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Abstract—In this paper, an economical and effective soft
pressure sensor for underwater sea lamprey detection is
proposed, which consists of an array of piezoresistive ele-
ments between two layers of perpendicular copper tape elec-
trodes, forming a passive resistor network. With multiplexers,
the apparent resistance corresponding to each pixel of the
sensing matrix can be measured directly, where the pixel
is identified with the row and the column of the respective
electrodes. However, this measured two-point resistance is
not equal to the actual cell resistance for that pixel due to
the crosstalk effect in the resistor network. Since the cell
resistance reflects directly the pressure applied on each pixel,
the relationship between the cell resistance and the mea-
sured two-point resistance is analyzed for a passive matrix of
any size. More importantly, several regularized least-squares
algorithms are proposed to reconstruct the cell resistance
profile from the two-point resistance measurements, with
enhanced robustness of the reconstruction in the presence
of measurement noises and modeling errors. The proposed
pressure sensor is applied to detect the suction attachment
of sea lampreys, a devastating invasive species in the Great
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Lakes region. Experimental results demonstrate that the pressure sensor can successfully capture the rim profile of the
lamprey’s sucking mouth. Moreover, the performance and computational complexity of the reconstruction algorithms

with different regularization functions are compared.

Index Terms— Least-squares regularization, resistor network, sea lamprey detection, soft pressure sensor.

|. INTRODUCTION

HE sea lamprey (Petromyzon marinus) in North America
is a species of anadromous fish native along the Atlantic
coast. After metamorphosis, juvenile sea lampreys with sucto-
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rial mouths parasitize host fish, and can kill an estimated 19 kg
of fish during their lifetime [1], [2]. The sea lamprey pre-
sumably invaded the Laurentian Great Lakes (hereafter Great
Lakes) in the early 1900s, and contributed to the collapse of
major fish stocks in the Great Lakes [1]. In order to control the
sea lamprey invasion and restore the fish community, the Great
Lakes Fishery Commission (GLFC) has developed multiple
control techniques such as lampricides, barriers, traps, sterile-
male-release technique since the 1950s [1], [3]. Recently,
selective fish passage has emerged as a high priority for the
sea lamprey control program [4], [5], which is designed to
allow native and desirable fishes to pass dams while preventing
passage of sea lampreys [6], [7].

Real-time detection of adult sea lampreys within or
near a fish passage could afford the opportunity to alter
fishway operation in response to the detected informa-
tion. Video analysis has been used or proposed to distin-
guish some species based on morphological differences [8],
[9], but image quality may not be suitable under a
broad range of conditions, and image analysis can require
massive quantities of data and computationally intensive
algorithms.
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A. Review of Relevant Sensing Methods

Attachment by oral suction is a prominent characteristic of
sea lampreys among freshwater fishes in the Great Lakes [10].
They not only rely on oral suction to parasitize other fishes, but
frequently attach to artificial and natural substrates (like rocks)
during upstream migration and nest building. This trait could
be utilized to develop the real-time detection system. The
suction mechanism of sea lampreys is illustrated in Adams’
thesis [11], and the suction pressure dynamics (pressure ampli-
tude, duration, and pattern of suction events) and pressure
distribution across the suctorial mouth are characterized in
our previous work using a pressure sensing system based on
commercial vacuum sensors [12]. However, the latter sensing
technique requires drilling holes on the substrate and using
tubes to transmit suction pressures, which are not feasible
for large-scale deployment in field environments. Interdigitated
electrode (IDE) contact sensors [13] have recently been uti-
lized for sea lamprey detection, with characteristic responses
when a lamprey attaches to the sensor. However, IDE sensors
do not provide sufficiently granular information such as the
suction strength. Soft stretchable sensors [14]-[18] made of
elastomers with conductive hydrogels or nanomaterials can
measure pressure/stress/strain. Nevertheless, most of the appli-
cations are limited to compressive load or tensile stretch and
do not respond to a suction stimulus.

During the past decade or so, pressure sensors with
highly sensitive and flexible characteristics have been
reported with applications in electronic skins for health or
motion monitoring [19]-[32], soft robotics [33], [34] and
human-machine interface [35], [36]. Multiple designs of
the active layer that deforms under pressure and generates
changes in the output signal of the capacitive [19]-[23],
[33], [37], piezoelectric [24]-[29], and piezoresistive pres-
sure sensors [30]-[32], [34], [35], [39], have been proposed
to improve the sensor’s performance including sensitivity,
dynamic range, and response time. These designs include, for
example, micro-pyramids [23], micro-protrusion [36], micro-
pores [31], [35], microcracks [39], and nanofibers [20], [25],
[30]. Most of these pressure sensors are fabricated with
separate layers that are stacked together without any bonding,
and are mainly used for measuring compressive pressure,
while their performance under negative pressure (e.g., suction)
has not been reported in the literature but could have a
high possibility of failure due to layers’ delamination under
suction. Capacitive pressure sensor arrays with an air-gap and
diaphragm design is demonstrated to be effective for both
positive and negative pressure measurements [37], [38], but
capacitive sensors exhibit not only pressure response during
contact but also proximity response for the non-contact mode
because of the fringe effect [40]. Furthermore, electromagnetic
interference (EMI) becomes severe for underwater animal
tests since water and animal tissues are both conductive.
This interference will cause difficulty in extracting the actual
contacting profile unless sophisticated EMI shielding [41]
layers are integrated with the sensor devices. On the other
hand, piezoelectric pressure sensors only respond well to

dynamic change of pressure and are not particularly effective
for quasi-static pressure sensing.

Among resistive pressure sensors, the low-cost pres-
sure sensitive film called Velostat [42]-[48], comprised of
carbon-impregnated polyolefin and exhibiting piezoresistive
property, has been widely investigated in applications such
as finger gesture recognition [42], human grasp monitor-
ing [43], foot pressure measurement [44], sitting posture mon-
itoring [45], and prosthetic in-socket pressure sensing [46].
Most of the reported sensor devices consist of a single Velostat
film between two conductive tapes or between two layers
of orthogonal conductive threads, which show good perfor-
mance under compressive loads, but would potentially fail
when delamination happens under suction. Another idea is to
encapsulate individual Velostat film matrix between two layers
of perpendicular electrodes [48], where a resistor network
forms in the circuit, which introduces the crosstalk issue
between adjacent resistors; that is, the measured two-point
resistance is influenced by all the other resistors in the
network. The relation between the cell resistance at any
pixel and the apparent resistance between the two electrodes
(i.e., corresponding column and row) is analytically derived
in [49], [50], expressed as an explicit nonlinear forward
function from the Laplacian matrix of the cell conductance
to the measured two-point resistance matrix. Nevertheless, the
inverse problem is intractable and no analytical solution is
available, and if there are modelling errors or measurement
noises, the solution could be unbounded. More importantly,
if the measured two-point resistance is used to characterize
the pressure response, the sensing matrix devices of different
row and column dimensions will show different amplitudes
of changes at the same corresponding pixels under the same
pressure, due to the crosstalk, which will be problematic
for pressure characterization. Therefore, a general method for
reconstructing the cell resistance from the measured two-point
resistance is needed for practical, versatile applications.

Some researchers studied the circuit hardware and proposed
to place diodes as current barriers to avoid crosstalk [48],
but this will make the fabrication more complex and leave
the sensing panel unsmooth for attachment. Other researchers
analyzed the crosstalk error with circuit simulation [51],
[52] and proposed numerical algorithms such as fixed-point
iteration to calculate the cell conductance from the mea-
sured conductance [53]. The fixed-point algorithm unexpect-
edly generated negative conductance values, which were then
directly replaced with zeros in [53]. However, this often leads
to unreasonable and potentially misleading interpretations. The
least-squares method was also mentioned in [53]; however, the
ill-posed nature of the inversion was not accounted for and a
small amount of noise on the data could significantly skew the
solution [54], [55].

B. Contributions of This Paper

In this work, an economical and effective soft piezore-
sistive pressure sensing system is developed and applied to
sea lamprey detection, and several novel regularization-based
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methods for reconstructing the cell resistance are proposed
and demonstrated in the system. In particular, the proposed
pressure sensing panel consists of an array of individual
Velostat cells between two layers of orthogonal copper tape
electrodes, which forms a passive resistor network, with water-
proof encapsulation around the sensing panel. As demonstrated
in experiments, this new design greatly mitigates the overall
layer delamination problem for the underwater suction sce-
nario. Compared with the field-effect transistor (FET)-pressure
sensitive rubber (PSR) devices capable of mapping pressure
developed in [56]-[58] that adopt an active matrix design
and measure individual pixels without crosstalk, this work
addresses the key signal processing challenge arising due to
the intrinsic crosstalk issue in a coupled resistor network.
Note that, since the passive resistive matrix approach is
typically more compact and enables simpler fabrication and
measurement than the active matrix approach, pressure sensors
based on passive matrices are of great interest.

For the cell resistance reconstruction, this work derives
the general relationship between the cell resistance and the
measured resistance based on Kirchhoff’s current law. We note
that, while the mapping from a passive matrix was also
discussed in [15], our method is distinct and applicable to a
resistive network of any size. In contrast, the work in [15] only
considered two special cases: a 2-by-2 and a 3-by-3 resistor
network. Their approach therein cannot be readily extended to
a network of general size, and unlike our automated scanning
process for measurement, it requires significant changes in
circuit wiring in the measurement process. More importantly,
inspired by the Tikhonov regularization technique for solving
inverse problems such as electrical impedance tomography
(EIT) [55], [59], we propose regularized least-squares algo-
rithms and examine multiple choices for the penalty function.
Four novel compound minimization criteria are explored,
where a priori terms penalizing a) the cell resistance, b) the
relative change in cell resistance, c¢) the gradient of cell resis-
tance, and d) the gradient of relative change in cell resistance,
respectively, are added to the least-squares term to form the
cost functions. The reconstruction performance and computa-
tional time of these regularization methods in processing data
from sea lamprey experiments are compared and discussed.
We note that, while it is applied to lamprey detection in this
work, the proposed soft piezoresistive pressure sensing system,
including the reconstruction algorithms, holds strong promise
for numerous other soft robotic systems and electronic skin
applications, such as foot pressure sensing, haptic interaction,
and soft robotic fingers with haptic feedback.

The rest of the paper is structured as follows. Section II
describes the sensor design and fabrication process. The
crosstalk issue in the 2D-resistor network and the forward
problem relating the cell resistance to the measured two-point
resistance are presented in Section III. The reconstruction
algorithms for solving the inverse problem are discussed in
Section IV. Experimental procedures for testing the sensing
system in sea lamprey detection are presented in Section V.
Results obtained on directly measured two-point resistance
data and on estimated cell resistance distributions recon-
structed via different algorithms are shown and discussed in
Section VI. Concluding remarks are provided in Section VIIL.
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Fig. 1. Working mechanism of the soft pressure sensor and charac-
terization of a single-pixel sensor device. (a) The soft pressure sensor
in the initial relaxed state, which shows an initial resistance of Ry
between the top and bottom conductors, and (b) the pressure sensor
under compressive pressure, showing a new resistance Rp. (c) The soft
pressure sensor with a piezoresistive film between two perpendicular
copper tape electrodes under a compressive load, (d) the sensor under
a suction cup to test negative pressure response, and (e) the average
relative change in resistance (along with the standard deviation) of the
single-pixel sensor versus pressure when tested on a flat substrate.

Il. SENSOR DESIGN AND FABRICATION

A. Working Principle and Characterization

To fabricate piezoresistive pressure sensor devices, the
force-sensitive conductive film 1700 series (SCS company) is
used in this work. This film is opaque, volume-conductive
carbon-impregnated polyolefin, which has a thickness of
102 um and a volume resistivity of less than 500 ohm-cm.
Since the conductive carbon nanoparticles are embedded in
the non-conductive polyolefin polymers, as shown in Fig. 1-a,
the film exhibits a high resistance in the initial state. When the
film is under external compressive force or pressure (Fig. 1-b),
the carbon nanoparticles will get closer, which results in
a lower resistance. The resistance change directly reflects
the magnitude of the external compressive pressure, and this
property can be used for piezoresistive pressure sensing.

To start from a single-pixel soft pressure sensor,
a 6 mm x 6 mm piezoresistive film is between two cross-bar
copper tape electrodes (100 mm x 3 mm x 0.04 mm) with
polyester tape and double-sided tapes for adhesion. Fig. 1-c
shows the soft sensor under a compressive pressure, while
Fig. 1-d shows the sensor under suction pressure via a suction
cup. Two single-pixel pressure sensors were characterized
with different loads and suction pressures, with each pressure
tested for three rounds individually. The response results were
averaged, and the characterization curve of relative change in
measured resistance AR/Rp vs. pressure P (—10~235 kPa)
is shown in Fig. 1-e. When the compressive load reaches
235 kPa, the resistance decreased by 98%. On the other hand,
when the suction pressure was set to —10 kPa, the resistance
increased by about 654%, likely due to local delamination
upon suction, although the delamination has been greatly
mitigated by this structure design and fabrication method.

AR/Ry decreases linearly with the applied pressure
in the low pressure region. The pressure sensitivity,
S =Jd(AR/Ry)/P, indicates the local slope in the response
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Fig. 2.  Performance of the soft pressure sensor device under dif-

ferent bending conditions. (a) The initial (unloaded) resistance of the
single-pixel pressure sensor at different curvature radii. (b) The exper-
imental setup for loading pressure on the sensor on curved surfaces.
(c) Time-resolved measurements of the output signal for an applied
pressure with three rounds of loading and unloading processes on a
curved surface with radius 50 mm. (d) Pressure response comparison
of the single-pixel sensor at different curvature radii with an applied
pressure up to 40 kPa.

curve. The inset of Fig. 1-e¢ shows the variation of the sen-
sitivity depending on the applied pressure: an S value of
—0.192 kPa~! between 0 and 2.5 kPa, which reduces to about
—0.016 kPa~! for pressure between 2.5 and 28 kPa. When
the pressure is above 28 kPa, the relative change in resistance
seems to be largely saturated and not to decrease appreciably
with pressure.

To investigate the mechanical flexibility such as bending
deformation of this soft sensor, we examined a single-pixel
sensor’s resistance when the sensor device was bent. Fig. 2-a
shows the resistance of the sensor when it was bent and
attached onto curvy surfaces. The initial (unloaded) resistance
was maximum at on a flat surface (zero curvature with a value
about 3.05 kQ), and then decreased to about 1.03 kQ, 560 Q,
and 350 Q at a curvature of 20 m~!, 30.3 m—!, and 58.8 m~!,
respectively, which demonstrates the significant dependence
of the initial resistance on the curvature. The reason for this
change in the initial resistance is that larger curvature implies
higher bending stress in the sensor device, which leads to
greater compression between the electrodes and causes a drop
in resistance. To shed light on the pressure response of the
sensor device on curvy surfaces, time-resolved measurements
were further conducted. As shown in Fig. 2-b, a program-
customized syringe pump (Legato 110, KD Scientific, Inc.)
was used to apply an external pressure of up to about 40 kPa
onto the bending sensor (effective pressure contact area of
3 mm x 3 mm from the copper electrodes) attached on a
pipe, where the pressure was calculated based on the measured
contact force through a load cell (GS0-100, Transducer Tech-
niques, LLC). Three cycles of loading and unloading processes
were repeated with a period of approximately 18 s. Fig. 2-c
shows the relative change in the resistance, AR/Ryp, of the
sensor for the case with curvature radius of 50 mm, where,

Piezoresistive Film Patches

¥

Double-sided Tape

Fig. 3. Schematic of a 4-by-4 piezoresistive pressure sensing matrix.
(a) The bonding status of all layers, and (b) the exploded view.

AR = R — Ro, Ry is the initial resistance at the bending
status, and R is the new resistance under the external pressure.
During these three rounds of tests, the sensor was repeatable
and robust. Furthermore, for different curvature radii (50 mm,
33 mm, and 17 mm), the pressure response curves of the same
sensor device are plotted in Fig. 2-d for comparison. Clearly,
the relative change in resistance exhibits maximal values at
40 kPa, achieving —94% when the sensor device is on the flat
substrate, then it reduces to —82%, —69%, and —81% on the
curvy surface with a curvature radius of 50 mm, 33 mm and
17 mm, respectively. The maximum (absolute) change in the
resistance output for these curvy cases drops since the initial
resistance of the sensor under bending on the curvy surfaces
is much smaller than that on the flat substrate.

B. Sensor Matrix Structure and Fabrication Process

The structure of the proposed conductive film-based pres-
sure sensor (4-by-4 matrix for schematic illustration) is shown
in Fig. 3, where individual conductive film patches were
distributed uniformly and encapsulated between two layers
of copper tape electrodes. Note that in order to have reliable
resistance measurement, a good and stable contact between the
surfaces of the conductive film patches and the copper tapes
needs to be guaranteed. In this work, we used double-sided
acrylic tapes and one-sided polyester tape to bond the layers.
With more individual piezoresistive film patches embedded
into the matrix, a larger resistor network with M rows and N
columns of pixels will be formed, which will be discussed in
the modeling section.

Fig. 4 shows the fabrication process for a 10 x 10 pressure-
sensing matrix with a sensing area of 10 x 10 cm?.
First, 10 pieces of 15 cm x 3 mm x 0.04 mm
(length x width x thickness) copper foil tapes and 11 pieces
of 15 cm x 6.3 mm x 0.04 mm (length x width x thickness)
double-sided acrylic tapes were adhered side by side in an
alternating manner onto a 300 mm x 300 mm x 3 mm acrylic
plate; each copper tape has two double-sided tapes bordering
on both sides. Then the conductive piezoresistive film was cut
into one hundred pieces of square patches (each measuring
6 mm x 6 mm), which were placed uniformly on the copper
tapes as individual piezoresistive sensors. Here, the cop-
per tapes would work as the column electrodes with the
double-sided acrylic tapes serving two purposes: filling the
space between the copper tapes (thus making the entire bottom
layer flat) and fixing the edges of the conductive film patches
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Fig. 4. Fabrication process of the 10-by-10 soft pressure sensing matrix.
The paper liners of the double-sided tapes were not peeled off in the
top left and bottom left pictures, but were peeled off in the following
steps. Picture of the final fabricated 10-by-10 pressure sensing panel with
PDMS (polydimethylsiloxane) waterproof encapsulation. The red dashed
lines show the edges of the mold formed by 3M VHB 4905 tapes, while
the white bounding box titled “PDMS” shows the PDMS encapsulation
layer between the inner and outer 3M VHB 4905 tape boundaries.

(which was why the patch was wider than the copper tape).
The shiny and non-adhesive surfaces of all the copper tapes
were exposed outwards in order to contact the conductive film
patches since the adhesive side of the copper tape was not
prominently conductive.

Similarly, another 10 pieces of copper foil tapes and
11 pieces of double-sided acrylic tapes were attached onto
the adhesive side of a 10 cm x 20 cm polyester tape, which
would work as the top layer of the pressure sensing panel.
Then the top layer was rotated by 90°C and put upside down
to attach onto the bottom layer, with the conductive film
patches between the top and bottom layers of copper tape
electrodes. These two layers of copper electrodes would serve
as the address lines of the sensing panel. The panel was
then pressed with caution in order to form a stable bonding
around each pixel between the adhesive layers. After that, each
copper tape was connected with a jumper wire by soldering
as the circuit extension for measurements. Finally, in order
to be able to deploy the pressure sensing panel underwater,
waterproof encapsulation by polydimethylsiloxane (PDMS,
with a 10:1 wt.% mixing ratio of PDMS base: curing agent)
was achieved around the sensing panel, where the red dash
lines show the edges of the 3M VHB 4905 double-sided tapes
(3 layers bonded together, with a thickness of 1 mm for each
layer) attached on the panel which were used to form a mold
for the PDMS liquid before curing.

Ill. MODELING OF THE RESISTOR NETWORK
A. The 2D Resistor Network

For the M-by-N 2D resistor network shown in Fig. 5, two
multiplexers are used to select the column and the row to form

i oy

Vout
\ Multiplexer
Ine V2 VN
w® [ it
¢ Vi A A
1
- i r? Y
, @
: )
g7, bt Lt L
= 1 2 N
2 75 7 I
L —1— |
B — Vy v A A
1 2 N
™ ™ ™

Fig. 5. Schematic of the M-by-N resistor network and the voltage-divider
circuits for resistance measurement.

the circuit for a given “pixel”. By using a voltage divider
with a reference resistor R,.r, the resistance measurement
Ri‘. between the selected j th row and k th column can be
calculated as:

Rk _ Vout

o R (1)
1™ Vee = Vour

Note, however, that the measured two-point resistance R’j‘.
is not equal to the cell resistance r;? at that pixel (j, k) due
to crosstalk; in particular, le‘. is theoretically smaller than r;?
since it is a parallel connection between rf and a network of
resistors between row j and column k. For instance, if row
1 and column 1 are selected by the multiplexers, the current
would be injected from node v!to Vi through cell resistor
rl1 and other branches; for example, the current could flow
from node V! to V, through rlz, then to V2 through r22, and
finally back to V; through r21. With larger dimensions of the
network, there will be more circuit loops involved between the
selected row and column.

B. Mapping Contours Based on Measured Resistance

With the fabricated 10 x 10 soft pressure sensor array, using
two 16-channel multiplexers (SparkFun CD74HC4067) and a
1k ohm reference resistor, the two-point resistance between
each row and each column could be measured directly through
the voltage divider circuit given in Fig. 5. A series of exper-
iments were conducted on the 10 x 10 soft pressure sensor
array, such as the loading of an aluminum rod (Fig. 6-a), the
loading of weight through a 3D-printed ring part (Fig. 6-b),
the suction and attachment of a suction cup under different
negative pressures in air (Fig. 6-c,d), and also the suction
cup experiments with the soft pressure sensor matrix under
water in a tank (Fig. 6-e,f). All the mapping contours of
relative change in directly measured resistance are shown side-
by-side with the corresponding experimental picture, which
demonstrates that this soft pressure sensor can successfully
detect multiple kinds of pressure patterns.

C. Formulation of the Forward Problem

It is of interest to find the relation between the cell resistance
values {r;‘ } and the measured resistance values {R’j‘. }, which
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is needed in the reconstruction algorithms. To derive this
relationship, nodal analysis or the branch current method is
used in this work. In nodal analysis one equation is given at
each node, requiring that the branch currents incident at a node
must sum to zero based on the Kirchhoff’s current law (KCL).
Once the branch currents are expressed in terms of the circuit
node voltages, the conductance between any two nodes could
be discovered.

In general, for the M x N resistor network in Fig. 5, if the
voltage source is replaced with a current source, M voltage
nodes for the rows and N voltage nodes for the columns can be
studied; correspondingly, (M + N) current sources (including
possibly zero current) would be present at these (M + N)
nodes. According to KCL, the node-voltage equations can be
written in a matrix form as:

LV =1 2)
rCi1 - Cim Cll C{V T
Cai - Com C21 CéV
I — Cm,1 - Cum Cly cy 3
o cl ...cl, ch...ctN
C12 C12v1 c2l ... c=N
L ¢y Cy CN1...cNN
RZN ]
Vo 163
Vu Iy
and Vo= |yl I=| “)
V2 1’
VN w

where, Ly n)x(m+n) is the Laplacian matrix of the M x N
resistor network, V is the voltage pattern, and I is the current
pattern. C; ; is the sum of the conductance between the
row node V; and any other node; Ckk is the sum of the
conductance between the column node V¥ and any other node;
Cf is the negative of the sum of the conductance between
the row node V; and the column node vk. C j,n = 0, where
1 < j # h < M, is the conductance between row j and
row h; and CK' = 0, where 1 < k # | < N, is the
conductance between column k and column /, since the rows
are not connected directly with each other and neither are
the columns. L is singular since the sum of all rows of L
is equal to 0, which means these (M + N) equations are
not independent [40]. To remove the redundant equation, the
first row node can be chosen as the ground (zero voltage
reference), Vi = 0, and the first equation in Equation (2) can
be eliminated. Then a new cofactor matrix with a reduced
dimension of (M + N — 1) x (M + N — 1) along with

(M + N — 1) independent equations can be obtained from
the Laplacian matrix, and Equation (2) is reduced to

Cv=I1 )
where,
[Crp -+ Com Ci cy 7
Cin - Cim C31 CéV
c_ |Cm2- Cum Cl cy
- Cl . Cl Cl,l . Cl,N
2 M
2 2 2,1 2,N
C; Cy € c=
N N N,1 N,N
L G Cy CV cvN
N _
2890 0 —g g
j=1
0 0
N
0 0 > gl —ghy - —&N
_ j=l1
= Y ©)
—g —gl .8 0 0
i=1
o . 0
M
—g¥ gy 00 > gV
L i=1 .
VT o
V3 I3
Vv 1
and V = V"f ca=| @)
v? I?
V.N IN
1
Here, C is non-singular, and g? = —kis the conductance of
rt

J
the cell resistor r}‘. One can then obtain

V=C'1 ()

If all cell resistances {r;‘} are known, the co-factor matrix
C is available and so is its inverse. The current pattern I
can be specified in this way: for the current loop between
the studied row node V; and the column node vk since
the current source noted as i is injected into the column
node VX, the corresponding current element /¥ = i; and
since the current is withdrawn from the row node V; to the
ground, the corresponding current element /; = —i; and all
the other row and column nodes have zero current sources. For
instance, if the column node V! (flow in) and the row node
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Fig. 6. Mapping contours of the soft pressure sensing matrix
based on relative change in directly measured resistance with the
following experimental conditions: (a) a $40 mm (¢ represents diam-
eter), 680 g aluminum rod was loaded on the sensing matrix,
(b) @ 27 mm x ¢35 mm x 5mm 3D printed ring part under a 850 g
aluminum rod was loaded on the sensing matrix, (c) —10 kPa and
(d) —20 kPa, respectively, negative pressure was applied on the sensing
matrix via a $27 mm x ¢35 mm PDMS suction cup in air,and (e) —10 kPa
and (f) —20 kPa, respectively, negative pressure was applied on the
sensing matrix via the same suction cup under water, where the top
row of copper tape electrode of the soft pressure sensor was about 7 cm
lower than the water level.

V> (flow out) are the two points to measure the resistance,
the current pattern I = [12 I Iy IV 1% IN]T =
[<i0---0i0---0]". If V! (flow in) and V; (flow out)
are the two points to measure the resistance, then the current
patern [=[00---0i0--- 0]

Based on Equation (8), the voltages at all the nodes can
be expressed in terms of the current i, and thus according to
Ohm’s Law, the two-point resistance Rf. between the studied
row V; and column V¥ can be solved as:

Vk —V:
Ry = —— ©)
1 i
With Equations (5)-(8), there exists an implicit function f(-)
mapping from the cell resistance matrix r = r;‘] to the

measured two-point resistance matrix R = [R]j‘]

R = f(r)

The algorithm for computing R using r is given in Support-
ing Information Algorithm 1. Note that in reality the measured
two-point resistance matrix, R, is not exactly equal to R
as calculated in Equation (10), due to modeling errors and
measurement noises.

Although Equation (5) is linear in the cell conductance, the
mapping from the cell conductance to the cell resistance is
reciprocal and nonlinear. And since C; ; and Ckk are the
sums of the conductance connected to the same row or column
node, respectively, Equation (10) for the forward problem
is nonlinear and implicit. In the next section we present
algorithms for solving the inverse problem.

(10)

IV. CELL RESISTANCE RECONSTRUCTION VIA
LEAST-SQUARES REGULARIZATION

As discussed in the previous section, the forward problem
from the cell resistance matrix r to the measured resistance
matrix R is relatively straightforward. However, the inverse
problem, which is reconstructing the cell resistance r based
on the measured two-point resistance R,,, is much harder
and does not admit an analytical solution. Consequently,
numerical methods have to be used. We first present the basic
least-squares algorithm, and then describe four regularized
least-squares algorithms with different regularization functions
that aim to enhance the robustness of the reconstruction in the
presence of measurement noises and modeling errors.

A. Least-Squares Minimization (LSM)

The inverse problem for the resistive network can be for-
mulated as an optimization problem where the cost function
to be minimized is the sum of squared residuals between the
measured two-point resistances R, and the calculated R based
on Equation (10), with the requirement that the cell resistance
is larger than or equal to the measured resistance:

M,N )
L . k k
r = argmrm Z Hf(r)j — (Rm)j H (1)
j=1,k=1
st.rl > (Ryp)§ for all j and k (12)

where r’]‘. is the cell resistance element at the pixel (j, k) while
(Rm)’; is the corresponding measured two-point resistance.

This least-squares problem is solved in MATLAB via the
nonlinear least-square solver “Isqnonlin”, which starts at an
initial guess r9 > R, (where “>” holds true element-
wise). The default algorithm for this solver is the trust-
region-reflective algorithm based on the interior-reflective
Newton method described in [60], which approximates the
objective function by the first two terms of the Taylor-series
approximation, restricts the trust-region subproblem to a two-
dimensional subspace, and chooses the solver step to force
global convergence via the gradient descent while achieving
fast local convergence via the Newton step if it exists. The
complete algorithm for this reconstruction method is given in
Supporting Information Algorithm 2.

B. Least-Squares Regularization on Cell Resistance
(LSR-CR)

The resistor network inverse problem suffers from its ill-
posed nature; in particular, the numerical inverse solution
depends sensitively on the input data and thus its performance
is susceptible to measurement noises and modeling uncer-
tainties. In order to reconstruct the cell resistance robustly
and to give preference to particular solutions with desirable
properties, the Tikhonov regularization technique is exploited,
where a regularization term is included in the least squares
minimization. One of the typical a priori regularization terms
is the L regularization, A||r ||%, which is the sum of the squares
of all elements from the inverse solution with a penalty weight
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2
A that penalizes large cell resistance values: (r ')k- —(r ')k-
P " + [ 100) (17)
Poargmin 3 (1@ — @b+ anrdiy a3) S
gm J m)j j st. (15 = (R}, for all j and k. (18)

j=1,k=1

st. r% > (Rp)" for all j and k. (14)

where 4 > 0 is the regularization (or penalty) parameter, which
determines the trade-off between the modeling discrepancy
term and the regularization term. The regularization method
in Equation (13) accommodates simultaneously the norm of
the residual [ f(r) — R;,] and the norm of the approximate
solution r, enforcing the a priori knowledge on solving the
cell resistance, and improving the smoothness of the solution.
The complete algorithm for this reconstruction method is given
in Supporting Information Algorithm 3.

C. Least-Squares Regularization on Relative Change in
Cell Resistance (LSR-ACR)

Different sensor pixels might have quite different cell
resistances in the initial relaxed state before a pressure is
applied, due to, for example, imperfect fabrication processes.
So, an alternative regularization function would be the relative
change in the cell resistance values, instead of these values
themselves:

[Fo 71]

M,N 5

_ . k k

= argmin. ?k 1{Hf (ro); —(Rmo)jH
J=LKk=

2
k i 2 (r0)§ — (o)’
+ Hf(rl),- - (le),-H + W x 100| }
(15)
s.t. (o)t > (Rm())]; and (r)* > (le)’]‘- for all j and k.
(16)

where (ro)I; and (Rmo)l; are the cell resistance and the
measured two-point resistance corresponding to the first group
of measurements (e.g., prior to the application of the external
pressure), while (rl)lj? and (le)]]? are those corresponding to
the second group of measurements (e.g., after the pressure is
applied). The data 100 in the equation denotes the percentage
calculation in order to get the relative change in cell resistance