical in shape and quality, indicating that both models can be used to represent the
RMSE produced shift factors. In contrast, the WLF fit obtained with the CFS method is worse, as
shown in Figure 5.7b. It shows that free volume coefficients become unrealistically large, implying
that the WLF model is unable to follow the shift factor trend obtained from the CFS method.
This is reflected in a lower R2 value compared to WLF model of the RMSE method. When the
Arrhenius model is applied to the shift factors from the CFS method, it shows the same overall
trend as with the RMSE method, although the resulting R2 value is lower than that obtained
using the RMSE-based shift factors. Despite the lower fit quality, it still results in a physically
relevant activation energy. The main reason for the poor fit is the change in shift factor trend
above approximately 35 °C. This change directly corresponds to the reduction in slope observed
in Figure 5.2b. Once the wax begins to play a role, the assumptions of TTSP are violated. The
material changes morphology and undergoes a phase change, preventing the CFS method from
capturing the behaviour correctly.

(a) RMSE method (b) CFS method

Figure 5.7: Determination of the shift factors using the RMSE and CFS method, fitted by the WLF and Arrhenius
model. Shown is the S2 sample with a reference temperature of 25 °C

Figure 5.8 shows that the low-temperature isotherms for the storage modulus collapse into a
single consistent master curve, while the four highest-temperature curves do not. These curves,
all above 35 °C, deviate because the phase change begins in this range, violating the TTSP as-
sumptions and preventing them from collapsing onto the same line.

The master curve for the loss factor shows very poor correlation, with the data points widely
scattered, and therefore no reliable conclusions can be drawn. This behaviour is expected, as the
loss factor trends in Figure 5.3 are non-monotonic and exhibit temperature-dependent changes in
slope, violating the assumptions required for TTSP to be valid.

Figure 5.8: The master curves of the viscoelastic properties of sample S2 using the RMSE method



54 Chapter 5. Development & Design of SSPCMs

Sample S3

The next sample evaluated is S3, with the RMSE-based shift factors shown in Figure 5.9a. The
shapes of model fits look similar to sample S2. Both the WLF and Arrhenius models yield com-
parable R2 values of approximately 0.80. What is different however, is that the shift factors of the
four highest temperatures (40 to 55 °C) are now above the trend instead of below. This is directly
linked the to the phase change and increase of wax content, as was seen in the slight increase in
storage modulus between 35 °C and 45 °C in Figure 5.2c.

The shift factors obtained using the CFS method are shown in Figure 5.9b. The data points lie
nearly on a straight line, which makes it difficult to fit either the WLF or Arrhenius model, as these
show hyperbolic and exponential behaviour. Consequently, the WLF fit yields unrealistically
large coefficients that are not physically meaningful. In contrast, the Arrhenius model produces a
reasonable value for the activation energy.

(a) RMSE method (b) CFS method

Figure 5.9: Determination of the shift factors using the RMSE and CFS method, fitted by the WLF and Arrhenius
model. Shown is the S3 sample with a reference temperature of 25 °C

The master curves for the viscoelastic properties of sample S3 were obtained in a similar fash-
ion as before and are shown in Figure 5.10. The master curve for the storage modulus is more
dispersed compared with that of sample S2. Similar to sample S2 the highest temperatures de-
viate from the main trend for the same underlying reasons. The master curve of the loss factor
shows strong temperature dependence, as reflected by the large dispersion of data points. This
behaviour is directly linked to the sudden increase in loss factor at 35 °C shown in Figure 5.3c.
Introducing wax alters the morphology at elevated temperatures, which ultimately causes the
assumptions underlying TTSP to break down. This behaviour is inherent to the addition of wax
and is, in fact, a central focus of this study.

Figure 5.10: The master curves of the viscoelastic properties of sample S3 using the RMSE method
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Sample S4

The shift factors and corresponding fits for sample S4 are presented in Figure 5.11b. For the RMSE
method, the WLF and Arrhenius models have a comparable goodness of the fit, but the quality is
lower than for the samples with less wax. The fit quality worsens as the wax content increases.
Moreover, the shift factors of the four highest temperatures are larger than those of sample S3,
indicating that a higher wax content has a bigger influence on the shift factors than the low wax
contents.

The CFS method results in a similar curve, for the first time the free volume coefficients pro-
duced realistic values at a reference temperature of 25 °C. The Arrhenius model had a similar R2

value as the WLF model, as was also the case in the other compositions.

(a) RMSE method (b) CFS method

Figure 5.11: Determination of the shift factors using the RMSE and CFS method, fitted by the WLF and Arrhenius
model. Shown is the S4 sample with a reference temperature of 25 °C

The master curves of sample S4, shown in Figure 5.12, display behaviour that is nearly iden-
tical to that of sample S3. The storage and loss modulus collapse reasonably well into one curve,
while the loss factor shows extremely poor correlation. This can be attributed to the strongly non-
monotonic behaviour, which is visible implicitly in Figure 5.3d and explicitly in Figure A.7b in
appendix A.1.

Figure 5.12: The master curves of the viscoelastic properties of sample S4 using the RMSE method
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Comparison of the RMSE and CFS method

For each sample, both the RMSE and CFS method were applied to determine the shift factors used
to construct the master curve. This section compares the results of the two approaches. Since the
master curves of the different samples show similar trends, a direct comparison is presented only
for sample S2 and the same observations apply to the other samples.

The results of the master curve for sample S2 for the CFS method is shown in Figure 5.8.
The storage modulus plot produced by the CFS method collapses into an almost perfect straight
line. At first glance this seems as a significant improvement compared with the RMSE model,
even the four high temperature isotherms collapsed into a single curve. However, this outcome
should be interpreted with caution. Mathematically, any set of isotherms can be shifted to ap-
pear perfectly in one line however, the underlying shift factors may be all over the place and do
not follow a physical trend. In such cases, fitting a model like WLF or Arrhenius becomes im-
possible, because the shift factors do not show actual material behaviour. The result is a master
curve with shift factors that do not reflect any material properties. This is precisely what occurs
with the CFS method. The opposite situation is also possible: ensuring that the shift factors fol-
low a smooth, model-consistent trend may lead to master curves that fit less accurately into one
line. This behaviour is characterised by the RMSE method, which yields shift factors that can be
reasonably fitted by a model, but produces a less coherent master curve. In summary, the CFS
method enforces a well-collapsed master curve at the expense of physically meaningful shift fac-
tors, whereas the RMSE method delivers shift factors that can be fit with a model but results in a
less ideal master curve.

The master curves of the loss factor in Figure 5.13 shows behaviour similar to the results ob-
tained with the RMSE method. Comparing the RMSE and CFS master curves across all samples
lead to the same conclusion: the CFS method does not perform better than the RMSE method.
This is emphasized by the loss factor data in particular, because of the poor correlation when the
CFS method is applied. In addition, the CFS method is significantly more computationally inten-
sive than the RMSE method and may become unstable for larger datasets. For those reasons, the
RMSE method was selected for further use.

Figure 5.13: The master curves of the viscoelastic properties of sample S2 using the CFS method
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Verification of the WLF and Arrhenius models

The shift factors and master curves already suggested that the TTSP may not hold. To examine
this in more detail, the invariants of each model were evaluated at several reference temperatures.
If these invariants remain constant, the TTSP is satisfied or if they vary too much, the principle
fails. The results for the RMSE method of Sample S2 are shown in Table 5.5 and presents the
results for different reference temperatures. The first columns shows the different reference tem-
peratures. The second column lists the invariants for the WLF model, together with the R2 value
and standard deviation of the fit in the third and fourth column. The invariant for the Arrhenius
model, the activation energy, is shown in the fifth column also followed by the R2 value and stan-
dard deviation. The table showed that the WLF invariants are not constant, even for the few cases
where the model produced physically reasonable values. These invariants range from 160 K to
4100 K, while typical WLF constants generally lie between 900 and 1100 K [68]. Such results were
excluded from further consideration. The Arrhenius invariants exhibit more mathematically sta-
ble results across the complete temperature range, but the fitted activation energies reduce with
varying reference temperature, varying from 11 to 72 kJ/mol. Moreover, the corresponding fits
are poor, with correlation coefficients below 0.20. Because both sets of invariants depend strongly
on the chosen reference temperature, it can be concluded that sample S2 violates the assump-
tions of TTSP. As a result, any master curve constructed for this sample must be interpreted with
caution.

To verify the TTSP for the remaining samples, the same procedure was applied. The invari-
ants, together with the corresponding R2 values and standard deviations for the WLF and Ar-
rhenius models, are provided in Appendix A.1. The results show that none of the other samples
exhibit constant invariants, meaning their master curves must be interpreted with caution.

Table 5.5: Overview of WLF and Arrhenius invariants and fit parameters as a function of reference temperature for
sample S2 for the RMSE method

Tref [°C] C1C2 [K] R2
WLF [-] STDWLF [-] Ea [kJ/mol] R2

Arr [-] STDArr [-]
55 1.29× 1033 0.53444 0.63450 68.388 0.35605 0.67361
50 2.68× 1033 0.48594 0.67789 70.742 0.32182 0.68820
45 5.45× 1033 0.44539 0.70377 71.570 0.30635 0.67605
40 2.74× 1032 0.80380 0.38194 55.184 0.73978 0.40091
35 3.14× 1033 0.95276 0.15377 40.825 0.92580 0.18659
30 5.43× 1031 0.95410 0.14196 38.566 0.93946 0.15784
25 4124.1 0.92907 0.17029 39.371 0.92807 0.14936
20 721.79 0.90991 0.17357 35.483 0.90540 0.13683
15 311.05 0.89995 0.15970 29.639 0.88149 0.13402
10 160.51 0.85490 0.17560 25.223 0.81328 0.14358
5 3835.9 0.47192 0.52504 28.853 0.47130 0.50602
0 1.51× 1029 0.39248 0.52074 23.858 0.38698 0.50532
-5 7.24× 1029 0.34883 0.52432 20.581 0.34157 0.50774
-10 1.95× 1030 0.30868 0.52519 17.644 0.29792 0.50917
-15 3.33× 1029 0.25602 0.52322 15.169 0.24067 0.51026
-20 1.30× 1030 0.23509 0.52535 13.282 0.21760 0.51244
-25 1.86× 1030 0.20530 0.52499 11.744 0.18615 0.51297

When fitting the WLF and Arrhenius model to the shift factors, it is essential to consider not
only the invariants but also the underlying assumptions. The WLF model is applicable from Tg

to approximately Tg+100 °C, where free volume effects dominate. Since silicone rubber has a
Tg of about -125 °C, the lowest temperatures in the dataset already fall outside this valid range.
Moreover, the WLF formulation assumes a linear relationship with free volume and temperature,
an assumption that no longer holds once wax is introduced and a phase change occurs. These
factors limit the applicability of the WLF model. In contrast, the Arrhenius model is generally
applicable only below Tg , where the free volume is effectively frozen and relaxation is controlled
by activation energy. Because the measurements span -25 to 55 °C, well above the Tg of silicone
rubber, the model does not strictly apply. Consequently, both models must be interpreted with
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caution when used for SSPCMs.
A potential way to address the violation of the TTSP is to divide the data into two segments.

The first segment includes the temperatures up to onset of the phase change and the second seg-
ment covers the area in which the phase change occurs. The shift factors produced by the RMSE
and CFS method will remain constant for both segments, only the reference temperature will
change. Therefore, this will only result in an improvement for the fits of the WLF and Arrhenius
model. When the temperature range is extended also a third segment could be introduced and
fitted using either model.

5.6 Conclusion & Discussion

The design, development and characterisation of in-house manufactured SSPCMs were evalu-
ated. Suitable matrix and filler materials were identified using SMART-based requirements, lead-
ing to the selection of Dragon SkinTM 30 and hard paraffin wax. Four SSPCMs were manufac-
tured using a controlled casting process, after which the viscoelastic properties of these materi-
als were characterised within the LVE region using the DMA machine. A combined tempera-
ture–frequency sweep and compression test was performed to construct master curves and de-
termine the temperature dependence of the viscoelastic behaviour for each sample. The results
showed that the storage modulus generally decreased with increasing temperature, but this re-
duction could be compensated by adding more wax. Only at high wax contents, around 50 %,
the storage modulus actually increased, reaching a maximum increase of 23 % in the wax melting
area. The loss factor was also strongly affected by wax content: higher wax content produced an
overall increase in damping for all samples, as well as a local rise of around 37 % near the melting
area, particularly at low frequencies for s 50 % wax content. These findings demonstrate that wax
expansion around the phase transition can partially compensate for the reduction in damping
with temperature.

The shift factors required to construct the master curves were determined using either the
RMSE or CFS method and subsequently fitted with the WLF or Arrhenius model. The results in-
dicated that the RMSE method yielded more physic-based results, while the CFS method is more
mathematical oriented. A comparison of the WLF and Arrhenius models further demonstrated
that neither model adequately describes the shift factor behaviour, because the experimental tem-
perature range lies outside the validity domain of both formulations.

Lastly, the master curves were evaluated. While the master curves for samples for the stor-
age modulus showed reasonable correlation, the loss modulus and loss factor displayed very
poor correlation. This outcome is expected, as the TTS assumptions are violated: the data is
non-monotonic, strongly temperature dependent, thermorheologically complex and influenced
by morphological changes such as the wax phase transition. A potential improvement could be
to split the temperature data in a part before and after the phase transition or fit the data with
different models.

For the DMA tests, several improvements are possible. The DMA manual recommends a
logarithmic sweep rate with at least 11 points per decade over two decades, while this study used
a linear sweep rate from 1 to 81 Hz with 5 Hz spacing. Using a logarithmic frequency distribution
would provide more evenly spaced data on the log scale and may improve the quality of the
constructed master curves.

Most figures showed unexplained behaviour in the measurements at 1 Hz. To determine
whether this behaviour reflects the true material response or is the result of an artefact, three
approaches can be considered. The first is to perform a temperature sweep from -25 ° to 55 °C at
a fixed frequency of 1 Hz. The second is to run a frequency sweep from 1 to 81 Hz at a constant
temperature of 25 °C, the third is to reverse the frequency sweep direction, measuring from 81 Hz
down to 1 Hz.

Lastly, the assessment of how well the master curve collapses remains subjective. In this work,
the quality was judged visually by evaluating whether the data points aligned along a smooth,
continuous curve. A more objective way to evaluate the validity of a master curve is to use a Van
Gurp-Palmen (vGP) plot, which shows the complex modulus as a function of the phase angle.
When the data points form a smooth line, the master curve can be considered reliable [68].
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The goal of this work was to characterize, design and develop state-of-the-art SSPCMs capa-
ble of adjusting stiffness and damping through controlled temperature changes. The literature
study showed that behaviour of SSPCMs is governed by two opposing mechanisms: silicone rub-
ber softens with temperature due to increased molecular mobility, while paraffin wax expands
strongly near its melting area, generating internal pressure that can counteract stiffness loss.

The theoretical reassessment of Flints work confirmed this conceptual mechanism but also re-
vealed substantial experimental limitations. It was found that, compared with the beam contain-
ing the 100/0 % composition, the 85/15 % composition compensated the 10 % drop in stiffness
due to this mechanism. Next, the damping for 100/0 % composition, without wax, showed 15
% higher damping than the 85/15 % composition, indicating that adding wax reduces the total
damping. However, non-uniform heating, limited sensor usage, inconsistent boundary condi-
tions, small datasets and deviations in composition introduced significant uncertainty. Therefore,
the results prevented drawing definite conclusions about the damping across compositions.

The next part focused on experimentally validating Flints beams under improved testing con-
ditions. The normalized eigenfrequency of the 100/0 % composition unexpectedly increased by
8 % with temperature, which was the highest across all temperatures. Since no wax was present
that could thermally expand, it suggests that silicone rubber alone already introduces eigenfre-
quency tunability. The 85/15 % composition, although containing wax, showed a smaller increase
of about 5 %, while beam 3 exhibited no tuning capability, with its eigenfrequency decreasing
monotonically over the full temperature range.

The analysis was shifted from dynamic to material-level characterization. Using the DMA ma-
chine allowed precise control of temperature, standardized sample geometry and direct extraction
of viscoelastic properties without modal parameter estimation. The newly in-house manufac-
tured SSPCMs samples, with a wax content ranging from 0 % to 50 %, showed clear trends. The
storage modulus generally decreased with temperature but this reduction could be counteracted
by adding more wax. Only at the high wax content of 50 %, the storage modulus in the melting
area increased by 23 %. The loss factor followed a similar trend: higher wax contents increased
overall damping and produced a local increase of about 37 % near the phase transition, particu-
larly at low frequencies. These results confirm that wax expansion during melting can tune the
stiffness and damping.

In conclusion, this work demonstrated that silicone rubber-wax compositions can adopt their
properties based on different composition by changing the temperature. The work established a
validated methodology for the testing and development of SSPCM.

Future research should focus more on the material science aspect of SSPCMs, ensuring that
the fundamental properties of the individual constituents are well understood before they are
combined into SSPCMs. The composition of silicone rubber and paraffin wax can be determined
using a spectrometry, while the Tg and Tm of both materials can be determined through Differ-
ential Scanning Calorimetry (DSC). Since thermal expansion plays a key role in the behaviour of
SSPCMs, it should be characterised using a TMA. Once these properties are known, the location
and extent of the wax phase transition can be assessed more accurately, allowing a clearer under-
standing of how the eigenfrequency and damping can be tuned. With this foundation established,
future work should focus more closely on the behaviour within the melting area.

Other classes of materials that can modify their properties in response to an external stimu-
lus include non-Newtonian fluids such as shear-thickening fluids (STFs), electrorheological (ER)
materials, magnetorheological (MR) materials and shape memory alloys (SMAs). Those types of
materials can be explored in the future as SSPCMs.
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A | Appendix

A.1 DMA data

This Section covers the additional data of the samples S1 until S4.

A.1.1 Sample S1
This section covers the additional plots from the DMA test of sample S1. Shown is in Figure A.1a
the relationship between frequency and storage modulus for different temperatures. Figure A.1b
shows the relationship between the frequency and loss factor. The master curves using the CFS of
all the viscoelastic properties are shown in Figure A.2. Lastly, the invariant for different reference
temperatures of the WLF and Arrhenius model are shown in table A.1

(a) Frequency–storage modulus curve for sample S1 (b) Frequency–loss factor curve for sample S1

Figure A.1: Frequency-dependent viscoelastic properties of sample S1

Figure A.2: The master curves of the viscoelastic properties of sample S1 using the CFS method
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Table A.1: Overview of WLF and Arrhenius parameters for different reference temperatures for the S1 sample compo-
sition

Tref [◦C] C1C2 [K] R2
WLF [-] STDWLF [-] Ea [kJ/mol] R2

Arr [-] STDArr [-]
55 −3.6201× 1029 -0.24158 0.07002 -1.5877 -0.27858 0.066442
50 −2.9662× 1028 -0.0039673 0.054868 -1.3809 -0.019928 0.052921
45 −1.1191× 1029 0.14709 0.071524 -1.7183 0.12535 0.070123
40 −7.9243× 1029 0.26296 0.073947 -1.8851 0.23809 0.071009
35 −8.0908× 1029 0.15125 0.11280 -2.3291 0.12043 0.094751
30 −1.3185× 1031 0.060847 0.16075 -3.5757 0.011148 0.12032
25 −9.0828× 1030 0.058658 0.20205 -6.0126 -0.027941 0.12901
20 −7.7295× 1031 0.081907 0.30024 -11.591 -0.041407 0.17264
15 −5.0214× 1031 0.32241 0.26897 -15.517 0.17537 0.16508
10 −1.6726× 1033 0.44054 0.28649 -17.569 0.34165 0.25946
5 −4.0681× 1032 0.67951 0.19856 -21.092 0.57123 0.17432
0 −2.1719× 1032 0.79142 0.16890 -22.816 0.71808 0.16823
-5 −6.9015× 1031 0.84389 0.14829 -21.923 0.79895 0.15934
-10 −3.2108× 1032 0.87104 0.13701 -20.820 0.83835 0.14851
-15 −1.5453× 1032 0.85763 0.14571 -18.899 0.82397 0.15405
-20 −2.3305× 1032 0.83762 0.15684 -17.037 0.79743 0.16279
-25 −3.9096× 102 0.94033 0.10068 -25.299 0.93251 0.10290
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A.1.2 Sample S2
This section covers the additional plots from the DMA test of sample S2. Shown is in Figure A.3a
the relationship between frequency and storage modulus for different temperatures. Figure A.3b
shows the relationship between the frequency and loss factor. The master curves using the CFS of
all the viscoelastic properties are shown in Figure A.4. Lastly, the invariant for different reference
temperatures of the WLF and Arrhenius model were already shown in the results section in figure
5.5

(a) Frequency–storage modulus curve for sample S2 (b) Frequency–loss factor curve for sample S2

Figure A.3: Frequency-dependent viscoelastic properties of sample S2

Figure A.4: The master curves of the viscoelastic properties of sample S2 using the CFS method
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A.1.3 Sample S3
This section covers the additional plots from the DMA test of sample S3. Shown is in Figure A.5a
the relationship between frequency and storage modulus for different temperatures. Figure A.5b
shows the relationship between the frequency and loss factor. The master curves using the CFS of
all the viscoelastic properties are shown in Figure A.6. Lastly, the invariant for different reference
temperatures of the WLF and Arrhenius model were already shown in the results section in figure
A.2

(a) Frequency–storage modulus curve for sample S3 (b) Frequency–loss factor curve for sample S3

Figure A.5: Frequency-dependent viscoelastic properties of sample S3

Figure A.6: The master curves of the viscoelastic properties of sample S3 using the CFS method



A.1. DMA data 73

Table A.2: Overview of WLF and Arrhenius fit parameters as a function of reference temperature for the RMS method
for the S3 sample

Tref [◦C] C1C2 [-] R2
WLF [-] STDWLF [-] Ea [kJ/mol] R2

Arr [-] STDArr [-]
55 1.78× 1033 0.29395 0.77675 69.731 0.08106 0.79374
50 1.87× 1033 0.53246 0.60221 65.114 0.38240 0.61397
45 1.60× 1031 0.90325 0.26288 48.079 0.88257 0.28034
40 1.95× 1031 0.89633 0.27731 50.927 0.88043 0.28584
35 27520 0.87056 0.30657 52.638 0.86544 0.28934
30 1702.1 0.84036 0.32138 51.369 0.83951 0.27615
25 479.08 0.82208 0.31361 47.369 0.79902 0.26223
20 416.74 0.76846 0.38506 45.388 0.74447 0.35814
15 202.03 0.74486 0.37161 39.940 0.67876 0.33911
10 114.24 0.72006 0.34463 31.925 0.61409 0.32304
5 68.436 0.67942 0.32254 24.319 0.54896 0.31433
0 44.804 0.61771 0.31402 18.708 0.49238 0.31067
-5 16.534 0.68870 0.17464 10.457 0.49053 0.19002
-10 11.316 0.60848 0.16182 8.4433 0.49270 0.16951
-15 25.946 0.39780 0.18121 7.4919 0.39136 0.17540
-20 516.41 0.21862 0.21494 7.2149 0.21857 0.20808
-25 2.2742 0.05921 0.32689 7.3091 0.00234 0.32452

A.1.4 Sample S4
This section covers the additional plots from the DMA test of sample S4. Shown is in Figure A.7a
the relationship between frequency and storage modulus for different temperatures. Figure A.7b
shows the relationship between the frequency and loss factor. The master curves using the CFS of
all the viscoelastic properties are shown in Figure A.8. Lastly, the invariant for different reference
temperatures of the WLF and Arrhenius model were already shown in the results section in figure
A.3

(a) Frequency–storage modulus curve for sample S4 (b) Frequency–loss factor curve for sample S4

Figure A.7: Frequency-dependent viscoelastic properties of sample S4
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Figure A.8: The master curves of the viscoelastic properties of sample S4 using the CFS method

Table A.3: Overview of WLF and Arrhenius parameters for different reference temperatures for the S4 sample

Tref [◦C] C1C2 [K] R2
WLF [-] STDWLF [-] Ea [kJ/mol] R2

Arr [-] STDArr [-]
55 1.2553× 1033 0.35637 0.71999 68.609 0.15963 0.73550
50 1.3138× 1032 0.74576 0.39608 53.921 0.65627 0.41898
45 709.34 0.84751 0.27374 34.762 0.84466 0.26108
40 185.83 0.81999 0.26374 28.850 0.79756 0.25757
35 2533.8 0.83138 0.29168 42.884 0.83135 0.27348
30 818.52 0.79260 0.31462 43.643 0.78690 0.27701
25 423.93 0.76682 0.33745 43.166 0.74318 0.29486
20 524.52 0.71282 0.42538 43.044 0.70015 0.39920
15 231.20 0.68464 0.41779 39.049 0.63723 0.37881
10 117.66 0.67211 0.37596 31.407 0.58128 0.34587
5 37.744 0.71572 0.24997 19.654 0.42188 0.22320
0 25.801 0.70715 0.21303 14.329 0.46532 0.21683
-5 18.839 0.64174 0.20566 11.374 0.48275 0.21008
-10 15.055 0.49964 0.22096 9.6633 0.44584 0.21552
-15 5.3309× 1025 0.29609 0.24267 8.4705 0.29521 0.23473
-20 1.7977× 1030 0.27694 0.22639 7.3503 0.26182 0.22128
-25 9.4378× 1029 0.26234 0.22123 6.3831 0.24442 0.21641
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A.2 Linear viscoelastic regime

Table A.4 shows the settings of the DMA for the LVE test. Two tests were performed to identify
the LVE region. In the first test the dynamic strain up to 5 % was tested, the results are shown in
Figure A.9a. For the second test the machine was not able to perform a dynamic strain upto 9 %
and stagnated at about 5 % dynamic strain as can be seen in Figure A.9b.

(a) First test results of the LVE region (b) Second test results of the LVE region

Figure A.9: Overview of the two LVE region tests

Parameter Test 1 Test 2

Static load (strain) 5.00 % 10.00 %

Dynamic load range (strain) 0.10 - 4.00 % 0.10 - 9.00 %

Dynamic increment 0.50 % 0.5 %

Contact force 0.50 N 0.50 N

Temperature 25.0 °C 25.0 °C

Soak time 300 s 300 s

Frequency 1.0 Hz 1.0 Hz

Limits (static load) 30 N 30 N

Limits (dynamic load) 20 N 20 N

Table A.4: Overview of DMA test settings for the two LVE tests
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A.3 Eigenfrequency of beams

The eigenfrequency of a beam in 2D can be determined analytically under the following assump-
tions

• The beam is a slender member (L > 10w)

• The beam is only subjected to bending loads

• The beam is prismatic

• The beam is symmetric

• The beam is homogeneous

Without any further derivation the EOM of a beam is shown in Equation A.1 [95], where it
is assumed that there are no external forces applied, because the free vibration response is of
interest.

ρA
∂2v

∂t2
+ EI

∂4v

∂x4
= 0 (A.1)

Next, this homogeneous partial differential equation can be solved using the separation of
variables technique. This technique assumes that the solution for the displacement field can be
written as a multiplication of a functions only depending on x and t, Equation A.2.

v(x, t) = V (x)T (t) (A.2)

Upon substitution of Equation A.2 into Equation A.1 and rewriting results in Equation A.3. It
is observed that the LHS is a function of T only and the RMSE an function of x only and they are
equal. This implies both must be equal to the same constant, called the separation constant. It
was found, that it is convenient to use −ω2 [95].

1

T

d2T

dt2
=

EI

ρA

1

V

d4V

dx4
= −ω2 (A.3)

The equations for T (t) and V (x) can be solved separately. The goal is to find the eigenfre-
quency of the beam which is related to the displacement, therefore, only the solution of the RHS
of Equation A.3 is considered. Upon rewriting, the wave number β is introduced in Equation A.4.

β =
4

√
ρAω2

EI
(A.4)

When β is substituted in Equation A.3 a fourth order linear differential equation is obtained,
as shown in equation A.5.

d4V

dx4
+

ρAω2

EI
V = 0 → d4V

dx4
+ β4V = 0 (A.5)

The solution to this differential equation can be written as a combination of (hyperbolic) sine
and cosines, as shown in Equation A.6.

V (x) = c1cos(βx) + c2sin(βx) + c3cosh(βx) + c4sinh(βx) (A.6)

The exact solution to determine the coefficients c1 to c4 are dependent on the applied boundary
conditions. There are four unknowns, so there are four boundary conditions needed. In the case
of a free-free beam those are the curvature and the change of curvature are 0 at the start and end of
the beam. Substituting these boundary conditions in Equation A.6 yields a linear set of equations,
these can be put in matrix vector format. To solve the linear set, it is assumed that the determinant
of that matrix is zero. This yields the characteristic equation shown in Equation A.7.

cosh(βnL) cos(βnL)− 1 = 0 (A.7)
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This equation can not be solved analytically, therefore, the numerical solution for βnL is
shown. For n is 1, 2 and 3, βnL is 4.730, 7.853, 10.995. These numbers can substituted in Equa-
tion A.8 to find the eigenfrequencies of the first three bending modes. This expression can be
interpreted as a measure for the bending stiffness (EI

L3 ) over a mass term (ρA) [95]. Therefore, this

expression is equivalent to
√

k
m as shown in Section 3.2.

ωn = (βnL)
2

√
EI

ρAL4
= (βnL)

2

√
EI

mL3
(A.8)

Equation A.8 is derived for a homogeneous beam, which assumes uniform stiffness, inertia
and density. However, the scope of the research covers SSPCMs which consists of multiple ma-
terials. To obtain one uniform value for the stiffness and second moment of area, the rule of
mixtures is applied. This approach assumes that the effective property of the SSPCMs can be
expressed as a weighted combination of the properties of the individual constituents based on
their volume (or mass) fractions. For the eigenfrequency calculation, the contributions of the car-
bon fibre shell and the SSPCM core are combined linearly, resulting in one effective stiffness and
inertia, as defined in Equation A.9. The required input parameters are given in Table A.5a.

EI = ECF ICF + ESSPCMISSPCM (A.9)

The total mass is obtained directly by weighing each beam and the effective length used in the
analytical model is 0.60 m. Substituting these values into Equation A.8 yields the first two eigen-
frequencies, listed in Table A.5b. These analytical predictions are used both to define the relevant
frequency range for testing and to serve as a reference for comparison with the experimental
results.

Material E [MPa] I [m4]

Carbon fibre 84.1E3 [33] 2.84E-8
Silicone rubber 3.38 [102] 3.67E-8
Paraffin wax 55.7 [48] 3.67E-8

(a) Material properties

Sample si/wax [%] Mass [kg] ω1 [Hz] ω2 [Hz]

Beam 1 100/0 1.024 370 1020
Beam 2 85/15 0.978 379 1044
Beam 3 80/20 0.570 495 1365

(b) Beam compositions and eigenfrequencies

Table A.5: Overview of material and beam properties
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A.4 Specimen dimensions

The information below specifies the dimensions and requirements for each compression, tensile
and 3-point bending test for the Netzsch Eplexor 2000.
Typical compression sample dimensions

• Diameter: 10 mm (±0.1 mm)

• Thickness: 4 mm (±0.2 mm)

• Surface: Must be flat and parallel

• Material: Typically disk-shaped; suitable for rubber, elastomers, or plastics

Typical tensile sample dimensions

• Length: min 50 mm (generally 100 mm is used)

• Width: 5 mm

• Thickness: 1-2 mm (depends on material type)

• Shape: Rectangular strip or mini dog-bone, with flat ends

• Surface: Smooth and flat to ensure good clamping

• Material: Suitable for films, plastics, rubbers, elastomers

Typical 3-point bending sample dimensions

• Length: 55 mm

• Width: 10 mm

• Thickness: 3 mm

• Support Span: 40 mm (set on instrument)
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A.5 TMA

Initially measuring the linear CTE using a TMA machine, was also part of the research. However,
only one set of measurement could be performed of the S1 sample, because the TMA machine
was broken. The section below will briefly highlight the analysis technique and will show the
results for this sample.

A.5.1 Data analysis

The TMA machine used is the Linesis TMA PT 1600, which has a working temperature of up to
1600 °C and a resolution of 0.125 nm. To find the CTE first the initial length at room temperature
is measured next the samples are exposed to to a specific temperature cycle as shown in Figure
A.10. First the temperature is cooled with a rate of 2 °C /min to -20 °C and dwelled for 20 minutes.
Then, the sample is heated with 2 °C /min to 70 °C and dwelled for 10 minutes. Next the temple
is reduced to -20 °C and the cycle is repeated. The second cycle is present to remove the shape
memory effect.

Figure A.10: Heating cycle of the samples in the TMA machine

The CTE is determined using the ISO 11359-2 standard, which defines Equation A.10 to cal-
culate the CTE [53]. The initial length of the specimen is represented by L0. Physically, the CTE
is interpreted as the slope of the elongation-temperature graph ( dLdT ). However, calculating this
slope via differentiation introduces additional noise into the measurements. To mitigate this issue,
it is suggested to use regression analysis for the length of the specimen plotted against temper-
ature. Next a fit can be found according to equation A.11, where the CTE is dependent on the
temperature [40].

α =
dL

dT
× 1

L0
(A.10)

L(T ) = α(T ) ∗ T + L (A.11)

A.5.2 Results

The same sample has been measured five times under the exact same conditions. The results of
the shrinkage curve of one measurement is shown on the left of Figure A.11. The graph starts
at the initial length at 10.112 mm, it undergoes the heating cycle described above. There are 2
heating and 2 cooling cycles so the shrinkage curves goes back and forth 4 times. The graph on
the right in Figure A.11 shows the cropped version which only uses the second cycle and cuts the
data at 15 and 60 °C. The linear fit is shown in orange, which results in a CTE that is constant
over temperature. The result of these fits are shown in Table A.6. In the first columns it shows the
equation for the length of each measurement, the second column the CTE and in the last column
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the R2 value for each fit. The last row shows the average of all the measurements. It can be
seen that the data for the CTE relatively consistent is averaging at a value around 324 ppm/K,
corresponding to a very good fit of 0.95. This corresponds with literature as the value found were
in the range of 200 to 400 ppm/K.

The same sample was measured five times under identical conditions. The shrinkage curve of
one representative measurement is shown on the left side of Figure A.11. The graph begins at the
initial length of 10.112 mm and follows the heating cycle described above. Because the procedure
contains two heating and two cooling segments, the shrinkage curve goed back and forth four
complete cycles. The right side of Figure A.11 presents the cropped dataset, which isolates the
second cycle and only keeps the temperature range from 15 to 60 °C.

The linear fit, shown in orange, yields a constant CTE over the selected temperature inter-
val. The results of all five fits are summarised in Table A.6. The first column lists the fitted
length–temperature relations, the second column reports the corresponding CTE values and the
final column provides the associated R2 values. The last row shows the mean of all measure-
ments. The CTE values are relatively consistent, averaging around 324 ppm/K, with an average
goodness of fit of approximately 0.95. These values align well with literature, where reported
CTEs for similar materials range from 200 to 400 ppm/K.

Figure A.11: The length-temperature curve for sample S1

Measurement Fit CTE [ppm/K] CoD (R2-value)
1 L1 = 3.1566× 10−3 ∗T + 10.1234 311.5438 0.95282
2 L2 = 3.1730× 10−3 ∗T + 10.0635 313.7842 0.94539
3 L3 = 3.2442× 10−3 ∗T + 10.1172 320.6409 0.96488
4 L4 = 3.3498× 10−3 ∗T + 10.1853 330.8739 0.95357
5 L5 = 3.5311× 10−3 ∗T + 10.2530 346.1555 0.94091
Mean Lmean = 3.290 94× 10−3 ∗T + 10.14848 324.1997 0.95111

Table A.6: Regression analysis for thermal expansion measurements of sample S1
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