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Novel Methodologies for Multiaxial Strain Measurements
with Piezoresistive Films based on Graphene

Nanoplatelets

Volkan Yokaribas,* Peter Kraemer, Alexander B. Mende, Jasper Ruhkopf,

Max C. Lemme, and Claus-Peter Fritzen

Many recent investigations in the context of graphene nanoplatelets (GNPs)
coatings report surface strain measurements by using piezoresistive sensing
capabilities. An often underestimated problem is that the strain field is unknown
and the principal strain components as well as their orientations must be
determined. Herein, GNP films subjected to multiaxial strain are examined.
Experimental results show that although the sensitivity to longitudinal strain is
the highest, the ratio between transverse and longitudinal sensitivity exceeds 0.5.
The sensitivity to shear strain is much lower. A model assisted study of a random
network provides additional guidelines for the different electromechanical
sensitivities. In practice, the GNP film is usually subjected to different strains
simultaneously so that the multiaxial strain measurement becomes difficult.
Therefore, two novel approaches for sensing plane strain components with
circular GNP films are developed and successfully verified in experiments. The
numerical approach is called strain-differential electrical impedance tomography
(SD-EIT), where the proposed piezoresistive model elementwise in a finite
element model is implemented and the strain components of a strain rosette are
reconstructed. Moreover, an analytical approach is derived from SD-EIT and
exhibits further the opportunity to detect anomalies within the piezoresistive

1. Introduction

Various low-cost technologies (e.g., ink-jet
printing!! and spray coating®?)) to deposit
graphene nanoplatelets (GNP) within dis-
persion or inks on surfaces are already
known and successfully implemented.
The formation of GNP films provides mul-
tifunctional sensing capabilities in terms of
various external stimuli (e.g., tempera-
ture!” and humidity®), since the conductiv-
ities of these films are affected. Due to the
piezoresistive effect (PRE) of GNP films,
various applications associated with strain
measurements are envisaged for future
technologies, such as human motion and
gesture recognition or tactile sensation in
electronic skins.!” The implementation of
such films also provides the path for highly
flexible and sensitive strain gauges for
static and dynamic loadings.”! In previous
works®? spray-coated carbon films were

sensing behavior of GNP films.
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already investigated to measure spatial

strains with the attributed PRE. A common

way is to measure strain at a specific point

or along a path with traditional strain mea-
surement devices (e.g., metallic,'” semiconductive strain
gauges,'" or fiber Bragg gratings!*?)). Advantages of strain meas-
urements with carbon allotrope films are seen in the low-cost
deposition technique, spatial strain sensing capabilities!*! and
the higher electromechanical sensitivity,™* which is a crucial
point for small strain detection. The PRE of films based on
GNP is attributed to changes of contact resistances between adja-
cent particles due to changes of overlapping areas or tunneling
effect.l™>) Recently published papers characterize the electrome-
chanical response of printed nanomaterial films with a single
gauge factor and use rosettes of these films for multiaxial strain
sensing in a wrong way.'® A tensorial description of the PRE
effect of carbon nanotube (CNT) films is published by
Zhao."¥ This approach consists of the laws for describing the
PRE for semiconductors with cubic single crystal structure from
Smith."”! The theory of Smith was transferred with its simplifi-
cations of cubic symmetry to characterize the PRE of a random
network of CNT films.**! In this article, an empirical piezore-
sistive model is introduced for multiaxial strain sensing of GNP
films considering the direction of current flow and the strain

© 2021 The Authors. Small Science published by Wiley-VCH GmbH
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components corresponding to that axis. Derived from the
research of polycrystalline metals from Bridgman*® and the
work for semiconducting materials from Pfann and
Thungston,!® it is generally assumed that the relative resistance
change 4% in a gauge axis of a film is affected by all surface strain
components. In addition to experimental investigations, where
the GNP film is solely subjected to uniaxial normal strain or
shear strain, we validate our results in a model based approach.
First, a 3D architecture of the GNP network is modeled, where
the GNP are parallel aligned to substrate’s surface and the con-
tact resistances are mostly dominated by overlapping areas of
adjacent particles. To consider a random network, which is
mainly affected by changes in tunneling distances due to in-plane
deformation, a simplified model in 2D architecture is consid-
ered. We assume that while the substrate is subjected to longi-
tudinal, transverse, or shear strain, respectively, the GNP
particles undergo a rigid body motion related to the deformation
state. The resistance changes are correspondently expressed by
changes in overlapping areas or tunneling distances. The
deformed state of the network is related to the initial (unde-
formed) state, which is kept equal for longitudinal, transverse,
and shear sensitivity calculation. Our goal is to determine the
related principal strains once the GNP film is subjected to an
unknown 2D strain field.

We introduce the strain-differential electrical impedance
tomography (SD-EIT), where we implement the empirical pie-
zoresistive model elementwise in a finite element model and
reconstruct the strain components of a delta rosette using the
change of measured signal. Additionally, we also develop an ana-
Iytical approach derived from SD-EIT. Here, the principal strain
axes in an unknown strain field are calculated by at least three
integrated gauge axes within a GNP film. For validation purposes
a fourth gauge axis is used. All the experimental investigations
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are done using isotropic substrate materials with homogenous
strain distribution so that strain components can accurately be
expressed according to Mohr’s strain circle. All studies are based
on infinitesimal strain theory with an envisaged application in
the field of non-destructive testing or condition monitoring of
engineering structures.

2. Electromechanical Sensitivities of GNP film

2.1. Preliminary Investigations

Metallic strain gauges are optimized (e.g., grid design and gauge
construction) to measure uniaxial strain components in sensing
axis without considering transverse strain and shear strain sen-
sitivity at a specific point, either.’® Hence, a metallic strain
gauge is often described by a single gauge factor
GF = AR/R - ¢, related to longitudinal strain &1 in gauge axis
direction.”” The transverse sensitivity is investigated using a
conventional test specimen,”!! where the gauge axis is merely
elongated in uniaxial strain direction &, in a nearly homogenous
strain field (see finite element analysis in Figure 1b). Once the
strain gauge (SG) is perpendicularly attached to that axis the
transverse sensitivity is measured. We apply two metallic SGs,
where SG1 is attached parallel to the strain axis ¢, and SG2 per-
pendicular to that axis (see Figure 1c). The results in Figure 1c
show that the signal of SG1 is two orders higher than SG2, so that
the transverse sensitivity is often negligible in practice.*®! The
small transverse sensitivity of metallic SG is attributed to small
errors in gauge construction.!’” In comparison to that the elec-
tromechanical response of a GNP film shows a higher transverse
sensitivity, as exemplary investigated for two perpendicularly
attached GNP films in Figure 1d. The longitudinal measurement
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Figure 1. a) Mohr’s circle representation of the uniaxial strain &, and determination of the longitudinal and transverse sensitivity according to gauge axis
alignment. b) Specimen subjected to uniaxial strain ¢, and validated in a finite element analysis. c) Signal of SG1 (strain axis aligned to gauge axis) and
SG2 (strain axis transversely aligned to gauge axis). d) Signal of two GNP films, where the current flow direction is subjected to longitudinal strain or

transverse strain.
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denotes the direction, where the current flow from one to second
electrode and the strain axis is in the same direction. In this con-
text, the GNP is macroscopically seen as a homogenous electrical
conductor, which is attributed to a random distribution of GNP
within the film. The characterization of the same specimen in its
longitudinal and transverse sensitivity is not possible since addi-
tional electrodes must be attached with limited space to existing
electrodes. Therefore, we attach a second GNP film, which is pro-
duced in the same production batch using our home-made spray-
ing system,*? so that similar piezoresistive characteristics are
assumed. The experimentally determined longitudinal strain
sensitivities of five different GNP films show a linear electrome-
chanical behavior in all cases (see Section 3, Supporting
Information). The results also exhibit higher longitudinal than
transverse sensitivities, which can be explained by geometry.
The substrate’s deformation field shows a both-sided elongation
(in the case of tensile stress), where a midline without any
deformation exists. The lower transverse sensitivity for the same
network is examined since this midline is parallel to current flow
direction in the case of transverse strain and results in lower
overall change of resistance.

By definition, the relation of the aforementioned strain com-
ponents to the resistance change shall be considered by the lon-
gitudinal piezoresistive effect k; (I-PRE) and the transverse
piezoresistive effect kr (t-PRE). Once the gauge axis is not aligned
to the principal strain direction, shear may also affect the corre-
sponding gauge line. In this work, the piezoresistive shear effect
ks (s-PRE) is defined by the relation between an engineering
shear strain e, =y,,/2 and its contribution to measured resis-
tance in gauge axis, which equals the aforementioned direction
of current flow. Since we are interested in the s-PRE of GNP film
due to pure shear strain, we attach the gauge axis of the film in
alignment with the midline of a cylindrical shaft (see Figure 2b).
Once a shaft is loaded by a torque, the principal strains are
received at an angle of 45° (see Mohr’s circle in Figure 1a).
Since the force also results in a bending moment, we calculate

l
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the position where no bending moments exist. It is common to
measure the induced strain due to torque load in a half bridge of
conventional V-shaped SG as shown in Figure 2b. The results in
Figure 2c show that the maximum relative resistance change is
0.001 during a measured principal strain with amplitude of 2160
microstrain. The sensitivity for the s-PRE is below 1.5% of the
I-PRE and below 3% of the t-PRE. During a shear strain the
geometry of a square conductor changes in the form that as
one diagonal comes closer, the distance in the other diagonal
increases so that resistance in gauge axis is nearly unchanged.

To understand aforementioned behavior, in the following a
model-based approach is chosen to analyze our experimental
results.

2.2. Modeling and Simulation

We assume that in a conductive network the electron transitions
between adjacent GNP, which are arranged parallel to the sub-
strate’s surface and occupied by surfactants, describe a tunneling
gap “in-plane” (case 1) and “out-of-plane” direction (case 2), as
shown in Figure 3a. In a further case, the tunneling gap (char-
acterized by the vector trgsp) is diagonally arranged (case 3).
First, we schematically analyze the electromechanical behavior
in a 3D architecture and simulate a monodisperse network of
circular-shaped GNP with a radius of 200 nm and a thickness
of 1nm inside a representative volume size (cubic dimension:
length = 5000 nm, width =3000nm, and height=300nm).
While the GNP are randomly set inside the volume element
and the percolation of the network is given, aforementioned
three cases of contacts between adjacent GNP exist, where the
case 2 is the predominant case due to the high aspect ratio of
the sheets (see Figure 3b). In that case, the network’s behavior
is referred to changes of the overlapping area of adjacent GNP
due to the examined deformation in-plane direction (x- or
y-direction). Since the number of contacts representing cases
1 and 3 is two orders lower, we do not consider these cases
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Figure 2. a) Uniaxial strain field in Mohr's circle representation for a cylindrical shaft loaded by a torque (principal strain of 2160 microstrain).
b) Mechanical device in experiment. c) Signal of V-shaped SG and GNP film during shear strain loading.
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Figure 3. a) Cluster formation and cases of contacts between adjacent GNP. b) Number of the different cases within a percolated 3D model.
) Electromechanical results of the 3D model and d) 2D model respectively.

further. Moreover, we assume that while the substrate is sub-
jected to longitudinal or transverse strain, respectively, the
GNP undergo a rigid body motion related to the in-plane
deformation field of the substrate due to slippage effects.l’]
The network is investigated for a principal strain of 2000
microstrain. The adjacent resistance between the ith and jth
GNP is calculated according to Equation (1)

t.-b

Ry: UA

-exp (t; - ¢) (1)

where t is the tunneling distance between the GNP (out-of-plane
distance in z-direction), b and ¢ are parameters derived from
Simmons!*®! and contain physical constants and the potential
barrier (see Section 4, Supporting Information). The contact area
A represents the overlapped area for each connected pair of GNP,
when we consider a cut-off distance of 1 nm in z-direction. The
intrinsic resistance of GNP is neglected and does not have any
effects to electromechanical behavior. The network is a circuit of
nodes, where each GNP represents a node. In accordance to
Kirchhoff’s circuit law, the node analysis is given by Equation (2)

Small Sci. 2021, 1, 2100088 2100088 (4 of 12)
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where Gj; is the admittance between the ith and jth node, ¢; are
the node potentials and I; is the current input into the first node
of the network. We define the potential at the last node with
¢, =0. Inside the electrodes all GNP are connected with negli-
gible resistances. Consequently, the contact resistance of the
electrodes is not considered in this investigation since it does
not represent the network behavior and can be eliminated by
a four-point probe measurement system in practice. The electro-
des are considered over the entire width and height of the rep-
resentative element. Since the potential between the nodes are
calculated, the current between the nodes is determined by
Ohm’s law (see Section 4, Supporting Information). The results
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in Figure 3c indicate a higher resistance by increasing of the
value ¢ and decreasing of the volume fraction for an undeformed
state, which is obvious and can also be seen in our simulation
results. Moreover we examine a higher longitudinal sensitivity
than transverse sensitivity considering the same initial state of
the GNP network, which is represented by the value of g
(=kr/k) below 1 in Figure 3c. Whiskers are drawn from the ends
of the interquartile ranges to the furthest adjacent value from the
top or bottom of each box (interquartile range under the assump-
tion of normal distributed data). In this context, outliers are val-
ues more than 1.5 times outside of the interquartile range. Since
the electromechanical behavior is referred to overlapping
changes of contact areas, we determine an overall gauge factor
of below 10 within the simulated 3D model. The electromechan-
ical sensitivities to a longitudinal (red lines) or transverse strain
(blue lines) of 2000 microstrain are exemplary shown for
c=10nm™'. Since in experiment the electromechanical
response leads to higher sensitivities, we also examine a network
attributed to tunneling junction in-plane direction. As shown by
Li et al.,'** the order of magnitude of resistivity change due to
change of tunneling distances is significantly higher so that
we reduce the piezoresistive behavior by a description in tunnel-
ing model space in two dimension, which is relevant for the con-
sidered plane deformation field. Therefore, the following
simplifying assumption does not describe the particle size distri-
bution or geometry of GNP inside a real architecture, but may
offer knowledge about electromechanical behavior once the net-
work is mainly determined by in-plane tunneling distance
changes (see cases 1 and 3). Consequently, the change of intrin-
sic resistance of GNP or the overlapped areas between GNP are
neglected. As aforementioned, the model is limited to tunneling
junctions between GNP, which are randomly distributed within
the network. The GNPs are reduced to impermeable hardcores in
tunneling model space, which are circular in shape for simplic-
ity. We are interested in relative changes of the different strain
sensitivities considering the same network, while it undergoes
different strains, respectively. We assume that the smallest geo-
metric dimension of GNP, where the tunneling effect does not
occur, is 1 nm which correspond to the hardcore diameter. The
hardcores are randomly distributed inside a rectangular element.
Two cores are considered connected if the distance between their
circles is less than the cut-off distance of 2 nm. Greater distances
have negligible influence to overall resistances. As a representa-
tion for that criterion, we consider a softshell with a diameter of
3nm for each core. Different area fractions of occupied hard-
cores in a randomly distributed field illustrate the main relation
for the electromechanical responses g (=kr/k;) and gs (=ks/k)
with varying parameter ¢ (see box plots in Figure 3d). Relative
effects of area size can be neglected by a sufficiently large rep-
resentative area size of 350nm x 350 nm of tunneling model
space (at least 9500 tunneling junctions). Each simulation is
repeated 12 times to ensure statistical validation for the obtained
results in the analyzed 3D or 2D models.

The outcome of the simulations confirms that the lower the
occupied area fraction, the greater the median of g and the
greater results spread. The reduction of area fraction goes hand
in hand with the reduction in the number of tunnel junctions, so
that greater importance is assigned to the single tunnel junc-
tions. As a result, the deviation increases in a randomly
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distributed network, too. The median also changes, since the ran-
domly distributed hardcores show a different density in the
undeformed midline, so that the lowest transverse sensitivity
for the highest density of tunneling junctions is examined.
Further guideline is provided by variation of value ¢, which is
above all a function of the potential barrier. On the one hand,
an increase of ¢ is associated with higher sensitivities for both,
the 1-PRE and t-PRE. On the other hand, the midline effect is
reduced with increasing ¢ so that the transverse sensitivity
becomes higher, considering the same occupied area fraction.
In contrast to that the shear strain sensitivity becomes negligible
as already seen in experimental studies in Figure 2c. The relation
between the shear strain and the relative resistance change is
described by a proportional factor (shear sensitivity). In conclu-
sion, we can say that the simulation results are in agreement with
the preliminary experimental studies and provide additional
guidelines for the PRE in context of multiaxial strain sensing.

2.3. Linear Model of Piezoresistive Behavior

The electromechanical behavior of our spray deposited GNP
films typically exhibits linear characteristics as shown in
Section 3, Supporting Information, which is already determined
in previous works”? and also shown for other carbon allo-
tropes.!*! To tackle the behavior with different strain sensitivities
in context of an unknown strain field, a tensorial description of
the piezoresistive effect is needed."*! Considering the outcome
of our preliminary experimental investigations as well as the sim-
ulation results, we propose that the electromechanical sensitivi-
ties related to different strain components for a gauge line are
expressed by Equation (3).

ri:%:krfu*‘krfﬂ‘f’ks‘é’y 3)
where e and e are strain components in longitudinal and
transverse direction and e is the shear strain for the ith gauge
line with corresponding piezoresistive sensitivities ki, kr, and ks.
The shear dependency of the resistance may be nonlinear.
Nevertheless, the effect of the shear should also be taken into
account within the linear modeling of the PRE, because the error
is seen as negligible due to the relatively low s-PRE. Moreover,
since it can be assumed that the sensitivities of the measuring
directions within a sample or when using several samples are
subjected to deviations, the results are prioritized using at least
three measuring directions by introducing the third unknown of
ks. Bridgeman also introduced factors which denote the propor-
tionality between resistance change and corresponding strain
components for polycrystalline metals."” Smith describes elas-
toresistive coefficients for semiconducting materials, which char-
acterize the relation between the piezoresistive coefficients and
the surface strain components in a similar way.l"”! Our approach
neglects the strain effect within the GNP film perpendicular to
the substrate’s surface, since we observe a laminar arrangement
of densely packed GNP sheets with Van der Waals distances
between the particles so that the network deformation is mostly
dominated by in-plane slippage effects as a result of the transmit-
ted surface strain. Hence, we assume that the interparticle
distances normal to the substrate’s surface remain unchanged.
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3. Multiaxial Strain Sensing with GNP Film
3.1. Geometry of GNP Film

In practice all strain components mostly occur simultaneously so
that multiple gauge axes are required for a holistic quantification
of the piezoresistive behavior. To exclude the influence of differ-
ences in PRE of different GNP films, a single GNP film in cir-
cular shape is chosen (see Figure 4), which beside symmetry,
offers also manufacturing advantages. The two-substance nozzle
of the used spraying device, which works automatically, guaran-
tees a continuous spraying flow. Neither the nozzle nor the stage
are moved during the spraying process so that the position is kept
fixed to minimize perturbation and to achieve an almost omni-
directional spraying pattern with nearly the same resistance in
different directions. Since the particles are randomly deposited,
isotropic piezoresistive behavior is assumed. The number and
position of the electrodes are taken into account according to
the methodology. To apply the measurement geometry to any
structures, a carrier substrate in the form of a flexible Kapton
film is to be used, to which the electrodes are also applied. A
detailed description of the fabrication of our strain sensors is
explained in Section 1, Supporting Information. A circular
shaped device has recently been published for characterization
of CNT with different orientation of electrode pairs attached
to a composite substrate, clamped to the tensile machine.!*”!
The aim of that work was only to investigate the PRE for different
tensile directions. It was not considered that the underlying sub-
strate is only two times higher in its diameter than the attached
sensor, which may result in strain gradients.

3.2. Numerical Methodology for Strain Reconstruction Using
SD-EIT

The theory of electrical impedance tomography (EIT) is a topic on
its own and shall be considered elsewhere.*® The piezoresistive
model in Equation (3) describes a dependency of the change in
resistance on the current flow direction itself. This represents an
anisotropic problem in the context of EIT that has no unique
solution.””] A novel approach to formulate the EIT problem is
offered by considering the strain components of a strain rosette
as model parameters m, which are a class of isotropic model
parameters so that we can use the standard EIT. According to

20 mm

Kapton

substrate S

circular
GNP film

electrodes
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Adler and Guardo,?® the nonlinear EIT problem can be linear-
ized for small changes in the conductivities (see Equation (4)),
which is the case for the underlying strain up to around 2000
microstrain. Using the differential EIT also offers additional
advantages so that uncertainties (e.g., modelling error) become
unimportant.”® The combination of both leads to a novel
approach, called SD-EIT. At the beginning an initial estimate
of the contact impedances and homogenous conductivity of
the GNP films are done based on the reference data v,. The dif-
ferential data set is determined between the unstrained state v,
and strained state v;. The Jacobian matrix J is determined by the
perturbation of model parameters. The PRE is adapted element-
wise to the finite element model for known electromechanical
sensitivities. The task is to find the solution for Am that
minimizes the objective function in SD-EIT, and is given by

arg min{|[Jam = (1 = o) I3} ()

Using the Levenberg—Marquardt method, the solution of the
reconstructed strain state is given by

Am = (JT] + 4~ diag(J"]))J" (v; — vo)
ea,l - Ea,O (5)
with Am = |e,7 — €0

ec,l - 80,0

Once the sensitivities are not known, an additional objective
function with a different problem formulation, where now the
model parameters m represent the electromechanical sensitivi-
ties, is needed. The reference data v gy is calculated by addi-
tionally considering the distorted shape of the finite element
model due to adapted strain during calibration. The Jacobian

matrix J is solely determined through perturbation of piezoresis-

tive sensitivities instead. The task is to find the solution for m that
minimizes the objective function, and is given by

arggnin{llf m —(v — VO,FEM)”;} (6)

where v, is the data vector for strained GNP film. The solution is
found using the Moore—Penrose inverse, given by Equation (7)
(using the function pinv in Matlab)

? exemplary GNP coating

spraying area
circle
- ®I—»I
20 mm

Figure 4. (Left) Circular GNP film with 8 electrodes (here) or 16 electrodes; (right) spraying cone and corresponding omnidirectional spraying area.
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m = (jTN> 71.7T(V1 — Vo,rEM)

Lk (7)
Wlth m = kT
ks

In this article, we apply the SD-EIT for a Sheffield protocol*®
with 16 electrodes, which offers the advantage of four point
measurement.

3.3. Analytical Model for Strain Reconstruction (SR-AM)

A further analytical approach is derived from the numerical
model with the elementwise implemented model of PRE (see
Section 2, Supporting Information). A linear electromechanical
relation between the strain components and two oppositely
driven electrodes (defined as gauge axis or gauge line) is also
observed for a circle resistor so that we derive an additional ana-
lytical model for strain reconstruction (SR-AM). It must be
observed that in a circle the corresponding current paths are
not straight and crosstalk between electrodes exist. In this case,
the empirical PRE model (see Equation (3)) with the strain
components cannot be referred to a straight direction of
current path, as it is assumed for a rectangular shaped single
resistor or elements of the finite element model as discussed
in Section 3.2. To express the strain components in context of
the circle resistor, multiple gauge lines 45° apart are introduced
as shown in Figure 5. The sensitivities ki, krz, and ks
represent the electromechanical behavior referred to the gauge
axes within the circular GNP film and differ from electromechan-
ical sensitivities, which are related to single resistors with
straight lines (therefore, we add the subscript Z). Once the sen-
sitivities are determined, at least three gauge lines to determine
three unknown strain components are needed. By implementing
the fourth gauge line, a symmetrical sensor structure is realized.
In addition, we develop a simple procedure to determine sensor
faults. An assumption of a quasi-isotropic film with randomly
oriented GNP is accompanied by integration of all gauge axes
within the circle.

The strain components at a specific point of any relative angu-
lar orientation of gauge axis indicate the Mohr’s strain circle for
an isotropic substrate so that we formulate the relation between

&

1

Sy 1 S5
(]
physical space

www.small-science-journal.com

the relative resistances changes r; and uniform sensitivities in
three gauge axes, as given by Equation (8)

1 €11 €13 2ep) — e — €13 kL,Z
| = (€12 €11 T €13 — € €13 — €11 k’r,z (8)
3 €13 €11 e +e3 — 26, | |ksz

where e;; represents the longitudinal strain for the ith gauge axis.
A complete derivation of Equation (8) is shown in Section 2,
Supporting Information. Once the sensitivities are determined
(e.g., from a previous calibration) and relative resistances in three
axes 45° apart are measured, the corresponding longitudinal
strains in gauge axes can be calculated, as given in Equation (9)

€11 kiz —ksz 2ks 7 krz —ksz “1r
ey | = |krz —ksz kuz —krz krz +ksz 1) 9)
€13 krz +ksz —2ks 7 kiz +ksz r3

In case of a fourth gauge axis the linear system of equations is
overdetermined, as given in Equation (10)

L&} L1 €3 2e1p — e — €3 k

2| _| €12 e €3 — e €13 — €11 kL'Z

13 €13 €11 en + 3 — 2ep kT'Z

L €11 + €13 — € €12 €11 — €13 Sz
(10)

so that the best solution for electromechanical sensitivities can be
found by means of least squares!®” (using the function pinv in
Matlab). Once the sensitivities are also determined and relative
resistances in four axes 45° apart are measured, the longitudinal
strains in three gauge axes can be calculated by the pseudoin-
verse of the sensitivity matrix, given in Equation (11)

r kL,Z - ks,z st,z kT,Z - ks,z €

| _ |krz —ksz kiz—krz krz +ksz Eu (11)
ry|  |krz +ksz —2ks 7 kiz +ksz ELZ

Ty kiz +ksz krz—kiz kiz —ksy 3

The condition number of the sensitivity matrix is ~1.4 so that
results will be stable. The derived equations ((10) and (11)) can
also be applied to a rosette of four single GNP films, which are
arranged in the same way as shown in the circular shaped
resistor. However, the single circle resistor with multiple

Mohr*s circle space

Figure 5. GNP film which is exemplary subjected to the principal strains &; and ¢, (physical space) and where its strain components in different gauge

axes are determined in Mohr’s circle space.
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electrodes has the advantage to verify the results based on two
different methods, which are presented in this article (SD-EIT
and SR-AM). EIT can also be used to obtain conductivity changes
through damages on GNP film, which is not possible by using
single resistors. Moreover, the proposed methods for principal
strain reconstruction consider GNP films with identical electro-
mechanical sensitivities in different gauge lines which may be
more difficult to achieve in case of multiple films due to fabrica-
tion uncertainties. In the case of a single circular shaped GNP
film, which is fabricated by a nozzle with omnidirectional spray-
ing pattern, we almost achieve the same resistance across the
different gauge lines.

3.4. Proof of Concept

3.4.1. SD-EIT

In the SD-EIT method, recording of the data vector v, begins and
ends with a trigger signal and is related to the Sheffield protocol
of 208 data points. The voltage signal of an electrode pair is mea-
sured for 0.5s at a frequency of 200 Hz. The measured experi-
mental data points and the initial estimation for a finite element
model with a homogenous conductivity and 16 line electrodes are
plotted in Figure 6a. In our case, the mean value of the absolute
deviation over all measured voltage values is 6.15% + 3.6%.
Since the SD-EIT is based on a one-step differential approach,
the corresponding modeling errors vanish. In a first step, the
piezoresistive sensitivities are determined according to
Equations (6) and (7). The examined values are k; =5.53,
kr=3.12, and ks =0.1, which represent a GNP film with low
sensitivities. Nevertheless the results of the preliminary investi-
gation are further confirmed (k; >kt >>ks). To reconstruct
these values we use a numerical model with 3474 elements.
The number of elements is considered to be sufficiently large
so that numerical errors can be neglected. In a second step,
the principal strain components ¢, and ¢, with the principal
angle are determined by the solution of the model parameters
€., &, and e according to Equation (5). To avoid inverse crime,
the numerical model to determine the strain components differs
from the numerical model to calculate the electromechanical

(a) (0) microstrain &

V0 measurement 2000 I
0

0.35 V0simulation

0.3

0.25

0.2

voltage [V]

data vector N fixed
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sensitivities. In the SD-EIT, we reconstruct a principal strain
components with e; = 2003.6 microstrain and &, = —2.3 micro-
strain at a principal strain angle of 0.2° to the vertical (see
Figure 6¢). The result from SD-EIT of the principal strains are
additionally verified by metallic SG, which is attached at the cen-
ter of the uniaxial strained device in Figure 6b and represents a
strain of 2005 microstrain. Considering the comparatively lower
sensitivities of the sample, which can make the determination of
strain even more difficult due to possible fluctuations in mea-
sured values, the results show a high accuracy of 99.7% so that
the plane strain determination of the SD-EIT is successfully
given within the experiment. The small deviations to signal of
SG can be explained since the GNP sample may not represent
an ideal geometry or alignment errors may arise during bonding.

3.4.2. SR-AM

A new measurement setup which on the one hand allows quan-
tifying our sensor in a nearly homogeneous strain field and on
the other hand enables different principal strain directions is
used in the context of SR-AM. The sensor is attached at the cen-
ter, where the strain gradients in longitudinal and transverse
directions become insignificant. The finite element analysis
(see Figure 7c) yields results for the principal strain & in a
value range of 319.07+£2.26 microstrain with the ratio
€2/€1=10.593 £ 0.001 in the measurement area. Since the maxi-
mum deviation from the mean ¢, is below 1%, a homogeneous
strain field is assumed for the position, where the GNP is
attached. In our experiment the specimen is clamped and strained
at a frequency of 1 Hz in a hydropulse machine (see Figure 7a). To
characterize the PRE in multiple principal strain directions the
specimen is turned counterclockwise as shown in Figure 7b.
The resulting Mohr’s circle and the strain components in the dif-
ferent gauge axes (shown in Figure 7b) are determined by three
additional metallic strain gauges, which are attached to the back
and aligned to the gauge axes S;, S,, and S, of our sensor.

We calculate the different sensitivities according to
Equation (10), depending on the number of gauge axes which
are considered for sensitivity analysis. Since the strain

()

top view

VAN

P
S

S
RS
2K
<1 RN
1
< K> <
oy
R

KK
V.

&

YAVAVAVAV. |
AVAVAVAVAVAV
X

Y4
o

reconstructed principal strains
£1=2003.6 microstrain
£5=2.3 microstrain

Figure 6. a) Measured and simulated data vector v, with 208 measurement points (Sheffield protocol); b) experimental measurement setup for SD-EIT
(see also Figure 1); c) reconstructed strain (red line corresponds to principal strain direction &;, dashed line corresponds to principal strain direction &,).
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Figure 7. a) Photo of the sensor attached to the steel plate specimen. b) Orientation of the gauge axes S; to S, during multidirectional tensile testing with
its corresponding strain components in Mohr's circle space (lower figures). c) Finite element analysis of the specimen with the corresponding strain in

transverse direction (left) and longitudinal direction (right).

components, which are described in Mohr’s circle space, are
repeated after 90°, it is sufficient to measure arm nos. 1 to 4
(quarter circle of the specimen). In Figure 8 the relative resis-
tance changes of the four gauges are shown as a function of
strained arm number. Each value represents the median of at
least 30 measurements. As a first estimate, since all axes are
more sensitive to longitudinal strain, we can conclude that when
pairs of rectangular aligned gauge axes (S;—Ss or S,—S,) are in
line to the principal axes, the ratio between the minimal and max-
imal relative resistance change is the highest. It is interesting to
notice that although we are using four different configurations of
considered gauge axes (as seen also in Figure 9), the sensitivities
using least squares remain in the same range (see Figure 8a).
While the longitudinal sensitivities for SR-AM are in a range
0f 15.46 + 0.41, the shear sensitivities vary around zero. The ratio
of transverse sensitivity to longitudinal sensitivity is 0.81 & 0.01.
The principal strain directions can be calculated for the sensitiv-
ity matrix (see Equation (11)) according to the known rosette the-
ory (see Section 5). Using the overall mean for corresponding
electromechanical sensitivities within the sensitivity matrix, we
determine principal angles of —1.6°, 23.4°, 48°, and 67.1° during

Small Sci. 2021, 1, 2100088 2100088 (9 of 12)

loading of the four arms. The results come very close to theoreti-
cal principal angles of 0°, 22.5°, 45°, and 67.5° (see Figure 7). The
deviation of the results may be explained by small inhomogeneity
in the piezoresistive behavior in different direction. Despite that
the substrate shows a slight stiffness deviation in different direc-
tions (see Figure 8 mid-row) which may also affect the calculation
of electromechanical sensitivities. Finally, small alignment errors
may arise during clamping of specimen.

Since our approach provides four gauge axes, a strategy for
sensor fault detection shall finally be validated using the overde-
termined linear equation system (see Equation (10)). As long as
the sensor is intact, we observe similar strain sensitivities using
the signal of different gauges axes within the sensor, which can
be seen in the spider plot in Figure 9. Afterward we introduce a
faulty sensor removing the GNP film partially at the transition to
the electrode for gauge axis S,. The reconstructed results in 134
(corresponding to sensitivities determination using gauge axes
S1, S3, and S4) solely indicate the similar behavior as seen in
the healthy state of GNP film. All other piezoresistive sensitivi-
ties, where gauge axis S, is considered, are influenced by the
faulty state. The higher the gauge axis of S, is strained in

© 2021 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 8. (Top) Relative resistance changes of Sy to S, during multidirec-
tional tensile testing. (mid-row) absolute and relative values of principal
strains while the tensile axis is turned counterclockwise in steps of 22.5°.
(bottom) Longitudinal (left), transverse (center) and shear sensitivity for
SR-AM (right).

longitudinal direction, the higher the anomalies in sensor’s per-
formance are seen. Due to the introduced defect within the GNP
film, we examine results where the spider plots are not symmet-
rical anymore (see Figure 9). We can conclude that we success-
fully detect faulty GNP with SR-AM so that this information can
be used to further evaluate electromechanical behavior of GNP
film and increase sensor’s robustness in future, which is also a
crucial point in sensor development.

www.small-science-journal.com

4, Conclusion

The problem of multiaxial strain sensing with piezoresistive
films of nanomaterials is mostly underestimated or misunder-
stood and therefore not accurately quantified in scientific papers.
To tackle that problem, we investigated the sensitivities with
respect to the gauge axis to different well-defined strain compo-
nents separately. Our results showed that GNP piezoresistive
films are affected in a different way, depending on the direction
of strain with respect to the current flow. While the longitudinal
strain sensitivity is the highest, the transverse sensitivity exceeds
50% of the longitudinal sensitivity and cannot be neglected. The
shear strain sensitivity is the smallest and varies around zero.
The piezoresistive effect to different strain component was exam-
ined in a 3D model with overlapping adjacent GNP and by a hard-
core-softshell 2D-model in a simplified tunneling model space.
Those findings from simulation help to validate our experimental
results and to find an optimized sensor design for our GNP film.
We developed an empirical piezoresistive model for GNP film.
Finally, we introduced a novel numerical (SD-EIT) and analytical
approach (SR-AM) to multiaxial strain sensing. The strain recon-
struction is successfully proved by a circular shaped GNP film for
both methods. The analytical approach SR-AM was further used
to characterize sensor defects, which increase also the robustness
of sensor’s performance. All these theoretical and experimental
investigations may have an important role in the design of pie-
zoresistive strain gauges based on nanomaterials. In future
works, the sensor performance can be statistically validated. In
addition the SD-EIT can be extended for model parameters,
which enable the reconstruction of spatial strain with gradients
within a plane strain field.

5. Experimental Section

Materials: Powder of GNP (trade name: Elicarb SP 8073 powder) was
purchased from Thomas Swan. The GNP were dissolved in a fixed
concentration of 1mgml™" (0.1 wt%). Sodium cholate (for samples in
preliminary investigations or SR-AM) or cocamidopropybetaine (samples
for SD-EIT) were used as surfactant.

arm no. 5 arm no. 6 arm no. 7 armno. 8
123 123 123 123
1234 234 1234 234 1234 234 1234 234 %
2 T,Z
=
E ks.z
124 134 124 134 124 134 124
123 123 123 123
- 1234®234 1234@234 1234@234 1234
[}
&
D
<
124 134 124 134 124 134 124

Figure 9. (Top) Examined sensitivities for different constellation of considered gauge axes for a healthy GNP film. (Bottom) Examined sensitivities for
different constellation of considered gauge axes for a faulty GNP film at transition to electrode in gauge axis S,.
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Methods: A material characterization (e.g., Raman spectroscopy) for the
spray deposited GNP films is carried out in Section 1, Supporting
Information. The Raman spectra of GNP films were measured on polyi-
mide substrate with a WITec alpha 300R system and a 532 nm laser
for excitation at room temperature.

Suspension Preparation: Suspension containing GNP concentration of
1mgml™" were mixed with surfactant in deionized water. To achieve a
higher degree of absorption on the GNP surface, the preparation of sus-
pension was stirred and sonicated (ultrasonicator from Hielscher GmbH,
amplitude of 60%, cycle 0.5 Hz, tip diameter 0.7 mm) for the duration of
30 min.

Device Fabrication: A flexible polyimide foil with a thickness of 25 um
(trade name: Pyralux HT8515) which includes a double-sided copper-
clad laminate with a thickness of 18 pm was acquired from Dupont. The
copper surface was coated with a nitrate cellulose lacquer using a
shadow mask for selective removal. The free surfaces of the copper
layers were etched in 40% concentrated FeCls-solution. The substrate
was washed with water, complemented by removing CL with acetone.
By this way, the electrodes were fabricated and GNP film was spray
coated in 5 x 5mm rectangular shape. The total spraying amount
was fixed to 20 ml for the fabrication of a batch with four GNP films.
The deposition was done by the in-house-designed spraying system.??
The substrate was attached in a fixed distance of 100 mm to the two
substances nozzle. The spraying system operated at a fixed air flow
pressure of 1.5 bar and used the Venturi principle. The total spraying
amount for the fabrication of the circle was fixed to 40 ml. While spray-
ing of dispersion, the GNP films were allowed to dry onto a heated
substrate at 100°C, followed by thermal annealing in an oven at
temperature of 200 °C for 30 min to ensure complete evaporation of
the aqueous component. Cross-sensitivities were reduced by an addi-
tional encapsulation layer.

Electromechanical Testing: To achieve a uniform strain transfer to poly-
imide substrate (Young’s modulus of 2800 MPa), the specimens were
attached to aluminum (uniaxial strain device in Figure 1) or to steel (shaft
in Figure 2 or multiaxial strain device in Figure 7) base material using a
very thin adhesive layer of cyanoacrylate adhesive (trade name: Z70 from
Hottigner Baldwin Messtechnik). The specimen for experimental valida-
tion of SR-AM is mounted in the Schenck hydropulse system PEZ
4125. The electromechanical response due to strained GNP film was eval-
uated in a Wheatstone bridge circuit (WBC) in SR-AM. A change in resis-
tance of GNP film disrupts the initial balance of the resistances
% = RCR—:V" =1 for the WBC, so that bridge voltage is measured (measure-
ment device: Quantum MX 410B from Hottiger Baldwin Messtechnik).
During measurement the bridge supply voltage of 20V was externally
applied with power supply NSP-3630 from Manson. The reference strains
for validation during our experiments were measured through metallic
strain gauges with a gauge factor of 2 purchased from Hottigner
Baldwin Messtechnik.
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