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Abstract—This letter presents the development and investigation of a novel soft piezoresistive foam mat sensor (FMS)
based on graphene nanoplatelets (GNPs) for pressure sensing. The sensor is fabricated using a 3-D printed polyvinyl
alcohol (PVA) water-soluble sacrificial template, which is then infiltrated with Ecoflex polymer and dip-coated in a GNP-
ethanol solution. The mechanical response as well as the high piezoresistive sensitivity (0.31 kPa~" @ 8 kPa) of the
fabricated foam is assessed experimentally. Pressure detection is achieved through electrical resistance tomography
(ERT) using the opposite current injection method, and the collected data are processed using machine learning (ML)
classification techniques to localize pressure application on the FMS’s surface. The experimental results demonstrate the
potential of the suggested approach to effectively detect pressure across extensive surface areas, achieving an accuracy
of approximately 87.5% or 83.7%, respectively, for identifying the presence of deformation resulting from a single fingertip
touch or from the simultaneous touch of two fingers at separate points on different zones of the FMS.

Index Terms—Mechanical sensors, pressure sensors, 3-D printing, ecoflex, electrical resistance tomography (ERT), graphene, machine

learning (ML), nanoplatelets, piezoresistive mat, polymeric foam, water soluble template.

[. INTRODUCTION

Recent advances in materials science and engineering have led
to the development of innovative materials with sensing properties,
taking advantage of the piezoresistive phenomenon [1]. In particular,
resistive pressure sensors incorporating various nanostructures, such as
graphene nanoplatelets (GNPs), graphene/nanowires, or carbon nan-
otubes [2], [3], [4], [5], have received considerable attention. Specif-
ically, porous graphene-based sponges [6], [7] have shown promise
for creating flexible and highly sensitive pressure sensors and additive
manufacturing methods are currently being explored to control foam
structure [8] to optimize performance through design.

Our letter focuses on this context, investigating the feasibility of uti-
lizing a novel 3-D printed GNP-based piezoresistive foam mat sensor
(FMS) for pressure detection, using electrical resistance tomography
(ERT) and machine learning (ML) techniques.

The use of large-area pressure sensing materials and ERT holds
promise in overcoming the limitations of conventional discrete mul-
tisensor configurations, such as installation, synchronization, data
collection and processing, limited spatial resolution, and coverage. The
combination of ERT, a noninvasive imaging technique that visualizes
the spatial resistivity variations within a medium by applying elec-
trical currents and measuring voltages at its boundaries, with sensing
material has been investigated in several areas, such as healthcare [9],
robotics [10], and structural health monitoring (SHM) [11]. Notewor-
thy works have explored the combination of ERT and nanocomposites
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for tactile sensing in soft materials [12], [13], even employing ML
techniques to solve the inverse image reconstruction problem [14],
[15]. Although these studies showcased the potential of ERT, they face
limitations related to image reconstruction techniques, computational
complexity, data interpretation, and the requirement of substantial
training data.

Our approach combines additive manufacturing, ML methods, and
GNP-based piezoresistive foam, creating a powerful synergy for effi-
cient and versatile pressure sensing suitable for various applications
and introducing several advantages. First, the adopted ML methods
avoid image reconstruction need, ensuring computational efficiency,
simplified data interpretation, and hence future streamlined system
integration. Furthermore, 3-D printing opens the path for optimizing
foams performance with customizable pore structures and versatile
pressure sensing in various scenarios. In addition, utilizing GNP-based
piezoresistive foam offers advantages in terms of uniform coating,
cost-effectiveness, ease of processing, and nontoxicity when compared
to other nanomaterials [3].

In Section II, we initially describe a new flexible and highly sensitive
foam-based sensor (FS) made of Ecoflex, a biocompatible elastomer
forming a 3-D porous structure, and GNPs that create the piezore-
sistive network on the surface of the pores. To achieve this, we used
polyvinyl alcohol (PVA), a water-soluble and eco-friendly material, as
the sacrificial template, specifically designed and fabricated through
3-D printing to control the foam’s structure and avoid stochastic pore
size distribution [6], [7]. After infiltrating GNPs, we evaluated the FS
properties through morphological and electromechanical tests. Then,
using the same fabrication process, we developed a piezoresistive FMS
for pressure detection, investigating the feasibility of using ERT in
combination with ML and a grid-like approach to localize the pressure
exerted with fingertips on the mat surface.

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. (a) 3-D printed PVA sacrificial template. (b) Ecoflex open
cell foam. (c) GNPs/Ecoflex foam. (d) Cross section of 3-D printed
PVA template with optical microscopy. (e) FE-SEM cross section of
the GNPs/Ecoflex open cell foam and a magnification of a partially
embedded GNP.

[I. MATERIALS AND METHODS

A. Fabrication

First, small cylindrical-shaped piezoresistive FS samples were fab-
ricated for characterization [see Fig. 1(c)]. The samples had an average
diameter of 10.5 mm =+ 0.12 and thickness of 6.5 mm =+ 0.10 mm. The
fabrication process is briefly described as follows.

The fabrication method involved creating a porous structure that
replicated the original sacrificial template [see Fig. 1(a)]. This was
produced using a fused filament fabrication-based 3-D printer (Da
Vinci 2.0 A Duo XYZ) equipped with two 0.4 mm nozzles. A 1.75-mm
PVA filament was employed to generate the grid structure using a
rectilinear infill pattern with 50% infill density and a 0.3 mm layer
thickness. The resulting structure is depicted in Fig. 1(d), which was
captured using an optical microscope (Nikon Eclipse LV 150).

Next, a low-viscosity, skin-safe certified silicone rubber (Ecoflex
00-20, Smooth-on, Inc.) was used to infiltrate the template under
vacuum (~313 mbar) to eliminate air bubbles and ensure complete
filling with the polymer. After curing at room temperature for 24 h,
the samples were trimmed and immersed in water to dissolve the
PVA filaments. The resulting open-cell Ecoflex foam [see Fig. 1(b)]
was then dried in an oven at 60 °C for 15 min. Subsequently, it was
infiltrated with a suspension of GNPs in ethanol through drop casting
in a vacuum chamber to facilitate solvent evaporation. The resulting
FS, with GNPs forming an electrically conductive network on the
pore surface of the Ecoflex foam, exhibited piezoresistive properties.
The morphology of the foam was investigated using field-emission
scanning electron microscopy (FE-SEM) at an accelerating voltage of
2kV. As shown in Fig. 1(e), the GNPs were partially embedded within
the elastomer, confirming the findings of Fortunato et al. [6]. By SEM
images analysis, we quantified the maximum and minimum diameters
of 100 pores, yielding average values of (409 £ 21) um and (318 £
19) pm, respectively.

Following the illustrated process steps, a larger parallelepiped-
shaped sample was fabricated to investigate the feasibility of detecting
finger touches on the surface using ERT. Pictures of the produced PVA
template, Ecoflex foam mat (FM), and 60 mm x 60 mm X 6.5 mm
GNPs/Ecoflex FMS are reported in Fig. 2.

Fig. 2. 3-D printed PVA sacrificial mat template, Ecoflex FM, and
GNPs/Ecoflex FMS.
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Fig. 3. Setup for compression and electromechanical tests. The in-
set picture shows an FS sandwiched between two aluminum parallel
electrodes.

B. Mechanical and Electromechanical Characterization

The mechanical properties of the polymeric foams were investigated
through quasi-static uniaxial compression tests using an Instron 3366
universal testing machine equipped with two platens and a 10 N load
cell (see Fig. 3). The tests were conducted up to a maximum pressure
of 30 kPa at a compression rate of 1 mm/min.

In order to investigate the piezoresistive properties, the FS sample
is sandwiched between two aluminum plates, glued with a conductive
epoxy resin. Tin coated copper wires (32 AWG) are then attached to the
aluminum plates for electrical contact (see inset image of Fig. 3). The
FS sample is subjected to a compression test while simultaneously
measuring the resistance using a two-wire volt-amperometric tech-
nique. The measurements are conducted using a Keithley 6221 dc/ac
current source and a Keithley 2182 nanovoltmeter. During the test, a
dc current with an amplitude of 10 A is injected into the FS sample
and the resistance change is evaluated by measuring the voltage across
the sample as a function of the applied load or strain.

C. Electrical Resistance Tomography

For the implementation of ERT on the FMS, we utilized an “across”
injection current method known as the opposing scheme [11]. A 10 uA
current is injected through two electrodes positioned on opposite sides
of FMS. This process is repeated for all 16 electrodes strategically
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c Y o TABLE 1. Accuracy of the Various ML Algorithms
: | out
- | board Models Accuracy (only ST) Accuracy (ST & DT)
. SVM 87.5% 81.4%
e ANN 79.2% 72.7%
. Ho KNN 83.3% 83.7%
Decision tree 45.8% 52.3%
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Fig. 5. Pressure—strain curve obtained with quasi-static compression
test. The inset figure shows the normalized conductance and the calcu-
lated sensitivity versus pressure. The shaded area refers to the typical
range of pressure exerted by a finger on the mat.

placed along the outer edge of the FMS’s bottom surface. By doing
so, we are able to measure the electric potential difference between
pairs of opposing electrodes, including those responsible for injecting
the current. This results in a total of 16 voltage measurements for
each current injection, generating a dataset of 256 voltage data points
(sampled at a rate of 40 Hz). The entire procedure is repeated multiple
times to generate a voltage values dataset suitable for training ML
algorithms. The equipment used for this setup includes a Keithley
DAQ6510 with a Matrix 7709 card, a Keithley 2450 current generator,
a D-sub to 50-pin serial cable, and a DSUB DB50 Male/Female Header
Breakout Board connected to the FMS electrodes (see Fig. 4). Remote
control of the data acquisition system is achieved through a PC with
TSP programming language, enabling the management of multiplex-
ing tasks such as current injections and voltage measurements across
electrode pairs.

[ll. RESULTS AND DISCUSSION

A. Performance of Piezoresistive Foams

Fig. 5 illustrates the pressure (P)—strain (¢) curve obtained from
the compression test of the Ecoflex foam sample. It also presents
the measured variation of the conductance G normalized to its initial
value at rest (Go) and the calculated sensitivity S = [34] - Gj' of
the FS sample. The P—¢ curve exhibits the typical three-zone pattern
observed in compressed foams: a linear elastic region (up to ~20%
strain), a quasi-plateau region, and a densification region that occurs
at strains exceeding 30%. This behavior has an impact on the foam’s
conductivity and sensitivity. The sample shows both negative and
positive piezoresistive responses across the tested pressure range,
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Fig. 6. Sketch represents the 9 FMS pressure zones and one of the
256 voltamperometric measures of the ERT procedure according to the
“across” opposing injection scheme [11]. In the shown step, current | is
applied across opposite electrodes 1 and 9, and one of the resulting
voltage AV is measured across electrodes 5 and 13.

which can be attributed to the presence of a GNP network coating the
pore walls of the foam [see Fig.1(e)]. Initially, when pressure is applied,
the pores deform and the contacts between some adjacent GNPs break,
resulting in decreased conductivity. As the pressure increases further,
the unit cell collapses more, leading to the re-establishment of contacts
between GNPs and enhancing overall conductance [6]. Notably, two
maximum sensitivity values were observed: 0.13 kPa~' at 3.9 kPa
and 0.31 kPa~! at 8.0 kPa. These findings suggest that the FMS will
demonstrate a significant positive piezoresistive sensitivity within the
pressure range 5—20 kPa (shaded region in Fig. 5) experienced during
finger touch in our specific scenario.

B. Pressure Detection With ERT and ML Techniques

The acquired ERT data are used to employ a range of ML techniques
(see Table 1) for the purpose of discerning pressure distribution on
the surface of the FMS. By subdividing the foam surface into nine
separate zones, labeled from A to I (see Fig. 6), the goal of the utilized
classification algorithms was to precisely recognize the particular
zones where deformation was induced either by the pressure of a single
finger [single touch (ST)] or by the concurrent touch of two fingers at
distinct points on different zones of the mat. In particular, in conducting
the feasibility study for multitouch capabilities, we examined eight
distinct double-touch (DT) configurations. To assess the effectiveness
of ML methods, the standard metric of accuracy was used. Voltage
data for algorithms’ training were produced experimentally during the
ERT process utilizing wooden cylinders with a diameter of 1 cm, upon
which different weights were placed, specifically of 50, 100, 150, and
200 g. This setup aimed to replicate the pressure of a fingertip and
simulate the application of various pressures on the surface of the FMS.
During the implementation in MATLAB, we fine-tuned each model’s
hyperparameters using cross validation. We also preprocessed data
and split them into training and testing sets to avoid overfitting. The
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Fig. 7. Confusion matrix with TPR and FNR percentage values for
each class. The class labeled 0 corresponds to the “no touch” sce-
nario. Classes labeled with letters from A to | represent ST cases.
Classes labeled with two letters indicate DT events, occurring in the
corresponding zones of Fig. 6.

quadratic support vector machine (SVM) excelled for ST cases (when
the ML algorithm is not trained for DT yet), accurately distinguishing
distinct zones. The K-Nearest Neighbors (KNN) algorithm emerged
as the top performer when also incorporating DT recognition. The
confusion matrix of Fig. 7 shows the KNN classifier’s performance
in each class. The percentages along the diagonal represent the true
positive rates (TPR), indicating the proportion of correctly classified
observations for each true class (recall metric). The sum of the percent-
ages along the columns, excluding the diagonal elements, represents
the false negative rate (FNR), indicating the proportion of incorrectly
classified observations for each true class.

It should be noted that when a touch occurs between two or more ad-
jacent zones, the touch position could be estimated by considering the
probability of belonging to each zone and utilizing triangulation tech-
niques. All three algorithms—SVM, artificial neural network (ANN),
and KNN—have the capability of providing probability values for this
purpose. However, employing ANN might be more advantageous due
to its direct estimation of probabilities.

IV. CONCLUSION

This research has the potential to contribute to various applications
(e.g., SHM, softrobotics, and healthcare), offering new possibilities for
precise and comprehensive touch detection, pressure monitoring, and
deformation map recognition on large surfaces. Future developments
will integrate ERT and ML techniques into sensor systems with larger
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