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Abstract

In today’s digital age, the interest in wearable electronics has been growing distinctively.
However, the fabrication of lightweight, stretchable and reasonably priced conductors is still
challenging. Due to its high electrical conductivity, and three-dimensional porous structure,
laser-induced graphene (LIG) is predestined as one of the active materials of choice in flexible
sensors. With the laser-induced transformation of carbonic precursors, a low-cost, time-efficient,
facile and scalable production technique of graphene like materials has emerged. Herein, we
used this method to generate LIG on the surface of polyimide (PI) using a CO, laser with a
wavelength of 10.6 ym and subsequently transferring the pattern to Fixomull®, a commercial
medical grade polyurethane. Afterwards, a detailed characterization of the elastomeric
conductive polymer composite LIG/Fixomull under different deformation levels was performed.
Scanning electron microscopy (SEM), Raman spectroscopy and van der Pauw sheet resistance
measurements gave a better understanding of the performance of the LIG-based strain sensor as
a function of the stretching degree in correlation to the changes that the porous structure of the
material was undergoing. Our flexible LIG/Fixomull sensor demonstrates high stretchability of
min. 80%, a linear range up to 30% strain and reliable data acquisition up to 60% strain, as well
as a stable signal output for 20 subsequent stretch-release cycles to 30% strain.

Supplementary material for this article is available online
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1. Introduction

With the advancement of the internet of things (IoTs), smart
devices are also being implemented into the medical field [1,
2], giving rise to the internet of medical things (IoMTs) [3]. To
be precise, health care is, amongst the common relevant eco-
nomic sectors, the one with the highest practical implementa-
tion rate of IoT applications [4]. This means that smart medical
services have currently even greater practical relevance than
IoT systems in the automated manufacturing sector [4].

Collection and real-time transmission of health data would
allow for remote health monitoring & diagnosis as well as
infectious disease tracking, improving emergency care and
medical services [3, 5, 6]. This development requires avail-
ability of high-performing wearable electronics on a large
scale [7].

Demands on sensor devices for health data collection
are broad, including high stretchability [2, 8—10], sensitivity
[2, 8-10], stability [2, 9, 10], breathability [10] and skin
compatibility [9, 10], a low weight [2], large sensing range
[8], fast response time [8] and a facile fabrication [9, 10].

With their report on a laser-based fabrication process [11],
Lin et al have made an essential contribution in the devel-
opment towards readily available wearable strain sensors
[1], proposing a fast, controllable, cost-effective and scal-
able method to produce graphene [5, 11]. The resulting LIG
with its outstanding electrical properties [12], high poros-
ity, hence huge specific surface area of ~2600 m?> g~! [13],
biocompatibility [14], reversible strain up to 25% [15] and
possibility to be transferred to a wide range of elastomeric
substrates [10, 16], is predestined to be applied in sensor
devices.

Applicability of conventional metal- and semiconductor-
based sensors in IoMT devices is limited owing to their inher-
ently low dynamic sensing range (<5% strain), complex fab-
rication and rigidity [1, 2, 5]. Meanwhile, wearable electron-
ics composed of laser-induced graphene (LIG) embedded in
an elastomer substrate have proved high potential for sens-
ing applications [2, 7]—not only for health monitoring but
also for environmental monitoring and human machine inter-
face applications [7, 8]. With a Young’s modulus in the range
of 10 kPa—10 MPa [17], a typical elastomer brings along the
desired mechanical properties, most importantly a high flex-
ibility and high toughness [10], while the graphene intro-
duces excellent electrical properties owing to the delocalized
m-system that elicits an exceptionally high carrier mobility
>200.000 cm? (V * s)~!, i.e. very high electrical conductivity
[12, 18]. Under this configuration, the theoretically optimal
wearable electronic device is created [10, 17].

LIG-based strain sensors can be attached to any part of the
human body (elbow, biceps, wrist, finger, throat, mouth, eye-
brow) for monitoring a wide range of human body motions
[1, 8]: from vocal vibration and physiological pulse, categor-
ized as subtle movement and causing ultra-small strain <1% to
joint movements in the middle-high strain region with ~60%
strain caused by finger movement and ~100% strain caused
by knee movement [1]. Sensors for this purpose not only need

the ability to detect an ultrawide strain range from less than
0.1% to more than 100% but also a high time resolution (of
the signal), stability against a range of operational conditions
[7], high sensitivity and accuracy [1].

The underlying physical principle of data collection is the
piezoresistive effect. Strain information, induced by relaxation
and contraction of human muscles upon movement causes the
conductive graphene pathway to be partially interrupted. This
reflects itself in a change in electrical resistance that in turn
can be measured [1, 8].

This study aims to provide a complete material characteriz-
ation of LIG embedded in the elastomeric substrate polyureth-
ane and strained to defined levels. As complement to extens-
ive electromechanical characterizations of LIG-based sensor
devices, addressed in different studies [1, 8, 10, 17, 19], a
deeper understanding of the structural changes that the mater-
ial system itself is undergoing, independent of the wiring or
other components of the final sensor device, should be gained.

Besides, the chosen alternative substrate material Fixomull
is assessed in comparison to the more investigated substrate
polydimethylsiloxane (PDMS). While there are several stud-
ies on LIG/PDMS strain sensors proving their high sensitiv-
ity, good repeatability, short response, and recovery time [8,
20, 21], investigations of different substrate materials with
potential complementary/alternative benefits are more limited
yet. We study polyurethane which has a very high stretchabil-
ity (elongation break >400% [10]), low thickness and excel-
lent skin compatibility [22]. Moreover, first long-term tests by
Dallinger et al and Kammarchedu et al have demonstrated a
reliable performance of LIG/Fixomull strain sensors over 200
cycles to 30% strain [10] and even over 10 000 cycles to 5%
strain [16], respectively. These results promise a high sensor
stability that is of great value with regard to application in
actual sensing devices for everyday use.

The substrate used in this work is commercially avail-
able medical grade polyurethane (MPU), Fixomull, which is
a wound care product and thus designed for long-term & con-
formal adhesion on skin (up to seven days according to the
manufacturer) even when exposed to water, which implies
breathability and hydrophobicity [23]. The exceptionally high
stretchability, the low thickness, skin compatibility, breathab-
ility and promising stability make Fixomull an excellent sub-
strate choice for application in LIG-based strain sensors to be
worn on skin. On the other hand, the biosafety of LIG has
been demonstrated in studies by d’Amora et al and Huang
et al based on extensive in vivo experiments with zebrafish and
rats [24, 25]. Therefore, the biocompatibility of the final LIG/
Fixomull composite is substantiated.

Scanning electron microscopy (SEM) images illustrated a
distinctly intensified interruption of the conductive LIG paths
for strains >40% and Raman spectra exhibited a fundamental
change in chemical structure for this strain level, suggesting
an incipient amorphization of the LIG. Van der Pauw meas-
urements showed an order of magnitude increase in the sheet
resistance value after the transfer of the LIG from Kapton to
Fixomull, but similar values in the range of after transfer to
15% and only a factor 2 increase of the value in the range of
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20%—-80%. Electromechanical characterization yielded a lin-
ear sensing range of the fabricated sensors of up to 30% and a
close-to-linear relationship between sensor output signal and
applied strain for up to 60%. The stability of the sensor was
tested by 20 subsequent stretch-release cycles to 30% strain.

2. Methodology

2.1. LIG synthesis and transfer to polyurethane

Figure 1(a) schematically illustrates the photothermal pro-
cess applied to generate LIG: patterns were scribed under
ambient conditions onto ethanol-cleaned PI films (Kapton®
HN film, DuPont™ thickness of 50 pm—in the follow-
ing referred shortly as Kapton) with a commercial, hobby-
grade IR CO; laser with a wavelength of 10.6 pm, a max-
imum power of 40 W and a maximum scanning speed of
600 mm s~!. The applied laser parameters were optimized
based on previous investigations by our research group [26,
27], by Kammarchedu et al [16] and Dallinger et al [10] and
found to yield best performing fibrous LIG for a laser power
of 3.2 W and a scanning speed of 110 mm s~! in this work.
By varying the laser fluence, set to convert the upper atomic
layers of the carbonic precursor [28], the morphology and with
it, the properties of LIG can be tuned in a wide range accord-
ing to the desired application [29]. Here, a fibrous morpho-
logy was aspired as LIG fibers have been proven to tolerate
large strains and promote subsequent transfer to an elastomeric
substrate [10, 16]. The beam movement in X- and Y-direction
was controlled by the software K40 Whisperer according to
the pre-specified pattern that was designed with the vector
graphics software Inkscape. The Z-coordinate was kept con-
stant throughout the irradiation such that the laser operated at
focal plane with the device's focused beam size of 100 pym as
determined by Velasco et al [26]. A scanline step of 76.2 ym
was employed in raster mode, for which the two-dimensional
LIG pattern was created by irradiating the Kapton line by line
in X-direction.

As depicted by the photo series in figure 1(b), pieces of
Kapton film were attached onto an aluminum plate using
adhesive Kapton tape and transformed into LIG with the para-
meters specified above. Subsequently, a piece of Fixomull was
attached to the exposed LIG with its polyacrylate adhesive
side. Fixomull® transparent (BSN medical GmbH, Germany)
is a commercially available MPU that has polyacrylate glue
applied to the actual polyurethane layer (overall thickness of
~54 pm), with the polyacrylate glue being protected by a
glassine paper and the polyurethane by a plastic liner.

In order to promote good adhesion of the Fixomull to LIG
and thereby maximize the amount of transferred material,
moderate pressure was applied with a cotton tip. Next, the
Fixomull was peeled off in one continuous movement, result-
ing in a good amount of LIG being embedded in Fixomull and
some residual LIG remaining on Kapton, which is shown in
the right picture of figure 1(b).

The whole fabrication process was conducted under ambi-
ent conditions.

2.1.1. Preparation of samples for the structural characteriza-
tion techniques. Samples for the stretch series were pre-
pared by simply straining the LIG/Fixomull samples to the
following defined levels: 5%, 10%, 15%, 20%, 25%, 30%,
40%, 60%, 80% with one sample remaining unstretched (0%).
The strain levels were determined such that a high number
was assumed to lie within the linear regime of a LIG/Fixomull
sensor as identified by Keller et al and Dallinger et al [10, 17].
The LIG pattern chosen for SEM and Raman spectroscopy was
the same 20 x 10 mm? serpentine pattern used for the sensors
depicted in figures 1(b) and a Greek cross structure for van
der Pauw sheet resistance measurements. The straining was
performed with a manual 500 N digital push pull force gauge
(HP series, Mxmoonfree). Each sample was stretched to the
specified strain level three times in a row with a dwell time of
60 s in each state (released/ strained).

2.12. Preparation of sensors for the electromechanical tests.
A sensor with basic electrical wiring was assembled in order
to perform some fundamental electromechanical measure-
ments to link the electric and the mechanical response of the
sensors during stretching by applying simultaneously strain
with the force gauge and tracking the changes in the resistance
through linear sweep voltammetry (LSV) and chronoampero-
metry tests. For this purpose, the serpentine pattern chosen
to further enhance flexibility and deformability of LIG [17,
30] was transferred to Fixomull as described in figure 1(b).
Subsequently, copper wires were attached to the designated
LIG contact pads using conductive silver paste and small
pieces of adhesive copper tape for fixing. Finally, a second
layer of Fixomull was stuck on top, including the wiring, res-
ulting in the LIG sensor sandwiched between the elastomer
substrates. The fabricated devices can be seen in figures 7(b)
and (c) and a close-up picture is provided in figure S1 (supple-
mentary data file).

Due to the anisotropy of LIG patterns that originates from
the line-by-line irradiation in combination with the Gaussian-
shaped laser beam profile [26], the orientation of the strain
application direction relative to the lasing direction needs to be
considered carefully. Based on the investigations by Yen ef al,
all samples were fabricated with a parallel structure. That is
to say, the strain was applied parallel to the lasing direction
as illustrated in figure 1(c), right. As proven by Yen et al, par-
allel LIG strain sensors show a better performance compared
to those with a vertical structure in terms of sensor sensitivity,
as shown in figure 1(c) [21]. On one hand, the electrical con-
nectivity between neighboring spots within one line is super-
ior to the one between successively written lines resulting in
a lower initial resistance in the case of parallel LIG structures
[16, 31]. On the other hand, cracks—which doubtlessly form
upon increasing strain—will form perpendicular to the strain-
ing direction [21], i.e. perpendicular to laser lines for parallel
LIG structures (shown in figure 1(c), right) and parallel to laser
lines for perpendicular LIG structures (shown in figure 1(c),
left). Consequently, the number of conductive paths changes
more distinctly upon application of strain in case of parallel
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Figure 1. Fabrication process. (a) Scheme of LIG fabrication, illustrating the irradiation of a polyimide film (Kapton) that induces an in-situ
conversion of disordered carbon into crystalline graphene. (b) Transfer process of LIG onto Fixomull, showing LIG on Kapton (left),
Fixomull attached to Kapton (middle), LIG on Fixomull (upper right) and residual LIG on Kapton (lower right). Length scales are included
for specification of the pattern dimensions in the left picture. (c) Scheme of the perpendicular (left) and parallel (right) configuration of

lasing direction relative to application of strain.

LIG structures. This, in turn, induces a major relative resist-
ance change and ultimately a large gauge factor.

2.2. Characterization tools and protocols

SEM has been applied to study the change of LIG morphology
as a function of the applied strain. Images of the LIG/Fixomull
stretch-release series (figures 2 and 3) were taken with an
Inspect F50 (FEI company, United States) at an accelera-
tion voltage of 5 kV. Imaging of the LIG/Fixomull samples
under strain (figure 4) was performed with a FEI Verios 460
(FEI company, United States) at an acceleration voltage of
2 kV. All images were obtained through detection of second-
ary electrons.

For investigation of how the chemical structure of LIG
changes with increasing applied strain, Raman spectroscopy
was carried out at an LabRAM Odyssey tool (HORIBA,
Japan). Spectra were taken with a laser wavelength of
A = 532 nm, a magnification lens of 10x, an 1800 lines/mm
grating, a ND filter of 50%, an acquisition time of 20 s and 3
accumulations.

Van der Pauw measurements were performed to determine
the sheet resistance of the stretched and released LIG/Fixomull
samples. For this purpose, LIG samples with the shape of
Greek crosses, composed of two perpendicularly criss-crossed
3 x 1 mm® beams with 1.4 x 1.4 mm? large squares at
each end, were fabricated. The used instruments were a Karl
Suss PSM 6 probe station (SUSS MicroTec SE, Germany)
connected to an Agilent semiconductor parameter analyzer

unit (Agilent Technologies, United States), controlled via the
EasyEXPERT software. The current range was swept from 0
to 1 mA with a step size of 10 pA.

The sheet resistance Rcp 45 Was calculated by inserting the
voltage drop measured across two adjacent contacts A and B
AV,p into the following equation [32]:

s AVAB
Rs = 1
ST () Iep M

where I¢p is the current applied between the two opposing
contacts C and D. For each parameter set, the average of the
two theoretically equal values Rcp ap and Rap cp was plotted.
For each strain level, three samples were measured, and the
average of the values was provided in the graphs, including
their corresponding calculated standard deviation.

Lastly, the LIG/Fixomull sensor was characterized elec-
tromechanically using the custom setup depicted in figure 7(a).
Uniaxial tensile stress was applied by the manual push pull
force gauge equipped with a digital display to control the dis-
placement. Simultaneous electrical measurements were con-
ducted with an Autolab PGSTAT204 potentiostat/galvanostat
instrument (Metrohm, Switzerland) in a two-electrode con-
figuration (with reference and working electrodes being
identical), which was controlled by the corresponding NOVA
2.1.3 software (Metrohm Autolab B.V., Netherlands). Both
measurements, LSV and chronoamperometry were conducted
in potentiostatic mode. For LSV, the potential was swept from
—1Vto5Vatascanrate of 0.1 Vs~! and a step size of 0.01 V.
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A total of six measurements, i.e. three strain-release cycles
were performed for each strain level. For chronoamperometry,
a constant potential of 1 V was applied while the sample
was subjected to three consecutive strain-release cycles with a
dwell time of 200 s in each state to enable signal stabilization.
An additional measurement over 20 strain-release cycles was
performed for the 30% strain level. Data evaluation comprised
calculation of resistance values from the output V-/-data by
applying Ohm’s law. The resistance values with their corres-
ponding strain information were used for determination of the
strain-dependent gauge factor (GF) according to the following
equation [16]:

_AR/Ry

F =
OF=AL/L

@

with resistance in released state R, change in resistance due to
stretching AR, original sensor length L, and elongation AL.

3. Results and discussion

3.1. Structural characterization of LIG transferred to
polyurethane

SEM images in figure 2 illustrate the morphological evolu-
tion of LIG upon application and subsequent release of tensile
stress.

Images in figure 2(a) (after laser writing, on Kapton)
and 2(b) (after transfer to Fixomull) reveal the severe crack
formation on the LIG pattern upon transfer from Kapton
to Fixomull, creating a clearly visible island structure. The
level of rupture is similar for strains between 5% and 30%
(figure 2(c)—(h)): LIG islands are still in place, maintaining
an ordered, even structure, which indicates restoration of the
graphene pattern after application of strain. This situation
changes with further increasing the strain to 40% and 60%
(figures 2(i) and (j)): the cracks are deepening, and more and
more individual LIG islands are displaced, arousing a cragged
structure with LIG islands, detached from the Fixomull sub-
strate, on top. For a strain level of 80% (figure 2(k)), the upper
LIG layer is fully detached in some parts, causing an increased
density of cracked LIG pieces and exposure of an underlying
layer.

SEM images of higher magnification for LIG on Kapton
and LIG/Fixomull for the strain levels of 5%, 30% and 80%
are shown in figure 3. First of all, these images illustrate the
loss of the fibrous morphology of LIG upon its transfer from
Kapton to Fixomull. While figure 3(a) shows the fibers of LIG,
produced upon the laser irradiation on Kapton, figures 3(b)—(d)
show that the characteristic LIG landscape of graphene flakes,
forming a porous network has been preserved after transfer.
However, the fibers are not visible anymore since they were
trapped on the Fixomull surface during the transfer process.
Besides, it was observed that for imaging areas within the
boundaries of the LIG islands observed in figure 2, defined
by the cracks, the morphology of relaxed LIG pores does not
change distinctly after application of strain. That is to say,

the fundamental porous structure of the LIG is restored upon
relaxation even after application of 80% strain (figure 3(d)).

Additionally, we performed a SEM characterization of LIG
under strain (5%, 30%, 80%) to investigate the pore struc-
ture while tensile stress is applied. Low magnification SEM
images (figures 4(a)—(c)) again clearly illustrate the transition
from a LIG island structure at low-moderate strain (up to 30%)
to a visibly disordered, cragged pattern at high strain (80%).
Higher magnification images (figures 4(d)—(f)) give deeper
insights into this evolution, depicting a porous, unperturbed,
well-connected LIG network with only few small cracks at a
strain of 5%. At 30% strain, certain elongation of the flakes
is noticed in some parts, and cracks open up, yet, only to a
degree at which a fundamental interconnection of the pattern is
still maintained. At a strain level of 80%, LIG flakes are heav-
ily elongated, making the conductive network prone to partial
rupture.

Overall, the SEM images reveal a severe morphological
change owing to the peel-off transfer of LIG. Yet, a func-
tional degradation of the sensor pattern in the sense of heav-
ily interrupted conductive pathways is only developed under
application of high strain, as it will be observed in the elec-
tromechanical performance section. Similarly, Kammarchedu
et al reported on reliable sensing performance despite the loss
of primary morphological characteristics upon LIG transfer.
To be more explicit, they observed fiber degradation upon
transfer which however does not destroy the conductive net-
work as the fibrous morphology in the first place ensures pre-
servation of a well-connected (and thus conductive) structure.
The reason is to be found in the fibers’ high surface area that
strengthens adhesion to the target substrate [16].

By means of Raman spectra (figure 5(a)), the evolution of
chemical structure of LIG as a function of strain is depicted.
The first difference is the increment of the D peak intensity for
the LIG transferred to Fixomull compared to the LIG on PI due
to the increase of disorder caused by the peel-off process. For
strains between 5% and 30%, despite small fluctuations, the
spectra are similarly displaying a 2D peak with reduced intens-
ity and broadened D and G peaks with Ip/I ratios close to 1,
indicating an akin level of disorder induced inside this range of
strain values. A clear change in the spectra catches the eye for
increasing the strain from 30% to 40%: The 2D peak intens-
ity becomes vanishingly small, while the width of the D and
G peaks increases significantly, almost causing the D and G
peaks to merge. Band broadening and consequently the notice-
able convolution of D and G peak are typical indications of an
increasing defect density in the crystal lattice [33, 34], which,
in the present case, is caused by application of a high level of
strain. These phenomena intensify such that the spectra of the
60% and 80% stretched samples are more similar to the one of
amorphous carbon [33] than to the one of multilayer graphene,
which will doubtlessly affect the electrical properties of the
material.

Besides, analysis of the peak positions is very insightful
since the vibrational frequency is directly related to changes in
atomic positions as predicted by the dispersion relation [35].
Application of tensile stress causes the interatomic distance of
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Figure 2. SEM images of the stretching series including LIG on Kapton (a), LIG transferred to Fixomull (b) and LIG/Fixomull after three
consecutive stretch-release cycles to the specified strain level ((c)—(k)). All SEM images were taken with a magnification of x500.

the C-atoms to increase which in turn will result in a decrease
of vibrational frequency-a red shift of Raman bands [36]. As
can be seen in figure 5(b), the G mode of LIG is red shifted
by ~13 cm~! for transferring LIG from Kapton to Fixomull
(referred to as 0% in the graph), which can be explained by the
tensile strain induced during peel-off. For transferred and 5%—
30% strained+released LIG samples, peak positions remain
similar, which indicates restoration of the initial, functional
structure after relaxation from moderate strains up to 30%.
After application of larger strains, i.e. 40%, 60% and 80%
strained+released LIG samples, the G mode is blue shifted

which seems contradictory at first as a larger red shift would
be expected for larger tensile strain. However, as it has been
proven by Wu et al, the G band position is sensitive to sev-
eral external factors, such as doping, an altered interface coup-
ling and any type of lattice distortion [33]. For graphene
specifically, a high amount of sp*-like defects in the lattice
causes the G peak to blue shift [33]. In line with the over-
all picture of the 40%, 60% and 80% strains Raman spec-
tra (figure 5(a)), the observed blue shift (figure 5(b)) con-
firms the assumption of a strain-induced amorphization of
graphene.
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Figure 3. SEM images of the stretching series including LIG on Kapton (a) and LIG/Fixomull after three consecutive stretch-release cycles
to the specified strain level (b)—(d). All SEM images were taken with magnification of x3000.

3.2. Electrical characterization of LIG transferred to
polyurethane

Fixomull alone, whose main component is polyurethane, is an
electrical insulator. In contrast, LIG is, thanks to its conjug-
ated m-system, electrically conductive with a conductivity of
~2500-3000 S m~! as reported by Pinheiro et al [37]. The
mechanism of charge carrier mobility in polyurethane is not
changed upon transfer of the LIG as the insulator does not
affect the conduction process in a direct manner. However,
as the substrate on which LIG lies, it indirectly reduces the
overall charge carrier mobility of the LIG/polyurethane sys-
tem when the conductive pathways of LIG are for the first
time partially interrupted upon transfer to polyurethane. Later,
with increasing strain, more conductive pathways will be inter-
rupted, exposing insulating polyurethane, and thereby further
reducing overall charge carrier mobility. Altogether, the reduc-
tion of charge carrier mobility in LIG is the crucial process.
The correlation between the changes in the charge carrier
mobility in LIG, first after transfer from polyimide to poly-
urethane and second, as a function of the strain level, was char-
acterized in this work by the changes in the electrical proper-
ties through sheet resistance measurements.

Electrical characterization by van der Pauw technique yiel-
ded the strain-dependent sheet resistance as given in figure 6,

with the points indicating the average value of measure-
ments performed on three different LIG samples for each
strain and the vertical dashed lines, the corresponding standard
deviation.

The low sheet resistance of 11.35 (£0.44) /sq for LIG on
Kapton indicates formation of highly conductive graphene. In
line with the findings from Raman G band position analysis
(figure 5(b)) and investigations by Dallinger et al [10], a dis-
tinct increase of sheet resistance by factor 10 was registered
for the transition of LIG from Kapton to Fixomull, due
to the structural change brought about by peel-off trans-
fer. The increasing sheet resistance upon increasing strain is
related to an increasing number of defects that interrupt the
effective conductive network. A maximum value of 244.90
(£106.35) €U/sq was measured for 80% strained LIG on
Fixomull. The increase of the sheet resistance by factor 10
caused after peeling-off the LIG from the original Kapton sub-
strate is drastic in comparison to the similar sheet resistance
values after transfer for up to 15% of strain and the moder-
ate rise by factor 2 for 20%—-80% of strain. This result is in
accordance with the observations from SEM characterization
(section 3.1): for strained and relaxed LIG, changes in mor-
phology and electrical performance are most pronounced for
the switch from LIG on Kapton to LIG on Fixomull. Although
degradation is advancing with increasing the applied tensile
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Figure 4. SEM images of transferred LIG onto Fixomull while being strained by 5% (top row), 30% (middle row) and 80% (bottom row).
Images (a)—(c) were taken with magnification of x100, with blue boxes inserted to indicate the sections that are displayed with a

magnification of x1500 in images (d)—(f).

stress, the relaxed LIG remains (partly) functional and struc-
turally intact even after being strained by 80%.

Standard deviations of the measured sheet resistances were
observed to be growing with strain. This can be considered as
a sign of an intensification of the inherently inhomogeneous
nature of LIG [26] under high strain.

3.3. Electromechanical performance of LIG/Fixomull sensor
devices

The following section outlines important performance para-
meters of strain sensors, including gauge factor, linearity,
response and recovery time and stability/reproducibility, to
allow a general placement of our strain sensors.

Figure 7(a) shows an image of the experimental setup used
for the electromechanical characterization of the devices, out-
lined in section 2.2 Characterization devices and protocols,
with close up images of one of the sensors in the initial state
(figure 7(b)) and under strain (figure 7(c)).

The key measure to evaluate a strain sensor’s sensitivity,
the gauge factor, was investigated as a function of strain
(figure 8(a)). A gauge factor of 7.48 is obtained for a strain
of 5%. A slight decrease of the gauge factor is noticed for an
increase of the strain to 15%, followed by fairly constant val-
ues up to 30% strain and another rise for straining up to 60%.
A remarkably higher gauge factor with extraordinarily high
standard deviation was yielded for a strain of 80%, embody-
ing the severe and partly irreversible damage of the LIG pat-
tern at that strain level. The comparably low gauge factor at
low-medium strain is a sign of preferential formation of micro-
cracks that will reconnect upon relaxation. Consequently, this
strain sensor will be able to resist high strains as opposed
to strain sensors with very high gauge factors at low strain
already indicating increased formation of larger, irreversible
cracks that interrupt the current flow along the conductive LIG
pathway.

Figure 8(b) shows the relative resistance change as a
function of strain with a linear regression line inserted under
consideration of strains up to 30% to determine the linear
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Figure 5. (a) Raman spectra of the samples including LIG on Kapton (corresponding to the spectrum denominated PI), LIG transferred to
Fixomull (corresponding to the 0% spectrum) and LIG/Fixomull at different strain levels (from 5% to 80%). The spectra of the 5%—80%
strain values were taken from the relaxed sample after it was exposed to three consecutive stretch-release cycles to the specified strain level,
all indicated in the legends below the graphs. The spectra were divided into 2 graphs, left and right, in order to facilitate the correct
visualization of all of them within a sensible size. In addition, all the spectra are represented at the same scale, but they are just displaced
along the vertical direction to facilitate again their visualization and comparison. (b) Position of the G band as a function of the strain
applied to the LIG samples. The G band position of LIG on Kapton is inserted in orange at the left, on the y-axis.

350
300

3

S, 250

200

150

2 g
[
L
1

100

Sheet resistance

50

L L L
L 2
1

L 2
L 4
v v v b bvv v by by wna b

d
—

10

20

30

40

50

60

70

80

Strain [%]

Figure 6. Van der Pauw sheet resistance as a function of the strain applied to the LIG sample. Each point represents the average value of
measurements performed on three different LIG samples. Vertical dashed lines represent the standard deviation of each sample set. The
sheet resistance of LIG on Kapton is inserted in orange at the left, on the y-axis.

measurement range of the developed sensor. Our sensor shows To further investigate the temporal connection between
linear behavior reliably up to a strain of 30% and a close-to- application of tensile stress and sensor response, figure 8(c)
linear relationship between sensor output signals and applied provides an extract from the threefold strain-release cycle to
strain up to a strain of 60%. 30% strain (figure 9(f)), revealing an exponential relaxation
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Figure 7. (a) Custom setup used to perform simultaneously strain with the force gauge and linear sweep voltammetry and
chronoamperometry experiments with the potentiostat/galvanostat. Close-ups of the sensor sample, mounted in the force gauge and
connected to the potentiostat/galvanostat in initial (b) and strained (c) states.

28 —————————————————
(a) [ ] (©
20l ] 30 200
L 25 =
5t . Bl I | 180 &
gisf ] S20E4 2
L) L 4 | Q
o [ .g ! < 160
2ok © ] g 15| : 5
= 10 - (77} x® =
&) B 4 . —1140 ©
[ ¢ 1 10 -4
L e 3 + =} E 1120
St e ¢ - + 5 s
: 1 0 P R SR TR SN SR SR S S | ! 100
Y S T N S N RIS B 0 100 200 300 400
0 10 20 30 40 50 60 70 80 .
Strain [%] Time [s]

“ strain  resistance

1600 |- 3
1400 F 1

1200 - E

%

S ]
— 1000 b
o i

Resistance [k(1]

600 |- ]

400 B

200 [ * e 0 R R R R R PRI ST RS A T, 80
0 -4 fff P (I RV P P B 0 1000 2000 3000 4000 5000 6000 7000 8000
0 10 20 30 40 50 60 70 80 Time [s]

Strain [%]

* strain - resistance

Figure 8. Electromechanical performance of the sensors encapsulated in Fixomull. (a) Gauge factor as a function of strain. The data points
represent the average of three consecutive linear sweep voltammetry measurements with the standard deviation marked as vertical dotted
line. (b) Relative resistance change A R/Ry as a function of strain depicting the linear regime with the linear regression line including strains
up to 30%. (c) One stretch-release cycle from the 30% cycling (figure 9(f)) used for determination of 7 time constants. The left section (I)
and the right section (II) were fit exponentially to determine Tresponse and Trecovery, respectively. (d) Cyclic behavior during 20 subsequent
stretch-release cycles to 30% strain.



J. Phys. D: Appl. Phys. 58 (2025) 445304

C Hoppe et al

10~ -140
- 100 ¥ x

5 : : 8- 5 e
= g i 2 § H120 ¢
£, E 90 9 i § =
= 4 X =k i g
£ . = 2

= x ‘= s
Es : 50 £ k 100 §

% s w4 a

2 % % \. 4

. ¥ 470 %0
1 x

0 i1 5 AP PN 0 | ) | . 1 b 50

0 100 200 300 400 500 600 700 0 200 400 600 800 1000 1200
Time [s] Time [s]
“ strain ~ resistance « strain - resistance
15 - 160 20 160

‘ x L]

i § . 1405
g =1 g
g E 120 §
5
@ 6k 2 ¥

I~
100
3- 100
A
0 L | 1 L 1 L 80 0 1 L 1 L 1 L 80
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time [s] Time [s]
 strain  resistance « strain - resistance

25 30 320

ol 251 x i ” . L 280
S Sa0r : ’ 8 ) 4240 =
B = % ¥ 3 8 . X g
g ﬁ 15+ i X 3 x % 200 &
A0+ @ i ] 1 1 § 2

°r )\k ) k iy

5§ sk % \L‘\‘ K 120

e, > "
0 n | L 0 ] L I ) ) 80
0 0 200 400 600 800 1000 1200 1400
T|me [s] Time [s]
« strain ~ resistance “ strain ~ resistance
i 5 : < -3000 60 f : § 45000
P : of B oIof P F 1 e
30k X e Y 8 < g ¥ 4000 —
g i 3 gof B ¢ B : B @ s
] X : : 3 e A B . * 3000 g
F20F ; b s B < FEUT T © . : X +2500 §
A 5 % o - B F 5 & x % %
= 3 - 4 - :E’;% : J1o00 & v § % § H 5 5 -2000°'g
T S S L x el & 28 Rk >§A;‘ : - 1500 &
Y ‘ b ™ <600 ol § § 3 i 1000
*uq ] i g g ] S 500
3==== A | " 3 H ;‘
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Time [s] Time [s]
“ strain  resistance < strain - resistance
80 - 10%
70 > i 4 5 4 107
. 1 < 8 3 3

60 - % i ok ?‘ H q10°¢
sl : ; - £l ! =
Lo B P i ey
‘40 b s § 5 ¢ ok R
2 w  : § : °F ;1(:* =
Al w T .
| i Y-

20+ | 510

0 i PN ies B 16!

0 200 400 600 800 1000 1200 1400

Time [s]
* strain - resistance

Figure 9. Cyclic tests for the whole stretching series depicting the change in electrical resistance (orange line) as a function of time upon
threefold stretch-release to the strain level (blue line) specified in each plot.

behavior of the form A*exp(—¢/7) for both the stretched (curve

Iin figure 8(c)) and released state (labeled as Il in figure 8(c)).

Correspondingly, 2 different time constants to describe the

1

relaxation behavior in both states were determined and given
for each strain level in table S1 (supplementary data file). As
the resistance did not clearly stabilize in strained state for
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Table 1. Comparison of the performance characteristics of the LIG/Fixomull strain sensor studied in this work with similar LIG/MPU and

LIG/PDMS devices obtained from other works in the literature.

Material system  Linear regime  Gauge factor Response time  Stretch-ability ~ Cyclability References
LIG/MPU min. 0%-30%  3.5-7.5 ~16s min. 80% 20 cycles to € = 30% This study
0%-50% 5-7 >18s min. 100% 10 000 cycles to € = 5% [16]
0%—-40% / 21's min. 100% 200 cycles to € = 30% [17]
0%-30% Up to 25 18.5s min. 100% 200 cycles to € = 30% [10]
for fibrous LIG, up
to 70 for porous
LIG
LIG/PDMS 0%—-1.6% 111 1040 ms / 1500 cycles to € = 8% [20]
/ 160 70 ms 30% / [8]
/ 15.8 1160 ms / 2000 cycles to € = 5% [21]

(for e = 10%-20%)

strains >40%, no time constants T ,egonse could be specified
for these strain levels. For strains <30%, the time constants for
substrate recovery in stretched and relaxed state do not differ
greatly from one another, which is founded in the viscoelastic
character of MPU: an exponential stress relaxation at constant
elongation after a sudden change of the strain state is charac-
teristic of viscoelastic materials [38] and mirrored in the time
response of the resistance as proven by Dallinger et al [10].
Second, this result reinforces the obtained ones from SEM
and Raman characterization: similar level of degradation in the
properties and strong endurance of the LIG structure integrity
for that range of strains.

The twenty-fold repetitive stretch-and-release to 30% strain
cycling (figure 8(d)) suggests stable continuous monitoring
capabilities of the developed sensor up to this strain level. As
can be seen in figure 8(d), the resistance in strained state levels
off at ~145 (43) k2 and in released state, at ~111 k2 (£2)
after a short, initial stabilization. Compared to cyclability tests
of different LIG-based strain sensors, this result stands out as
most studies limit the maximum strain application in such tests
to 10% [16, 20, 21]. The limiting number of cycles equal to
20 is due to the manual nature of the force gauge setup, which
would have meant a considerable amount of time consumption
for very long cycling. In this case, our main purpose was to
show, rather than the endurability or the lifetime of the device,
its reproducible performance under a significant strain level,
inside the linear regime.

Cyclic tests give information about signal stability and the
time component of the sensor response. Figure 9 shows a series
of plots depicting the change in electrical resistance (orange
line) as a function of time upon repeated stretching to the strain
level (blue line) specified in each plot. The signal stability of
the sensor is visibly reduced when applying strains >40%.
Up to a strain of 30% (figures 9(a)—(f)), a stable resistance is
recovered within the time span of 200 s for both the strained
and released state of the sensor, while the resistance in strained
state does not stabilize anymore for repeated straining to 40%,
60% and 80% (figures 9(g)—(i)) within 200 s. However, the
excellent ability of the sensor to recover even from high strain
is embodied in the restoration of a stable resistance value in

the relaxed state (figures 9(g)—(i)). These observations coin-
cide with the identified up to 30% linear regime of the sensor.

The performance evaluation depicts the expectable trade-
off between key parameters sensitivity and stretchability. The
parameter to be optimized depends on the desired sensor
application; primarily on whether it is intended to monitor
small strain (e.g. physiological signals), which would require
high sensitivity, or to monitor large strain (e.g. joint move-
ment), which would require high stretchability. In order to
record certain body movements, tolerance of high strain up
to 100% may be required [1, 16]. The sensor produced in this
work shows ohmic behavior, i.e. the required electrical char-
acteristic up to high strain of 80% for the first strain cycles
for which the LIG pattern is largely restored, hence function-
ality recovered to a considerable extent. Yet, perfect linear
V—I-behavior is slowly being lost upon repeated stretching
to strains >60% (figure S2, supplementary data file), when
LIG flakes do not withstand the heavy tensile strain anymore,
causing irreversible structural damage to the conductive LIG
pattern.

Summing up the findings of the electromechanical meas-
urements, the linear regime was found to comprise strains up
to 30%. In this region, the sensor’s output signals are linearly
related to the applied strain and both the resistance in strained
and in relaxed states are restored for twenty-fold repetition of
strain-release cycles. For strains between 30% and 60%, the
response of the sensor cannot be considered clearly linear any-
more. Nonetheless, the V-I-behavior is still perfectly linear
(figure S2, supplementary data file), the resistance in relaxed
state fully stabilizes and in strained state, roughly. For even lar-
ger strains, the sensor response is becoming clearly non-linear
and the resistance in strained state fluctuates heavily. The res-
ults are in line with the ones of Keller et a/ who identified full
recovery of LIG/Fixomull sensors for cyclic stretching to 30%
and restoring of functionality for relaxation after straining up
to 100% [17].

Table 1 presents a comparison of the performance para-
meters determined for the sensor developed in this study
with LIG/MPU and LIG/PDMS sensors found in the liter-
ature. These findings clearly point out the major differences
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between LIG/MPU and the way more researched LIG/PDMS
skin sensors with respect to electromechanical behavior.
LIG/PDMS strain sensors usually stand out due to their high
gauge factor (well above 100), which allows to register smaller
strain changes precisely within milliseconds (low response and
recovery time) [20] for a high number of repetition cycles. In
contrast, LIG/MPU strain sensors possess significantly larger
linear regimes and high stretchabilities, predestining them for
high strain applications. To be more explicit, the LIG/Fixomull
sensor developed in this work shows linearity to at least 30%
strain and stretchability to 80%. These values give an idea of
the versatile application possibilities of our proposed sensor,
since a large number of movements from different parts of the
human body that are interesting to be monitored fall within
the sensor’s working range. On the bottom line, LIG/MPU
and LIG/PDMS sensors complement one another such that
both sensors cover the monitoring of the desired motion: from
subtle physiological signals to large-scale limb movements.

4. Conclusion

This study investigates the morphological and electromech-
anical changes underwent by LIG upon transferring it to
Fixomull (MPU) and subsequently applying different levels
of strain. Owing to the structure-property correlation, this
work provides a better understanding of the functionality
of LIG-based strain sensors, which are recently attracting a
lot of attention due to their huge potential for IoT-related
applications.

SEM images revealed that the most damaging step was
the transfer of the LIG from Kapton to Fixomull by peel-
off method, which exerts a high tensile stress on the por-
ous LIG, thereby generating a pattern of LIG islands sur-
rounded by cracks. An intensified interruption of the con-
ductive LIG pathways upon application of increasing strain,
but with a great capacity of structural integrity maintenance
inside the islands, was observed for strains in the range of
5% to 60%. At a strain level of 80%, the LIG pores could
not withstand the tensile strain for a prolonged time and as
result, the structure ended clearly destroyed. Corresponding
Raman spectra exhibit a vanishing 2D peak intensity and sig-
nificant convolution of D and G peaks for straining the LIG to
>40%, suggesting the amorphization of highly strained LIG.
Besides, van der Pauw sheet resistance measurements showed
an increasing value with increasing strain to the following
extent: One order of magnitude from 11.35 (+0.44) Q/sq to
119.11 (£22.87) Q/sq upon transfer to Fixomull, similar val-
ues after transfer for up to 15% strain and a moderate rise by
factor 2-244.00 (£106.00) /sq for the strain range from 20%
to 80%.

Eventually, our low-cost and straightforwardly produced
LIG/Fixomull strain sensor was investigated electromech-
anically, resulting in a high linearity up to 30% and reli-
able data acquisition up to 60% strain. A gauge factor of
7.48 was determined for a strain of 5%. For the 10%—-60%
strain range, the gauge factor was found to remain at a con-
stant level of ~4.5 before a significant rise to 15.90 was

identified for a strain of 80%, with a remarkably high stand-
ard deviation. These results are in good accordance with
the preceding material characterization which revealed func-
tional degradation of the sensor at 80% strain due to the
collapse of the conductive three-dimensional LIG network
under sustained tensile load. At last, a cyclic test demonstrated
stable signal output for 20 subsequent stretch-release cycles to
30% strain.

Overall, Fixomull proved to be an attractive substrate
material for LIG-based sensing devices, especially considered
as complement to LIG/PDMS sensors. Addressing the remain-
ing issue of significant crack formation upon LIG transfer from
Kapton to Fixomull will improve the sensor’s performance
with regard to sensitivity and stretchability even further.
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