Pre prints.org

Article Not peer-reviewed version

Biomimetic Elastomeric Conductive
Coatings for the iCub Robotic Skin and
the Hannes Prosthetic Hand

Emilie Forestier , Nicolo Boccardo , Simeone Dussoni , Michele Canepa , Marco Maggiali, liker S. Bayer i

Posted Date: 12 September 2024
doi: 10.20944/preprints202409.1027v1

Keywords: Biobased ink; carbon nanofibers; conductive coatings; stretchable coatings

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2397595
https://sciprofiles.com/profile/1207514
https://sciprofiles.com/profile/3838523
https://sciprofiles.com/profile/946652
https://sciprofiles.com/profile/223098

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2024 d0i:10.20944/preprints202409.1027.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Biomimetic Elastomeric Conductive Coatings for the

1Cub Robotic Skin and the Hannes Prosthetic Hand

Emilie Forestier 12*, Nicolo Boccardo 34, Simeone Dussoni ', Michele Canepa 34, Marco Maggiali *
and Ilker.S Bayer >*

T iCub Tech, Istituto Italiano di Tecnologia, Via S. Quirico 19d, 16163 Genova, Italy; emilie.forestier@iit.it;
marco.maggiali@iit.it; simeone.dussoni@iit.it

2 Smart Materials, Istituto Italiano di Tecnologia, Via Morego 30, 16163 Genova, Italy; ilker.bayer@iit.it

3 Rehab Technologies, Istituto Italiano di Tecnologia, Via Morego 30, 16163 Genova, Italy: nicolo.boccardo@iit.it,
michele.canepa@iit.it

4 Open University Affiliated Research Centre at Istituto Italiano di Tecnologia (ARC@IIT), Via Morego 30, 16163 Genova,

Italy.

Correspondence: ilker.bayer@iit;;it (I.5.B); emilie.forestier@iit.it (E.F)

Abstract: A biobased and conductive ink composed of elastomeric vinyl acetate-vinyl laurate copolymer (PVAc-
VL) and carbon nanofibers (CNF) has been developed to create stretchable and flexible tactile devices (taxels) for
robotics and prosthetics applications. The ink can be sprayed onto elastomeric surfaces (Ecoflex) to produce an
electronic skin for applications such as the iCub robot and the Hannes prosthetic hand. Electron microscopy
analysis confirms good dispersion of the CNF within the ink, and the ink remains conductive even after 150
mechanical cycles of stretching up to 25% and unloading. Compression tests up to 50% deformation show a
small influence on the coating, and stretching cycles allow for rearrangement of the CNF, improving the
electrical behaviour due to mechanical energy dissipation. The measured electrical performance exhibits a
twofold increase in the R/Ro ratio, succeeded by a rapid decline (recovery), and eventually stabilizes near the
initial value, indicating enhanced electronic performance.

Keywords: Biobased ink; carbon nanofibers; conductive coatings; stretchable coatings

1. Introduction

Using a biocompatible polymer filled with conductive nanoparticles, we created a conductive
and biobased ink. The binding polymer was Poly(vinyl-acetate)-vinyl laurate (PVAc-VL, Vinnapass®),
which was created by copolymerizing vinyl acetate (VAc) and vinyl laurate (VL). The research of
Harmsen et al. suggests that VAc could be biobased from sugars by obtaining ethylene and acetic
acid [1]. According to reports, PVAc polymer is non-toxic, biodegradable, and susceptible to bio-
deterioration by fungi [2,3]. This polymer has good adhesion on several substrates such as paper,
plastic, metal foil and leather wood for example [4]. PVAc is also used in paints, printing inks,
adhesives, architectural coatings [5,6]. In contrast, VAc and VL exhibit structural similarities, and
studies have shown that VL is both biodegradable and non-toxic [6-8]. Wacker's data sheet indicates
that the molecule has an 86% bio-based carbon content [9]. PVAc-VL, a polymer that has been
approved for food and drug packaging and certified for cosmetic formulation, is commercially
available [10]. This polymer is primarily utilized as a biodegradable base for chewing gum [6,7,10].
Considering these characteristics, PVAc-VL was selected as the foundation for the conductive ink in
this study. Previous research has already explored the combination of PVAc with other materials such
as PEDOT:PSS, CNT, magnesium oxychloride cement (MOC), and polythiophene [11-13]. To ensure
an environmentally friendly process, ethyl acetate was chosen as the solvent for the ink formulation.
Ethyl acetate is recognized as an eco-friendly solvent and is commonly used in glue and nail polish
removers [14-17].
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Carbon Nanofibers (CNF) were selected as the conductive fillers due to their unique properties.
These 1D nanomaterials are composed of carbon and are organized as sp2-based and discontinuous
filaments [18,19]. The carbon atoms are arranged in crystal planes that are oriented along the axis of
the fibers [20], resulting in various shapes depending on the angle of the graphene layers that make
up the filament [18,21]. Despite having low compression strength, CNFs possess excellent
conductivity and tensile properties [18,19,22-25] due to their low density, huge surface area, clearly
defined structure, and well-defined morphology. CNFs are widely used in various industrial sectors
[18,19,24,26-29], including robotics, energy, electronics, health and life sciences, sports equipment,
and composite materials, as they are biocompatible, inexpensive, and easily combined with
hydrogels, gelatin, or other polymers and elastomers such as PDMS, PEMA, PET, PHAs, PP, PS,
PEEK, PE], liquid natural rubber, nylon, and more [18,20,23,24,26,28-41].

As they exhibit high surface area, CNF are easily subjected to agglomerate, due to Van der Waals
interactions [26,33,35,42]. Consequently, the ink protocol has been adjusted to optimize a good
dispersion of them. A dispersion by ultrasonic mixing has been chosen, as its efficiency has already
been reported [42]. The fillers dispersion in the polymer matrix is crucial to ensure valuable properties
of the coating, and the conformability of the ink on the substrates during mechanical solicitations
[32,33,42]. Indeed, the fillers architecture and the interactions fillers-matrix are governing the
mechanical behaviour of the material, and strongly influenced the percolation threshold [35,43]. The
interaction between the polymer binder and the conductive filler improves the properties of the
material when the binding energy between polymer and fibers is stronger than the cohesion energy
of the individual polymer and fibers [20,27].

The purpose of this paper is to facilitate the integration of material sciences with robotics and
prosthetics by introducing flexible devices such as tactile and strain sensors. To achieve this, we
utilized Ecoflex, a highly stretchable, biodegradable, non-toxic silicon-based material commonly
employed in the field of robotics [44-49]. By coating Ecoflex with the ink, we were able to enhance its
functionality. The utilization of silicon-based materials in medical and robotics applications has
gained significant traction in recent years due to their non-toxic nature, stretchability, flexibility, and
chemical stability [32]. These substrates were specifically designed to be affixed to the Hannes
myoelectric prosthetic hand, which serves as a treatment option for individuals with limb loss. The
Ecoflex substrates come in two distinct geometries and are intended to be inserted at three different
locations on the Hannes hand. The initial geometry under investigation consists of taxels constructed
from pyramids arranged on a rectangular base (Figure Sla). Subsequently, this geometry will be
referred to as a truncated cone. The conductive ink was applied to the flat side of the base. These
taxels were then positioned on both the palm and dorsum of the Hannes hand (Figure Sib).
Depending on the intended applications, these materials are subjected to various forms of
deformation, such as bending, stretching, and twisting. Therefore, it is necessary to have a conductive
coating that can withstand these motions while maintaining its conductivity [38]. To evaluate the
mechanical response of the Ecoflex substrate covered with the conductive layer, compression tests
were conducted on the truncated cone, and stretching tests were performed on a dog-bone sample.
It has been reported that stretchability is a crucial parameter for assessing the performance of
resistive-type strain sensors [50-52]. The interactions of the ink were characterized using FTIR, and
its degradation was analyzed through TGA. The morphology of the coating before and after these
tests was examined using SEM tests. Furthermore, Figures Slb and Slc demonstrate potential
applications of the ink, particularly in the fields of prosthetics and robotics. A testing video has been
included in the Supporting Information. The development of a custom-shaped sensing surface is a
crucial step in enhancing the interaction between robots and their environment, as well as improving
human-robot interaction. This research represents a significant milestone in advancing the interfaces
of these devices.

2. Materials and Methods
2.1. Materials
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Ethyl acetate and carbon nanofibers (CNF) were supplied by Sigma-Aldrich, Germany. The
dimensions of the fibers were of 20-200 pm of length for a diameter of 100 nm. Poly(vinyl-acetate)-
vinyl laurate copolymer (PVAc-VL; VINNAPAS® B500/40 VL) was purchased from Wacker Chemie
AG (viscosity: 8.0-12.0 mPa.s; molecular weight: 320 000 g/mol; glass transition temperature: 0 °C).
Ecoflex substrates were purchased from Ottobock.

2.2. Taxel Design

A custom-made mold using 3D printing technology was developed to create a silicone (Ecoflex)
dielectric substrate for the capacitive sensor operativity of the iCub taxels, as presented by [53]. The
substrate was carefully selected to match the surface to sensorize. The Ecoflex taxels were internally
reprocessed according to the specific application (both prosthetic and robotics) by orthotics and
prosthetics center (Centro Protesi di Vigorso di Budrio - BO). The resulting custom-made dielectric
substrate had a thickness of approximately 1.5 mm, while the truncated cone taxels had a total height
of about 3.1mm (1.5 mm socle and 1.6 mm height of the truncated cone). The circular opposed bases
measured 1.3 mm and 4 mm, respectively. The latter's position and geometry corresponded 1:1 to the
over-imposed pads of each iCub taxel, ensuring proper accommodation of the deformable truncated
cone in the selected sensing position. Figure S2 showed the process to build the taxels.

2.3. Ink Formulation and Coating Process

The polymer was dissolved in ethyl acetate (10 %wt.). In the coating, the concentration of the
carbon nanofibers was determined at 30 %wt., so the polymer represented 70 %wt. To obtain a good
dispersion of the carbon nanofibers in the ink, the protocol was divided in several steps, as it has
already been reported by other groups [54,55]. Firstly, the CNF were added in 75% of the total volume
of ethyl acetate and sonicated in an ultrasonic bath during 3h30 min at 59 kHz (Savatec, Strumenti
scientifici, LCD Series, Italy) at room temperature. Then, the polymer was cut in pieces and added to
the mixture with the last 25% of solvent. The solution was stirred with a magnetic agitator for several
days at 550 rpm and 55 °C.

The ink was sprayed with a spray gun (Paasche Airbrush, U.S.A) on the substrates from a
distance of 10 cm and with a pressure of 2.0 bar. Only one side of the sample has been covered with
the ink. Three layers were applied subsequently and between each of them, the coating was quickly
dried at 50 °C during few seconds. The coating thickness was of around 0.150 mm.

2.4. Mechanical Characterization

The tensile tests have been performed with an Instron dual column tabletop universal testing
system 3365 (USA). The dimensions of the process zone of the samples have been measured as: 25
mm of length, 4 mm of width and the thickness was of 1.5 mm, before coating. The loading path has
been conducted at a velocity of 20 mm/min up to 25 % of deformation. The unloading has been made
at the same velocity and the force has been chosen as the controlling parameter. Once the force has
reached a value close to zero, the unloading has been stopped, and the sample has been stretched
again up to 25 % with the same velocity. A total of 150 cycles of loading and unloading has been
performed.

Compression tests were performed upon 150 cycles on the same device at a rate of 5 mm/min to
a maximum compression value of 50%. A new cycle was triggered when the force reached a value
close to 0 N. The cell force was of 2 kN. The samples height was of around 1.5 mm of thickness and
the diameter of the cell was of 20 mm.

2.5. Electrical Measurements

The traction and compression tests have been coupled with an electrical measurement. For the
tensile tests, two electrodes have been positioned between the coated sample and the clamps, the
scheme of the experimental device has already been published in another paper [17]. The electrical
measurement of the compression tests on the taxels were performed with another configuration. As
the coating was applied on the flat surface, two cupper tapes were positioned on a wide glass dish,
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and the electrodes were connected to the copper tapes that were in contact with the conductive layer
of the taxels. A picture of the test was added in Figure S3c. Several taxels were compressed at the
same time.

A constant voltage of 1 V has been applied by a four-probe Keithley 2611A source meter, and
the current variation has been measured through the cycles. According to the Ohm’s law, the
resistance (R) of the sample has been calculated. Then, the resistance has been normalized by its initial
value (Ro) and reported as R/Ro. For the reproducibility, at least three different samples have been
tested for each type of solicitation. The sheet resistance of the ink has been measured with a
multimeter. To perform this measurement, the ink was sprayed on a glass substrate of 4 mm x 2.5
mm and let dried. Then, silver ink bands were drawn on the substrate with a gap of 1 cm between
them, six measurements were made on different localization on the sample. A picture of the glass
coated substrate was added in Figure S4a. In Figure S4b, the values obtained for each localization
were drawn, as well as the average value (in red) that was of 32 Q.cm™ + 3 Q.cm.

2.6. Ink Characterization

The inks have been specifically developed to be applied through a conventional airbrush
(Pressure range: 0.7 to 1.7 bar). It is worth noting that the paint industry adheres to a general guideline
suggesting that viscosity should not surpass 3-4 cps (0.004 Pa.s) to ensure optimal spraying using an
airbrush. This additional information has been included in the experimental section for further
clarity. The surface morphology of the coated samples was investigated with a JEOL microscope
(model JSM-6490LA). An acceleration voltage of 5 kV was used. Images were acquired before and
after the stretching and compression tests of the samples. FTIR spectra of PVAc-VL and of the ink
were recorded with a Bruker Vertex 70. The wave number ranged from 4000 cm! to 600 cm™ with a
resolution of 4 cm! and 32 averaging scans. ATR mode was used. Thermogravimetric analysis (TGA)
of the ink and PVAc-VL samples were carried out by using a TGA Q500 (TA Instruments, USA)
instrument. The weight of the ink was around 1.5 mg while the one of PVAc-VL was around 3 mg.
Measurements were performed placing the samples in platinum pans under inert N2 flow (50
mL/min) in a temperature range from 30 to 800 °C with a heating rate of 10 °C/min.

2.7. Electronics Test on the Skin Device

As explained previously, the device is composed of an electronic layer coupled with the
deformable dielectric and the conductive covering. We tested a planar arrangement that can be used
to cover large areas of the robot body or the prosthesis, for instance the palm, dorsum, or forearm.
We designed a preliminary test to assess the device response and compare it to the existing iCub e-
skin.

The device is mounted on a benchtop facility (Force Dimension Omega.3) together with a high
precision haptic robot (https://www.forcedimension.com/downloads/specs/specsheet-omega.3.pdf)
used to impart known forces on selected locations of the device. The electronic response is recorded,
and the signal quality is evaluated in terms of sensitivity, dynamic range and hysteresis or residual
strain. A typical data taking campaign was shown in the video in Supporting Information.

For the Omega robot we designed a custom-made indenter with size comparable to the taxel
pitch. Being a preliminary test, we focused on the raw response rather than on detailed working to
have quick feedback about the performance of the chosen materials. Figure S3b depicted the Omega
robot and the taxels.

3. Results

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

3.1. Characterization of the Ink
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Figure 1a represents the FTIR spectra of the samples (ink and PVAc-VL), while Figures 1b and
1c show the thermal stability during heating through a TGA measurement.
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Figure 1. FTIR spectrum of PVAc-VL (bottom, in black) and of the ink (top, red), (b) mass loss and (c)
derivatives of the TGA thermograms of PVAc-VL (black) and of the ink (red).

In the work of Fadda et al. [10], the typical bands of PVAc-VL have been precisely associated to
the different groups composing this copolymer. Herein, the ink vibrational bands will be analyzed
through the investigation of the presence of some shifts in the spectra in comparison with PVAc-VL.
When the ink (PVAc-VL+CNF) and PVAc-VL are compared, the localization of the bands can inform
on the constrain state of the system: if the wave number is shifted to highest values (to the left, red
shift) a highest energy is needed to allow the vibration of the groups, then they are in a more
constrained state. On the other hand, a shift towards lower wave number (to the right, blue shift) is
associated to a lower vibrational energy and can be correlated to a freer system. The main shifts
observed can be related to a decrease of the wave number for the bands belonging to the ink in
comparison with PVAc-VL. The bands affected were reported in Table 1.

Table 1. Shifted wave numbers between the ink and PVAc-VL with the associated chemical groups.

Wave number (ink) Wave number (PVAc-VL) .
Groups associated
(cm™) (cm)
1103 1109 C-O stretching vibration
1221 1227 C-O asymmetric stretching
1364 1371 CHs symmetric bending

1728 1731 C=0 stretching
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2850 2852 C-H symmetric stretching

The presence of CNF in the ink could have led to a more constrained system, as CNF could
hindered the mobility of the polymer groups. However, the wave number shifts were towards lowest
wave numbers. Then, the ink exhibited a less constrain system than the polymer, even if there is the
presence of CNF. Probably the dissolution of the polymer in the solvent during the ink preparation
has allowed to remove some groups constrain due to the processing of the polymer. Additionally, on
the ink spectra three bands, localized at 2330 cm, 2103 cm™ and 1860 cm! can be associated with the
presence of the CNF nanofillers, and were previously observed at similar wave numbers for an ink
containing PLA and graphene [17].

The thermal stability of the PVAc-VL and of the ink was depicted in Figures 1b and 1c. The first
point to notice was that the ink is free of any solvent: no volatiles releasing was noticeable on the first
plateau. Then, the stretchability of the ink will have to be related only to the system (PVAc-VL and
CNF). The degradation of PVAc-VL was happening in two main steps as reported by Fadda et al.
[10], and so as for the ink. The first peak was centred around 329 °C, and the peak was higher for
PVAc-VL, which testifies of a higher degradation rate. The second degradation peak was observed at
436 °C. At the end of the degradation process, the remaining weight percentage was the one of CNF:
all the polymer was degraded.

3.2. Surface Morphology before Compression and Stretch-Release Cycles

Combining a biocompatible and biobased polymer with conductive nanoparticles has been
reported to be an efficient way of obtaining good electrical, mechanical, and thermal properties for
composite materials with low environmental impact [26]. To observe the dispersion of the
compounds and to validate the ink formulation protocol, SEM images have been acquired, at several
magnifications, before the compression and stretching tests (Figures 2 and S5, respectively). The
incorporation of CNF into a polymer matrix was reported to be challenging [22,32], and has led to
the protocol described in the Materials and Methods section. A good connection of the CNF was
crucial to ensure a good conductivity of the coating before and during the mechanical tests.
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Figure 2. Surface morphology of the ink sprayed on the Ecoflex substrate before the compression tests.
The arrows in images (c) and (d) designate the CNFs dispersed in the polymeric matrix.

As shown in Figure 2, CNF were exhibited a cylindrical nanostructure. They appeared to be
uniformly dispersed in the polymer matrix, thanks to the ultrasonic energy, through a homogeneous
coating, as it was already reported in other works that were combining CNF with other polymers and
elastomers [28,32,33]. According to Bhawal et al. [33], there could be some voids and agglomerates in
such composite structures. The quantity of fillers added to the polymer matrix (12% at most,
according to these authors) was linked to them. The voids observed in our study were due to fillers
that were added with a concentration of 30%. A mixture of TPU/HIPS made by Cataldi et al. was
given this CNF concentration, but the authors failed to mention any of them [38]. However, in their
work some voids were seen for a percentage of 30% of GnPs.

Having a large number of fillers has two competitive effects, according to Bhawal et al. [33]. On
the one hand, a large number of them contributed to the formation of a dense network and the
transport of electrons, ensuring good conductivity. But, on the other hand, despite the assistance of
ultrasonic energy, they tended to stack together due to van der Waals energy [33]. In our experiments,
mixing at 55 °C appeared to aid in their dispersion. As a result, CNF were able to create a continuous
network of interconnected conductive fillers in the polymer matrix. There was some roughness
visible, but no cracks or brittle fractures were visible. The SEM images of Figure 2 and Figure S5
appeared to be similar, which is the signature of a reproducible ink.

3.3. Electrical Response under Mechanical Testing

The Mullins effect, which can occur in elastomers during stretching and compression, is
characterized by a softening of stress and a decrease in strain recovery after cycles [56-58]. This
phenomenon indicates that the initial loading path is not fully recovered, providing evidence for the
existence of pseudo-elasticity [59]. Previous research has observed the Mullins effect in coated
materials [17], suggesting that the mechanical energy released during testing leads to microstructural
changes in the coating. These changes facilitate a better connection between conductive fillers,
resulting in improved electron transport. In subsequent mechanical tests, the Mullins effect was
observed due to the elastomeric substrates. However, further discussion on this topic will not be
provided in this study. In this work, two different types of tests were conducted on the Ecoflex
substrate covered by the ink. Compression tests were performed to analyze the mechanical behavior
of the taxels located in the palm and dorsum of the Hannes hand, while stretching tests were
conducted to assess the stretchability and conformity of the ink. In the case of both experiments, a
total of 150 cycles were conducted to assess the mechanical properties of the substrates. The detailed
results of these tests can be found in the Supporting Information, specifically in Figures S6a and S6b,
which illustrate the behavior of the substrates during compression and stretch-release cycles,
respectively. Additionally, Figure S7 provides a visual representation of the 150 compression cycles
applied to the taxels. Furthermore, Figure S8a presents the stress/strain curves observed during
stretching, while Figure S8b displays the evolution of strain over time.

3.3.1. Compression Cycles

During the compression cycles, the taxels underwent a deformation of up to 50%, and the
corresponding electrical signal was recorded simultaneously. The mechanical cycles were illustrated
in Figure 3a, while the overall compression strain evolution was depicted in Figure 3b. The high
reproducibility of the signal was demonstrated in an insert. For the sake of clarity, only the cycles
with visible mechanical changes were presented in the main body of the paper (Figure 3a). The
electrical response during the solicitation was further analyzed and presented in several figures
(Figures 4a to 4f) to facilitate comprehension.
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The taxels exhibited a similar response during the compression tests, despite the fact that the
loading and unloading paths were not overlapped. This observation was further supported by the
consistent and reproducible evolution of strain over time throughout the test. The most significant
disparity between the loading and unloading paths was observed in the initial cycle, but this
difference gradually decreased with subsequent cycles. These findings suggest that the compression
tests had no noticeable impact on the taxels. Additionally, the recovery strain experienced a slight
increase over the cycles as the stress decreased by a few kPa. The mechanical behavior of the non-
coated taxels (Figure S6a) closely resembled that of the coated taxels (Figure 3a). This similarity can
be attributed to the conductive layer being sprayed on the bottom of the taxels, causing compression
of the truncated cones first, followed by the base, before reaching the conductive layer in the case of
the coated sample.

As a result, the mechanical behaviour of both materials is primarily that of Ecoflex. The force
measured for the non-coated taxels (Figure S6a) appeared to be slightly higher than the force
measured for the coated sample. One explanation could be that the conductive layer (made of a highly
deformable elastomer, PVAc-VL) was acting like a protective layer that wasn’t submitted to a lot of
deformation and that was absorbing it, while for the sample without coating the deformation reached
probably faster the support of the experiment, increasing the strength. During the test, the taxels were
compressed resulting in a decrease in the R/RO0 ratio (as depicted in Figure 4a). However, during the
release, the ratio increased indicating that electron transport was facilitated during the compression
step. The amplitude of the electrical behavior was divided by 5 between the first and second cycles.
From the second cycle onwards, the electrical behavior decreased and oscillated between 0.020 and
0.015, which corresponded to a reduction of 50 to 70 times. The signal had a triangular shape and was
highly reproducible. Despite the coating not being in direct contact with the cell during the cycles,
the variation of the R/R0 ratio indicated that the coating was slightly impacted by this solicitation as
the cell was initially compressing the truncated cones. The SEM images of the coating after the
compressive tests have been reported thereafter in the paper core (Figure 6).

3.3.2. Stretching

The mechanical behaviour of the stretching test was reported in Figure 5a, while its associated
electrical answer was shown in Figure 5b. As for the compression tests, only the cycles where changes
were noticeable have been represented.
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Figure 5. (a) Stress/strain curves during stretching and (b) associated electrical evolution.

During stretch-release cycles, the mechanical response of the coated Ecoflex substrate changed
progressively. The recovery after the first cycle was around 12%, which was half of the total imposed
strain. The strain recovery then decreased gradually, reaching 18% at the end of the 150 cycles. At the
same time, the maximum stress was decreasing, as was the loop area. It means that the cycles
dissipated less mechanical energy. The strain recovery for the coated sample was lower when
compared to the pristine sample (Figure S6b): from 12% to 18% for the coated sample and from 8%
to 12% for the pristine one. Moreover, the mechanical response of the pristine sample was not
changing from the 8 cycle, while changes were more progressive for the coated sample. The tensile
stress of the coated sample (Figure 5a) was twice higher than the one of the pristine (Figure Séb).
Additionally, the tensile stress of the coated sample was decreasing more than the one of the pristine
substrate. This higher rigidity was mainly due to the presence of the CNF in the coating, as PVAc-VL
is a highly stretchable polymer. Then, cycles after cycles the tensile stress decreased as the mechanical
energy dissipated by the substrate allowed microstructural changes to occur within the coating. These
microstructural changes were responsible of better connection between the CNF and an easier
transport of the electron. This observation has already been reported in other works [17,28], and
explained the electrical behaviour observed. Indeed, the first stretching was the most damaging one,
as the R/Ro ratio is increasing of 2.4 times. Nevertheless, cycles after cycles the R/Ro ratio was
decreasing as mechanical energy was dissipated. The same electrical behaviour was observed in the
work of Yaragalla et al. [28]. However, the electrical signal exhibited a high level of consistency and
had a triangular shape. An insignificant elevation was detected while unloading, likely attributed to
the reorganization of the stretched and unloaded CNF during the testing process.

3.3.3. Surface Micro-Morphology of the Coating after Mechanical Solicitation

The surface morphology of the coated samples after the compression cycles (Figure 6) and the
stretching ones (Figure 7) were added. These images must be compared with those reported before
compression (Figure 2) and stretching (Figure S5).
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Figure 7. SEM images after the stretching cycles at several magnifications. White arrows in c) and d)
designate CNFs dispersed in the polymeric matrix.

The coating remained conformal after both tests. During compression tests, no cracks were
developed, and the CNFs were still in contact. There were no discernible differences between Figures


https://doi.org/10.20944/preprints202409.1027.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2024 d0i:10.20944/preprints202409.1027.v1

12

2 and 6. According to Figure 3 and the loop shape, not much mechanical energy was dissipated
during compression tests. As a result, the electrical changes were minimal, and there were only a few
CNF rearrangements within the coating. Some voids remain after compression, but the CNFs were
still connected, as shown in Figure 6d. These void connections were observed after stretching a
coating composed of natural rubber and CNF and sprayed on nitrile rubber [28]. CNF tended to
remain connected probably due to their geometry and Van der Waals interactions.

On the images acquired after the stretching (Figure 7), some changes were noticeable in
comparison with the images obtained before stretching (Figure S5). Few cracks seemed to exist, but
they were not impacting the conductivity, as the electrical response was getting better cycles after
cycles (Figure 5b). In general, however, the coatings seemed to be smoother, which could be due to
the microstructural rearrangement triggered by the mechanical energy dissipated by the substrate.
Upon stretching, the area of the loop was much higher than the one of the compression tests and
testified that mechanical energy was released and had allowed microstructural changes. As it has
been reported in the work of Cataldi and al. [38], after stretching the CNF tended to be oriented less
randomly. It appeared to be observable in this work after the strain/stress cycles too, as stretching
and unloading were made in the same direction and have aligned the fibers. On the contrary, after
compression, the CNF didn’t seem to have been oriented in a certain direction.

3.4. Applications

Hannes' hand contains one of the applications for the presented ink. This prosthetic hand offers
biomimetic properties similar to a human hand, including accurate anthropomorphism and human-
like grasping behaviour, with the goal of improving patient and social acceptance [60]. It has been
designed to be as close to a non-amputee's hand as possible by carefully considering the forms,
movements, and orientation of the wrist rotation axes and hand posture [61]. However, no sensing
capabilities have been embedded on this medical device at the current development stage, despite
the fact that these are critical aspects, as highlighted in [62]. Additionally, another application can
be proposed for the iCub humanoid robot, whose size is similar to a young child, and is extensively
covered with an electronics skin to enable touch sensing, both on parts of the body (arms, limbs, and
chest) and on his hands equipped with sensorial palm and fingertips. The iCub robot can learn and
interact with its environment.

Therefore, the skin patches for both the applications, covered with the proposed conductive ink,
can be placed on a PCB with taxels patterned on it. In this way, an array of variable capacitors is
formed. By pressing the capacitors, the dielectric is deformed and a capacitance variation between
the electrodes builds up: the capacitance changes proportionally to the applied force. We measured
the capacitance variation through cycles of increasing and decreasing force applied by means of a
haptic device controlled with force feedback [63]. Testing video was added in Supporting
Information. The measurement results were shown in Figure 8.
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listed as: (a) Description of what is contained in the first panel; (b) Description of what is contained
in the second panel. Figures should be placed in the main text near to the first time they are cited.

The response of the device we developed was competitive with the standard one that was based
on a well-established technological process and can be easily scaled up. Our process promises to be
easily scalable also, with an interesting advantage in functionalizing small surfaces like the fingertips
or the hand. A more precise characterization was under way on different geometries and will be
presented in a following work.

4. Conclusions
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An ink formulation was developed using a straightforward procedure and consisted of a
biocompatible and biobased copolymer (PVAc-VL) along with conductive nanofillers known as CNF.
In accordance with the established protocol, the CNF particles were evenly dispersed within the
polymer matrix, resulting in a uniform and conductive coating. Through FTIR analysis, it was
observed that certain functional groups within the ink exhibited less restriction compared to those
present in the polymer. This disparity could be attributed to the use of a solvent during the ink
formulation process, which potentially alleviated some processing limitations. Notably, the
degradation rate of the polymer was found to be faster than that of the ink. During testing, no solvent
was detected in the ink, indicating that its favorable mechanical properties were primarily attributed
to the elastomeric behavior of PVAc-VL and its deformability. Furthermore, the CNF fillers
demonstrated stretchability. The conductive ink was successfully applied to various flat substrates to
create resistive strain sensors. These sensor samples underwent a series of tests and consistently
maintained their conductivity and conformal nature. The R/RO0 ratio, which represents the change in
resistance relative to the initial resistance, exhibited a gradual decrease with each cycle, particularly
after stretching. This phenomenon indicated an improved connection between the CNF particles due
to mechanical strain. Additionally, an electronics skin was developed and evaluated for prosthetic
and robotics applications. The results demonstrated the device's robustness and responsiveness,
affirming its full functionality.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: title; Table S1: title; Video SI: title.
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