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Abstract: Today, aircraft composite structures are generally over-dimensioned to avoid catastrophic
failure by unseen damages. This leads to a higher system weight and therefore an unwanted increase
in greenhouse gas emissions. To reduce this parasitic mass, load monitoring can play an important
role in damage detection. Additionally, the weight and volume of future aircraft structures can also
be reduced by energy storing and load carrying structures: so-called power composites. In this study
a novel method of combining both approaches for maximum weight reduction is shown. This is
achieved by using power composites as load monitoring sensors and energy suppliers. Therefore,
supercapacitors are integrated into fiber reinforced polymers and are then used to investigate the
mechanical load influence. By using four-point bending experiments and in situ electrochemical
impedance spectroscopy, a strong relation between the mechanical load and the electrochemical
system is found and analyzed using a model. For the first time, it is possible to detect small strain
values down to 0.2% with a power composite. This strain is considerably lower than the conventional
system load. The developed model and the impedance data indicate the possibility of using the
composite as an energy storage as well as a strain sensor.

Keywords: power composite; structural supercapacitor; strain sensor; multifunctional material; thin
film; carbon electrode; composite structure; energy storage

1. Introduction

Today, an increasing number of products are equipped with electric systems, leading
to a higher system weight and volume, e.g., assistance systems and consumer electronics
in automotive and aviation industries [1,2]. To buffer electrical energy, provide electri-
cal systems in standby, or allow electrical peak power, devices such as batteries and/or
(super)capacitors are being used. These energy storage devices normally consist of approx-
imately 30 wt.% of housing material [3], which is parasitic for the overall system. One
approach to reduce system mass and volume is the structural integration of electrical energy
storage in order to obtain a component that can store electric energy and simultaneously
transfer mechanical load [4]. Parts of the load-carrying structure can assume energy storage
functions, e.g., act as housing components for energy storage, while the energy storage
materials can also bear mechanical loads. Through integrating energy storage devices
into structures, huge benefits can be gained, such as decentralizing electronic systems,
which allows wiring effort, cable weight, and assembly times to be reduced as, e.g., no
compartments for energy storage need to be installed. By now, several integration routes to
integrate energy storage in composite structures have been described. Adam et al. intro-
duced a categorization of integration degrees (DIO) [5]. Currently, the two most prominent
integrations are the integration of thin layers into the composite structure (DIO II) [3,6] and
the integration of energy storage: the composite structure (DIO III) itself [7].

However, integrated energy storage can not only be used to store electric energy, it
is also possible to use it as a load monitoring system. In general, the design of mechan-
ical structures (e.g., an aircraft) are driven by damage factors. Structures are often over
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dimensioned to avoid catastrophic failure by unseen damage with increases in the used
amount of material. Condition monitoring offers the possibility to reduce that weight. In
case of a fin, a reduction of 5 wt.% was calculated for a system based on piezo ceramics [8].
We investigate the possibility of using structure-integrated energy storage itself as a static
load monitoring system. With such a technology, several applications are realizable, for
example, monitoring pressurized tanks to investigate their state of health or their filling
level. This could also be the fuselage of an airplane or the load of an aircraft’s wing to see
its deflection during flight. Information on structural loads like this could then be used
to adjust maintenance intervals. In the past, solid state energy storage was characterized
under mechanical pressure [9,10]. Lapcinskis et al. [9] described a change in capacitance in
relation to mechanical pressure without a deeper look at the mechanisms, while Li et al.
investigated a carbon supercapacitor with electrochemical impedance spectroscopy and
found a link between mechanical load and the interfacial resistance of the electrode and
the electrolyte [10]. In 2018, Dai et al. analyzed a supercapacitor during high g-impact.
They built a model to analyze g-forces with the signal from the discharge potential of a
supercapacitor [11]. The influence of mechanical deformation was described by Malekian
et al. [12], with the outcome that big pores of the electrodes show a greater change in
volume compared to smaller ones. All four studies carried out their analyses with con-
ventional energy storage, not with structure integrated ones. In 2021 Roh et al. looked at
structure integrated supercapacitors under mechanical load. They analyzed the electrodes
resistance of tensile and in three-point bending (3PB) samples [13]. No investigation of the
electrochemical behavior under mechanical load was carried out. In this study, thin-film
supercapacitors were integrated into glass fiber reinforced polymers (GFRP). Supercapac-
itors are electrochemical storage devices that can provide and store electric energy in a
so-called Helmholtz double layer. Compared to a battery, this is achieved approximately
ten times faster [14,15]. The reversible charge separation in the double layers makes the
supercapacitors very durable [16], an important aspect for a long-life, maintenance-free
multifunctional material [17], which is of high importance since mechanical structures
should last a long time.

The supercapacitors in this work were developed to withstand both the conditions
of the manufacturing process for composite structures and the subsequent mechanical
loads. After producing the multifunctional composite, it was characterized by four-point
bending (4PB) tests, according to the DIN EN ISO 14125 test standard. 4PB was used
instead of 3PB due to the mechanic effects evolving in the material. On the tensile side
of a sample in 3PB, there is tensile, shear forces, bending and even pressure from the
load entry. The pressure side behaves similar, except there is pressure instead of tensile.
Compared to that, 4PB does not demonstrate pressure through load entry, nor does it
have a shear force. This makes it easier to analyze the material and the load-dependent
effects on the energy storage. Bending experiments were chosen over other ones, e.g., pure
tension or shear, due to their variety. They give information on mechanical tension and the
compression condition at the same time. Compared to previous work [13], in this study, the
electrochemical behavior of the whole supercapacitor was analyzed, not only the change in
the electrode’s resistance. The effects of mechanical load are explained based on several
experiments and a mathematical model.

To investigate the influence of the mechanical load on the supercapacitors, an in situ
electrochemical characterization was performed. Here, the mechanical tests were paused
and kept at a constant force level, while an impedance analysis of the supercapacitors was
performed at the same time. This pause is needed, since the impedance spectroscopy takes
several minutes to perform. To understand the influence of the mechanical load, an electric
equivalent circuit model (ECM) was established based on the physical basis of the used
energy storage. The parameters to describe the ECM were determined by fitting them to
the measured data. Through additional experiments such as a porosity measurement and
EIS of supercapacitors in various states, the ECM was analyzed. With that information, it
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is possible to further investigate the mechanisms taking place in the supercapacitor as a
result of the mechanical load.

2. Materials and Methods
2.1. Materials

The multifunctional composite is made from GFRP, generally used for load transfer,
and comprises two integrated thin-film supercapacitors (ITFC) used for energy storage,
as well as sensors. GFRP was chosen over carbon fiber reinforced polymers due to its
electric isolation characteristics. The cell components, as well as the composite material,
is described in the next sections followed by a chapter detailing the manufacture of the
integrated energy storage.

2.2. Cell Components

Aluminum sheets coated on both sides with activated carbon (AC) were used as
electrodes for the supercapacitor. The AC is located on both sides as the electrodes are
delivered in that state (supplied by Skeleton, Tallin, Estonia). The collector thickness and
the electrode thickness were 20 µm and 150 µm, respectively. To improve mechanical
bonding between the electrode and the GFRP, the AC was removed on one side by grinding,
creating a rough surface. The electrodes were separated by a polymer separator (Celgard
3501-4000M-AS40, provided by Gelgard LLC, Charlotte, NC, USA). Both materials were
stored in a dry atmosphere (0.3% rH.) at room temperature.

1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM TFSI) (sup-
plied by IoLiTec Liquid Technologies GmbH, Heilbronn, Germany) was used as the elec-
trolyte. Before use, the IL was dried using a desiccator.

2.3. Structural Components

To provide housing for the supercapacitors and transfer mechanical load, a composite
structure with 0/90◦ fiber orientation was used. The material, Hexply913, is produced by
Hexel Corporation, West Valley City, UT, USA. It is a glass fiber reinforced polymer with
uni-directional fiber orientation and a layer thickness of 0.125 mm. The material was stored
at −25 ◦C until it was used.

2.4. Electrochemical Methods

Electrochemical impedance spectroscopy (EIS) was used to investigate the impedance
spectra of the energy storage devices. The EIS (10 mV amplitude, 0.1 Hz–1 MHz unless
otherwise stated) was performed during the mechanical experiment to analyze the influence
of the mechanical load on the impedance behavior of the supercapacitor. A hybrid EIS
was used instead of a potentiostatic or a galvanostatic to prevent the energy storage from
drifting or non-linear behavior. A potentiostatic EIS could lead to a drifting cell, as the
charge current is higher than the discharge current. This is based on the circumstance that
there are, e.g., ohmic losses. By using a galvanostatic EIS, this drifting can be avoided, but
there is the possibility that the potential changes rapidly when the cell has a significant
change in impedance. This would lead to a non-linear measurement. To avoid these
unwanted effects, a hybrid EIS was chosen: a current controlled experiment, with a constant
potential amplitude set by the user. All electrochemical measurements were carried out in
a four-probe setup.

2.5. Composite Design, Assembly, and Preparation

The specimen design was strongly influenced by the German industry standard (DIN
ISO 14125 [18]), which gives information on how to perform 4PB tests with GFRP. The
length and size of the 4PB sample were adjusted according to Appendix A of the standard.
The used width, thickness, and length were 15 mm, 5.3 mm, and 160 mm (Figure 1),
respectively. These geometric data were chosen in order to enable the integration of the
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ITFC with the focus on manufacturing by hand. Smaller sizes would not be manageable.
The thickness is defined by DIN ISO 14125 [18] based on the width and length.
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Figure 1. Schematic illustration of the ITFC in the GFRP with lateral force and moments. (a) shear
forces and moments in the 4PB sample. (b) The ITFC is in the area with maximum bending moment
and no shear forces. A top view of the sample is shown in the middle, while the frontal view
of the sample can be seen on the bottom. The ITFC is gray, the GFRP white with a black border.
(c) Three-dimensional sketch of the sample in a 4PB setup to show the frontal and top view.

Figure 1 schematically shows a GFRP sample with two ITFCs, sideward. The ITFC
is located near the outside, in the third layer of the composite. As the current collector is
an aluminum sheet with low thickness, it is possible to fold and thread it to the outside
of the composite, so as to not to interrupt the fibers. This is important for an even stress
distribution and for the electric contact of the instrument to the supercapacitor.
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The four arrows in Figure 1 show the position and direction of the force through the
4PB test. They represent the point in the experiment where the force is initiated. A constant
bending moment (Figure 1, M) in the area of interest with no shear force (Figure 1, Q) is
typical for 4PB.

As shown above, one ITFC is integrated on the tension and one on the compres-
sion side of the sample. To determine the strain in the ITFC, the mathematical equation
(ε(y) = ε0 · z/z) was used based on the strain deformation on the outside of the composite,
which was measured by strain gauges. A total of four strain gauges were placed on one
sample, two on the compression and two on the tension side, to obtain information on the
evenness of strain distribution during the experiment and the strain itself. The surface area
where the strain gauges are located was grinded by hand. The strain gauges were then
attached with glue to the area where the ITFC is located. Based on the composite layup,
the position in the z direction and the strain in the outer layer of the experiment, the strain
in the supercapacitor can be calculated to be 0.33–0.36%, for an outer strain of 0.4%, and
0.17–0.18%, for an outer strain of 0.2%.

As the composite is symmetric, the amount of the strain is the same for compression
and tension, but with different signs.

The GFRP preparation is a typical prepreg layup made by hand. The supercapacitors
are located in two layers with a window in it. Before preparation, the supercapacitor was
placed in a vacuum for 24 h with an electrolyte on the AC side. This step is necessary
for the electrolyte to infiltrate the electrode. Afterwards, two electrodes, separated by a
Celgard separator, were placed in the composite. A panel made of twelve supercapacitors,
six on the compression and six on the tension side, was assembled.

The prepreg was then cured according to the technical datasheet in a two-step au-
toclave process at 6 bar pressure and 125 ◦C maximum temperature. After curing, the
composite plates were cut into the specimen geometries, according to the standards for
4PB tests.

2.6. Equivalent Circuit of the Integrated Supercapacitor

A schematic representation of the equivalent circuit model to a supercapacitor is
visualized in Figure 2a. It was used to analyze the effects of load and temperature on
the integrated supercapacitors. The model is based on the physical background of the
produced supercapacitor, which is described in the following paragraph and analyzed
more deeply in the Section 4.

All data investigated in this work are analyzed by fitting to the equivalent circuit
(Figure 2a). A series of three RQ elements, each consisting of a CPE and a resistor (R) in
parallel, was used to describe the electrodes pore network, as the electrode is based on
activated carbon. In the literature, a CPE describes non-ideal behavior resulting from, e.g.,
the surface roughness, distribution of reaction rates, varying thickness or composition, or
non-uniform current distribution [19–25]. An AC electrode has a specific surface of approx-
imately 1000–3000 m2/g [26], consisting of a pore network made of carbon particles. This
structure has a non-uniform surface, which can therefore be modeled using a CPE element.
RP,n describes the corresponding charge transfer reactions, while Rs is used to represent
the sum of all ohmic resistances present in the supercapacitor such as, e.g., the electrode,
the electrolyte, and the current collector. The double layer capacity is parameterized by a
single CPE element (CPE4). Since the electrolyte is an ionic liquid and the polarization is
negligible (cell potential of 0 V), the double layer can be treated as a single layer [27,28].
Lind is used to describe the inductive behavior resulting from cables and the connection of
the probe, as well as the current collector itself.
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Figure 2. Equivalent circuit model with corresponding influence plot (a) Equivalent circuit used
to fit the measured data to elements describing the supercapacitor. (b) Influence of the elements
used on the equivalent circuit in relation to the excitation frequency. Each element has a frequency
depended influence on the whole impedance of the supercapacitor. e.g., CPE1 leads to a greater
change in impedance at high frequencies compared to CPE4. Negative influence means it is reducing
the impedance, positive influence increases the impedance. Influence is a dimensionless value.

Each element in the circuit can be described mathematically by (Equations (1)–(5)) [29]:

ZS = Rs (1)

ZCPE−R =
ZCPEZP,n

ZCPE + ZP
(2)

ZCPE,g =
1

(jω)αYg
(3)

ZP,n = RP,n (4)

ZIND = jωL (5)

RS being the serial resistance, RP,n the parallel resistance for charge transfer, Y0 and α
the constants of the CPE, L the inductance, and ω = 2π f with f being the frequency.

The description of the equivalent impedance Zec is expressed by:

Zec = ZIND + ZS +
3

∑
n=1

Z(CPE−R)n + ZCPE,g (6)
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Therefore, the electrochemical equivalent circuit can be expressed by:

Zec = jωL + Rs +
1

(jω)αYg
+

3

∑
n=1

1
(jω)αY0

RP

1
(jω)αY0

+ RP
(7)

2.7. Electrochemical Tests

The electrochemical tests were performed with an electrochemical workstation (REF3000,
Gamry, Warminster, PA, USA). For each of the twelve capacitors, an impedance measure-
ment was carried out before and during the mechanical testing. EIS was conducted at
10 mV amplitude in the frequency range of 100 mHz up to 1 MHz for the in situ four-point
bending tests and 10 mHz–1 MHz for the in situ compression test. The upper limit was
chosen because the EIS data shows inductive behavior above 1 MHz, while the lower
limit was chosen due to time constrains. Additionally, a low frequency impedance was
carried out in the frequency range of 1 mHz–1 MHz to analyze whether the supercapacitor
reveals diffusion. All tests were conducted within the accuracy plot of the manufacturer,
giving an error smaller than 1% [30]. Since the measurements performed as part of the
electrochemical tests take a certain amount of time and are sensitive to changes, the force
levels were kept constant during the mechanical tests.

To reach a quantitative statement and to analyze the electrochemical results in relation
to the mechanical load, an equivalent circuit (Figure 2) was modeled using software
(RelaxIS3, RHD Instruments GmbH & Co. KG, Darmstadt, Germany). The result of the
model was fitted to meet the measured impedance taken from the samples.

2.8. Four-Point Bending Tests with In Situ EIS

The 4PB tests were performed with a standard testing machine (Zwick Z005, Zwick
GmbH & Co. KG, Ulm, Germany). Force was measured by a 5 kN load cell (BZ2-
MM14760.ZW02, Zwick GmbH & Co. KG, Germany), while strain was measured with
strain gauges (DMS, XY-F/DMS, Höttinger Baldwin Messtechnik GmbH, Hemmingen,
Germany). The sample deflection is recorded by an inductive linear position sensor (WA 50,
type K-WA-U-050-W-32K-K4-F1-2-8-10, Höttinger Baldwin Messtechnik GmbH, Germany).

The 4PB test setup is shown in Figure 3. The GFRP beam (h) is positioned on top of
two bearings (c). Additionally, two bearings (b) transfer the force into the sample. Force
is measured with a load cell (a), shown on the top of the image. The cables for EIS are
connected to the sample via clamps (d, e). Power (d) and sense (e) cables are separated so
as not to interfere with each other. Strain is detected with four strain gauges (f), two on the
bottom, and two on the top of the GFRP beam. The strain sensor cables run downward
from the sample. A four-point connection is used to reduce contact and cable resistance.
Deflection is detected with a linear position sensor (g).

In order to analyze the change in impedance with regard to strain and, therefore,
mechanical load, three load steps are used. A linear change in load whilst simultaneously
measuring the impedance was not performed, as the EIS measurements take approximately
5 min. The last load step was set to reach a strain of 0.4% in the outer layer of the sample.
This resulted in a strain of approx. 0.35% in the supercapacitor. The first step was 10 N,
leading to nearly no strain in the sample. This load step was used to have a defined starting
point. The second step was set to 0.2% outer strain or 0.18% in the ITFC. Load steps are
chosen to show a realistic scenario in the elastic range of the composite. Some load steps up
to 0.4% strain were performed before the actual experiment to check whether the system
behaves elastic.
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Figure 3. Four-point bending test setup. The GFRP beam (h) with ITFC is shown between the four
force entry points (b,c). Four cables (d,e) are connected to the sample for EIS measurement. The power
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of the image. Mechanical force is measured via a load cell (a).

To reduce measurement errors, the following steps were carried out. At first, EIS was
recorded multiple times to make sure that there is no change in impedance for the same
load scenarios. This approach should ensure that the cell and the mechanical system are in
a steady state. Additionally, the same load steps were recorded multiple times to prove the
reproducibility of the impedance plots of the same load step. This was carried out to check
the linear elasticity of the mechanical system. In a second step, the sample was analyzed
once in and once outside of the test machine to determine whether the machine itself
influences the impedance spectra. The cables of the potentiostat were placed according to
the manufacture’s recommendation to reduce stray inductance [31]. The third and last step
was a regular calibration of the potentiostat and the whole test machine with its force and
position sensors.

The experiment took place in a defined and stable test environment at 23 ◦C and
50% rh.

2.9. Preliminary Pressure Tests Analyzed by In Situ EIS

To examine the influence of a force perpendicular to the electrode, a mechanical
experiment was set up (Figure S1). For this purpose, an aluminum container was filled
with the electrolyte EMIM TFSI. Two supercapacitor electrodes were added to the tray.
They were separated by the above-mentioned separator. To prevent contact between the
container and the electrodes, two PTFE plates were used as a force transmission element.
They were placed beneath and on top of the supercapacitor. The pressure was generated
by a test machine (Zwick Z005, Zwick GmbH & Co. KG, Germany) and measured by a
mechanical load cell (XforceP, 500 N, Zwick GmbH & Co. KG, Germany).
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The EIS was performed with a potentiostat (REF3000, Gamry, Warminster, PA, USA)
connected to a four-probe setup. As mentioned before, power and sense cables were
separated to prevent inductive errors. Force was held constant ten times in the range of
0.01 mPa up to 1 MPa, with a step width of 0.1 MPa. During each pause, in which the
force was held constant, the impedance spectroscopy occurred. The frequency range was
10 mHz–100 kHz, with an amplitude of 10 mV. The experiment was carried out at room
temperature (23 ◦C) and 50% rh. The upper frequency of 100 kHz was chosen because long
cables (1.5 m) are used in this setup, leading to a reduced maximum frequency.

2.10. Optical Displacement and Deflection Detection

To obtain a deeper insight into the deformation of the bending beam, an optical system
(ARAMIS, GOM GmbH, Braunschweig, Germany) was used to analyze the displacement,
as well as the deflection. The focus of interest is the change in geometry of the surface
of the beam in the area (Figure 1) of the supercapacitor. This area is located between
the two inner force entry points (Figure 3). By applying a random pattern of black and
white dots to the surface of the bending specimen, the optical system can track each single
point with a system of two cameras (Figure 4b). Before use, the system was set up and
calibrated to deliver a measurement with an accuracy of approximately 3 µm in deflection.
To reach such a high precision, only a small area can be analyzed. The area between the
two upper bearings was observed in accordance with these requirements. The aim of this
measurement was to find possible buckling of the surface where the ITFC is located.
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Figure 4. Optical analysis of a bending beam to investigate the geometric deformation. (a) Position
of the sections where the deflection is extracted. Blue shows the sections in beam direction, green the
sections between the inner load entry points. (b) Optical system to measure the displacement of the
samples during mechanical tests. The system uses two cameras to get the displacement information.
For better contrast, the sample has a random pattern on the surface and the surface is illuminated
with blue light. (c,d) Deflection of the beam in the inner section between the force entry points. The
curve is one of six similar deflection lines. C shows the bending of the beam, while D is the buckling
of the surface.
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2.11. Determination of the Electrode Pore Size Distribution

The pore size distribution was determined using mercury porosimetry, which can
present information on the pore volume, pore size distribution, and porosity. During the
measurement, non-wetting mercury was forced into the porous system by applying and
varying external pressure. By using the Washburn equation, the corresponding pore radius
(r) can be calculated by:

p =
−2γ· cos(Θ)

r
(8)

if the applied pressure (p), the mercury surface tension (γ), and the contact angle (θ) are
known.

Measurements to determine the pore size distribution were carried out using a Pascal
140 measuring system in combination with Pascal 240 from the company Porotec, Germany.

2.12. Statistical Analysis

Here, E is the identifier for an element which can be a resistor or a CPE. m is the index
for the element and n the number of the sample. The change in element is calculated with
Equation (9), while the mean of all corresponding elements is calculated with Equation (10).
N is the count of all samples, in this case 6.

Em,n,change =
Em

Em, init
(9)

Em, mean =
1
N

N

∑
n=1

Em,n,change (10)

The error bars indicate the standard error of the mean and are calculated by Equation (11)
with the help of Equation (12).

sm,error =
s√
N

(11)

sm =

√√√√∑
(

Em,n,change − Em,mean

)2

N − 1
(12)

3. Results

To analyze the effects of mechanical load on a structure-integrated supercapacitor,
different experiments are necessary, which are divided into the characterization of the elec-
trode material, an equivalent model creation with a subsequent analysis, and mechanical
experiments to investigate the change in electrochemistry through the change in mechanical
load. Three mechanical load scenarios were investigated: (i) an orthogonal pressure setup
of the electrodes, (ii) a four-point bending experiment of an integrated supercapacitor on
the tensile and (iii) on the compression side.

3.1. Characterization of the Electrode

To analyze the surface structure of the electrode, three different techniques were
used. The pore size distribution was investigated with the mercury porosimetry method,
while the structure was analyzed with a scanning electron microscope (SEM). The last
technique was electrochemical impedance spectroscopy (EIS) to obtain information on the
electrochemical impedance of the sample. The results of the mercury porosimetry can be
seen in Figure 5a. The electrode shows no specific surface area with pores that have a
diameter above 1 µm. The share of the pore specific surface area starts increasing linearly
at 1000 nm up to 20 nm, where it begins to increase rapidly. The highest specific surface
is reached, with pores having a diameter of 10 nm and smaller. It must be mentioned
that it is not possible to investigate pores with diameters smaller than 10 nm due to the
machine’s restrictions.
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Figure 5. Analysis of the electrode material (a) Specific surface area of the electrode material by
mercury porosimetry. (b) SEM image of the used electrode with different pore geometry and size.
Three kinds of pores are identified. (a) big-sized secondary pores (b) small-sized primary pores (c)
small-sized secondary pores. (c) Impedance spectra of two samples, one with an activated carbon
electrode and one with a flat electrode made of aluminum. The porous network of the electrode is
represented by the black semi circles (dashed ellipse), which are not present at the flat aluminum
electrode. (d) Share of CPEs in the equivalent model.

To obtain an optical insight into the electrode itself, a SEM image (Figure 5b) of the
electrode profile was carried out. Before creating the SEM image, the sample was cooled in
liquid nitrogen and broken afterwards. The picture reveals different kinds of pore sizes
and micro cavities. In this work, pores or micro cavities consisting of a single element are
named primary pores, while the porous system built from agglomerates is called secondary
pores. The overall impression of the SEM image is that it is heterogeneous in size and form.
Small-sized primary pores (b) can be found as well as small- to medium-sized secondary
pores (c). Finally, there are large sized secondary pores (e.g., dashed circle a). Due to the
sample preparation, smaller pores could not be visualized in the obtained SEM pictures.

For a deeper understanding, an equivalent circuit was established, consisting of
resistors and constant phase elements (CPE). CPEs are used to describe the pore network
of the electrode, as well as the capacity of the supercapacitor. Resistors are used for
charge transfer and resistance losses. A detailed and more in-depth description of this
model is available in “Equivalent Circuit of the Integrated Supercapacitor”. The properties
of the CPEs were investigated and compared to the results of the mercury porosimetry
analysis (Figure 5a), as well as a frequency analysis (Figure 2b). The link between the
ECM, the frequency analysis, and the mercury porosimetry measurement is discussed
later in this study. Figure 5d visualizes the share of all CPE elements used to describe the
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supercapacitor. Each CPE (1–4) is a mean of the six samples taken from the orthogonal
pressure test (“Preliminary Pressure Tests Analyzed by in situ EIS”) in a load free state.
After calculating the mean of each element, the share (e.g., for CPE1,share = CPE1/CPEtotal
with CPEtotal = ∑CPEn, n = 1.4) was calculated. CPE1 and CPE2 have small values compared
to CPE3 or even CPE4, which has the greatest share.

3.2. Electrochemical Model Analysis and Verification

An ECM (Figure 2a) was used to analyze the system in various conditions to see its
wide range of applications, which is an indication that the ECM is valid for the used system.
Additionally, by varying the operation conditions and the sample properties, the influence
of the EIS data in relation to the equivalent circuit elements can be investigated.

All tests in this chapter are performed in a test cell (TSC Battery, RHD Instruments
GmbH & Co. KG, Darmstadt, Germany) at 20 ◦C (if not noted otherwise), with a potentio-
stat (REF3000, Gamry, Warminster, USA). The following parameters varied: temperature,
polarization of the electrodes, electrode distance, electrode thickness, separator thickness,
and electrode material. To study the pore network of the activated carbon (AC), two types
of electrodes, one with a pore network and another one without one, were investigated
(Figure 5c). One is achieved with a supercapacitor cell made of an activated carbon elec-
trode coated on an aluminum sheet: the current collector, while the other one is a pure
aluminum sheet. With the help of this measurement, the three CPE-R elements should
represent the interaction between the electrode and the electrolyte, because the area asso-
ciated with the CPE-R elements (dashed ellipse in Figure 5c) is missing for the electrode
consisting solely of the current collector.

EIS measurements at different polarization in the range of 0 V–2 V showed that the
supercapacitor has almost no pseudocapacitive behavior. This is based on the assumption
that a linear increase in polarization leads to a linear increase in capacity.

The change in the separator thickness demonstrates that the serial resistance (Rs) is
influenced by it. There was a shift in impedance on the real axis, indicating an increase
in resistance of 61% when doubling the electrode distance, and an increase of 131% by
tripling it.

For the reason of compactness, the results of temperature, polarization of the electrodes,
and electrode thickness were not included. The change in temperature is investigated
elsewhere [32].

3.3. Frequency Analysis of the Equivalent Model

A frequency analysis (Figure 2b) of the equivalent model was conducted to further
understand the ECM. Therefore, an influence plot was created based on the ECM itself and
the fitted data from the pressure test (Figure 6) in the load free scenario. The influence is
a dimensionless value describing the impact of each element in the frequency range. It is
in the range of −1 to 1. The calculation of the influence is described in the following. By
building the partial derivation of the modulus of the ECM’s impedance for each component,
the influence can be calculated (Equation (13)). This was carried out for every parameter
(all RPn, and CPEn) with the fitting parameters of the pure pressure test. An example for the
influence parameter of the resistor RS can be calculated according to Equation (13). IRS is
the influence factor, RS the serial resistance and Zec the impedance of the equivalent circuit.
To create Figure 2b this was carried out for all elements.

IRS =
RS

|Zec|
· ∂|Zec|

∂RS
(13)
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The influence of each element in relation to its frequency is shown in Figure 2b. The
influence of all resistors is between 0 and 1, while CPEs are in a range of 0 ... –1. A resistor
and a CPE element in parallel are coupled. Each couple influences the impedance in a
specific range: couple one in the high frequency range, two in the middle, and three in
the low frequency range. The very low frequency is dominated only by CPE4. The serial
resistance Rs has an influence on the highest frequency area. The inductor was not included
because it is used to describe wiring effects, which are not influenced by the mechanical
load. With that information and the BET measurements, as well as the information from
the porous/non-porous investigation, a link between the pore diameter and the elements
in the equivalent circuit is found.

3.4. Influence of Mechanical Pressure on the Impedance Spectra

The results from the EIS measurement in a setup where the electrodes are in a state of
pure compression are visualized in Figure 6a.

The first measurement was carried out at a preload of 0.2 MPa. The pressure then
increased up to 1.00 MPa in 0.1 MPa increments. The ECM was fitted to the electrochemical
impedance data of every load step. In this chapter, the elements are analyzed with respect
to their relative change, meaning relative to their initial state.

A Nyquist plot in Figure 6a visualizes the effect of perpendicular pressure on a
supercapacitor. The area of very low frequency (f = 0.01 Hz–0.1 Hz) is visualized on the
top left in a reduced plot, as the change due to mechanical pressure is low compared to the
mid- to high-frequency areas, described by elements CPE1–CPE3.

The change in mechanical pressure on those elements is more pronounced compared
to CPE4’s influence in low frequency areas. Figure 6, c shows the changes in the CPEs for
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varying pressures. An increase in those elements up to 87% (CPE1), 47% (CPE2), and 9%
(CPE3) can be observed. The same can be seen in Figure 6, a by the increasing waviness
of the curves. The first two maxima correspond to CPE1 and CPE2. CPE3 influences the
rising range in the low frequency range, while CPE4 can be seen on the reduced figure as
mentioned before. Next is the change in the exponent of the CPE itself. In the case of n4,
the mechanical load has no significant influence on the parameter; n1, n2, and n3, however,
are influenced greatly by the load. The change in CPE, as well as the change in its exponent,
both have in common that the characteristic of load influence is not linear. The graph
seems to follow a function such as 1/x + a. Pressure influences not only the change in the
CPE, but also the resistances. Rs becomes smaller with an increasing load, while R2–R4
behave in reverse (Figure 6b). This results in a shift in the curve’s maxima. The change in
all resistances roughly follows a linear function.

3.5. Influence of Mechanical Strain in Four-Point Bending Experiment

As described in Section 2.8, a four-point bending experiment with integrated superca-
pacitors was set up and investigated with EIS in different load scenarios. The result of one
supercapacitor on the tension side (Figure 7a) and one on the compression side (Figure 7b)
is shown here, as an example. The three load steps are visualized by colors, with red being
the initial load free state, blue the state with a strain of 0.2% on the surface of the sample,
and black the state with an outer fiber strain of 0.4%. Both plots show the high-frequency
region, while the entire measured spectrum is plotted smaller in the corner of each diagram.
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Figure 7. Influence of mechanical force on a structurally integrated energy storage (a) EIS plot for
three different load situations. Red indicates a load free situation, while blue and black show the EIS
results under mechanical load with 0.2% and 0.4% strain. All measurements are performed in a 4PB
experiment on the tension side of the sample. Frequency range was 100 mHz–1 MHz. (b) EIS plot for
three different load situations. Red indicates a load free situation, while blue and black show the EIS
results under mechanical load with 0.2% and 0.4% strain. All measurements are performed in a 4PB
experiment on the compression side of the sample. Impedance is visualized by rectangles, the phase
by circles.

Naturally, there is a correlation between the mechanical load and the impedance
spectra of the supercapacitor on the tension side, while the compression side seems nearly
free of any mechanical influence (Figure 7b). On the tension side, there is a change in the
whole spectrum which is investigated more deeply with the above-described ECM. To
obtain a more general statement, the tension side of all six samples is investigated with the
help of EIS and then analyzed by fitting the data to the ECM. Afterwards, the change in
each element (E) in relation to its initial state (init) (Equation (9)) is calculated and, on that
basis, the mean (Equation (9)) is determined.
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With the preceding steps, Figure 8 is created, showing the parameters of all elements
of the equivalent circuit in relation to the mechanical strain. The change in CPE3 is not
included because it remains nearly constant. Since an impedance scan is more time-
consuming the deeper the investigated frequency is, a low frequency limit of 0.1 Hz was
chosen to avoid the settlement effects of the specimen. This reduced the time needed for
one EIS from approximately one day (lower frequency 1 mHz) to several minutes. The
downside is that information from the low frequency range was lost. To gain insights
into low frequency effects, pressure tests in electrolyte baths (Figure 6) were used. To
analyze the low frequency domain where CPE4 has the strongest influence, a low frequency
measurement was performed after the mechanical test with a frequency range of 1 mHz
up to 1 MHz, as part of the four-point bending (4PB) measurements. For the reason of
compactness, the results of the exponent of CPE1 to CPE4 are not included, as they show
no significant changes with varied mechanical loads. When applying a mechanical load in
a four-point bending experiment on the compression side of the sample, it can be observed
that CPE1 und CPE2 decrease with increasing load, or outer fiber strain. The resistances RS,
RP1, RP2, and RP3 increase with increasing mechanical load.
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None of the observed changes are of a linear type. The greatest influence was found
at CPE1 and RP3. It has to be mentioned that elements describing charge transfer now
showed deviation from the mean. This should be based on the specimen preparation. This
involves manufacturing by hand and therefore each sample is an individual one. To be able
to evaluate the mechanical influence on the impedance of an integrated supercapacitor, we
built twelve integrated supercapacitors. This reduces the risk of analyzing an outlier.

3.6. Optical Deformation Analysis under Mechanical Load

An analysis of the deflection with an optical system was conducted for all six samples.
To see only the deformation of the beam itself, the global movement (rigid body motion) of
the sample in the observed area is subtracted from the results.

The deflection of the beam was extracted for different sections of the sample, as shown
in Figure 4a. There are six sections in the beam direction (blue) and eleven sections between
the inner force entry points (green).

A representative deflection of the beam in the z direction (in force direction) is shown
in Figure 4c,d. The overall deflection in the inner area is approximately 0.1 mm (Figure 4c).
Furthermore, the sample with the integrated thin-film supercapacitor (ITFC) behaves like
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a conventional bending specimen. An analytical model based on a bending beam in a
four-point bending setup is used to verify the experimental data and is plotted in gray.
The measurement overlaps the calculation. Additionally, there is no buckling over the
entire sample. As previously mentioned for the bending in the length direction (Figure 4a,
lower case alphabetical), the sample changes its shape from a plane surface to a curved one
(Figure 4d), typical for a bended specimen. The data visualized is layer c (Figure 4a).

4. Discussion

The results obviously show the strong reaction of the ITFC placed on the tension side of
a four-point bending sample, thus making it usable as a sensor system. On the compression
side, only a minor response to mechanical load was observed. For this reason, the discussion
focuses on the tension side. The capacity related to CPE1 had a great influence on the
mechanical load (Figure 8). To analyze the role of CPE1, a deeper look into the distribution
of the pore diameter is necessary. The mercury porosimetry measurement of the electrode
showed that the material has different pore diameters which are unequally distributed
(Figure 5a). Most of the specific surface relies on pores with very small diameters, while
big pores represent only a small share of the total porosity (Figure 5a). The same can be
seen for the share of the capacitive behavior described by the CPEs. There is an unequal
distribution of all CPE elements, with the greatest amount of total capacity linked to CPE4.
This element influences the impedance spectra in the very low frequency range, while
CPE1 has its greatest influence in the high frequency domain. (Figure 2) This behavior
is a strong indication that CPE1 correlates to big diameter pores, as they are able to react
to fast current changes [33]. Additionally, the distribution of pore diameters (taken from
the porosity measurement) matches the distribution of CPE elements, with the result that
CPE1 should correlate to big diameter pores. All this information points to the conclusion
that the mechanical load coming from a 4PB changes the pores’ geometry. Based on the
nature of the bending experiment, the supercapacitor on the tension side is stretched in
a lengthwise direction (Figure 9, X-direction), while being compressed orthogonally to it.
Figure 9b shows the profile of a bending sample in a load free and bended scenario, with
the forces on a small element on the tension (e1) and compression (e2) side. The profile
of the supercapacitor on the tension side is deformed by the mechanical load similarly to
element e2, meaning its profile is under compression load.
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Figure 9. Analytical analysis of a composite bending beam. Without load shown on the top and
with load on the bottom (a). Stress distribution caused by the constant moment is visualized in red.
(b) Sections of the bending beam showing two elements (e1 and e2) and their deformation.

The hypothesis is based on the mechanical interaction of the GFRP structure with
the ITFC. On the tension side, the energy storage will mostly see tension in a lengthwise
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direction and compression of its profile. This leads to a compression of the electrode
material and therefore the pores, which in turn leads to the described sensory effect.

The compression side shows a much smaller change in impedance due to mechanical
load. In that case, the electrode of the sample is compressed by the surrounding GFRP
structure in a lengthwise direction. Opposite to the tension side, the profile is in a state
where it is dragged to the outside by the GFRP. The further away the electrode material
is from the GFRP (electrode material from the inner section of the supercapacitor), the
lower the deformation might be, as the electrode consists of agglomerates with only a small
possibility to transfer that kind of mechanical load.

Like CPE1, CPE2 also reacts to mechanical load, but with less intensity. One explana-
tion is based on the pore size. As mentioned before, CPE2 corresponds to smaller pores
than CPE1 and therefore experiences less deformation from mechanical load. This leads to
a smaller electrochemical response. CPE3 describes the smallest pores in the ECM, which
are nearly unaffected by the applied mechanical load. When comparing the results from
the pure pressure setup with the results from the bending experiment, we can see that in
both cases a mechanical load change leads to a decrease in all CPE elements. The CPEs are
affected the most when they are describing big pores.

Besides the change in capacity, a change in resistance was also determined. The resistor
RS rises with an increasing mechanical load. This behavior is opposite to what was seen
in the pressure tests. Different explanations for this behavior can be found and a more
in-depth analysis is required. One reason could be the change in the MacMullin number, a
vale describing the ion conductivity of a separator. Throughout the increasing compression
of the separator, its MacMullin number could be increased, leading to an increase in the
serial resistance Rs. A reason why this is not present in the pure pressure setup might
be that the increase in pressure leads to a reduction in the distance of the electrodes and,
therefore, an improvement in Rs, which overlaps the change in the MacMullin number.
In the case of the bending experiment, this reduction could already have happened when
the composite was manufactured and might therefore be negated by the change in the
MacMullin number. Another explanation is based on the mechanics. Theoretically, shear
forces are not present between the inner force entry point and therefore the area of the
supercapacitor. In reality, shear forces can occur and therefore the supercapacitors might be
compressed, leading to an uneven distance between its electrodes. Both hypotheses will be
investigated in future studies.

Beside RS, the resistors R1, R2, and R3 increase with mechanical load in both the 4PB
experiment and the pure pressure setup. These resistors coupled with CPE elements in the
ECM describe a charge transfer reaction. A rising resistance indicates a hampered charge
transfer. It is influenced by the exchange current density, which depends on the concen-
tration of oxidized and reduced species. In a pore network, the diffusion is influenced by
the porosity [34], the tortuosity [35], and the constrictivity [36]. The latter describes the
influence on the motion of ions through small pores. If this is influenced by the mechanical
load, the concentration could change and thus also the charge transfer. This explanation is
only valid for small-sized pores such as the ones described by R3. A change in porosity and
tortuosity is also a possibility for pores of all sizes. With the data available in this work, the
influence factors cannot be separated. However, a change in porosity as well as tortuosity
is likely, as both are affected when the volume is changed.

5. Conclusions

In this work, we describe the use of structure integrated supercapacitors as mechanical
strain sensors for condition monitoring. First, we analyze supercapacitors in a pure pressure
setup by carrying out in situ electrochemical impedance spectroscopy at ten different load
states. This spectroscopy is analyzed by fitting an electrochemical model. To evaluate that
model, we carried out mercury porosimetry measurements, scanning electron microscopy
and a frequency analysis. The results suggested that the pores of the supercapacitor’s
electrode change their geometry through mechanical load, while, at the same time, the



Sensors 2022, 22, 6932 18 of 20

porosity, tortuosity and constrictivity also changes. To show supercapacitors can work as a
strain sensor in composite materials, structure integrated ones are manufactured.

Therefore, supercapacitors are integrated in glass fiber reinforced composites, which
are investigated in four-point bending. The supercapacitors are integrated in the tension
and pressure side to determine the influence of different load scenarios. The electrochemical
process is investigated with in situ electrochemical impedance spectroscopy. Finally, it is
possible to detect mechanical strain down to 0.2% by the integrated supercapacitors. Since
the effects are reversible, the system can be used as a multifunctional sensor system that is
able to store electric energy and act as a strain sensor. Through novel design approaches it
is possible to reduce system weight and the volume of future transport systems by using
multifunctional materials that can deliver electric energy and provide a load carrying
structure with intrinsic load monitoring information. The mechanisms described in this
work can be the basis for such a load monitoring material.

To bring that system into use, further studies are needed. For example, the influence
of temperature should be investigated to extend the described model, making it more
resistant against temperature changes.

6. Verification and Limitations of the Measurement

Due to the complexity of the experiment, six samples with two supercapacitors each
were investigated. All of them were measured by EIS under mechanical load in order to
determine their behavior under bending load.

To ensure high quality measurements and fitting results, the measurements were
conducted with respect to [31], while the fitting was carried out with the help of [37]. This
means that the placement of cables was optimized to reduce self-induction. Furthermore,
the machine was calibrated, and the measurement was performed within the accuracy
plot in order to reach an error smaller than one percent [30]. Electrochemical impedance
spectroscopy was carried out while the sample was placed once inside and once outside
the mechanical test setup to determine the influence of the setup, which can be neglected.

The residuals in the fitting results are random and the errors of the equivalent elements
are small. Additionally, the model is based on a physical background [37].

A change in electric resistance between the current collector and the electrode during
the experiment and, therefore, a change in impedance, is less likely, as the impedance
spectra before and after the experiment (both in load free stages) still overlap. Therefore,
an ageing effect can be excluded.

One of the six samples deviated strongly from the others and was therefore excluded
from the analysis.

7. Patents

[DE] Strukturmonitoring mittels Impedanzspektroskopie an einem strukturintegri-
erten Energiespeicher; DE102020104584B3.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s22186932/s1, Figure S1: Test setup to characterize the electrodes
under pressure. The electrodes are placed inside an alu-minum container filled with electrolyte.
Pressure is transferred with an aluminum stamp con-nected to a test machine. Force is measured
with a load cell. EIS in situ measurement is carried out with a Potentiostat connected via crocodile
clamps to the specimen. Figure S2: Cyclic Voltammetry of the sample. Scan rate is set to 20 mV/s.
The capacity calculated in the negative discharge area (grey field) is 115 mF.

Author Contributions: Conceptualization, J.P.; methodology, J.P.; validation, J.P, A.K. and S.G.;
formal analysis, J.P.; investigation, J.P., A.K. and S.G.; writing—original draft preparation, J.P. and
A.K.; writing—review and editing, J.P., S.G.; visualization, J.P. and S.G.; supervision, P.W. All authors
have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/s22186932/s1
https://www.mdpi.com/article/10.3390/s22186932/s1


Sensors 2022, 22, 6932 19 of 20

Funding: We would like to acknowledge the funding by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) under Germany’s Excellence Strategy—EXC 2163/1—Sustainable and
Energy Efficient Aviation—Project-ID 390881007.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sterner, M.; Stadler, I. Energiespeicher—Bedarf, Technologien, Integration; Springer: Berlin/Heidelberg, Germany, 2014.
2. Karle, A. Elektromobilität Grundlagen und Praxis; Carl Hanser Verlag: München, Germany, 2017.
3. Geier, S.; Petersen, J.; Wierach, P. Structure Integrated Supercapacitors for Space Applications; SMASIS2019-5687; ASME: Louisville,

KY, USA, 2019.
4. Pomerantseva, E.; Bonaccorso, F.; Feng, X.; Cui, Y.; Gogotsi, Y. Energy storage: The future enabled by nanomaterials. Science 2019,

366, eaan8285. [CrossRef]
5. Adam, J.T.; Liao, G.; Petersen, J.; Geier, S.; Finke, B.; Wierach, P.; Wiedemann, M. Multifunctional Composites for Future Energy

Storage in Aerospace Structures. Energies 2018, 11, 335. [CrossRef]
6. Geier, S.; Petersen, J.; Iyer, V.; Wierach, P. Challenges of Integrating Supercapacitors into Structures for Space Qualification. In

Proceedings of the European Conference on Spacecraft Structures, Braunschweig, Germany, 23–25 March 2021.
7. Leif, A.E.; Greenhalgh, E.S. Structural power composites. Compos. Sci. Technol. 2014, 101, 41–61.
8. Dienel, C. Leichtbau DLR. 10 April 2020. Available online: https://leichtbau.dlr.de/mehr_ist_weniger-das_potenzial_der_

strukturuberwachung (accessed on 7 June 2022).
9. Lapcinskis, L.; Linarts, A.; Knite, M.; Gornevs, I.; Blums, J.; Sutka, A. Solid-state supercapacitor for pressure sensing. Appl. Surf.

Sci. 2019, 474, 91–96. [CrossRef]
10. Li, K.-B.; Shi, D.-W.; Cai, Z.-Y.; Zhang, G.-L.; Huang, Q.-A.; Liu, D.; Yang, C.-P. Studies on the equivalent serial resistance of

carbon supercapacitor. Electrochim. Acta 2015, 174, 596–600. [CrossRef]
11. Dai, K.; Wang, X.; Yi, F.; Yin, Y.; Jiang, C.; Niu, S.; Li, Q.; You, Z. Discharge voltage behavior of electric double-layer capacitors

during high-g impact and their application to autonomously sensing high-g accelerometers. Nano Res. 2018, 11, 1146–1156.
[CrossRef]

12. Malekian, A.; Salari, S.; Stumper, J.; Djilali, N.; Bahrami, M. Effect of compression on pore size distribution and porosity of PEM
fuel cell catalyst layers. Int. J. Hydrog. Energy 2019, 44, 23396–23405. [CrossRef]

13. Roh, H.D.; Deka, B.K.; Park, H.W.; Park, Y.-B. Multifunctional composite as a structural supercapacitor and self-sensing sensor
using NiCo2O4 nanowires and ionic liquid. Compos. Sci. Technol. 2021, 213, 108833. [CrossRef]

14. Christen, T.; Carlen, M. Theory of Ragone plots. J. Power Sources 2000, 91, 210–216. [CrossRef]
15. Letcher, T.M. Storing Energy. Elsevier: Amsterdam, The Netherlands, 2022.
16. Miller, J.R.; Simon, P. Electrochemical Capacitors for Energy Management. Science 2008, 321, 651–652. [CrossRef]
17. Conway, B.E. Electrochemical Supercapacitors—Scientific Fundamentals and Technological Applications; Kluwer Academic: New York,

NY, USA, 1999.
18. DIN EN ISO 14125; Faserverstärkte Kunststoffe—Bestimmung der Biegeeigenschaften. Beuth Verlag GmbH: Berlin,

Germany, 1998.
19. Mulder, W.; Sluyters, J. Tafel current at fractal electrodes. J. Electroanal. Chem. Interfacial Electrochem. 1990, 285, 103–115. [CrossRef]
20. Kim, C.-H.; Pyun, S.-I.; Kim, J.-H. An investigation of the capacitance dispersion on the fractal carbon electrode with edge and

basal orientations. Electrochim. Acta 2003, 48, 3455–3463. [CrossRef]
21. Schuller, C.; Strunz, W. The evaluation of experimental dielectric data of barrier coatings by means of different models. Electrochim.

Acta 2001, 46, 3619–3625. [CrossRef]
22. Jorcin, J.-B.; Orazem, M.E.; Pebere, N.; Tribollet, B. CPE analysis by local electrochemical impedance spectroscopy. Electrochim.

Acta 2006, 51, 1473–1479. [CrossRef]
23. Oldham, K.B. The RC time “constant” at a disk electrode. Electrochem. Commun. 2004, 6, 210–214. [CrossRef]
24. Alexander, C.L.; Tribollet, B.; Orazem, M.E. Contribution of Surface Distributions to Constant-Phase-Element (CPE) Behavior: 1.

Influence of Roughness. Electrochim. Acta 2015, 173, 416–424. [CrossRef]
25. Bidoia, E.; Bulhoes, L.; Rocha-Filho, R. Pt/HClO4 interface CPE: Influence of surface roughness and electrolyte concentration.

Electrochim. Acta 1994, 39, 763–769. [CrossRef]
26. Endo, M.; Maeda, T.; Takeda, T.; Kim, Y.J.; Koshiba, K.; Hara, H.; Dresselhaus, M.S. Capacitance and Pore-Size Distribution in

Aqueous and Nonaqueous Electrolytes Using Various Activated Carbon Electrodes. J. Electrochem. Soc. 2001, 148, A910–A914.
[CrossRef]

27. Baldelli, S. Probing Electric Fields at the Ionic Liquid−Electrode Interface Using Sum Frequency Generation Spectroscopy and
Electrochemistry. Phys. Chem. B 2005, 109, 13049–13051. [CrossRef]

http://doi.org/10.1126/science.aan8285
http://doi.org/10.3390/en11020335
https://leichtbau.dlr.de/mehr_ist_weniger-das_potenzial_der_strukturuberwachung
https://leichtbau.dlr.de/mehr_ist_weniger-das_potenzial_der_strukturuberwachung
http://doi.org/10.1016/j.apsusc.2018.05.036
http://doi.org/10.1016/j.electacta.2015.06.008
http://doi.org/10.1007/s12274-017-1740-y
http://doi.org/10.1016/j.ijhydene.2019.07.036
http://doi.org/10.1016/j.compscitech.2021.108833
http://doi.org/10.1016/S0378-7753(00)00474-2
http://doi.org/10.1126/science.1158736
http://doi.org/10.1016/0022-0728(90)87113-X
http://doi.org/10.1016/S0013-4686(03)00464-X
http://doi.org/10.1016/S0013-4686(01)00644-2
http://doi.org/10.1016/j.electacta.2005.02.128
http://doi.org/10.1016/j.elecom.2003.12.002
http://doi.org/10.1016/j.electacta.2015.05.010
http://doi.org/10.1016/0013-4686(94)80021-9
http://doi.org/10.1149/1.1382589
http://doi.org/10.1021/jp052913r


Sensors 2022, 22, 6932 20 of 20

28. Baldelli, S. Surface Structure at the Ionic Liquid−Electrified Metal Interface. Acc. Chem. Res. 2008, 41, 421–431. [CrossRef]
29. Gamry Instruments. The Basis of Electrochemical Impedance Spectroscopy, Part I–Part IV; Gamry Instruments: Warminster, UK, 2007.
30. Gamry Instruments. Reference 3000 Product Brochure; Gamry Instruments: Warminster, UK; Available online: https://www.gamry.

com/assets/Uploads/Reference-3000-Product-Brochure-opt.pdf (accessed on 12 September 2022).
31. C3 Prozess- und Analysentechnik GmbH. “EIS Measurement of a Very Low impedance Li Ion Battery” München. Available online:

https://www.gamry.com/application-notes/EIS/eis-measurement-of-a-very-low-impedance-lithium-ion-battery/ (accessed on
12 September 2022).

32. Petersen, J.; Geier, S.; Wierach, P. Integrated thin film Supercapacitor as multifunctional Sensor System. In Proceedings of the
ASME 2021 Conference on Smart Materials, Adaptive Structures and Intelligent Systems, Online, 14–15 September 2021.

33. Gaurav, K.M.; Rama, K. Modular theory for DC-biased electrochemical impedance response of supercapacitor. J. Power Sources
2020, 473, 228467.

34. De, P.; Halder, J.; Gowda, C.C.; Kansal, S.; Priya, S.; Anshu, S.; Chowdhury, A.; Mandal, D.; Biswas, S.; Dubey, B.K.; et al. Role of
porosity and diffusion coefficient in porous electrode used in supercapacitors—Correlating theoretical and experimental studies.
Electrochem. Sci. Adv. 2022. [CrossRef]

35. Shen, L.; Chen, Z. Critical review of the impact of tortuosity on diffusion. Chem. Eng. Sci. 2007, 62, 3748–3755. [CrossRef]
36. Holzer, L.; Wiedenmann, D.; Münch, B.; Keller, L.; Prestat, M.; Gasser, P.; Robertson, I.; Grobety, B. The influence of constrictivity

on the effective transport properties of porous layers in electrolysis and fuel cells. J. Mater. Sci. 2013, 48, 2934–2952. [CrossRef]
37. Gamry Instruments. The Quality of Your Fit in EIS—Application Note Rev. 1.0; Gamry Instruments: Warminster, UK, 2019.

http://doi.org/10.1021/ar700185h
https://www.gamry.com/assets/Uploads/Reference-3000-Product-Brochure-opt.pdf
https://www.gamry.com/assets/Uploads/Reference-3000-Product-Brochure-opt.pdf
https://www.gamry.com/application-notes/EIS/eis-measurement-of-a-very-low-impedance-lithium-ion-battery/
http://doi.org/10.1002/elsa.202100159
http://doi.org/10.1016/j.ces.2007.03.041
http://doi.org/10.1007/s10853-012-6968-z

	Introduction 
	Materials and Methods 
	Materials 
	Cell Components 
	Structural Components 
	Electrochemical Methods 
	Composite Design, Assembly, and Preparation 
	Equivalent Circuit of the Integrated Supercapacitor 
	Electrochemical Tests 
	Four-Point Bending Tests with In Situ EIS 
	Preliminary Pressure Tests Analyzed by In Situ EIS 
	Optical Displacement and Deflection Detection 
	Determination of the Electrode Pore Size Distribution 
	Statistical Analysis 

	Results 
	Characterization of the Electrode 
	Electrochemical Model Analysis and Verification 
	Frequency Analysis of the Equivalent Model 
	Influence of Mechanical Pressure on the Impedance Spectra 
	Influence of Mechanical Strain in Four-Point Bending Experiment 
	Optical Deformation Analysis under Mechanical Load 

	Discussion 
	Conclusions 
	Verification and Limitations of the Measurement 
	Patents 
	References

