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SUMMARY

The ability to detect external stimuli and perceive the surrounding areas represents
a key feature of modern soft robotic systems, used for exploration of harsh environments.
Although people have developed various types of biomimetic soft robots, no integrated-
sensor system is available to provide feedback locomotion. Here, a stretchable
nanocomposite strain sensor with integrated wireless electronics to provide a feedback-
loop locomotion of a soft robotic earthworm is presented. The ultrathin and soft strain
sensor based on a carbon nanomaterial and a low-modulus silicone elastomer allows for a
seamless integration with the body of the soft robot, accommodating large strains derived
from bending, stretching, and physical interactions with obstacles. A scalable, cost-
effective, screen-printing method manufactures an array of strain sensors that are
conductive and stretchable over 100% with a gauge factor over 38. An array of stretchable
nanomembrane interconnectors enables a reliable connection between soft strain sensors
and wireless electronics, while tolerating the robot’s multi-modal movements. A set of
computational and experimental studies of soft materials, stretchable mechanics, and
hybrid packaging provides key design factors for a reliable, nanocomposite sensor system.
The miniaturized wireless circuit, embedded in the robot joint, offers a real-time
monitoring of strain changes on the earthworm skin. Collectively, the soft sensor system
shows a great potential to be integrated with other flexible, stretchable electronics for

applications in soft robotics, wearable devices, and human-machine interfaces.



CHAPTER 1. INTRODUCTION

The field of robotics has seen an increasing interest among the scientific community
due to combined advances in the field of materials science, physics and electronics that are
now able to give these robots unprecedented capabilities. Robots are not only able to
complete duties more precisely and at a faster pace, but they are also becoming capable of
performing tasks that humans can’t accomplish. Based on the domain of operation,
manufacturers decide to give these robots specific properties. Those that should repeat
commands precisely at a high speed usually possess rigid components for reliability and
necessary strength. Conversely, a more recent field branch of this field, soft robotics,
focuses on the realization of complex robotic systems inspired from the biological world.
In fact, both humans and animals possess an overall soft body where the rigid component

is only limited to the skeleton [1].

Studying animals performing their daily tasks provided the necessary foundation to
biomimetic manufacturing of robots. Many examples can be found in literature of robots
capable of swimming [2-4], rolling [5, 6] jumping [7-10], grasping [11-13], crawling [11,
14] and performing basic locomotion [15-22]. A wide variety of animals, such as
jellyfishes [4], fishes [2], octopuses [11], frogs [10], salamanders [22], snakes [23], rabbits
[24], insects [9], caterpillars [14, 16] and earthworms [18, 20, 21, 25, 26] has inspired the
design and fabrication of bio-inspired robots. Among these, the study of earthworms’
locomotion has attracted great interest due to potential applications in environmental

exploration [27].



The fundamental principle at the basis of locomotion of every animal is the ability to
perceive both the encumbrance of its body (proprioception) and the external environment
(exteroception) [28]. Rigid robots made of non-deformable materials are facilitated in
proprioception because their movements are regulated by mechanical joints with limited
degrees of freedom. Conversely, this becomes more challenging for soft robots that have
deformable bodies and consequently possess a substantially higher number, almost infinite,
of degrees of freedom. In order to make robots capable of such perception, they need to be
equipped with sensors that can emulate physical sensations felt by humans and animals.
Many sensing technologies are employed when fabricating such sensors: the most
commonly employed are resistive [29-32] and piezoresistive sensors [33-36], capacitive
sensors [37, 38] and optical sensors [39-41]. There are also plenty of choices in the nature
of the sensing component that can be a liquid metal [29], a conductive nanocomposite [33-
35, 37, 42], a nanomaterial (AgNWs [43], CNTs [29] and graphene [44]), a ionic liquid
[30, 31], an optical fiber [40, 41] or conductive yarn/fabric [32, 36, 38]. These sensors must
fulfill requirements of elasticity and durability to be suitable for integration on the body of
a soft robot. For such reason most of the strain and tactile sensors are realized on either
elastomeric (i.e. Ecoflex, Dragonskin, PDMS) or rubber substrates. Many sensors have
been developed that are capable of quantifying stress, strain and pressure, however being
able to integrate all these functions at the same time still remains a challenge for many

research groups [45].

This study reports the design and development of a highly stretchable nanocomposite
strain sensor with dedicated electronic system, integrated on the body of soft robotic

earthworm, for feedback-loop locomotion. The robot acquires proprioception and



exteroception abilities thanks to the high sensitivity of the strain sensor (GF > 38), that is
therefore used to sense the surrounding environment and guide its locomotion. The overall
system is robust and compliant with the robot movements, as both the strain sensor and the
stretchable connectors employed for data transfer are embedded in an outer layer of
silicone. The portable circuit board (PCB) that enables collection, processing and real time
wireless transfer of data, is allocated in a customized 3D-printed case inside the rigid
segments of the worm, therefore isolated from any type of external stress. The excellent
performance of the sensor in terms of stretchability, sensitivity and consistency over time,
makes it an interesting candidate for applications in robotics, especially for environmental

exploration.

1.1 Object of the Study

The goal of this study is to realize a strain sensor and electronic system to monitor the
locomotion of a soft robotic earthworm. The fabrication of the sensor by a low-cost high-
throughput technique is followed by the assembly of a dedicated printed circuit board
(PCB) and seamless integration of the system on the robot body. The specific objectives of

the study are listed below:

e Fabricate a highly sensitive strain sensor able to accommodate large strains, up to
100%, without loss in performance

e Propose a method to fabricate such sensors with a high throughput low-cost
technique, maintaining consistency in the fabrication outcome between different

Sensors



e Demonstrate the integration of the sensor on the robotic system and the successful

achievement of its function to monitor the robot locomotion wirelessly.

1.2 Thesis Outline

Chapter 2 presents preliminary information regarding the conductive material
employed to give the sensing capability to the sensor, carbon nanotubes. An explanation
of the strain sensing mechanism is provided, along with an overview of different
applications of these sensors. Moreover, performance parameters are introduced, that are
fundamental when comparing different strain sensors and assess their suitability for a
specific application. The last part of Chapter 2 is used to explain the concept of fractal
designs and, particularly, of Peano curves, geometrical patterns employed in the fabrication

of the sensors and key factor in achieving high stretchability of the device.

In Chapter 3, the materials used in the study are presented, with a focus on both the
conductive component and the substrate, whose combination guarantees to have a highly
sensitive and highly stretchable device. The characterization techniques employed in the
study are also reported. One part of Chapter 3 is dedicated to the fabrication method, that
is explained in detail and compared to other fabrication techniques providing fundamental

reasoning to choose such technique instead of others available.

In the first part of Chapter 4, the design and fabrication of the strain sensor are
reported. Starting from the motivation explained in Chapter 2 to use space-filling curves, a
thorough explanation of how the geometry of the pattern determine the ultimate
stretchability of the conductive trace is provided, that is a key factor of this study. The last

part of Chapter 4 focuses instead on the printed circuit board design and the integration of



the sensor with such board. Explanations are provided, where required, for the use of some
components in assembling the circuit and a particular attention is reserved to the stretchable
connectors used to link the sensor and the PCB, being that one of the challenges

encountered in the study.

Chapter 5 addresses the integration of our electronic system on the soft robotic
earthworm whose locomotion is subject of the study. The positioning of the sensors on the
segments of the robot is explained and reasoning for these choices is provided. An
overview of the locomotion mechanism is presented and ultimately the results of the

successful monitoring of this locomotion using a mobile device are provided.

Lastly, Chapter 6 is used for discussion and summary of the experimental findings
relative to the study. Possible use cases for such technology are addressed along with

insights on future work that could improve the system described in this thesis.



CHAPTER 2. LITERATURE REVIEW

2.1 Carbon Nanotubes

Carbon allotropes manifests substantially different properties depending on how the
atoms of carbon are bonded together. Graphite and diamond are without any doubt the most
renowned among them [46]. However, the serendipitous discovery made by Kroto et al.
[47] in 1985 of a stable structure consisting of a cluster of 60 atoms of carbon, renamed
Buckminsterfullerene, arose an increasing interest regarding the synthesis of newer carbon
allotropes. As a result of this effort, new structures were discovered following the
Buckminsterfullerene. lijimain 1991 [47] first reported the discovery of carbon nanotubes,
while later in 2004 it was the turn of Novoselov et al., that described the discovery of few
atoms thick graphitic layers that acquired the name of graphene [48].

Carbon nanotubes can practically be seen as elongated fullerenes, creating a
cylindrical structure where the length is notably greater than the diameter, conferring
peculiar properties to this structure. The body of the fullerene is made of a sheet of
graphene that is rolled forming an open tube. This tube is then closed at its ends by two

pieces of fullerenes completing the cylindrical structure proper of carbon nanotubes [49].
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Figure 1 Tubular structure of a carbon nanotube [49]

Carbon nanotubes possess another peculiar geometrical property: helicity. The way
the graphene sheet gets folded to form an open nanotube determines the helical structure.
This discovery was revealing as the helical parameters and the diameter of the tube were
found to be determinant for the final properties of the nanotubes. A graphene sheet can be
rolled up into a cylinder only if the conditions deriving from the Bravais lattice vectors are

satisfied.

Figure 2 Indexing scheme of a planar graphene sheet [49]

Figure 2 shows the indexing scheme that determines the helicity of the carbon
nanotube after the folding process. Depending on the folding direction a carbon nanotube
can be classified as:

- Armchair: nanotube axis normal to the 30° direction



- Zigzag: nanotube axis normal to the 0° direction
- Chiral: nanotube axis normal to a direction with angle comprised between 0 and

30°

A schematic model of an armchair (), zigzag (b) and chiral (c) nanotube is reported

in Figure 3 below.
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Figure 3 Graphical representation of carbon nanotubes with different helical parameters
[50]

Apart from the intrinsic geometry of a single carbon nanotube, nanotubes exist in three
main varieties depending on the number of walls they possess. Multiwalled carbon
nanotubes consist of concentric carbon nanotubes each one spaced by a distance that is
slightly larger compared to that of graphene sheets (0.335 nm), due to geometric constraints
[51]. Double-walled carbon nanotubes are a type of coaxial nanostructure where two
carbon nanotubes are nested. Even if they belong to the family of multiwalled carbon
nanotubes, they are normally considered as a category themselves due to their unique
properties. Finally, single-walled carbon nanotubes are the most simple and pristine

structure of this kind of materials.



2.1.1 Mechanical Properties

Carbon nanotubes possess mechanical properties that make them particularly
interesting for many applications. The intrinsic strength of these nanostructures derives in
first place from the C-C planar covalent bond, among the strongest in nature. It is important,
however, to differentiate between the properties of a single-walled carbon nanotube
(SWCNT) and a multi-walled carbon nanotube (MWCNT), as in many cases they do not
coincide precisely. Such slight differences could play a major role in applications where
high accuracy is required and attention is given to minimum details, reason for the
importance of this differentiation. Many studies have investigated the matter either by
theoretical predictions or experimental measurements, or a combination of both [52]. Yu
et al. investigated the response of both SWCNT [53] and MWCNT [54] to a tensile test,
reporting differences between the two, as anticipated. SWCNT were found to have a Young
modulus ranging from 320 to 1470 GPa while MWCNT showed notably lower values,
from 270 to 950 GPa. The stress-strain curves for both SWCNT and MWCNT are reported

in Figure 4.
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Figure 4 Stress-strain curves for SWCNT (left) and MWCNT (right) under tensile load
[54]



Although exceptional in terms of tensile strength their behavior is far from being
optimal when they undergo compression. Having a length | considerably greater than their
diameter d makes them a high-aspect ratio material. This high-aspect ratio and the peculiar
hollow structure provide reasoning for such a poor performance in compression. In fact,
when subjected to compression, torsion or bending they undergo buckling, resulting in
deformations in the atomic structure of the nanotube that are not recoverable. VValues of the
Young’s modulus for both SWCNT and MWCNT have been obtained by means of Raman
spectroscopy in previous studies. Lourie and Wagner [55] reported values of 2.8-3.6 TPa
for SWCNT and 1.7-2.4 TPa for MWCNT showing an incredible resistance to being
deformed elastically. The difference between the values obtained for SWCNT and
MWCNT can be attributed to the interaction between nested nanotubes, creating shear

stress on their surface, consequently reducing the overall strength.

2.1.2 Electrical Properties

Motivated by an increasing interest for the use of carbon nanotubes for electronic
applications, many studies have focused on investigating the intrinsic electrical properties
of a single nanotube. A study conducted by Thio et al. first reported how both the helicity
of the structure and the diameter of the tubule were responsible for the metallic or
semiconducting nature of the nanotube. However, due to the challenges encountered in
experimental measurements, it was only possible to report how in a bundle of nanotubes

usually a fraction of those are metallic and another part are semiconducting [56].

While the differences in mechanical behavior of CNTs can be attributed to their

variants (MWCNT or SWCNT), the electrical properties are mainly directly determined by

10



their structure: armchair, zigzag and chiral all conduct electricity differently [50].
Specifically, in order to be considered conductive the structure of a carbon nanotubes must

fulfil Equation 1:

2n+m = 3q (1)

where g must be an integer. Armchair configurations always satisfy this condition and thus
have a metallic behavior, while zigzag and chiral can be either metallic or semiconductors

(Figure 5).

Armchair

‘ LT kszf)l

Figure 5 Quantization lines for each helical configuration [57]

The degree of conductivity of these nanotubes derives from their geometrical
dimensions as well, as the semiconducting band gap has been proven to be proportional to

the reciprocal of the diameter 1/d [58].

11



Figure 6 Primary band gap behavior with increasing nanotube radius [58]

Interesting is that nanotubes possessing different degree of conductivity are stable
when paired together. As a result, it was possible to realize an electronic shielded wire
created by concentric nanotubes with the inner cylinder being metallic and the outer being

semiconductor (insulating) [59].

2.1.3 Electromechanical Properties

The almost infinite possibilities enabled by the combination of different tubule
diameters and helical structures gave birth to a wide range of available gap sizes, allowing
to control the semiconducting properties of carbon nanotubes. As a result, many research
groups have investigated into the electromechanical properties of these nanostructures.
Tension, torsion and bending have been applied to CNTs possessing different chirality [54,
60-63]. Other groups have simulated these interactions using either tight binding (TB)

methods or density functional theory (DFT) [64].

The conductivity of metallic CNTs is hindered by strain at the point of reaching a value
near zero before fracture. On the other hand, the semiconducting behavior is maintained

independently of the strain applied [65]. A change in band gap, resulting from an applied

12



strain, lead to a change in the electrical resistance of the carbon nanotube. This peculiar
behavior of CNTs have made them a promising candidate for the fabrication of

nanocomposite strain sensors.

2.2 Strain Sensors

Strain sensors are those devices used to measure deformations or sense pressure. They
respond to mechanical deformations with a variation of resistance or capacitance, which
produces an electrical signal as output. By analysis of this electrical signal, it is possible to

quantify the amount of strain the sensor has undergone or estimate the applied pressure.

The nature of strain sensors changes deeply, as their application is substantially
different. Piezoceramic (PZT) and piezofilm (PVDF) sensors, for instance, are mainly
employed in smart structural systems and they leverage the intrinsic piezoelectric nature of
some materials to function as sensors [66]. Fiber Bragg grating sensors are used in optical
systems and they detect small wavelength shifts associated with strain and quantify these
deformations. However, they require sophisticated equipment to be able to accurately
detect these small spectral displacements, reason for which their application is limited [67,
68]. Raman strain rosettes exploits the Raman properties of some nanomaterials (e.g.
CNTSs) to measure micro-strains. These sensors are limited in terms of the extent of
measurable strain, and, as it is the case for Fiber Bragg grating sensors, they require

sophisticated equipment [69].

Although many other types of strain sensors exist, tailored for specific applications,
the most common ones are resistive-type and capacitive-type strain sensors. Their

widespread adoption arises from the simplicity of the detecting system., the ease of

13



fabrication and an overall good dynamic performance. Moreover, these sensors are
extremely flexible in terms of their application. Resistive-type sensors are based on flexible
(or stretchable, depending or the requirements) substrates, where a conductive trace change
its resistance when undergoing deformation. As it will be explained in more detail after,
many are the causes underlying this change in resistance. Capacitive-type sensors, on the
other hand, are based on a triple-layered structure where two electrodes are placed on
opposite sides of a dielectric layer. As a result of tensile strain, these two electrodes come

closer, causing a change in the capacitance of the sensor.
2.2.1 Fabrication Techniques

Strain sensors work in different ways depending on the fabrication process and the
type of conductive material employed as sensing component. Recent advancements made
in printing technologies created a plethora of different opportunities to realize such sensor.
Research groups have fabricated strain sensor using screen printing [70], inkjet printing
[71], aerosol jet printing [72], 3D-printing [73], coaxial printing [74], electrohydrodynamic

(EHD) printing [75] and transfer printing [76].

. -
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Figure 7 EHD (left) [75], inkjet (middle) [77] and transfer printing (right) [78]

techniques
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However, this list does not aim to be comprehensive as customized printing techniques
are always permitted, allowing potentially unlimited choices of fabrication methods.
Another fabrication technique that has been widely used to realize strain sensors is spray

coating [79, 80] due to its low-cost and compatibility with many inks.

= Ink reserve
‘ rd
Spray gun
Gas \ 4

\
|

Spray plume

Substrate

Figure 8 Spray coating process [81]

Other methods include filtration [82, 83] chemical synthesis [84] and chemical vapor

deposition [85].

2.2.2 Strain Sensing Mechanism

Traditional strain gauges rely primarily on geometrical and piezoelectric effects to
display their strain sensing capabilities. In the strain sensing behavior of nanocomposite
devices, instead, many more factors are involved, such as disconnection, crack propagation
and tunneling effect. Some of these are characteristic of specific nanomaterials while other
can be considered as more general. For instance, the tunneling effect has proved to be the
most relevant effect in the strain sensing mechanism of carbon nanotubes-polymer

composites [58, 86-89].

As discussed before, strain sensors deeply differ in form, materials, sensing

mechanism and application. Hereafter an exploration on resistive-type and capacitive-type

15



nanocomposite strain sensors is offered. However, the general principles of the strain
sensing mechanism, geometrical and piezoresistive effect, also apply on other type of
sensors. This mechanism follows two different rules depending on the nature of the sensor,

resistive or capacitive.

For resistive sensors, an elongation on the x-direction causes a transverse strain
perpendicular to the direction of the tensile stress. This behavior is regulated by the Poisson
ratio v, an intrinsic property of the material. Isotropic linear elastic materials possess a
value of v between -1.0 and 0.5 [90]. As a result, depending on the specific Poisson ratio
of the substrate, dominating the mechanical deformation of the strain sensor, the length |
and cross-sectional area A increases or decreases. The resistance of a conductor can be

calculated using Equation 2:

R="= (2)

where p is the electrical resistivity. It is then evident how the resistance of the device

increases with increasing length and decreasing cross-section.

Capacitive-type sensors comprises a dielectric layer sandwiched between two
electrodes (or plates). A capacitor with two parallel electrodes with dimensions | (length)
and w (width) at a distance d is taken as reference. The distance between the plates
corresponds to the thickness of the dielectric layer. The constants &, and &, represent the

values of permittivity of the vacuum and the dielectric layer, respectively. It is possible to

16



show how the thickness of the layer determines the value of the capacitance C using

Equation 3:

[
C = gy&, % (3)

In fact, as the sensor undergoes tensile stress, the thickness of the dielectric layer decreases,
leading to an increase of the value of capacitance C. Moreover, if we consider the Poisson’s
ratio of the electrodes and the dielectric layer to be equal, that is justified by the minor
effect of the conductive material in nanocomposite sensors, it is possible to relate the

change in capacitance directly to the applied strain, following Equation 4:
C=00+ &)C, 4)

However, this relation holds true only for a limited amount of strain, after which the linear

relation between axial and transverse strain is lost [91].

Piezoelectric materials produce an electrical signal when undergoing deformation. In
a similar fashion, piezoresistive materials change their intrinsic resistance once stretched.

In this case the equation controlling the piezoresistive effect is Equation 5:

S+ 2ne+ 2 5
R = v)e ) (5)

where the first term can be attributed to geometrical effects while the second represents the

change the intrinsic piezoresistivity of the material. Piezoresistivity in nanocomposite

17



strain sensors however has been largely reported as contributing only marginally to the
strain sensing mechanism of these devices as the nanomaterials frequently have a weak

bonding to the polymer matrix [58, 92, 93].

The main reason for the substantial changes in the electrical resistance of a strain
sensing device must be attributed to the continuity of the conductive pathway. Cracks or,
more generally, disconnection points in this conductive pathway lead to a dramatic increase
in the resistance. As stressed before, there are some mechanisms in nanomaterial-based

strain sensors that are critical factors in determining the conductivity of this pathway.

To identify which mechanisms are more relevant than others, it is important to specify
the nature of stretchable strain sensors based on flexible conductive polymer composites.

This category of devices can be divided into three subcategories:

e Filled-type
e Sandwich-type

e Adsorption-type

Filled-type nanocomposites see a dispersion of conductive materials into a stretchable
polymer matrix. Major requirement in the fabrication of such devices is a high loading of
these conductive nanomaterials. This is due to the necessity to form a conductive pathway
that gives the sensing ability to the device. This electrical conductivity is highly dependent
on the concentration of conductive material. Specifically, there is a value called percolation
threshold which needs to be reached in order to form the conductive pathway [94]. Huang
proposed a relation that could be used to estimate such value [95] that is reported hereafter

in Equation 6:

18



o X (X_ Xc)t (6)

where o is the electrical conductivity, t is a critical exponent related to the conductive
network dimensions, y is the mass fraction of conductive material and y.. is the percolation

threshold.

As the fabrication cost of strain sensors highly depends on this threshold, many
research groups have tried to lower this value. Costa et al. [96] for example, employed the
use of surfactants to enhance the dispersion of CNTSs, as their conductivity is mostly limited
by the formation of CNT bundles, or agglomerates. Other groups tried to mix nanomaterials
with different dimensions in order to exploit the complementarity of their structures
(CNT/carbon black [97] and CNT/graphene [98]), achieving successful results when
embedding them into a PDMS polymer matrix. Surface modification of conductive
nanomaterials could also increase the electrical conductivity of the pathway improving
their dispersion in the polymer matrix. However, in some cases, these modifications could

also degrade the intrinsic conductivity of the nanomaterials.

Sandwich-type nanocomposites consist of a conductive layer trapped between two
layers of polymer matrix. These sensors possess a shortcoming compared to the filled-type
nanocomposites, as it is difficult to control the deposition of the conductive layer, in terms

of homogeneity and density. In turn, they possess a higher sensitivity and lower hysteresis.

Lastly, adsorption-type nanocomposites rely on transfer or deposition of a layer of
conductive material, which creates a coating stacked on top of the polymer substrate. In

this case a good adhesion between these layers is essential for the stability of the sensor
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after repeated stretching cycles. Surface modification of the polymer layer usually facilitate
this adhesion. Silane coupling agents (SCA) are widely employed to modify the surface as
they improve adhesion or dispersion of the conductive materials. As in the case of
sandwich-type nanocomposites, the difficulty of the fabrication process relies on the
precise control of the deposition of the conductive component, which is critical to ensure

reproducibility and stability of the sensor.

In contrast with traditional strain gauges, where geometrical and piezoresistive effects
are dominating, in nanocomposite strain sensors other factors have a bigger impact on the
sensing behavior, specifically disconnection mechanism, crack propagation and tunneling
effect. When a percolation network is formed, creating a conductive pathway in the sensor,
electrons can flow along this path when nanomaterials overlap. However, when the sensor
is stretched these nanomaterials slide away from each other reducing the conductivity of
such path. As a result of this increased distance between materials and reduced overlapping,
the resistivity of the device increases. This disconnection mechanism is further worsened

when there is a weak adhesion between the conductive material and the polymer matrix.

Crack propagation can be considered an influential mechanism in sandwich-type and
adsorption-type strain sensors mainly, as the filled-type composite sensors does not have a
coated, deposited, or transferred conductive trace where cracks can propagate, but rather a
nanomaterial dispersion. The conductive trace accumulate stress in certain points when
getting stretched. When a certain stress limit is reached, microcracks start appearing,
increasing the resistance of the trace to the point where a separation line gets defined, and
the increase is resistance is significantly higher. Once the stress is released and the sensor

regains its original shape, the two ends of the conductive trace come back in close contact
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and the resistance decreases. However, the onset of multiple of these cracks produces a
change of the initial resistance as the conductivity of the trace is irreversibly compromised.

As the distance between the edges increase, so does the electrical resistance.

In some cases, having a prestrained substrate could help lowering the effect of these
microcracks. Prestrained substrates normally present minimal out-of-plane buckling of the
conductive traces that are then flattened once the device gets stretched. In doing so, they

can accommodate a bigger strain without generating microcracks in the trace [99].

Even if nanomaterials are not in contact, however, electrons can still flow along the
conductive path by crossing non-conductive barriers, thanks to the tunneling effect. This
effect has proved to be playing a major role in determining the strain sensing behavior of
CNTs-polymer nanocomposites [58, 87, 89]. In all the aforementioned Kkinds of
nanocomposite sensors (filled-type, sandwich-type and adsorption-type) carbon nanotubes
are dispersed in a polymer matrix and thin dielectric layers covering nanotubes can be

observed at CNT-CNT junctions [86].

Simmons [100] in 1963 proposed a model to estimate the total resistance when
guantum tunneling effects play a major role in the system. The resistance R is given by

Equation 7:

v h2d 4md
= (55 vzmi)

- = 7
Al Ae?\2ma P ()

where V is the potential difference, A is the area of the cross section of the tunneling

junction, J is the current density at the tunneling junction, h is Plank’s constant, d is the
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distance between the nanomaterials, e and m are the charge and mass of an electron,
respectively, and A is the height of the energy barrier for the dielectric polymer material.
Many studies have reported adherence of experimental data to the proposed model by

Simmons [58, 87, 101].

Some of these parameters are affected by other factors such as the dispersion and
morphology of the nanomaterials and the interaction between the nanomaterials and the
polymer matrix. As an example, silver nanowires (AgNWs) and CNTs behave differently
when the substrate is stretched. While AgNWSs present the usual sliding mechanism leading
to the disconnection phenomena, CNTSs, that are mostly entangled in bundles, unfold into

simpler structures causing a change in the tunneling resistance [91].

2.2.3 Performance Parameters

Many factors concurrently influence the behavior of strain sensors, as it has been
presented above and, as a result, performance parameters are needed to ensure uniformity
in evaluating the effectiveness of a certain device in its application. Depending on the
application, some of these parameters are more important than others but it is also possible

to appreciate how some of these are correlated.

2.2.3.1 Stretchability

The stretchability of a strain sensor represents the percentage of elongation the sensor
can withstand before starting to tear apart, losing its structural integrity. Stretchability of a
device can be tuned primarily deciding the type of substrate to employ. Given the frequent

application of these device in healthcare or patient monitoring, the substrate is often chosen
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to be biocompatible. Among these, silicone formulations such as Ecoflex, have arisen a
certain interest, thanks to their exceptional stretchability and biocompatibility when in
contact with the skin. Stretchability of the substrate, however, is not the only parameter
that has to be taken into consideration when evaluating the stretchability of the device as a
whole, as electrical conductivity must be guaranteed as well. A certain elongation could be
withstanded by the substrate but not by the conductive trace, whose fracture would impair
the functionality of the sensor. As a result, the fabrication technique plays an important
role as much as the substrate do. Filled-type strain sensors are normally more stretchable
than the sandwich-type or adsorption-type, given that in the last two cases the conductive
trace is transferred, printed or deposited on the substrate, creating a greater mismatch

between the two.

The morphology of the nanomaterial is another influent factor contributing to the final
stretchability. 0D, 1D and 2D materials all behave differently when integrated into a more
complex system. It is evident from literature how strain sensors based on 1D materials
having high aspect ratio (AgNWSs, CNTs, etc.), are notably more stretchable than strain

sensors based on carbon black (CB), nanoparticles (NP) or graphene [85, 102-104].

2.2.3.2 Sensitivity

The sensitivity parameter is defined as the ratio between the change in electrical output
produced by the strain sensor and its relative strain. Usually this change in the electrical
signal is produced by a change in resistance or capacitance. The parameter representing the
sensitivity of the device is the Gauge Factor (GF) that can be calculated using Equation 8

or Equation 9 for resistive-type or capacitive-type strain sensors respectively:
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(8)

(9)

It is possible to increase the sensitivity by decreasing the density of the percolation

network, as in the case of CNTs-polymer strain sensors, however, this also causes a

decrease in the maximum stretchability of the device. Many studies in literature have

reported this correlation between gauge factor and stretchability, revealing a partial trade-

Table 1 Performance of recently published studies on strain sensors

Reference  Resistive/Capacitive Materials Stretchability (%) GF

This study Resistive CNTs-Ecoflex 100 38.7
[102] Resistive CB-PDMS 30 29
[104] Resistive ZnONWSs-PDMS 50 114
[43] Resistive AgNWs-PDMS 70 2-14
[105] Resistive CNTs-PDMS 280 0.82
[106] Resistive CNTs-Ecoflex 500 1-2.5
[83] Capacitive CNTs-silicone 100 0.99
[85] Capacitive CNTs-Dragonskin 300 0.97
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It is evident how capacitive strain sensors generally possess a lower GF when

compared to resistive-type sensors, due to their upper theoretical limit of GF =1 [83, 85].

2.2.3.3 Hysteresis

Hysteresis takes place in elastic materials after repeated stretching cycles where
different amount of stress is applied on the sensor. As the device return to its original
position after loads of different entity have been applied, the length would not match
exactly the initial length. This could lead to irreversible degradation of the sensor
sensitivity with repeated usage and application of dynamic loadings. Normally, capacitive
sensors possess a better behavior in terms of hysteresis when compared to the resistive-
type [43, 85]. This could be easily explained as the change in length of a sensor due to
hysteresis is more relevant then the change in thickness. As the capacitive-type sensors
mainly rely on the distance d between the electrodes, represented by the thickness of the
dielectric layer, they are not heavily affected by hysteresis. On the other hand, resistive-
type sensors would be sensible to hysteresis as the resistance of the conductive trace could
change due to an increase in length. Hysteresis effects can be worsened if the adhesion
between the conductive trace and the polymer matrix is not strong enough. Slippage of
nanomaterials when stretched would continuously change the sensor microstructural
configuration leading to inconsistent results. This is mainly the case for CNTs-polymer
nanocomposites due to their low interfacial bond strength. Conversely, another 1D
nanomaterial, AQNWs, requires a low interfacial adhesion, otherwise friction between the
matrix and the metallic nanomaterial could lead to buckling or fracture of these

components.
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2.2.3.4 Durability

Stretchability and sensitivity are considered the most importance parameters when
evaluating the performance of a device. However, a sensor could show promising results
in terms of both these parameters but failing in being consistent for repeated tests. Failure
to achieve the same results over time is related to durability issues. Due to the repeated
bending and stretching cycles that a sensor undergoes during its life, the mechanical and
electrical properties can degrade over time. Previous studies have reported how buckling
of the conductive component and irreversible deformation of the substrate are the main
causes of inconsistent results [43, 91]. 1D carbon nanomaterials, CNTs, for example,

behave better than their 0D counterpart (CB) due to their proven elastic behavior.

2.2.3.5 Response and Recovery Time

Response and recovery time are two important parameters to be considered when
timely strain quantification is needed, for example for high frequency stretching cycles of
short duration. Response and recovery time represent the amount of time that passes
between the stress is applied and removed, respectively. Due to the viscoelastic property
of polymers [43] there is a certain delay before the strain sensor responds to the strain with
an electrical signal. Same applies to the recovery time, where the conductive network is
restored to the initial state with a certain delay, depending both on the filler type and the

nature of the substrate [105].

2.2.3.6 Linearity
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Once the sensor has reached the steady-state behavior, the linearity parameter
expresses how closely the strain-sensing trend resembles that of a straight line. The more
linear the sensor, the easier becomes the calibration process and the generalization of the
behavior of the sensor for a certain strain range. Many studies in literature reports how it
is hard to fabricate sensors possessing high stretchability and sensitivity and a good linear
behavior at the same time. Capacitive sensors are notable more linear, but they possess
great limitations in terms of sensitivity (GF < 1). On the other hand, resistive-type sensors
can reach high values of GF but are mostly affected by a non-linear behavior or limited

stretchability.

2.2.4 Applications

Strain sensors can be used in a variety of different applications due to their high
versatility. As the world population is slowly again with time, health monitoring for elderly
patients has become a pressing need for hospitals. Specifically, being able to transfer this
monitoring to their house making use of remote daily monitoring would help reduce the
costs that have to be sustained on both parts and provide more comfortable solutions. It is
then evident how strain sensors could find their perfect application in gait monitoring or
fall prevention, especially if seamlessly integrated into daily clothes or specific garments.
The ease of integration and the current trend toward miniaturization of these sensors is
helping to make this goal more easily achievable and affordable at the same time [43, 84,

85, 91, 97, 99, 102, 103, 105-108].
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The ability of these sensors of accurately discern between pressure and stretching has
made them also an interesting candidate for guidance and monitoring of soft robots, as it

is presented hereafter in this dissertation [42].

Being able to tailor the specific performance of the sensors depending on the type of
conductive components and substrate, allows almost infinite possibilities depending on the
usage. In certain cases, as it could be that of structural health monitoring, larger strains
need to be detected, which do not require an extremely high sensitivity [85, 97, 99]. On the
other hand, the same use of these sensors as health monitoring tools, if applied to pother
anatomical areas could require a higher degree of sensitivity, compromising its ultimate

stretchability.

In the case of applications of these sensors to soft robots, it is normally preferable to
have a clear decoupling between pressure applied and stretching or bending induced by a
certain curvature. Thus, the conductive filler needs to be chosen appropriately [109].
Highly sensitive strain sensors find their usage in more specific medical applications: they
can indeed identify slight motions such as breathing, tissue swelling, or even phonation
[84, 102, 110]. Such sensors are also useful to monitor sports activities of athletes [102,

105, 106].

The sharp rise in the use of VR technology and interaction between humans and
machines have also created a new opportunity for strain sensor in the field of gesture
recognition and remote control. Smart glove systems based on strain sensors have already

been presented in many studies in literature [43, 82, 85, 105].
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Lastly, as anticipated before, strain sensors could be integrated with soft robots to
monitor their motion or sense the surrounding. The creation of an artificial skin covering
the body of the robot would provide him with a perception sense based on strain sensing

[111, 112].

2.3 Fractals and Serpentine Design

Figure 9 First, second and third order Peano curves [113]

The great variety of patterns, as they range from simple lines to more complex
geometrical structures, guarantees almost complete freedom to tailor the design to a
specific application. These curves can be seen as one-dimensional springs, on a mechanical
point of view [113]. These Moreover these designs can be realized in a way that can

accommodate strains in every direction, axial, biaxial or radial.

Lu et al. carried out a meticulous study on the influence of each geometrical parameter
of serpentine patterns, in order to determine a rule of thumb when designing fractals. Their
study merely focuses on this shape, but the concept could be easily extended to other
patterns making the necessary modifications. The first important parameter that needs to
be considered is the width-to-thickness ratio that expresses the tendency of a serpentine

pattern to produce out-of-plane buckling. As pointed out in Section 2.2, buckling of
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nanomaterials could degrade the performance of the device after repeated
stretching/bending cycles. Consequently, in order to have full in-plane deformation of these

curves, their width-to-thickness ratio should be small [114].
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Figure 10 Serpentine geometrical parameters [114]

Fig. 10 provides an overview of the different geometrical parameters that uniquely
defines the horseshoe shape. The straight segment between arcs depicted in Fig. 10 is the
arm of the horseshoe, with length I. The other four geometrical parameters involved are the
width w, the radius of curvature R, the arc angle a and the thickness t. It is demonstrated
that serpentine patterns with large I/R, large a and small w/R have a better response when
stretched, allowing a more homogeneous deformation when deposited, printed or
transferred to a substrate and are also more mechanically reliable [114]. These parameters
however should be considered in a context of practical limitations such as design
constraints. While it is true that incrementing I/R to high values would enhance the

mechanical properties of these patterns, the ribbons would ultimately end up overlapping.
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Figure 11 Horseshoe patterns with different orders and self-overlap critical point [115]

These fractals patterns greatly change their shape when stretched. Horseshoe or
serpentine patterns tend to straighten when undergoing deformation, approaching the shape
of a linear segment, which is never achieved before fracture of the pattern. When
undergoing the shape-change deformation, these patterns respond both with a linear and a
nonlinear fashion. Their response is greatly influenced by the substrate they are
encapsulated in as that determines the overall stretchability. However, especially in case of
a particularly soft silicone substrate, a good understanding of the behavior of freestanding

serpentines could help predicting the overall mechanical performance of strain sensors.

Zhang et al. carried out a theoretical study on the non-linear response of horseshoe
microstructures, based on the mechanism of ordered unraveling. The results indicate a
substantial increase of elastic stretchability when employing horseshoe patterns and they
have been validated with FEA analysis and experiments. It is demonstrated how structures

designed on high-order fractals can be tuned in their mechanical behavior by varying the
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geometrical parameters employed in their design. Moreover, the model they have presented
could be fitted to other type of patterns, extending this study to the majority of fractal
patterns. This gives great freedom in terms of geometry and allows to predict their non-

linear behavior when undergoing mechanical stresses [115].

Fractal designs and serpentine patterns have found a critical application in the
fabrication of strain sensors for wearable healthcare monitoring systems. The parallel
development of fabrication techniques able to produce extremely thin and detailed

electronic systems greatly benefited from the exploitation of fractal patterns.

Their major application resides in the fabrication of epidermal electronics [116]. These
devices could be miniaturized both in planar area and thickness, in a way that they can be
attached to the skin without creating any discomfort to the person wearing them. Moreover.
these fractal structures give the device an extremely compliant behavior, following any
deformation of the skin, such as stretching, bending and twisting. Such devices are able to

couple to the skin effectively by means of Van der Waals forces alone (Fig. 12).

Figure 12 SEM images of an epidermal electronic device laminated on the skin [117]
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Epidermal electronics can also be fabricated to be insensitive to moisture and water making
them practical for daily usage. Fig. 13 shows how epidermal electronic devices can be

fabricated using nano dimensional electronic components where serpentine traces are used

as interconnects and antennae.

antenna LED

strain gauge temp. sensor == 0.5mm

Figure 13 Epidermal electronic device employing fractal patterns [116]
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CHAPTER 3. MATERIALS AND METHODS

3.1 Strain Sensor

3.1.1 Sensor Design

The strain sensor is designed using AutoCAD 2019 (Autodesk). The geometry of the sensor
has been optimized according to the findings from Lu et al. [114] work on the influence of
geometrical parameters on the final mechanical properties of serpentine patterns.
Serpentines having large arc angle, large length-to-radius ratio and small width-to-
thickness ratio have better performances. Therefore, a width of 1 mm and an arc angle of

270° have been selected as design parameters.

8 %

Figure 14 Strain sensor (top) and stretchable connectors (bottom) CAD design

3.1.2 Sensor Fabrication

A glass slide is used throughout the whole fabrication process to provide support when

depositing the materials. The glass slide is first covered with a polyvinyl alcohol (PVA)
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film that is used to avoid contact between the elastomer being deposited and the bare glass.
Due to the stickiness of the substrate, having direct contact between these materials would
make particularly difficult the removal when transferring the sensor. The PVA film
represents a good choice to be used as substrate for the elastomer deposition, as it can be

easily removed under flowing water thanks to its great solubility.

oS
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| |
Glass slide covered Ecoflex layer CNT pattern
with PVA film poured on PVA film printed on Ecoflex
o= = Sy = R
L -—|
Stretchable connectors Ecoflex layer poured for Glass slide removed and
attached to the CNT trace device encapsulation PVA film dissolved in water

Figure 15 Schematic illustration of the strain sensor fabrication process

The material used as substrate for the strain sensor is a platinum-catalyzed silicone
(Ecoflex 00_30, Smooth-On Inc.). The Ecoflex 00 _30 substrate is prepared by mixing the
two separate components provided by the supplier, the base (component A) and the curing
agent (component B). These two components are mixed in a 1:1 weight ratio and then
stirred continuously for 2 min to create a homogeneous formulation, following the supplier
guidelines. As the desired overall thickness of the sensor was around 1mm, the PVA
surface was covered with a small amount (3g) of the silicone formulation. Due to the long
curing time of silicone, the elastomer successfully spread over the whole surface without

leaving voids. In the rare case of bubble formation after pouring the formulation on the
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substrate, a vacuum chamber is used to remove these air voids and create a homogeneous

silicone layer. After deposition, the substrate is let cure for 4 hours at room temperature.

Figure 16 Ecoflex 00-30 Part A and B and Slo-Jo silicone cure retardant

After the curing process of the substrate is over, screen printing is used to deposit the
sensing component on the substrate. Screen-printing is a low-cost high-throughput
manufacturing technique that allows the deposition of inks or powders on a substrate

selectively controlling where material is being deposited by means of a shadow mask.

Figure 17 Screen-printing experimental setup

The shadow mask is usually a sheet of stainless steel that include a “window” of cut-

out steel, where the material can pass through and be deposited over the underlying
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substrate. The ease and versatility of this technique resides in the customization of the
shadow mask depending on specific needs of geometry or thickness of the mask, which
also influences the thickness of the printed trace. In our case the shadow mask was custom
realized using a femtosecond laser cutter (Optec WS Flex). Since this laser cutter works at
high resolution, there was no need to keep any tolerance in fabricating the stencil, so the
pattern used to realize the shadow mask is the same as the one used for sensor design in

section 3.1.1.

Figure 18 Optec femtosecond laser micromachining system

The conductive material employed for the study is OH-functionalized carbon
nanotubes (Nanostructured & Amorphous Materials Inc.) having a diameter of 20-30 nm,
length of 5-20 um and a purity of 95%. This type of CNTs have been chosen over other
kind of functionalization due to their good compatibility with the Ecoflex silicone

substrate.
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Figure 19 OH-functionalized MWCNTs

Following the deposition of the CNT trace on the Ecoflex substrate, stretchable
connectors are attached to the extremity of the trace electrically linking the sensor to the
PCB. Stretchable connectors are microfabricated in a controlled cleanroom environment,

following the steps that have been summarized in Fig. 20.

. JXrY JFY XY

Siwafer PDMS Pl coating Cr deposition  Au deposition
coating
PR coating Development Au etching Cr etching Pl coating
o
L. b A AL Al
PR coating Development Pl etching PR etching Transfer printing

Figure 20 Stretchable connectors microfabrication process

Once the stretchable connectors are successfully removed from the silicon wafer and
ready to transfer, they undergo a similar encapsulation as the one that have been performed
on the strain sensor. Solaris (Fig. 21) is the elastomer being used in this case, due to it lower

viscosity (1200 cps vs 3000 cps of Ecoflex) that allows an easy spreading process over the
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miniaturized connectors, considerably more fragile than the thicker strain sensor fabricated

before.

Figure 21 Solaris Part A and Part B

To bond the stretchable connectors to the CNT trace, a stretchable Ag ink (Namics,
XE184E) is used, specifically tailored for applications that need enough bonding strength
and stretchability. The ink is dispensed on the junction using a syringe and then cured on a
hot plate at 70 °C for 30 minutes. Once the junction is made, a top layer of Ecoflex is
poured to encapsulate the sensor. A different formulation is used for the top layer when
compared to the bottom layer explained before. For the top layer a 4% in weight of silicone
cure retardant (Slo-Jo, Smooth-On Inc.) is added to component B before this is mixed to
component A. The mixture is stirred for 1 minute and then component A is added. The
mixture is stirred once again for 1 minute and then 3g of the silicone formulation are poured
on the sensor. The reason for the addition of Slo-Jo relies on its properties as a retardant
agent for the curing process. Allowing to extend the curing time of the top layer by
additional 2 hours allows the silicone to better penetrate inside the voids left in the screen-
printing process between CNTSs. The silicone molecules act as fillers between CNTs and

create a more uniform trace that would deform more homogeneously than if these voids
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wouldn’t have been filed. It is indeed not rare to see slipping between individual nanotubes
once strain sensors are stretched. On the long term such slipping could lead to a

deterioration of the sensing properties of the device or lost in consistency.

After 8 hours of curing at room temperature the device is ready for detachment from
its original glass substrate. A metal blade is used to cut out the sensor from the surrounding
Ecoflex area and then the sensor is peeled off from the underlying PVA film. If the peeling
process results difficult, due to Ecoflex stickiness, the metal blade could be used to cut the
PVA film as well, that is then dissolved by washing thoroughly the back of the sensor under

flowing water for 5 minutes.

The resulting strain sensor shows excellent elastic properties when stretched both
uniaxially and radially, as shown in Fig. 22 (left). The microfabricated stretchable
connectors, that are similarly encapsulated in silicone, show comparable elasticity in Fig.
22 (center), thanks to the exploitation of a linear serpentine pattern. The outcome of the
strain sensor fabrication has been verified using optical microscopy (VHX-600 Digital
Microscope, Keyence) and scanning electron microscopy (SU8230, Hitachi) and the results
are reported in Fig. 22 (right). Thanks to the images obtained via digital optical microscopy
it is possible to verify how the CNT sensing trace was placed in the neutral mechanical
plane, sandwiched evenly between the two Ecoflex layers, guaranteeing uniformity in the

sensing behavior when stretching, bending and touching objects.

40



>
7 ™Y

o

DY

LE

Figure 22 Fabrication of the strain sensor. (A) Strain sensor at rest (top), uniaxially
stretched (middle) and radially stretched (bottom). (B) Microfabricated stretchable
connectors at rest (top), uniaxially stretched (middle) and twisted (bottom). (C) Digital
optical microscope images of the cross-section of the strain sensor at different
magnifications (top and middle) and SEM image showing the microstructure of the
printed trace (bottom).

3.1.3 Finite Element Analysis

Finite element analysis (FEA) is the tool chosen to predict the behavior of the strain sensor
when undergoing mechanical deformation. For the purpose of the study only its mechanical
behavior has been modeled, while the electromechanical behavior has been characterized
experimentally but not validated with simulated results. The software Abaqus FEA

(Dassault Systémes) has been employed in the study.

An approximation has been done in modeling the strain sensor: considering the
marginal impact of the CNT trace in the overall strain sensor mechanical properties, the

sensor has been modeled as homogeneous in composition.
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The following values have been used for Ecoflex 00_30 when modeling our system:

- Mass density: 1.07 x 10° kg/m?®

- Poisson ratio: 0.49 (estimation for rubber-like materials)

The Young modulus E is instead calculated directly from experimental data. The
Mark-10 ESM303 tensile stretcher is used to gather data of applied force and relative strain
of the sensor. The relative stress applied on the sensor (MPa) is calculated dividing the

value of the force in N by the cross-sectional area in mm?2,

0.10
0.08}
0.06}
0.04}

Stress (MPa)

0.02}

0 . . . .
0 20 40 60 80 100
Strain (%)

Figure 23 Stress-strain curve for uniaxial tensile test

According to the stress-strain curve (Fig. 23) the elastomer has been modeled as an
hyperelastic material and the same stress-train data are loaded into Abaqus. Hyperleastic
materials are modeled according to specific energy potential functions. In this case, the
coefficients of the Ogden third order polynomial function for energy potential are

calculated directly from the experimental stress-strain curve.
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Figure 24 Specification of material’s properties on Abaqus

A dynamic explicit method, with equally spaced stretching steps has been used in the
simulation, guaranteeing a constant-rate deformation from start to end. For uniaxial
stretching, it has been decided to set as boundary conditions a symmetric deformation along
the x axis (U1) of 16 cm for each side of the sensor, while keeping null the deformation
along y (U2) and z (U3). In doing so, the resulting elongation of the overall structure is
equal to 100% of the initial length of the sensor (32 cm). A boundary condition a null
rotation of each node (UR1, UR2, UR3) of the bottom and upper faces (silicone layers)

was also set

Uniaxial stretching

- BC1 (applied on left face):
o Ul=16
o U2=0

o U3=0
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- BC2 (applied on right face):
o Ul=-16
o U2=0
o U3=0

- BC3 (applied on top face):
o UR1=0
o UR2=0
o UR3=0

- BC4 (applied on bottom face):
o UR1=0
o UR2=0

o UR3=0

For biaxial stretching the same conditions previously described for uniaxial stretching were
set, adding a symmetrical stretching condition along the y for the back and front faces of
the strain sensor. Moreover, the condition U2 previously set null in BC1 and BC2 is now

removed, since redundant.

Biaxial stretching

- BC1 (applied on left face):
o Ul=16
o U3=0

- BC2 (applied on right face):

o Ul=-16
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o U3=0

- BC3 (applied on front face):
o U2=16
o U3=0

- BC4 (applied on back face):
o U2=-16
o U3=0

- BCS5 (applied on top face):
o UR1=0
o UR2=0
o UR3=0

- BC6 (applied on bottom face):
o UR1=0
o UR2=0

o UR3=0

Due to the excellent properties of Ecoflex as a substrate for stretchable electronics very
low values of strain for large deformations were predicted and then successively confirmed

by experimental findings.

3.1.4 Characterization Techniques

3.1.4.1 Electromechanical Testing

45



The strain sensing performance of the sensor has been tested for different mechanical
solicitations, linear, step and cyclic stretching. The setup employed for the

electromechanical testing is reported in Fig. 25.

ELONGATION
AND FORCE
MEASUREMENT

TOOL PORTABLE

COMPUTER

DIGITAL
MULTIMETER

Figure 25 Experimental setup for electromechanical testing

The setup consists of a mechanical stretcher and force gauge (ESM303, Mark-10), a digital
multimeter (DMM7510, Keithley) and a portable computer. The mechanical stretcher is
used for uniaxial tensile test of the sensor, while the digital multimeter is connected to the
stretchable connectors coming out of the encapsulated sensor, to keep track of the change
in resistance when the device gets stretched. The portable computer simultaneously gathers
data from the digital multimeter and the mechanical stretcher and is used for further

processing.

Different parameters are used on the ESM303 depending on the type of test being

carried out. For linear stretching:

e LO Limit: Omm (starting point for elongation)

e HI Limit: 32mm (ending point for elongation)
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e HI Dwell: 20s (time to wait at HI position)

e Speed UP: 100mm/min (elongation rate)

When carrying out step stretching, it has been decided to keep the sensor stretched at

incremental steps of 10% strain for 20s. In order to do so a new parameter was introduced.

e HI Dwell: 20s (time to wait at HI position)

On the other hand, two more parameters needed to be added and the Speed UP to be

modified when performing cyclic stretch tests:

e Cycles: 500 (number of cycles)
e HI Dwell: 5s (time to wait at HI position)
e Speed UP: 400mm/min

e Speed DO: 400mm/min (speed when coming back at LO position)

The digital multimeter is set up on the 2-wire resistance measurement configuration,
with different NPLC values (aperture time), depending on the test performed. The NPLC
is a parameter that correlates with the reading rate (samples/s) and defines the resolution
of the measurement. The higher the value of the aperture time, the lower the number of
readings per second. Due to the different length of each experiment, different values for

the NPLC were set up, to have a reasonably detailed experiment. For:

- Linear stretching: NPLC =1
- Step stretching: NPLC =1

- Cyclic stretching (500 cycles): NPLC =10
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3.1.4.2 Digital Optical Microscopy

A Keyence VHX-600 Digital Microscope (Fig. 26) has been used to image a cross section
of the strain sensor and provide information about the outcome of the fabrication process.
As it is evident from Fig. 22C (top and middle), the fabrication process aimed to sandwich
the CNT trace in between the two silicone layers was successful and the trace also appears

to have been uniformly deposited along its width.

Figure 26 Keyence VHX-600 Digital Microscope

3.1.4.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is used to image the cross section of the train sensor
at a higher magnification than that used for digital microcopy. The goal is to provide the
reader with a representation of the microstructure of the screen-printed trace to show the
interpenetration of silicone in the CNT printed trace. This allows the CNTSs to follow the
deformation of the substrate, avoiding any slippage of nanotubes during the stretching

process, that would irreversibly alter the conductivity of the network.
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Figure 27 Hitachi SU8230 Scanning Electron Microscope

3.2 Electronic System

3.2.1 Electronic Module Design

The data acquisition system for the strain gauge sensor includes a Bluetooth Low Energy
(Bluetooth 4.2 protocol) microcontroller (nRF52832, Nordic Semiconductor), integrated
with a two-channel 24-bit analog-to-digital converter front end (ADS1292, Texas
Instruments), with the inputs configured as a Wheatstone bridge to measure changes in
resistance across the inputs. The data acquisition device is powered by a single lithium
polymer battery. The ADC simultaneously samples at 125 samples per second on both
channels, and the data are transmitted wirelessly to an Android tablet, where the data is
plotted, recorded and analyzed. The wireless transmission latency is about 20 ms. The

Bluetooth module can transmit consistently from up to 20 m of distance.
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Figure 28 Top view illustration of flexible circuitry and electronic components

3.2.2 Electronic System Integration

The PCB is bonded to a previously cut microscope glass slide using double sided Kapton
tape. As it is possible to see from Fig. 28, the power circuitry is activated by means of a
dedicated switch. The switch position can be easily changed from ON to OFF from the
outside of the robotic system thanks to one of the dedicated apertures in the 3D-printed
plastic case. The integration of a switch allowed to have a more compact PCB design where
the battery is integrated directly on board and it can be easily recharged using the output
pins. These pins are easily accessible from the outside of the robotic worm as well thanks

to another custom-made aperture.

Strain
sensor IEE SIELE Micro- ) Mobile
-stone .  Front _b\i/ )) Devi
Strain Bridge End = controller evice
sensor#2

Figure 29 Schematic illustration of data acquisition, processing and communication
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3.3 Soft Earthworm Robot

3.3.1 Robot Design

The major objective of the study is the monitoring of the locomotion of robotic systems
enabling them of sensing capabilities in order to detect the surrounding environment. As
already pointed out in the Introduction, of major interest is the study of earthworms’
locomotion, since robotic systems that are inspired from them are widely used for

environmental exploration.

Figure 30 Bio-inspired robotic earthworm

The body of our robotic system is composed of several soft segments made of silicone
material (Dragonskin, Smooth-on Inc.) joined using rigid connectors. A rigid tip is also
used as the head of the robotic worm. Both the rigid connectors and the tip are 3D-printed
using common plastic materials (PLA) since these components are only used as structural

support for the system and do not need to perform any specific task.

The robotic worm is given the ability of stretching and bending thanks to a Kevlar

thread that is mounted in between the two silicone layers and guarantees a homogeneous
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deformation when the body of the earthworm is inflated. Inflation is performed by means

of flexible pneumatic tubes that are connected to an external pneumatic control board.

Rigid conic nose 1=6.5cm Extensile Actuator Rigid connectors

<

Pneumatic
Control Board
m— /
\ Kevlar Thread*™ / Flexible pneumatic

Contractile Actuators tubes

Figure 31 Schematic illustration of the soft robot

The dimensions of the strain sensor have been tailored to fit on both sides of the robot
body allowing the placement of two sensors (one left and one right) per segment. The
choice of using stretchable connectors to transmit the signal from the sensor allowed to
encapsulate them as well on the body of the earthworm, providing a robust final design
without any hanging component, that could potentially cause artifacts when gathering data
from the device. In fact, in a prior prototype anisotropic conductive films (ACFs) were
used but due to their impossibility to stretch with the earthworm body, they needed to
remain outside the final encapsulation creating issues when handling the system. If
encapsulated inside the body, on the other hand, their rigidity created stress concentration
spots at the junction between the connectors and the CNT trace, resulting in a disconnection

of the device when stretched.

The stretchable connectors on the other side are bonded to the PCB that is placed inside
the 3D-printed plastic case. The case has been designed with three apertures for specific

purposes:
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- Top large aperture: stretchable connectors via for communication between the
sensor and the PCB inside the case.

- Top small aperture: the switch that turns on and off the electronic circuit can be
controlled by the outside without need to disassemble the robot.

- Left side small aperture: pins for battery recharge are allocated on the left side of
the case and are in this way easily reachable when needed to be connected to the

external battery charger.

stretchable strain sensor

w2t
<= =8..
" ~

connector
wireless electronics

Figure 32 3D rendering of the integrated robotic system

3.3.2 Electronic System Integration

The strain sensors are encapsulated on the body of the earthworm using Solaris (Smooth-
OnInc.) ina 1:1 ratio of component A and component B, following the guidelines provided
by the supplier. First, 2g of Solaris are spread on the back of the sensor and the sensor is
placed on its final location on one side of the worm’s soft body. Thanks to the long curing
time of Solaris, this approach allows to have a uniform curing process of the sensor on the
robot body but at the same time, a faster curing method is applied on the sides to confine
it and give the sensor more bonding strength on the sides and corners, where stresses are
concentrated. Additional Solaris is spread along the sides using a wood spatula and a hot

air gun is used to selectively cure the Solaris on the edges. Moving the air gun along the
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side of the sensor at 2 cm from the surface for 5 minutes at 150°C guarantees a successful
bonding. The action is repeated for each side of the sensor. Once the sensor on one side is

bonded to the body, the same procedure is followed for the sensor on the opposite side.

Following the encapsulation of the sensors on the robot’s body, the PCB is bonded
to the rigid case to avoid any relative movement. In order to do so, we spread epoxy on the
back side of the glass slide where the PCB is attached. Then the PCB is placed on the
plastic supports inside the 3D-printed case and let cure at room temperature for 1 hour. The
last step in the device integration process is the bonding of the charging pins to the side
walls of the plastic aperture, once again to avoid any relative movement that could be
source of failure for repeated locomotion cycles. Epoxy is once again used to bond the pins
to the case and let cure for 1 hour at room temperature. Such procedure is repeated for each
segment of the robot earthworm, where every segment consists of a soft actuator and a

rigid case allocating the electronic module.
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CHAPTER 4. RESULTS

4.1 Strain Sensor Electromechanical Performance

The strain sensor has been characterized according to the performance parameters
highlighted in the Introduction. In order to have a reliable strain sensor for our robotic

application, high stretchability, high sensitivity and consistency over time are needed.

In order to validate the experimental findings, a finite element analysis (FEA)
simulation of the deformation expected from the strain sensor for a strain of 75% is first
performed. When setting up the simulation on Abaqus FEA (Dassault Systemes) an
approximation in modeling the sensor has been made. The screen-printed CNT trace has
limited thickness compared to the overall thickness of the strain sensor (<10%) and its
mechanical behavior can’t be modeled as that of a bulk material, since nanotubes aren’t
bonded together during deposition. Moreover, letting the top layer of Ecoflex 00 _30/Slo-
Jo cure for a longer time allowed the silicone to penetrate inside the voids of the printed
trace, thus creating a nanocomposite layer having mechanical properties considerably
different than that of CNTs. Consequently, it has been decided to model the CNT trace as
made of silicone, being the mechanical properties of the substrate largely dominant over
that of the sensing layer. It is possible to appreciate from Fig. 33 the exact correspondence
between the simulation and the actual photo of the sensor undergoing deformation using a

mechanical stretcher and force gauge (ESM303, Mark-10).
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Figure 33 Strain sensor stretched at € = 60% (left) and correspondent FEA simulation
(right)

A similar FEA simulation has been carried out for the stretchable connectors. Since these
connectors would not face the same stress, and consequently strain, of the strain sensor,
they are only tested for a maximum strain of 60%. The results from the FEA simulation,
reported in Fig. 34 below, shows how the maximum strain for these connectors remain

under 1%, for a deformation of 60% the initial length.
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Figure 34 Stretchable connectors FEA simulation from 0 to 60% strain

The microfabricated stretchable connectors are used as carriers of the electrical signal
generated by the strain sensor, that needs to be analyzed and transmitted to a mobile device.
Considering their function, it is then needed to verify how these connectors change their
intrinsic resistance when stretched, since this could jeopardize the final result, if
considerably affecting the strain sensing performance. In order to do so, a stretchable

connector is stretched to a 60% strain using the mechanical stretched already employed in
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the study. ACFs are bonded to the leads of the stretchable connectors to allow for

simultaneous monitoring of the resistance value when stretched. A total of 200 cycles from

0 to 60% strain were performed on the connectors, and the results are summarized in Fig.

35.
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Figure 35 (A) Cyclic uniaxial tensile test for stretchable connectors (200 cycles). (B)
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The stretchable connectors showed excellent stability in terms of intrinsic resistance, with

a shift of only 2.7 Q after 200 cycles of stretching, that is marginal considering the overall

change in resistance of the strain sensor when performing its function.

The sensitivity of the strain sensor is then evaluated by measuring its change in

resistance with increasing strain, clamping the stretchable leads to a digital multimeter and

performing stretching. The sensitivity of strain sensors is usually defined by the

adimensional gauge factor parameter (GF):
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where AR 1is the relative change in resistance between the value Ro at € = 0% and the
resistance measured at € = 100%, and ¢ is the strain of the sensor. The strain sensor being
developed find its application in soft robotic locomotion monitoring where it is required at
least a stretchability of 60/70% to be able to follow the deformation of the robot body when
bending. On the other hand, a high sensitivity is also fundamental to be able to distinguish
between proprioception and exteroception. The fabricated strain sensor possesses a GF ~
38.7, showing an excellent sensitivity for a range of strain from 0 to 100%. The behavior
of the sensor with increasing resistance is shown in Fig. 36, that highlights a trend closely

fitting an exponential fashion, with a value of R? = 0.996.
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Figure 36 Strain sensor behavior for 0-100% range of uniaxial stretching

When evaluating the strain sensing response of the sensor, of particular interest for the
purpose of the study was evaluating a possible shift in resistance if maintained at a certain
elongation for a given time. Consequently, as reported in Fig. 37, a sequential step
stretching test was performed, where 10% strains were followed by a 20s rest, with the
sensor held at that strain, going from 0 to a 100% strain. As it is possible to appreciate from

the results, the sensor showed excellent stability in terms of resistance when kept at a
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constant strain value until € ~ 80%. Relaxation deriving from the elastic nature of our
substrate and consequent rearrangement of the CNTs in the printed trace can be observed
after a 70% strain. However, considering the specific application of the sensor for robot

locomotion, where such strains are not achieved, this result is given marginal importance.
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Figure 37 Incremental step stretching from 0 to 100% strain

In order to guarantee repeatability of the performance of the sensor, a cyclic stretching test
from 0 to 100% strain has been performed for 500 stretching cycles. The graph reported in
Fig. 38 shows how the sensor maintains its sensitivity throughout the whole experiment
with marginal drift in the value of AR/Rg at € = 100%. The inset shows a detailed view of
50 cycles. The peaks relative to each of the 500 cycles have been identified and the mean
have been computed giving a value of GF = 34.6 with a standard deviation ¢ = 2.2. More
cyclic stretching tests have also been conducted when testing left and right bending of the

robotic system and those are reported in the section below.
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Figure 38 500 cycles of uniaxial stretching from 0 to 100% (left) and magnification of a
single stretching event (right)

Moreover, it was considered valuable to understand the behavior of the sensor when
continuously stretched at high frequency, in order to capture the behavior in both loading
and unloading. The silicone substrate usually slows down the return to the initial value of
resistance of the sensor, due its long relaxion times. As a result, what is seen when this
happens is an asymmetric behavior in loading and unloading. However, the speed at which
the deformation is performed (both in loading and unloading) can play a key role in
determining the entity of such effect. Fig. 36 and Fig. 38 shows results from uniaxial tensile
tests performed at different speed, 50 mm/min and 200 mm/min respectively. It has been
already reported how after an 80% strain relaxation of the silicone substrate becomes
evident. Fig. 38 includes a peak extracted from the cyclic test data, showing how the change
in resistance between loading and unloading was instead symmetrical, leading to the

conclusion that higher deformation speeds mitigate such phenomena.

4.2 Soft Robot Locomotion Detection

After the evaluation of the intrinsic electromechanical properties of the fabricated strain
sensor, two of such sensors have been attached on the body of the soft robot, one on each

side in order to have complementary information on its locomotion. As it has been already
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stressed in the Introduction, the main purpose of the study was that of giving the soft robotic
system the capability of both feeling its own movements and the encumbrance of its body
(proprioception) and the ability of perceiving the surrounding environment and adjacent

objects (exteroception).

The proficiency of the sensor in both proprioception and exteroception in demonstrated in
Fig. 39. The soft robotic system has been tested in order to capture the response of the
sensor to commonly experienced external stimuli. It is possible to appreciate from the first
series of peaks (1) how the sensor provides alternate feedbacks on compression and
elongation associated with right and left bending. Whenever the sensor on one side
undergoes elongation and shows a steep voltage increase, the sensor on the opposite side
shows a small bump, characteristic of the compression mode. This has also been verified
with the sequence of peaks (2), where only left bending has been performed, isolating the
compression peaks on the left sensor curve. In (3) the robot has been tested for
simultaneous compression on both sides of the segment, with no actuation (3). The peaks
numbered (4) are those associated with a vertical compression of the robot, with a pressure
directed toward the ground applied on the plastic tip. Forward stretching, where both
sensors are undergoing the same deformation, is characterize by similar voltage peaks in
the both curves (5). These peaks give a AV that is positive with respect to the baseline,
while those associated with vertical compression are instead negative with respective to
the same baseline (4). The robot has also been tested for obstacles detection, showing
characteristic peaks of lower intensity for pressure or touch on the sensor (6), when

compared to bending (due to the entity of the deformation of the printed CNT trace).
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Moreover, much lower peaks can be associated with vibration of the ground, that have been

also simulated for completeness (7).
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Figure 39 Device proficiency in proprioception and exteroception

Each segment of the soft robotic system has also been tested for cycles of both forward
stretching and left/right bending. The results are summarized in Fig. 40. The reported
graphs show consistency in the amplitude of the voltage peaks when the robot is stretching
or bending. Moreover, magnifications have been included to grasp finer details about the
locomotion detection. For forward motion, it is possible to appreciate how both the left and
right sensor respond with the same timing to the internal stimulus, having identical voltage
peaks and then suggesting an identical response due to simultaneous elongation of both the
sides of the robot body. For left and right bending (bottom) in turn, it is evident how the
voltage peaks associated with stretching are out-of-phase, since left and right bending

moves are alternated. Moreover, it is possible to notice how both the right and left sensors
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show a compression dip, a small voltage drop that can be associated with the corresponding

compression of the sensor on one side when the other sensor is getting stretched.
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Figure 40 Earthworm robot locomotion detection
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CHAPTER 5. DISCUSSION AND CONCLUSIONS

Here the fabrication of a nanocomposite strain sensor and relative electronic system is
presented, and its successful integration of the body of a soft robotic earthworm for
detection of its locomotion is explained. The high elasticity of the silicone substrate
employed for the fabrication of the sensor guarantees an excellent compliance with the
earthworm robot body for the whole range of movements that it could perform. Moreover,
the high sensitivity of the CNT serpentine trace acting as sensing layer makes the device
fully functional for detection of surrounding objects or external stimuli. The rearrangement
of CNTSs inside the silicone matrix after bending or stretching events proved to have only
a marginal effect for the overall purpose of the study. Moreover, such effect becomes
evident and should be taken into consideration only for values of strain > 70%, that are not
achieved by the robot when performing locomotion. The choice of microfabricating
dedicated stretchable connectors proved to be fundamental in eliminating the stress
concentration issue that has been encountered when previously using flexible ACFs for
electrical signal communication. Employing Bluetooth technology for data transmission
makes the device wireless and paves the way for its integration in untethered robots that
can be controlled remotely. The next phase of this study would in fact be closed-loop
electronic system that would empower the robot of decision capability. The strain sensing
device would provide real-time feedbacks to the robot that would then be able to change
its locomotion direction, avoid obstacles or respond to external stimuli, thanks to the

integration of an Arduino board. The work here reported constitutes a first step toward the
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direction of fully automated robot locomotion based on strain sensing, that could find its

most prominent application in the exploration of harsh environments.
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