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ABSTRACT

Electronics system integration and characterization of electronic skin for
prosthetic applications.
Muhammad Awais
Master of Science in Biomedical Science and Engineering
January 12, 2024

Upper limb amputation significantly disrupts tactile perception, having a crucial impact
on daily activities. For attaining a prosthetic device that closely mimics natural
functioning, it is crucial to provide users with enhanced sensory experiences during
interactions with objects. Through sensory feedback, the ideal upper limb prosthesis must
provide real-time mirroring of the user's natural experiences. Current prostheses face
challenges in delivering substantial tactile feedback due to their limited sensory
capabilities. Here, inspired by the sensory characteristics of the skin, we describe a micro-
fabricated and multiplexed electronic skin that is combined with a suite of actuators for
sensory feedback capabilities, and employed for upper limb amputation. The set of
piezoelectric-capacitive sensors can identify static pressure, temperature, vibration, and
texture, while the incorporated actuators offer instantaneous feedback through skin
stimulation. The fabricated sensor array has a flexible structure and a compact design of
two pixels inside a 1 cm? footprint. This array of sensors is capable of detecting a wide
range of pressure (0.5-10 kPa), temperature (22-60 °C), vibration (35-100 Hz), and
texture (2.5-45 Hz) which are the most important tactile sensations of the human skin.
The electronic skin is affixed to a prosthetic finger, while the actuators are positioned on
the wrists of the human volunteers. Human participants participated in feasibility tests of
the system, and its performance was quantitatively evaluated using statistical methods.
The incorporation of multiplexed sensors and actuators introduces novel prospects for
delivering improved tactile feedback and enhancing the quality of life for individuals with
upper limb amputation.



OZETCE

Yiiksek Lisans Tez Bashg
Muhammad Awais
Biyomedikal Bilim ve Muhendislik, Yuksek Lisans
12 Ocak 2024

Ust ekstremite amputasyonu, dokunma algisim1 énemli 6l¢iide bozar ve giinliik
aktiviteler lizerinde etkili bir rol oynar. Dogal islevselligi yakindan taklit eden protez bir
cihaz elde etmek i¢in, kullanicilara nesnelerle etkilesim sirasinda gelistirilmis duyusal
deneyimler sunmak kritiktir. Ger¢ek zamanli olarak kullanicinin dogal deneyimlerini
yansitmak icin, ideal iist ekstremite protezi, gili¢lendirilmis duyusal geribildirim
saglamalidir. Mevcut protezler, sinirli duyusal yetenekleri nedeniyle énemli dokunsal
geribildirim sunma konusunda zorluklarla karsilasmaktadir. Burada, cildin duyusal
ozelliklerinden esinlenerek, tist ekstremite amputasyonu i¢in kullanilan mikro
fabrikasyon ve multiplex elektronik ciltten bahsediyoruz. Duyusal geribildirim
yetenekleri i¢in bir dizi aktuatorle birlestirilmis olan bu elektronik cilt, kullanicilarin
dogal deneyimlerini ger¢ek zamanli olarak yansitmak iizere tasarlanmistir. Piezoelektrik-
kapasitif sensorler kiimesi, statik basing, sicaklik, titresim ve doku tanimlayabilirken,
icerilen aktuatdrler cilt stimiilasyonu aracilifryla aninda geri bildirim sunar. Uretilen
sensor dizisi, | cm? bir alan i¢inde iki pikselin esnek bir yapist ve kompakt bir tasarimina
sahiptir. Bu sensor dizisi, insan cildinin en 6nemli dokunsal duyumlar1 olan genis bir
basing (0.5-10 kPa), sicaklik (22-60 °C), titresim (35-100 Hz) ve doku (2.5-45 Hz)
araligini algilayabilir. Elektronik cilt, bir protez parmagina yerlestirilmisken, aktuatorler
insan goniilliilerinin bileklerine yerlestirilmistir. Insan katilimcilari, sistemin olasilik
testlerine katildi ve performans: istatistiksel yoOntemler kullanilarak nicel olarak
degerlendirildi. Multiplex sensorlerin ve aktuatdrlerin entegrasyonu, gelistirilmis
dokunsal geribildirim saglama ve {ist ekstremite amputasyonu olan bireylerin yasam
kalitesini artirma konusunda yeni olanaklar sunmaktadir.
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Introduction 1

Chapter 1:
INTRODUCTION

1.1  Background

The rising global demand for limb prostheses is driven by an aging population,
increased accidents, health-related amputations, a surge in diabetic cases, and
complications from vascular diseases (Raichle et al., 2008). While prosthetic limbs have
evolved to restore motor functions, there remains a significant challenge in replicating
the intricate sense of touch human skin offers. It is projected that by 2050, approximately
3.6 million individuals in the United States will rely on prosthetic limbs as assistive
devices (Ziegler-Graham et al., 2008). Human skin receptors detect tactile inputs such as
pressure, temperature, vibration, and texture (Jones et al., 2006). Therefore, a continuous
sensing mechanism is required to closely emulate human skin's sensitivity and
responsiveness to various stimuli. With the ongoing advancements in electronic skin (e-
skin) technology, the restoration of human tactile sensing in prosthetic hands becomes
feasible. E-skin holds promise in applications such as haptic feedback (S. Chen et al.,
2023; Jung et al., 2022a; D. Li et al., 2021, 2022; Yin et al., 2021), prosthetics (Chortos
etal., 2016; D’Anna et al., 2019; Kwak et al., 2020; P. Li et al., 2020; Liang et al., 2019;
Petrini et al., 2019), intelligent robotics (Boutry et al., 2018; F. Liu et al., 2022; Y. Liu et
al., 2022; Shih et al., 2020; Thuruthel et al., 2019; Yao et al., 2020), and human-machine
interfaces (Yu et al., 2020; M. Zhu et al., 2020). Yet, an ideal e-skin system must possess
multifunctional capabilities to simultaneously detect various types of stimuli (Bae et al.,
2018; Cai et al., 2021; Qiu et al., 2020; S. Zhao et al., 2017) while also fostering a sense

of ownership or embodiment of the prosthetic limb (Farina et al., 2014).

1.2 Literature review

E-skin typically consists of flexible and stretchable materials capable of detecting
physical parameters similar to the human sense of touch. While the implementation of
sensations such as pressure (D. Li et al., 2022), temperature and pressure (Kwak et al.,

2020), vibration, and texture (Bensmaia et al., 2003; Rostamian et al., 2022) has made
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gradual progress, the full multifunctional capacity of the human tactile system remains
underestimated. Consequently, multifunctional e-skins, composed of stretchable matrix
networks, have been proposed for pressure, temperature, and material sensing (Y. Chen
et al., 2022; Fastier-Wooller et al., 2021; Pang et al., 2022; Wang et al., 2020). Various
phenomena such as piezoelectricity, piezo resistivity, and triboelectricity have been
harnessed in these e-skins to enable material discrimination and texture recognition (H.
Chenetal., 2017; Cho et al., 2022; Lee et al., 2021; P. Zhu et al., 2020). The combination
of capacitive and piezoelectric effects in e-skins enabled the detection of position,
dynamic force, proximity, and humidity while achieving a much simpler structure (Dai et
al., 2021). In addition, integrating diverse units through a well-considered combination
of functional and structural design has led to the development of an e-skin with
multifunctional capabilities for pressure, wind flow, and material recognition based on
thermosensation (S. Zhao et al., 2017).

On the other hand, e-skin has the potential to empower robots to engage with the
world in a more intuitive, safe, and efficient manner. Hence, the integration of
multifunctional sensing e-skin into robots, equipped with sensing capabilities for contact
force, position, temperature, and proximity, improved the overall human-robot interaction
(G. Li et al., 2022). However, the integration of these skins onto prosthetic or robotic
hands necessitates specific designs, a challenge addressed through the fabrication of 3D-
shaped e-skins (Xiong et al., 2022). Even though individual sensors have been developed
for e-skin applications, it is critical to provide a solution or design that is capable of a
simple fabrication process, and multiplexed sensing capabilities with a potential for
miniaturization to increase pixel density. Moreover, there has been limited research done

on combining the multiplexed sensors with the actuators to achieve haptic feedback.

1.3  Our proposed system

To tackle the above-mentioned issues, we propose a novel microfabricated e-skin
featuring miniaturized arrays of sensors capable of detecting static pressure, temperature,
vibration, and texture. The single piezoelectric layer microfabrication, and the in-plane
and double plate type electrode designs enable capacitive and piezoelectric sensing. The

signals of the sensors are transmitted to our standalone miniaturized electronics. Since,
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our e-skin is specifically designed for applications in upper limb amputations, a test
protocol was prepared to understand e-skin performance under various daily activities.
Additionally, a set of four actuators was positioned at the wrist to convey corresponding

sensations in real time.

1.3.1 Actuators algorithms

We utilized four actuators each for its corresponding sensor; for the pressure sensor,
we used a servo motor as a pressure actuator, for the temperature sensor, we used the
Peltier module as an actuator. Moreover, for the vibration sensor and texture sensor, we
used a coin cell vibration motor as an actuator. We define a range of capacitance and
when the value of capacitance increases from the initial value with applied external
pressure, the arm of the servo motor rotates to a certain degree. The higher the applied
pressure, the higher the degree of rotation. Since the rotating arm of the motor will be
pressing the skin of the subject, higher rotation means higher applied pressure on the skin.

We defined 4 ranges of temperature between 30 °C and 50 °C each with 5 °C. The
actuator gives stimulation only once in every range when the temperature is rising. The
higher the temperature range the higher the amplitude of stimulation. There is no
stimulation during the falling temperature ranges. The vibration actuation is modality
modality-matched feedback mechanism. The algorithm first takes the FFT of the input
signal and finds the fundamental frequency at which the object is vibrating. It then
vibrates the vibration motor at the same frequency as the input signal. For vibration
actuation, both the motors are vibrating simultaneously. We are using vibration motors
for both vibration and texture actuation. To distinguish vibration sensation from texture,
we are using two vibration motors. For the texture feedback actuation, we vibrate the two
motors with a certain delay and that time delay corresponds to the roughness of the

surface.

Through experiments, we demonstrate the broad sensing range of our e-skin system,
enabling the simultaneous detection of multiple stimuli and feedback mechanisms
through actuators. Moreover, our e-skin system was successfully validated in vivo in
human trials. The proposed system could have various applications in prosthetics,
wearable health monitoring, and human-robot interaction.
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Chapter 2:
RESULTS AND DISCUSSION

2.1  The overall e-skin system

The multiplexed, piezoelectric-capacitive-based e-skin system developed in this
work transmits the static pressure, temperature, vibration, and texture sensations picked
up by the sensors to a group of actuators to provide real-time feedback. Figure 1A
illustrates the concept of the e-skin system implemented on a hand prosthesis for the
tactile information collection, transmission, and generation of artificial sensation on the
human body. Once the tactile signals are received by the sensors, the corresponding
actuators are triggered to replicate the production of the sensations to the skin. The
exploded view consists of different layers of flexible materials that are used for the
fabrication of the single-pixel array of the sensor (right panel of Figure 2.1A). The
temperature and static pressure sensors produce a capacitance variation in response to
external temperature and static pressure stimuli, respectively (right panel of Figure 2.1B).
Likewise, the vibration and texture sensor generate a potential difference due to the
piezoelectric effect when subjected to external vibration and texture stimuli, respectively
(left panel of Figure 2.1B). The e-skin system can be mounted on the amputated arm with
a sensor array attached to the finger of the prosthetic hand to collect data when the finger
is interacting with external objects, while the actuators are placed on the wrist of the
human hand for the feedback mechanism (Figure 2.1C). The standalone electronic circuit
serving as the core part of the e-skin system consists of a microcontroller unit (MCU)
together with other electronic components to receive the data from the sensors, process
the data, and send it to the actuators.

Figure 2.1D shows a fabricated single-pixel array of sensors having a total area of
1cm? and contains four types of sensors. A microfabricated pyramid structure was placed
on top of the pressure sensor which enhances the sensitivity of the sensor by maximizing
the effective deformation of dielectric material. With the use of a pyramid structure, the
applied force leads to a more pronounced change in the capacitance between the
interdigitated electrodes, making the sensor more responsive to subtle pressure changes.
Similarly, a ridge was attached to one side of the texture sensor, which applies tension on

the sensor when subjected to the rough surface. To demonstrate the miniaturization
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potential of the e-skin system using the microfabrication approach, a 2 x 2 array of sensors
with the dimensions of (0.32 cm?) was fabricated through simple spin coating and thermal
evaporation processes (Figure 1E). The 2 x 2 array of sensors is as thin as 115 um after
the protection layer on top and bottom. Our fabrication design has the capability that the
sensors array can be further miniaturized to have more sensors in a small area. We have
shown that the same area (0.32 cm?) can be utilized to fabricate a 3 x 3 array of sensors
(Figure 2.2).

Texture
sensor

PDMS
pyramidal
pattern

Temprature actuator

Static pressure

actuator Vibration

sensor

sensor

Pressure

Temperature

sensor ’
Polyimide

Vibration and texture

actuators PDMS

Vibratlon sensing Temprature sensing

e N

Texture sensmg Static pressure sensing

Figure 2.1 Schematic illustration and overview of a multifunctional sensory feedback
Electronic Skin for the upper limb amputation. (A) Schematic illustration of our E-skin
system. (B) Exploded view of the 2 pixels of miniaturized sensors containing different
layers of the sensors. (C) Picture of the E-skin setup worn by a person with the glove to

mimic the prosthetic hand and the Velcro on the wrist. (D) Picture of the E-skin system
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attached to a glove. (E) Optical image of a single Pixel array of E-skin sensors

highlighting its miniaturized and flexible form factor.

Figure 2.2 Photograph of the E-skin sensor arrays. The picture shows the process of

miniaturization of the sensor array from a signal pixel to a two-pixel array of sensors.

2.2  Working mechanisms of the sensors

2.2.1 Pressure sensor

The applied external pressure leads to a change in output capacitance. According to
formula (1), the capacitance can be changed by changing the area of the two plates, the
distance between the two plates, and changing the & of the dielectric layer.

C = (eoerA)/d 1)

Where, d, €0, &, A represents the thickness of the dielectric, permittivity of the free
space, permittivity of the dielectric, and area of the electrodes. The change in capacitance
occurs due to the deformation of the dielectric layer. The pyramidal shape made of PDMS
was placed on the sensor and the change in dielectric constant stemming from the
geometrical shape change in the pyramidal structure. We selected PVDF-TrFE
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(polyvinylidene fluoride -trifluoro ethylene) as a dielectric layer that possesses a
relatively high dielectric constant compared to some other polymers. This property
enhances the capacitance change between the sensor's interdigitated electrode arrays,
making it more sensitive to pressure variations. When external pressure is applied, the
interdigitated capacitive sensor exhibits a linear response, wherein the increase in
capacitance corresponds directly to the magnitude of the applied pressure (Figure 2.3A).
Figure 2.3B illustrates the scanning electron microscope (SEM) image of the
interdigitated capacitive sensor. In contrast to a parallel plate capacitor, the interdigitated
capacitor is capable of detecting variations in the material under test using only one side.

This design offers a higher quality factor compared to the parallel plate capacitor.

Pressure Sensation

No External Force External Force
!
\ll |

| PVDF-TIFE| | PVDF-TIFE|

Figure 2.3 Performance characteristics of the pressure sensor and pressure actuator. (A)
working principle of the pressure sensor. (B) Scanning Electron Microscopy (SEM)

image of the miniaturized pressure sensor.

2.2.2 Temperature sensor

This sensor exhibits a change in capacitance in response to variations in the external
temperature. By measuring this change in capacitance, we can effectively determine the
temperature applied to the sensor. Figure 2.4A illustrates the working mechanism of the

temperature sensor. The capacitance of this sensor is influenced by three key parameters:
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the area of the electrodes, the distance between the electrodes, and the permittivity of the
dielectric layer. These parameters collectively determine the capacitance of the capacitive

sensor according to the formula (1)

As the external temperature changes, the relative permittivity of the dielectric layer
in the sensor increases, resulting in a corresponding increase in capacitance. Figure 2.4B
presents the SEM image of the top view of the parallel plate capacitive sensor.

Temperature Sensation

PVDF-TIFE «—> | PVDF-TiFE

°C£§; OCJl;

Figure 2.4 Performance characteristics of the Temperature sensor and actuator.

(A) Working mechanism of the miniaturized temperature sensor. (B) SEM

(Scanning electron microscopy) image of the soft temperature sensor.

2.2.3 Vibration sensor

This sensor detects external vibrations of varying frequencies and generates an output
voltage in response. The sensor follows a parallel plate configuration, utilizing PVDF-
TrFE (polyvinylidene fluoride -trifluoro ethylene) as the dielectric layer. Specific design
details and the fabrication process are elaborated in the Materials and Methods section to
provide further insights into the sensor's structure and construction. PVDF is a
piezoelectric plastic material with a unique property: when subjected to mechanical
deformation, it generates equal and opposite charges on both sides of the film. In the case

of our piezoelectric-based vibration sensor, external vibrations cause the PVDF film to
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align its dipoles in a specific direction, from the top layer to the bottom. This alignment
results in the generation of voltages in the external circuit (Figure 2.5A). The amplitude
of the voltage produced in the external circuit is directly proportional to the amplitude of
the applied vibration. Hence, higher-amplitude vibrations induce higher-voltage outputs
from the sensor. This behavior enables the sensor to accurately capture and quantify the
magnitude of external vibrations based on the resulting voltage signals. Figure 2.5B
presents a top-view scanning electron microscopy (SEM) image of the constructed

piezoelectric-based vibration sensor.
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Vibration Sensation
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Figure 2.5 : Characterization of piezoelectric-based vibration sensor and actuator:
(A) Working mechanism of the piezoelectric-based vibration sensor. (B) Scanning

Electron Microscopy (SEM) image of the vibration sensor.

2.2.4 Texture sensor

In our design, we have incorporated an interdigitated piezoelectric sensor as the
texture sensor. Our texture sensor is designed for detecting low-frequency rough textures.

This sensor is capable of generating a voltage output when it comes into contact with an

9
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external textured surface, allowing us to capture and analyze the tactile information of the
surface. To enhance the detection of surface textures, a ridge made from Kapton tape was
attached to the edge of the sensor surface. This ridge has specific dimensions, with a width
of 0.3 mm and a height of 1 mm, providing a defined contact area for the sensor to interact
with the textured surface. When the sensor slides on a rough surface, the ridge produces
tension on the sensor, and the potential difference is generated between the IDE electrodes
(Figure 2.6A). By analyzing the voltage output from the interdigitated piezoelectric
sensor, our system can interpret the texture frequency information and provide haptic
feedback to the users which enables them to perceive and distinguish different surface
textures using a prosthetic hand. Figure 2.6B shows the top view of the SEM photo of the

piezoelectric-based texture sensor with a ridge attached to its side.
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Figure 2.6 Performance characteristic of the piezoelectric-based texture sensor and
actuator. (A) the working mechanism of the piezoelectric-based texture sensor. (B)

SEM photo of the piezoelectric-based texture sensor.

2.3  Block diagram

Our e-skin system can be represented in three main subsystems: (i) a multiplexed
piezoelectric sensor to gather haptic information during contact with an object; (ii) a
miniaturized printed circuit board (PCB) that reads the data from the sensor and sends the

data to the actuators; (iii) a velcro band that contains actuators to stimulate the healthy

10
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area of the skin (Figure 2.7). The sensors and actuators used in this setup have a fast
response time between the sensation by the sensors on the residual limb and the actuation
on the human skin. The velcro attached to the upper limb provides a soft interface of the

actuators to the skin which makes the system easy to use.

Multiplexed miniaturized sensors Electronics Actuators
/ N 7 \ \ Texture
Vibration Texture T actuator
sensor sensor Data | bridge Data Vibration
\ N J 12C | mcu actuator
| | Motor
4 N ( o Flex driver Static pressure
Static pressure| | Temperature cable Flex actuator
sensor sensor Capacitance C
—| to digital Temperature
& L j \converter \ actuator /
Prosthetic’s finger Prosthetic’s palm Wrist

Figure 2.7 Functional Block diagram showing the E-skin system in three parts:
Multiplexed, a piezoelectric-based array of sensors; a miniaturized electronic circuitry

with flexible connection and actuators for each corresponding sensor.

2.4 Design of the miniaturized electronic circuit

We designed a miniaturized double-sided electronic circuitry for the e-skin system
to make the system standalone (Figures 2.8 and 2.9). The circuit included two main
sensing mechanisms of the output from the array of sensors. For the static pressure sensor
and temperature sensor, the output is observed as a change in capacitance. This change in

capacitance is read by the 4-channels capacitance to digital converter IC communicates
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with the microcontroller via 12C protocol. The FDC1004 (Texas Instruments, USA)
capacitance to digital converter (CDC) has a full-scale range of £15 pF, with 0.5 aF
resolution a programmable offset capacitance of up to 100 pF, and an active shielding
signal output. The CDC has four multiplexed sensing channels and output rates up to 400
Hz. The vibration sensor and texture sensors produce output as a change in voltage which
passes through internal ADC in the microcontroller to digitalize the signal at a sampling
frequency of 400 Hz. The signal processing unit consists of an SMD (surface-mounted
device) microcontroller (Atmega328p, Microchip Technology Inc.) with a crystal
oscillator, resistors, and capacitors as peripheral components. The electronic circuitry
communicates with the sensors and actuators through flexible cables. The PCB also
contains electronic components for the actuators. The Peltier module is controlled by
using an H-bridge (DRV8225, Texas Instruments Inc.) which controls the switches that
deliver power to the load. To run the coin cell eccentric rotating mass (ERM) vibration
motor, motor drivers (DRV2605, Texas Instruments Inc.) were used to communicate with
the microcontroller through the 12C protocol. The PCB is connected to a rechargeable
lithium-ion (Li-ion) battery (GlobTek Inc.) which powers the whole system.

Figure 2.8 The schematic diagram of the e-skin sensors connected with the standalone
printed circuit board (PCB).

12



Results and discussion 13

FDC1004
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Atmega32 %8 Motor
Driver
Power Motor
Input Driver

Figure 2.9 The actual picture of the fabricated miniaturized PCB with all the

components mentioned.

2.5 Characterization of the actuators

2.5.1 Pressure actuator

According to the pressure-sensing characteristics of the biological skin, Human skin
can sense a light touch in the pressure range from 0 to 10 kPa (Pan et al., 2014; Zang et
al., 2015). To stimulate a gentle touch sensation on the human skin, a servo motor was
utilized as an actuator. The servo motor was attached to a VVelcro strip located on the wrist
of the hand. The servo motor's arm undergoes controlled rotation to a designated angle in
response to an external pressure leading to a variation in the sensor's initial capacitance.
This rotation applies pressure within the range associated with a mild touch on the skin's
surface where it's situated. This mechanism allows for the replication of a gentle tactile
sensation similar to what the human skin can perceive. The actuator response can be seen
in Figure 2.10. which shows the pressure produced by the servo motor while attached to
a force transducer (Nanol7, ATI Inc.). Indeed, the pressure exerted by the servo motor
on the skin can be regulated by the external pressure applied to the sensor, resulting in a
change in capacitance. As the rotating arm of the motor presses against the skin of the
subject, a greater rotation away from the initial point toward the skin's surface
corresponds to a higher applied pressure on the skin. By adjusting the external pressure

13



Results and discussion 14

on the sensor, the desired level of pressure can be controlled and translated into the
corresponding rotation of the servo motor, effectively modulating the pressure

experienced by the skin.
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Figure 2.10 Response of the pressure actuator to produce a soft touch in response to
the applied pressure of the sensor.

2.5.2 Temperature actuator

To generate a temperature sensation on the human skin, the temperature actuator was
placed on the wrist of the human hand. In this setup, a Peltier module was utilized as an
actuator, capable of generating a temperature difference between its two sides when a
voltage is applied. When the capacitance of the sensor deviates from its initial value, a
logic high signal is sent to a digital pin on the microcontroller. This signal triggers the
actuator, thereby activating the Peltier effect and resulting in the desired change in
temperature sensation on the skin. Given that the warm thermoreceptors of the human
skin are typically stimulated in the temperature range of 25-40 °C (Q. Li et al., 2017), it
is crucial for the actuators to respond swiftly within this range and for real-time

communication to be established. Our setup defined four temperature ranges between 30
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°C and 50 °C, each spanning 5 °C increments (Figure 2.11A). The actuator is stimulated
only once within each range when the temperature is rising. The amplitude of stimulation
increases as the temperature range becomes higher. However, during the falling
temperature range, no stimulation is applied by the actuator. Figure 2.11B represents the
characteristic curve of the actuator’s temperature, whose temperature could be easily
increased up to a high temperature with low voltage. The relationship between the voltage
and the final maintained temperature is plotted. As the PWM (pulse width modulation)
signal stimulation is given to the actuator, the voltage output to the actuator is controlled
by the H-bridge.
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Figure 2.11: Temperature actuator response. (A) The figure illustration of the relation between
the temperature sensor and temperature actuator. (B) The output of the temperature actuator to
the increase in applied voltage.

2.5.4 Vibration actuator

In our e-skin system, actuation plays a vital role and complements the sensor output.
To create the sensation of vibration on the skin, we incorporated coin cell vibration motors
as vibration actuators (Jung et al., 2022b). These eccentric rotating mass (ERM) motors

(VC1026B002F, Vybronics, Inc.) were specifically chosen to vibrate at the same
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dominant frequencies produced by the vibration sensor. To synchronize the actuation with
the sensor output, we utilized a motor driver (DRV2605, Texas Instruments Inc.). The
motor driver generated a PWM signal that was mapped with the dominant frequency
obtained from the real-time FFT analysis conducted in the microcontroller. This mapped
PWM signal was then used to drive the vibration motors, ensuring that they vibrated at
the desired frequency. For vibration actuation, both motors operated simultaneously with
the same PWM signal. Figure 2.12A and Figure 2.12B demonstrate the operation of the
two motors vibrating at 100 Hz and 80 Hz, respectively, with synchronized PWM. This
synchronized vibration actuation provides a realistic and coordinated vibration sensation

to the user’s skin.
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Figure 2.12: Output response of the vibration actuator. (A)PWM output of two coin-cell
motors vibrating simultaneously with the frequency of 100 Hz. (B) PWM output of two

coin-cell motors vibrating simultaneously with the frequency of 80 Hz.
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2.5.5 Texture actuator

To produce the sensation of texture on the healthy part of the human body, we used
two coin-cell vibration motors. The motors were given a PWM signal with a certain delay
between the actuation time, as shown in Figure 2.13. The delay between the actuation
time of the two motors corresponds to the roughness of the texture on which the sensor is
sliding. In this figure, ‘I’ represents the off time of the motor, and ‘h’ represents the time
delay between the actuation of two motors which corresponds to the spatial period of the
surface.
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Figure 2.13: PWM signal of two vibration motors vibrating with a certain delay.
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Chapter 3: IN VITRO EXPERIMENTS

3.1 Characteristics of pressure sensor

The manufacturing process involved the creation of a miniaturized sensor array,
specifically designed with two-pixel sets, each containing four individual sensors. These
sensors encompassed a diverse range of functionalities, including the measurement of

static pressure, temperature, vibration, and texture.

Of particular significance is the static pressure sensor within this array. It was
meticulously crafted to incorporate a multi-finger periodic structure, which encompasses
interdigitated capacitive sensors. These sensors are conceptually represented by lumped
circuit elements, a modeling approach that simplifies the complex physics involved in the
capacitive sensing mechanism.

Remarkably, the static pressure sensors showcased a variety of critical attributes.
They demonstrated a rapid response rate, allowing them to swiftly detect and transmit
pressure variations. Additionally, their hysteresis, which refers to the lag in response
when pressure changes, was minimized, leading to highly accurate measurements. The
sensors also exhibited outstanding linearity, ensuring that their output was directly
proportional to the applied pressure. Long-term stability was another notable feature,
indicating that the sensors maintained their accuracy and performance over extended
periods of use. Lastly, these sensors boasted a wide operational range, implying that they
could effectively function across a broad spectrum of pressure levels.

Collectively, this sensor array represents a sophisticated technological achievement,
encompassing diverse sensing capabilities and leveraging advanced engineering
principles. The static pressure sensors, with their intricately designed multi-finger
structure and advantageous characteristics, epitomize the cutting-edge nature of this

sensor array's development.
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3.1.1 Linear response of the pressure sensor

The designed pressure sensor results in a change in capacitance with the applied
external pressure. The measured capacitance is a linear function of pressure and remains

unchanged when the applied pressure remains constant (10 KPa) (Figure 3.1).
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Figure 3.1: Linear response of the sensor. Change in capacitance (Delta
C) with respect to the applied.

19



in vitro experiments 20

3.1.2 Loading/Unloading test.

To record the change in capacitance resulting from the applied pressure on the sensor,
an impedance analyzer (MFIA, Zurich Instruments, Zurich Switzerland) synchronized
with a force gauge was employed. The force gauge was used to apply pressure on the
sensor while the impedance analyzer measured and recorded the corresponding change in
capacitance. Under cyclic loading and unloading, the capacitance of the interdigitated
capacitive sensor varies as expected in response to the applied pressure. When the force
was applied, the capacitance changed accordingly, and upon removal of the force (when
it becomes zero), the capacitance returned to its initial value (Figure 3.2A). Figure 3.2 B
shows the extracted calibration curve is linear for different applied external pressures,
ranging from 1 kPa to 10 kPa. Subsequently, the sensor was connected to the miniaturized
electronic circuitry using a flexible cable. A loading/unloading test was conducted, during
which the change in capacitance was recorded utilizing the capacitance to digital
converter IC (FDC1004). Figure 3.3 illustrates the anticipated response of the pressure
sensor to cyclic loading and unloading, demonstrating that the sensor's capacitance
promptly returns to its initial value without any noticeable delay.
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Figure 3.2: (A) Change in capacitance of the sensor under four cycles of loading/unloading

compared to the measurements using a force gauge. (B) Extracted calibration curve of the

device.
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Figure 3.3 Change in capacitance of the sensor connected to
the electronics under three loading/unloading cycles

compared to the measurements using a force gauge.

3.2  Characteristics of temperature sensor

The temperature of the human body can be monitored using wearable and flexible
sensors. In our case, we developed a temperature sensor utilizing a parallel plate

capacitive configuration.

3.2.1 Linear response

The sensor was connected to the impedance analyzer to record the change in
capacitance due to the applied temperature. The change in applied temperature leads to
the change in the capacitance of the sensor, which can be demonstrated in the form of the
linear relationship between the change in capacitance and the applied external

temperature (Figure 3.4).
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Figure 3.4 Linear response of the temperature sensor with the applied temperature.

3.2.2 Comparison with a commercial sensor

The output of the sensor was monitored as a change in capacitance as a result of
applied external temperature. Figure 3.5 demonstrates the capacitance response of the
fabricated temperature sensor to the externally applied temperature. The sensor exhibits
a promising response to the external temperature which ensures the sensor’s functionality.
The output of the sensor was compared with the commercial temperature sensor

(MPL3115A2, NXP USA Inc.) by applying external temperature to both the fabricated

sensor and commercial sensor simultaneously.

22



in vitro experiments 23

49.05 55
—— Sensor Qutput
—— Applied Temperature
— —
s 3
o ®
c o
ko £
2 ]
o =
S 5
48.70 . 16
0 300 600
Time (S)

Figure 3.5: variation of capacitance with the applied external

temperature to the sensor.

3.2.3 Sensor connected to the electronics.

The sensor was then connected to the standalone miniaturized electronics to record
the change in capacitance by using a capacitance-to-digital converter IC (FDC1004,
Texas Instruments, USA). The fractional change of the analog-to-digital converter (ADC)
values acquired from the miniaturized PCB is presented in response to different
temperatures (Figure 3.6). The change in temperature, ranging from approximately 30 °C
to 50 °C, was correlated with the corresponding change in capacitance when the
temperature was applied to the miniaturized sensor. This comparison is made with a
commercial sensor. The data obtained from the miniaturized sensor shows good

agreement with the readings from the commercial sensor.

23



in vitro experiments 24

27.5 52

—— Miniaturized Sensor
Commertial Sensor

Capacitance (pF)
(9) ainjesadws |

254 . . .
400 600 800 1000

Time (S)

Figure 3.6: Response of the miniaturized temperature sensor to the

external temperature in comparison with the commercial sensor.

3.3 Characteristics of vibration sensor

Our skin exhibits heightened sensitivity to mechanical vibrations within the
frequency range of 40 to 400 Hz (Chun et al., 2016; Vicentini et al., 2010). To replicate

the vibration-sensing ability of human skin, we designed a piezoelectric-based vibration

sensor.

3.3.1 Output of vibration sensor as voltage waveform

To induce vibrations, the sensor was subjected to a vibrating beam with a vibration
motor attached underneath it (Figure 3.7). The output of the piezoelectric vibration sensor
was connected to an oscilloscope to record the data in the form of an output voltage signal.
The voltage signal recorded with an oscilloscope with a sampling frequency of 100 kSa/S,
is presented in Figure 3.8A for 10 seconds. To eliminate any 50 Hz environmental noise,
the signal was passed through a notch filter with a notch frequency of 50 Hz. To validate

the vibration sensor's capability to detect a wide range of frequencies, high-frequency
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vibrations were applied to the sensor. Figure 3.8B depicts the resulting voltage signals
generated by increasing the external vibration to 80 Hz and the voltage waveform was
obtained. Similarly, applying another external vibration 100 Hz to the sensor and the
voltage waveform was obtained (Figure 3.8C). This experiment shows the functionality

of our sensor to the wide range of external vibrations.

Figure 3.7 Experimental setup of the vibration sensor.
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Figure 3.8 Voltage output of the vibration sensor. (A) The voltage waveform of the output signal of 60 Hz

vibration. (B) The output of the sensor when subjected to the external vibration of 80 Hz. (C) The 100 Hz

vibration output of the vibration sensor.

3.3.2 FFT response of the output signals

To confirm the vibration sensor's frequency, a fast fourier transform (FFT) analysis
was performed using MATLAB. The resulting FFT plot in Figure 3.9A reveals the
dominant frequency in the output signal to be 60 Hz, validating the vibration sensor's
generated frequency. To confirm the dominant frequency present in these signals, we
conducted FFT analysis in the MATLAB. Figure 3.9B displays the FFT signal of
waveform 3.8B, showing a dominant frequency of 80 Hz. Similarly, for the waveform
obtained in Figure 3.8C, FFT analysis revealed a dominant frequency peak at 100 Hz, as
illustrated in Figure 3.9C. These analyses demonstrate the vibration sensor's accurate
capturing and differentiation of various frequencies within its operating range, including

lower and higher frequencies.
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Figure 3.9: Fast Fourier Transform (FFT) response of the output signals. (A) dominant frequency of 60 Hz
obtained from the voltage waveform. (B)The dominant peak of 80 Hz calculated from the 80 Hz vibration

waveform. (C) The FFT response of the 100 Hz voltage waveform.

3.3.3 Comparison of the sensor with a commercial sensor

We conducted a performance comparison with a commercial accelerometer to verify
the dominant frequency produced by our vibration sensor. Both the vibration sensor and
the accelerometer were placed adjacent to each other on the vibrating beam and connected
to an oscilloscope. The output of the accelerometer was recorded in the form of voltage
waveform recorded at a sampling frequency of 100 kSa/s (Figure 3.10A). To confirm the
dominant frequency, FFT analysis was performed on both waveforms. The FFT analysis
revealed a dominant frequency of 80 Hz for both the vibration sensor and the
accelerometer, indicating consistency between the two measurements (Figure 3.10B).
Furthermore, to confirm the sensor’s dominant frequency of 100 Hz, the output of the
accelerometer was also obtained (Figure 3.10C). The FFT analysis was performed on the
voltage waveform, and the 100 Hz frequency was confirmed (Figure 3.10D). The
comparison of the fabricated sensor with the commercial sensor confirms the

functionality of the sensor.
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Figure 3.10: accelerometer output when subjected to the external vibration for comparison with the
sensor. (A) The voltage waveform of the accelerometer when subjected to 80 Hz external vibration.
(B) The FFT response of the 80 Hz waveform to confirm the dominant frequency. (C) The voltage
waveform of the accelerometer when subjected to 100 Hz external vibration. (D) The FFT response

of the 100 Hz waveform to confirm the dominant frequency.
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3.3.4 Sensor connected with the electronic.

To evaluate the performance of the stand-alone system, we connected the vibration
sensor to the miniaturized double-sided printed circuit board (PCB) specifically designed
for our e-skin system. In this setup, we conducted a real-time FFT analysis of the input
signal received by the microcontroller from the sensor. Figure 3.11 illustrates the output
signal produced by the microcontroller, which involves identifying the dominant
frequency using FFT analysis. This dominant frequency was further validated by
comparing it with the output FFT signal obtained from the accelerometer. By comparing
the FFT signals from both the microcontroller output and the accelerometer, we can
confirm the accuracy and consistency of the dominant frequency determined by our
standalone system. This analysis ensures that the system effectively captures and
processes the vibration data, providing reliable information about the dominant

frequency.
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Figure 3.11: FFT output of the sensor and the accelerometer connected to the

standalone electronics.
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3.4  Texture sensor

There are two types of textures that human skin can sense; coarse textures, which are
perceived by slow adapting mechanoreceptors and have a feature size of >100 um, and
fine textures, which are perceived by rapidly adapting (RA) mechanoreceptors and have
a feature size of <100 um. Fine textures are detected by fast adaptive receptors which are
sensitive to the vibration generated by the relative motion between the skin and the object
when sliding the finger over its surface (Sotgiu et al., 2020). Because of different depths

and patterns, each texture produces unique data when moving on the surface of a sensor.

3.4.1 Sensor output as a voltage waveform

In the texture sensor experiment, the rough surface was placed at a moving stage
(LTS150, Thorlabs Inc.) containing a force sensor (Mini40-S1-80-4, ATI Inc.) with a
controlled speed, and the sensor was placed on a fixed point to be in contact with the
surface (Figure 3.12). The voltage waveform was obtained by reading the output through
an oscilloscope with a sampling frequency of 100 kS/s. The frequency obtained from the
roughness of the surface depends on the spatial period of the texture and the speed with
which the sensor is moving on a surface. The frequency can be determined from the
following equation (2):

f=3 2)

Where fis the characteristic frequency, v is the sliding speed, and A is the period
width (feature size) of the texture. With a fixed rate of 10 mm/s, a frequency of 2.5 Hz
was obtained by making the spatial period 4 mm (Figure 3.13A). Similarly, the voltage
waveform was obtained by increasing the moving speed to 20 mm/s while keeping the

roughness of the surface with a spatial period of 4 mm (Figure 3.13B).
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Figure 3.12 The experimental setup of the texture sensor.
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Figure 3.13: Output of the piezoelectric texture sensor. (A) Voltage waveform of the 2.5 Hz texture.

(B) Output voltage waveform of the 5 Hz texture
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3.4.2 FFT response of the output waveform

The dominant frequency was calculated by taking the FFT in MATLAB with the
notch filter of 50 Hz to remove the noise from the signal (Figure 3.14A). The dominant
frequency was calculated by taking the FFT of the signal which confirms the frequency
of 5 Hz (Figure 3.14B). The fabricated sensor is capable of generating higher frequencies
which depend upon the moving speed and the roughness of the surface. We moved the
sensor on a rough surface two times with different moving speeds, and two different
frequencies, 16 Hz and 18 Hz were obtained. These experiments demonstrate the accurate
detection of both the low and high frequencies textures which shows the excellent

performance of our sensor.
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Figure 3.14: The FFT response of the texture signals. (A) The dominant frequency of 2.5 Hz was
confirmed from the FFT response. (B) The dominant frequency of 5 Hz was confirmed from the FFT

output.
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3.4.3 Sensor connected with the electronics.

The miniaturized array of sensors was then connected to the electronics by using a
flexible cable connection to get the data from the sensor. The real-time FFT was
performed at 400 Sa/s in the microcontroller to detect the dominant frequency of the
sensor. Figure 3.15 illustrates the two frequencies of 20 Hz and 30 Hz obtained by moving
the sensor on texture surfaces (the surfaces are shown in the top left corner of the figure)
having the roughness of 1 mm and 0.66 mm, respectively, with a constant speed of 20

mm/s.
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Figure 3.15: FFT output of two different frequencies produced by two
different textures by using a microcontroller in the standalone electronics

circuit.
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Chapter 4: IN VIVO EXPERIMENTS

Validation trials of the E-skin system on human subjects demonstrate the
performance and operational robustness of the system under controlled conditions. Tests
involve mounting the e-skin system to the upper limb of healthy volunteers (n=10; Figure
4.1A) with a different age group. The multiplexed array of the sensors was placed on the
middle finger, but the sensors array can be placed on any of the fingers of the hand. These
locations are important parts of the hand for object manipulation and get sensation when
in contact with an object. The participants were wearing a thick glove to isolate the system
and prevent the sensations directly on the human skin, and the sensors array was placed
on the finger of the glove. The sensor array was connected to the miniaturized electronics
by using a flexible cable coming under the glove to reduce the bulkiness of the system.
Upper limb amputation is considered to be an amputation in which a person loses their
hand below the wrist. To translate the artificial sensation from the prosthetic hands to the
healthy part of the upper hands, the wrist is to be considered the most sensitive to perceive
the sensations. The array of actuators was placed on the wrist of the human by using a
hook fastener (Velcro) to hold the actuators and connected to the miniaturized electronics
(3 x 3 cm) through a flexible cable. Next, the participants were guided to wear a facemask
and headphones with noise-canceling capabilities while playing white noise to prevent
any external sounds from the device or surroundings that could potentially impact the
perception of haptics. Since we report four distinct types of sensors, the experiment
necessitates four corresponding tests for each sensation. Each experiment was repeated
ten times with random patterns of the applied sensations for every participant. An
embodiment questionnaire was prepared and presented to the participants to capture their
responses qualitatively. At the end of each experiment, participants were asked to
complete the questionnaire. Figure 4.1B depicts the setup for the temperature sensor
experiment. The external temperature is administered to the sensor through a heat gun,
while the actuator is positioned on the wrist of the hand. For the texture sensor experiment
(Figure 4.1C), the surface was placed on a moving stage (Thor lab) and set to slide at a
constant velocity. Participants were instructed to place their hands on a fixed point on the
sliding surface. Regarding the feasibility trials for the vibration sensor, the sensor was

situated on a beam subject to controlled vibration. Concurrently, the actuator was placed
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on the wrist of the hand, as shown in Figure 4.1D. Furthermore, Figure 4.1E demonstrates
the setup for the pressure sensor experiment. The pressure was exerted on the sensor using

a force gauge while the actuator remained positioned on the wrist.

Actuator

Sensor

Electronics

Velcro band

Figure 4.1: In vivo trial of the E-skin system on a human subject. (A) Photograph of the
subject performing the experiments, the participant was blindfolded and acoustically
shielded. (B) Experimental protocol for the temperature sensor while applying
temperature by heat-gun. (C) Experimental protocol for the texture sensor by sliding the
sensor on a textured surface. (D) Experimental protocol of the vibration sensor by sensing
the vibration of known frequency. (E) The experimental protocol of the pressure sensor

subjected the sensor to the force gauge.
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4.1  Static pressure experiment

Pressure sensation and feedback mechanism are important functions to provide users
with a more comprehensive perception of the object. Here, we performed an experiment
on the pressure sensor by applying pressure to the sensor, and the actuator is attached to
the human wrist. The applied pressure to the sensor with the pattern of the first three soft
touches (~10 KPa) on the sensor followed by two touches and then one touch for a long
period. The output of the sensor can be recorded in the form of a change in capacitance
when the pressure is applied which different pattern as shown in Figure 4.2A. The three
patterns of pressure were applied to each subject ten times randomly. The change in
applied pressure resulted in the change in capacitance which was mapped to the rotation
of the arm of the servo motor (pressure actuator) to produce a soft touch sensation on the
human skin. The participants were asked to differentiate the applied pattern in the form
of a questionnaire based on which statistical analysis was carried out. Overall, the ten
participants correctly identified the three different patterns of applied pressure in 96.7 %
of cases (Figure 4.2B). Based on the confusion matrix, sensitivity, and specificity values
were calculated (Figure 4.3 A and B). The experiment demonstrates that the e-skin system
performs well, as evidenced by its high sensitivity score (SE = 0.97) and specificity score
(SP =0.98). This confirms the effectiveness of the e-skin system.
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Figure 4.2: (A) Picture of the applied pressure sensor and the output response of the
sensor. (B) The performance was obtained during a control condition where a pressure

experiment was performed in the form of a confusion matrix. In every case, 30 repetitions

were performed with ten participants.
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Figure 4.3: (A) The sensitivity calculation plot based on the three pressure
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patterns applied. (B) The specificity calculation plot based on the three pressure

patterns applied.
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4.2  Temperature sensor experiment

The temperature experiment comprises three distinct applied temperature patterns
(~40 °C) to the sensor using a heat gun. Initially, a minor temperature stimulation is
administered, succeeded by a substantial stimulation endured for an extended duration.
Subsequently, another minor temperature stimulation is employed (Figure 4.4A). The
alteration in capacitance, observed as a reaction to the external applied temperature,
represents the sensor's output. The output of the sensor shows a good resemblance to the
applied temperature pattern. Thermo-haptic feedback is also a crucial function to provide
users with a more comprehensive perception of the object. The temperature actuator
responds to the temperature applied to the sensor. A voltage signal is given to the actuator

in the form of a pulse when the change in capacitance occurs.

The placement of a temperature actuator on the human wrist and its activation in
response to the sensor's output constitute the methodology. The participants were asked
to differentiate between the applied patterns of temperature and the response was recorded
in the form of a questionnaire. The ensuing responses were documented through a
questionnaire. Statistical analysis was performed through a confusion matrix, depicted in

Figure 4.4B, displaying a 91.7 % accuracy rate.

To establish a comparison, the actuator was also positioned on a participant's finger
and wrist, enabling discrimination of applied temperatures on distinct body locations.
Thermal camera images portray the actuator temperature on both the human wrist and
finger, demonstrating uniform temperature (Figure 4.5). The applied temperature can be
controlled by the voltage signal from the electronics based on the applied temperature to
the sensor, enabling us to differentiate objects with different thermal properties, e.g.,

differentiating different objects based on their surface thermal state, etc.
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Figure 4.4: (A) Picture of the applied temperature pattern and the output of the
sensor. (B) The performance obtained during the temperature experiment is in

the form of a confusion matrix.

Figure 4.5: Thermal images of the actuator applied to the finger and wrist of the human

subject.
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4.3  Vibration sensor experiment

A tactile feedback system of the vibration sensation is realized by integrating the
vibration sensor output into the vibration actuator. The Vibration sensation from the
sensor’s output was translated to the vibration actuator (coin cell motor) via electronic
circuitry. The frequency of the waveform was calculated by taking the real-time FFT
which gives the dominant frequency. The vibration motor (Actuator) vibrated with the
output dominant frequency generated by the sensor. Figure 4.6A illustrates the vibration
pattern applied to the sensor with one vibration at 75 Hz followed by vibrating twice at
the same frequency and then three times vibration. The output vibration frequency of the
sensor can be observed which shows the three frequencies signals produced in response
to the applied vibration patterns. The quantitative results of the experiment were realized
in the form of statistical analysis. The confusion matrix illustrates the overall performance
of this task with 98% correct answers (Figure 4.6B). Moreover, the confusion matrix was
utilized to compute sensitivity and specificity values, revealing a notable level of
sensitivity (SE = 0.98) and specificity (SP = 0.99) (Figure 4.7 A and B). The findings
demonstrate the system's ability to deliver vibrations to individuals with upper limb

amputation at various frequencies.
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Figure 4.6: Picture of the applied vibration pattern and the output frequency (75 Hz)
response of the sensor. (B) Confusion matrix of the response obtained from the vibration

experiment.
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4.4  Texture sensor experiment

The recognition of tactile textures is an intricate procedure that involves the spatial
encoding of the coarse texture's geometric properties and the vibrotactile encoding of the
fine textures. We mimicked this mechanism by utilizing a system that integrates the
fabricated piezoelectric-based texture sensors with the coin cell vibration motors as a
texture actuator. We chose three surfaces of varying roughness: the initial surface featured
ridges roughly measuring 1.1 mm, the second surface displayed a roughness of
approximately 0.8 mm, and the third surface exhibited a roughness of approximately 0.44
mm. The rough surface was placed on a moving stage (LTS150, Thorlabs Inc.) with a
controlled speed (2 mm/s in this experiment), and the sensor on the glove was placed on
a fixed stage to interact with the moving stage. Figure 4.8A shows the applied pattern of
surfaces having the roughness mentioned above and the sensor’s output frequency

calculated by taking the real-time FFT in the microcontroller.
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Figure 4.8:(A) Picture of the applied texture surfaces to the sensor and the out

frequencies of the sensor. (B) Overall performance of the texture sensor and

feedback in the form of a confusion matrix.

Two coin-cell vibration motors were used as an actuator, and the vibration frequency
produced by the sensors was given to the motors to vibrate. There was a certain delay
between the actuation time of the motors which corresponded to the roughness of the
surface. Experimental trials were performed, and participants were asked to differentiate
between the three surfaces. Statistical analysis results were shown in the form of a
confusion matrix which shows 92.7 % accurate answers (Figure 4.8B). Furthermore,
sensitivity and specificity values of SE = 0.89 and SP = 0.96 are calculated from the

confusion matrix (Figure 4.9 A and B).
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Chapter 5:

MATERIALS AND METHODS

5.1 Fabrication of the miniaturized array of sensor

A standard six-inch silicon wafer (Siegert Wafer Inc.) was diced into 2.5 cm x 2.5
cm small chips using a dicing saw (DAD 3221, DISCO Inc.). These silicon chips served
as temporary substrates for the fabrication process. The diced chip was sequentially
submerged in acetone and isopropyl alcohol (IPA), each time undergoing a 5-minute
ultrasonic bath for cleaning. Following, the chip was blow-dried with N2 and treated with
oxygen-plasma (SI 500, Sentech Instruments Inc.) for 60 seconds. Subsequently, the chip
was spin-coated with polyimide (PI) (Sigma Aldrich Inc.) and baked at 100 °C for 1 hour,
followed by baking at 300 °C for 1 hour. Then, aluminum was sputtered to a thickness of
120 nm, followed by the sputtering of 30 nm of chromium onto the aluminum layer (PVD
75 PRO-Line, Kurt J. Lesker Inc.). Subsequently, a solution of 15wt%
Poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE) (FC20, Piezotech Inc.) was
prepared by mixing PVDF-TrFE powder in dimethylformamide (DMF). The mixture was
stirred on a temperature-controlled magnetic stirrer for 3 hours at 80°C and then filtered
through a 0.45 um PTFE membrane. Before applying the PVDF-TrFE layer, Kapton tape
was used to cover a small portion of the sputtered metal to ensure a connection with the
bottom electrode after fabrication. The PVDF-TrFE solution was first spin coated and
baked at 140°C for 5 minutes, followed by a second spin coating and baking at the same
temperature for 20 minutes. AZ5214 positive photoresist (AZ5214, MicroChemicals Inc.)
was spin-coated and soft-baked at 110°C for 55 seconds before patterns were defined with
UV photolithography (UMLA 100, Heidelberg Instruments Inc.). AZ 726 MIF developer
(AZ 726 MIF, MicroChemicals Inc.) was applied for 110 seconds for the development.
In order to remove excess photoresist from the developed regions, 60 s of oxygen-plasma
treatment (SI 500, Sentech Instruments Inc.) was applied. For the top electrode, a 30 nm
chromium layer and a 120 nm aluminum layer were sputtered (PVD 75 PRO-Line, Kurt
J. Lesker Inc.). Lift-off was performed using methanol to avoid damaging the PVDF-
TrFE film. To enhance the piezoelectric properties of the PVDF-TrFE film, polarization
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was conducted using DC voltage. The voltage gradually increased from 20 V to a final
value of 300 V, and the 300 V field was applied for 30 minutes.

Chapter 6:

CONCLUSION

In this study, we introduce a piezoelectric-based electronic skin capable of
multisensory tactile sensation of the temperature, ressure, Vibration, and texture located
at the interface between the prosthetic hand and the soft skin of the residual limb.
Demonstration of the multifunctional e-skin on different participants without any
irritation and thermal or mechanical perturbation of the skin surface illustrates its robust
capabilities in the prosthesis. By restoring the sensory feedback mechanism of the
prosthesis, this near-natural system significantly enhances the quality of life for
individuals with upper limb amputation. Our miniaturized design of the e-skin also
contains a sensory feedback system that enables the correct sensory motor integration
between the central nervous system of the user and the artificial limb. We tested the real-
time implementation of the e-skin system by placing the miniaturized array of sensors on
the glove which mimicked an upper limb prosthetic. The real-time feedback mechanism
was achieved by using a series of actuators assembled with a miniaturized electronic
circuit design attached to the soft skin. The capabilities rely critically on three main
advances over the technologies reported previously: (i) multifunctional miniaturized
design of e-skin system, (ii) miniaturized design of the electronic circuitry for signal
processing, and (iii) the feedback mechanism achieved by using actuators. Compared
with the reported e-skins with different working mechanisms, this piezoelectric-
capacitive e-skin system is a complete package in terms of the number of comprehensive

sensations, linearity, and miniaturized size of an array (Table S1). Moreover, compared
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to different e-skins reported, the reported e-skin has some advantages: the miniaturized
sensing array possesses four comprehensive sensations with a haptic feedback
mechanism, and the sensors exhibit a wide range of sensations which makes the e-skin
system to cover the limit of the natural sensation of the human skin (Table S2). type of
multifunctional tactile sensing system creates a promising route for scalable
manufacturing of the e-skins, which is highly desired in applications like prosthetics
(Yang et al., 2019; H. Zhao et al., 2016) and surgeon robots (Wei et al., 2022; J. Zhu et
al., 2021).

The miniaturized sensors and electronics strategies hold significant potential,
particularly for individuals utilizing wearable robots in rehabilitation. Benchtop studies
and practical implementation of the system on an upper limb prosthesis demonstrate the
usability of all the critical functional aspects and its adaptability for other types of limb
amputations. Future work could focus on establishing wireless connections between the
sensors and actuators and integrating an internal power source to eliminate the need for
an external power supply. Moreover, optimizing the e-skin system design for other

amputations could enhance its versatility.
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Table 1: Comparison of the e-skins with different working mechanisms.
Working Linearity | Number of | Haptic | Size of array Standalone Reference
mechanism sensations | feedba electronics
ck
Electromagn | R2=0.994 | 1 YES 12 mm (1 array) | YES (7)
etic
induction
Resistive R2=0.99 |2 NO 3X18cm YES (12)
Piezoresistive NA 3 NO 10 mm (1 array) | NO (30)
piezoelectric, NA 2 NO 30 x 30 mm NO (34)
triboelectric,
piezoresistive
Piezoelectric- NA 4 NO 13 mm (2 arrays) | NO (38)
capacitive
Piezo-thermic, NA 4 YES 13.9x 10 cm NO (39)
capacitive,
thermistors
Capacitive NA 3 YES YES (40)
Piezoelectric- R2=0.991 | 4 YES 10 x 10 mm (2 | YES Our work
capacitive arrays)
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Table 2: Comparison of the range of the e-skin sensors for the comprehensive sensations.

Pressure Temperature | Vibration Texture Reference
sensing range | sensing range | sensing range | sensing range

NA NA 70-740 Hz NA (6)

0-400 kPa 23-35°C NA NA (12)

0-80 kPa 22-60 °C NA NA (23)

0-25 kPa 22-70 °C NA NA (24)

NA NA NA 21-56 Hz (45)

0-10 kPa 22-60 °C 35-100 Hz 2.5-45 Hz Our work
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