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Abstract
In this thesis flexible electronics composite materials were developed and utilized in pressure
sensors. Additionally, stretchable materials based on piezoresistive structures were fabricated and
their feasibility for printed electronics switches and stretchable strain sensors was investigated.
In the first part of the thesis two types of composite materials were developed based on
polyurethane foam with added carbon powder and on liquid crystal polymer with ceramic powder.
The first developed composite was utilized in piezoresistive and capacitive hybrid sensors and the
latter one for an additive manufactured piezoelectric sensor strip suitable for operation at elevated
temperatures. The formable hybrid sensor achieved a maximum pressure sensitivity of 0.338 kPa-1
with response and recovery times less than 200 ms at pressures over 200 kPa and also showed a linear
response. The sensor could be utilized, for example, in wearable electronics and robotics. The new
type of piezoelectric material showed piezoelectric coefficients of d33 > 14 pC/N and g33 > 108
mVm/N at pressure below 10 kPa with a wide pressure sensing range up to 4.5 MPa. This was
higher than that previously achieved for materials fabricated using traditional printing techniques.
The piezoelectric sensor would be suitable for industrial process control at elevated temperatures.
In the second part of the thesis the stretchable materials were utilized in a new type of
piezoresistive structure to fabricate one of the first stretchable switches and a machine washable
self-adherable strain sensor. The developed stretchable switch could be actuated with either
stretching or vibration with a minimum movement of < 2 μm. The versatile strain sensor with a
tunable resistance-strain characteristic achieved the currently highest reported gauge factor (>105)
at > 70% stretching. The strain sensor could be utilized for sensing human body movements and
physiological signals.

Keywords: capacitive, flexible, piezoelectric, piezoresistive, polymer composites,
stretchable, wearable electronics

Tolvanen, Jarkko, Uudet anturi ja kytkin sovellukset joustavan ja venytettävän
elektroniikan materiaaleille.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta
Acta Univ. Oul. C 681, 2018
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Väitöstyössä kehitettiin joustavan elektroniikan komposiittimateriaaleja, joita hyödynnettiin paineantureissa sekä käytettiin venytettäviä materiaaleja painettavan elektroniikan kytkimen ja venymäanturin valmistukseen.
Työn ensimmäisessä osassa kehitettiin kahdenlaisia komposiittimateriaaleja, joista ensimmäinen pohjautui polyuretaanivaahtoihin, joihin sisällytettiin hiilijauhetta, sekä toinen nestekidepolymeeriin, johon lisättiin keraamijauhetta. Ensimmäistä kehitettyä komposiittia hyödynnettiin
pietsoresistiivisessä ja -kapasitiivisessa hybridianturissa ja jälkimmäistä lisäaine valmistettavassa pietsosähköisessä anturinauhassa, joka soveltui kohotettuihin lämpötiloihin. Muovattavalla
hybridianturilla saavutettiin herkkyyden maksimiarvoksi 0.338 kPa-1, alle 200 ms vaste- ja
palautumisajat yli 200 kPa paineessa ja lineaarinen vaste. Anturia voitaisiin monipuolisesti hyödyntää mm. puettavassa elektroniikassa ja robotiikassa. Uudenlaisella pietsosähköisellä materiaalilla saavutettiin pietsosähköiset kertoimet (d33 > 14 pC/N ja g33 > 108 mVm/N < 10 kPa paineessa), jotka olivat korkeammat kuin perinteisin tulostusmenetelmin valmistetuilla materiaaleilla. Pietsosähköinen anturi soveltuisi mm. teolliseen prosessivalvontaan kohotetuissa lämpötiloissa.
Toisessa osassa hyödynnettiin venytettäviä materiaaleja uudentyyppisissä pietsoresistiivisissä rakenteissa ensimmäisten venytettävän painettavan elektroniikan kytkimen sekä konepestävän itsekiinnityttävän venymäanturin valmistamiseksi. Tulokset on esitetty kahdessa julkaisussa, joista ensimmäinen keskittyi kytkimen valmistamiseen ja toimintaan sekä toinen venymäanturin toimintaan ihmiskehon liikkeen ja signaalien mittaamiseksi. Kehitettyä kytkintä voitiin
aktuoida monipuolisesti esim. venytyksen tai värinän avulla alle 2 μm liikkeellä. Monipuolisella
venymäanturilla saavutettiin säädettävä resistanssi-venymä suhde korkeimmalla tähän asti ilmoitettu herkkyydellä (>105) yli 70% venytyksellä. Venymäanturia voitiin hyödyntää ihmiskehon
liikkeiden ja fysiologisten signaalien mittaamiseen.

Asiasanat:
joustava,
kapasitiivinen,
pietsoresistiivinen,
polymeerikomposiitit, puettava elektroniikka, venyvä

pietsosähköinen,

“Be happy, but never satisfied” Bruce Lee
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List of abbreviations and symbols
ε
εc
εS1_0
εS2_0
εS3_0
εr
ε0
tanδ
A
Ag
Ag-DS/CF
AI
BWC
C
CF
CSE
CW
d
d0
DH
DS
d33
G
GF
g33
HFS
h
KT
LCP
LCP-PZT
LDS%
LT-CF%

tensile strain
compressive strain
tensile strain for sensor configuration 1
tensile strain for sensor configuration 2
tensile strain for sensor configuration 3
Relative permittivity
Relative permittivity of vacuum
Dielectric loss tangent
Effective area of parallel-plate capacitor
Silver
Silver ink patterned silicone elastomer/silver-plated nylon
structure
Arterial stiffness
Brass wire conductor
Capacitance
Conductive fabric, i.e. silver-plated nylon
Capacitive sensing element
Cell wall
Thickness
Uncompressed thickness of foam
Degree of hysteresis
Dragon Skin Fast 10, i.e. silicone elastomer
Piezoelectric charge coefficient
Graphene
Gauge factor
Piezoelectric voltage coefficient
Hybrid foam sensor
Height
Kapton tape
Liquid crystal polymer
Liquid crystal polymer/lead zirconate titanate composite
Length of the over-molded DS-part, expressed as a percentage of
the total length of Ag-DS/CF structure
Combined length of the CF outside the DS, expressed as their
percentages of the total length of Ag-DS/CF structure
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LDS%:LT-CF%

Ag-DS/CF strain sensor configuration, expresses relation
between lengths of DS and CF
Length of unstretched hybrid sensor configuration 1
LS1_0
LS2_0
Length of unstretched hybrid sensor configuration 2
LS3_0
Length of unstretched hybrid sensor configuration 3
LP
Laminating punches
MFC
Piezoelectric actuator
PZT
Lead zirconate titanate
PIESS
Piezoelectric sensor strip
PU
Polyurethane
PUFF
Polyurethane foam film
PUFF-e
Polyurethane foam film with screen-printed conductive pattern,
i.e. electrode structure
PU-G5
Polyurethane/graphene 5 wt.% foam composite
PU-PZT40
Polyurethane/lead zirconate titanate 40 wt.% foam composite
PU-PZT40-G5 Polyurethane/lead zirconate titanate 40 wt.%/graphene 5 wt.%
foam composite
PP
Pulse period
PWV
Pulse wave velocity
P1
Percussion wave
P2
Tidal wave
P3
Diastolic wave
RSE
Resistive sensing element
R40 (E1)
Liquid crystal polymer/lead zirconate titanate 40 wt.% composite
poled at 100 °C for 0.5 hours (3.5 kV/mm)
R50 (E1)
Liquid crystal polymer/lead zirconate titanate 50 wt.% composite
poled at 100 °C for 0.5 hours (3.5 kV/mm)
SE
Sensing element
S30
Liquid crystal polymer/lead zirconate titanate 30 wt.% composite
S30 (E2)
Liquid crystal polymer/lead zirconate titanate 30 wt.% composite
poled at 100 °C for 2 hours (5 kV/mm)
VS
Velostat sheet, i.e. semiconducting composite
Δd
Change of thickness
ΔL
Change of length
ΔR/R0
Relative resistance change
Relative capacitance or resistance change
ΔX/X0
δP
Pressure change
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Introduction

Since the first appearance of modern smart wearable devices (i.e. fitness trackers)
in the 1980s and fictitious renditions of possible future technologies, research has
been devoted to vigorous studies of flexible and/or stretchable materials to progress
from science fiction to real-world applications.
Flexible and stretchable mechanical sensors have been the most widely studied,
being the fastest advancing field of research for future wearable electronics. This is
due to their versatile application possibilities in human-machine interfaces, soft
robotics, artificial skins, human activity and health-care monitoring, virtual reality
and gaming, and sports performance tracking. These sensors are commonly based
on changes of resistance (Amjadi, Kyung, Park, & Sitti, 2016; Amjadi,
Pichitpajongkit, Lee, Ryu, & Park, 2014; Amjadi, Turan, Clementson, & Sitti, 2016;
Boland et al., 2014; G. Cai et al., 2017; Y. Cai, Shen, Dai, et al., 2017; Y. Cai, Shen,
Ge, et al., 2017; Chen, Wei, Yuan, Lin, & Liu, 2016; Cho et al., 2017; Foroughi et
al., 2016; Ha, Ha, Jeon, Cho, & Kim, 2018; Hempel, Nezich, Kong, & Hofmann,
2012; Ho et al., 2017; Hodlur & Rabinal, 2014; D. Kang et al., 2014; Karim et al.,
2017; H. J. Kim, Thukral, & Yu, 2018; J. Kim et al., 2014; K. K. Kim et al., 2015;
Kuang et al., 2013; Jaehwan Lee et al., 2014; J. Li et al., 2016; Xiao Li et al., 2012;
Xinming Li et al., 2016; M. Liao et al., 2017; X. Liao et al., 2017a; X. Liu et al.,
2017; Z. Liu et al., 2015; Luo et al., 2017; Ha et al., 2018; Maturos, Phokaratkul,
Jaruwongrungsee, & Wisitsoraat, 2015; Muth et al., 2014; Pang et al., 2012; Park,
Kim, Chu, & Khine, 2018; Roh, Hwang, Kim, Kim, & Lee, 2015; Samad, Li,
Alhassan, & Liao, 2015; Samad, Li, Schiffer, Alhassan, & Liao, 2015; Y. Tang et
al., 2015; Z. Tang et al., 2018; Tian et al., 2015; C. Wang et al., 2016; C. Wang, Xia,
Zhang, Jian, & Zhang, 2017; T. Wang et al., 2018; Xuewen Wang, Gu, Xiong, Cui,
& Zhang, 2014; H. Wu, Liu, Du, Li, & Shi, 2018; J. Wu et al., 2017; M. Xu, Qi, Li,
& Zhang, 2018a; R. Xu et al., 2014; Yamada et al., 2011; Y. Yang et al., 2018; H.
Bin Yao et al., 2013; Yin et al., 2017; Q. Zhai & Yang, 2017; Zhong et al., 2017;
Zhou, Yu, Xu, Han, & Lubineau, 2017; Zhuo et al., 2018) or capacitance (A. Atalay
et al., 2017; O. Atalay, Atalay, Gafford, & Walsh, 2018; L. Cai et al., 2013; Hu, Niu,
Zhao, & Pei, 2013; Kwon et al., 2016; Jaehong Lee et al., 2015; Shintake, Piskarev,
Jeong, & Floreano, 2017; Vandeparre, Watson, & Lacour, 2013; Viry et al., 2014;
Wan et al., 2017; H. Bin Yao et al., 2013; Yoon, Choi, & Chang, 2017), on
piezoelectricity (Bayramol, 2017; Julca, Rivera, Perales-Pérez, Bailón, & Pérez,
2015; Kechiche, Bauer, Harzallah, & Drean, 2013; Kirkpatrick, Tarbutton, Le, &
Lee, 2017; Martins et al., 2014; Porter, Hoang, & Berfield, 2017; Tolvanen, Hannu,
17

Juuti, & Jantunen, 2018) and/or triboelectricity (Bu et al., 2018; Dong et al., 2017;
Hong et al., 2017; Ko et al., 2017; Kwak et al., 2017; Z. Lin et al., 2018; T. Liu et
al., 2018; Q. Zhang et al., 2018). Such sensors play a key role in enabling
technology concepts such as the Internet of Things.
In these applications, different measurement ranges and sensitivities (e.g. at
different positions on the human body) are required to fully capture the electrical
signals produced by the mechanical stimuli in the living and surrounding
environment (Amjadi et al., 2014; Y. Cai, Shen, Dai, et al., 2017; X. Liao et al.,
2017b; Y. Tang et al., 2015; Z. Tang et al., 2018; Tolvanen, Hannu, & Jantunen,
2017; H. Wu et al., 2018) in order to gather and record the data. For the last few
decades, the majority of the research has focused on achieving high flexibility,
stretchability and sensitivity over a wide range, durability and high dynamic
performance by the use of a variety of conducting materials, e.g. metal nanowires
(gold, silver, copper, etc.) (Amjadi et al., 2014; Bu et al., 2018; G. Cai et al., 2017;
Gong et al., 2014; Ha et al., 2018; H. J. Kim et al., 2018; K. K. Kim et al., 2015; X.
Liao et al., 2017a, 2017b) and nanoparticles (silver, platinum, etc.) (O. Atalay et al.,
2018; Chen et al., 2016; Hua et al., 2018; D. Kang et al., 2014; Jaehong Lee et al.,
2015; Jaehwan Lee et al., 2014; Pang et al., 2012; Valentine et al., 2017; Q. Zhang
et al., 2018), many forms of carbon (carbon nanotubes (L. Cai et al., 2013; Y. Cai,
Shen, Dai, et al., 2017; Foroughi et al., 2016; Hong et al., 2017; Kwon et al., 2016;
M. Liao et al., 2017; Z. Tang et al., 2018; C. Wang et al., 2017; Xuewen Wang et
al., 2014), reduced graphene oxide (Karim et al., 2017; Y. Tang et al., 2015; M. Xu
et al., 2018a; Yin et al., 2017; Zhuo et al., 2018), graphene (Boland et al., 2014; Y.
Cai, Shen, Dai, et al., 2017; Hempel et al., 2012; J. Li et al., 2016; Xiao Li et al.,
2012; Xinming Li et al., 2016; X. Liu et al., 2017; Luo et al., 2017), graphite
(Amjadi, Turan, et al., 2016; Foroughi et al., 2016; Tolvanen et al., 2017; Tolvanen,
Hannu, Nelo, Juuti, & Jantunen, 2016; J. Wu et al., 2017), carbon black (Shintake
et al., 2017)) and polymers (polyaniline, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate, etc.) (Brady, Diamond, & Lau, 2005; Hwang et al., 2015;
Muthukumar, Thilagavathi, & Kannaian, 2016; Roh et al., 2015; Takamatsu,
Kobayashi, Shibayama, Miyake, & Itoh, 2012; T. Wang et al., 2018). However,
more recently the interest in flexible and stretchable sensors has been shifting to
additional functionality in the form of transparency (L. Cai et al., 2013; Chen et al.,
2016; Cho et al., 2017; Gong et al., 2014; Hu et al., 2013; Roh et al., 2015; H. Wu
et al., 2018; Yin et al., 2017; Q. Zhai & Yang, 2017; Zhou, Xu, Yu, & Lubineau,
2017), tunability (Y. Cai, Shen, Ge, et al., 2017; Hempel et al., 2012; Roh et al.,
2015; Z. Tang et al., 2018), washability (Karim et al., 2017; Z. Tang et al., 2018),
18

multiplane (Ha et al., 2018; K. K. Kim et al., 2015; M. Xu, Qi, Li, & Zhang, 2018b)
and multisensing (pressure, strain, temperature, humidity, etc.) (Amjadi, Turan, et
al., 2016; Hua et al., 2018; J. Kim et al., 2014; Jaehwan Lee et al., 2014; Pang et
al., 2012; Valentine et al., 2017; C. Wang et al., 2016, 2017; T. Wang et al., 2018;
Xuewen Wang et al., 2014; M. Xu et al., 2018a; Yamamoto et al., 2017; F. Zhang,
Zang, Huang, Di, & Zhu, 2015; Zhuo et al., 2018) sensors, self-healing (G. Cai et
al., 2017; M. Liao et al., 2017; Parida et al., 2017) and self-powering (Hwang et al.,
2015; W. Li et al., 2017; L. Lin et al., 2013; Ouyang et al., 2017; Su et al., 2017; Q.
Zhang et al., 2018) properties, suitability for harsh environments (Tolvanen, Hannu,
Juuti et al., 2018), and a higher degree integration with other devices and electronics
(Guo et al., 2017; Hua et al., 2018; W. Li et al., 2017; Valentine et al., 2017;
Yamamoto et al., 2017; Q. Zhang et al., 2018).
In recent years a further major application of flexible and stretchable materials
besides sensors has been in energy harvesting and storage systems and/or devices
for wearable electronics (Dong et al., 2017; Guo et al., 2017; Hong et al., 2017;
Kwak et al., 2017; W. Li et al., 2017; T. Liu et al., 2018; W. Liu et al., 2017; Nam
et al., 2016; Shen et al., 2018; Sundriyal & Bhattacharya, 2017; Vasandani et al.,
2017; C. Wang et al., 2017; Y. Wang et al., 2017; Weng et al., 2015; Y. Yang et al.,
2018; K. Zhang, Wang, & Yang, 2016; Q. Zhang et al., 2018; Z. Zhang et al., 2015).
The aim has been to replace conventional batteries, avoid problems associated with
an external power source and enable continuous remote sensing and
communication important for the next generation sensors. For wearable energy
harvesting, the focus has been on developing devices to harvest energy of the living
environment from low frequency discontinuous activities (walking, running,
movement of limbs and muscles, etc.) and continuous activities of the human body
(body heat, blood pressure, respiration, etc.) (S. Lee et al., 2013; Shen et al., 2018;
Q. Zhang et al., 2018). Mostly, triboelectricity (Dong et al., 2017; Hong et al., 2017;
Kwak et al., 2017; T. Liu et al., 2018; Su et al., 2017; Vasandani et al., 2017; Y.
Yang et al., 2018) has been favored over other mechanisms such as piezoelectricity,
pyroelectricity (S. Lee et al., 2013; K. Zhang et al., 2016) because simultaneously
higher levels of functionality and sensing properties can be achieved. Also,
scavenging energy from the surrounding environment (e.g. light) has been utilized
with flexible solar cells (Nam et al., 2016; Z. Zhang et al., 2015) and photovoltaics
for wearable electronics because human skin provides a large surface area. In
addition, hybrid energy harvesters combining multisource energy scavenging (S.
Lee et al., 2013; K. Zhang et al., 2016; Q. Zhang et al., 2018) have been developed
to surpass the limitations of single source energy harvesting in terms of efficiency
19

and availability of the energy source. Furthermore, energy harvesting research has
been supported by the development of next generation energy storing devices based
on flexible and/or stretchable Lithium-ion batteries and supercapacitors (Guo et al.,
2017; W. Li et al., 2017; W. Liu et al., 2017; Tao, Lu, & Chen, 2018; Y. Wang et al.,
2017; Weng et al., 2015).
The integration of flexible and/or stretchable devices (i.e. sensors, energy
harvesters, and storage systems) has been demonstrated by the development of
electronic skins (E-skins) (Hammock, Chortos, Tee, Tok, & Bao, 2013; Hua et al.,
2018; J. Kang et al., 2018; Khan, Kim, Ryu, Seung, & Kim, 2017; M. G. Kim,
Alrowais, & Brand, 2018; Lai et al., 2016; Parida et al., 2017; Pu et al., 2017; C.
Wang et al., 2017; Q. Wang, Jian, Wang, & Zhang, 2017; S. Wang et al., 2018).
These mimic the functions of natural skin and are designed to respond to changes of
normal/tensile/shear forces, temperature, humidity, etc., for applications in robotics,
prosthetics and as versatile health monitoring and/or diagnostics devices. After
decades of intensive research (since 1990s), highly stretchable and sensitive, and/or
multisensing E-skins have been proposed that can surpass the sensing capabilities
(i.e. sensitivity and variety of stimuli) of human skin and enable more versatile
application possibilities for the future. In recent studies, self-healing (J. Kang et al.,
2018; Parida et al., 2017), self-powered (Khan et al., 2017; Lai et al., 2016; Pu et
al., 2017) and/or transparent (Pu et al., 2017; Q. Wang et al., 2017) functionalities
have been included to develop the next-generation of E-skins.
1.1

Scope and outline of the thesis

Flexible and stretchable electronic materials and devices are one aspect of a vastly
growing field of research. One of the key challenges is to enable cost-efficient
large-area compatibility with a high degree of functionality without impairing the
deformability such as flexibility and/or stretchability of the material.
The main goal of the thesis was to develop novel applications of flexible and
stretchable electronic devices focusing on the field of sensors, actuators and
switches utilizing effective and simple manufacturing methods. New flexible
composite materials were developed and utilized in a multi-layered piezoresistive
and capacitive hybrid foam sensor (HFS) and an additive manufactured
piezoelectric sensor strip (PIESS) for elevated temperatures. Stretchable materials
were utilized in smart structures to enable two different piezoresistive
disconnection mechanisms for a stretchable electronic switch and a machine
washable skin-attachable strain sensor. The Chapter 2 describes the commercial
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materials used to prepare flexible polymer composites and structures for the flexible
and stretchable electronic devices. The preparation of three- and four phase
polymer foam composites based on combinations of polyurethane, graphite, and/or
lead zirconate titanate (PU-G, PU-PZT, PU-PZT-G), and liquid crystal polymerlead zirconate titanate (LCP-PZT) are presented. The fabrication of HFS and PIESS
devices based on PU-G and LCP-PZT composites, a stretchable electronic switch
and a strain sensor are presented. Characterization methods for materials and
devices are described.
In Chapter 3, the microstructures of PU-foam composites and LCP-PZT
composites are presented together with the dielectric properties of three and four
phase foam composites as a function of compressibility to further characterize the
capacitive sensing element (CSE) in the HFS. The concept and design of the HFS
with characterization of the sensor properties are shown. The pressure
measurements of the additive manufactured PIESS are demonstrated and the
performance compared to those reported in the open literature. The design
possibilities for the flexible devices are presented.
The concept and design of stretchable piezoresistive structures based on two
different disconnection mechanisms are introduced in Chapter 4. The resistancestrain responses for piezoresistive structures based on polyurethane foam film
(PUFF) and silver-plated nylon/silicone-silver ink structures (Ag-DS/CF) are
shown. The Ag-DS/CF structure’s ability to sense strain, pressure, bending and
vibration are demonstrated. The durability of both piezoresistive structures is
further investigated. Additionally, a new type of stretchable electronic switch and a
strain sensor for human motion monitoring and sensing of physical signals are
presented. The design strategies to achieve stretchable devices are further
investigated and an example is demonstrated by using the structure of the HFS.
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2

Experimental methods

The chapter briefly presents the materials, fabrication and characterization methods.
Commercial materials are utilized together for the developed flexible polymer
composites to fabricate a wearable HFS and bendable PIESS. Novel structures are
developed from the commercial stretchable materials to fabricate a printable
electronic switch and a strain sensor. The fabrication methods are described in
detail and further discussed. The characterization methods for materials and
devices are presented.
2.1

Material used

Polyurethane components of polyether polyol and 4.4’-diphenylmethane
diisocyanate (Vosschemie Benelux), PZ29 lead zirconate titanate particles from
Ferroperm-piezoceramics A/S (PZT) and TIMREX SFG75-group graphite
particles (G) from TIMCAL were used as matrix and filler materials, respectively,
in the preparation of soft three- and four phase polymer foam composites in Paper
I and a capacitive sensing element (CSE) in Paper II. The reason for choosing PZ29
were its high relative permittivity with grain size suitable for foaming. SFG75 was
not only chosen due to its high electrical conductivity, but natural ability of
graphite’s to act as lubricants in any compounding processes.
Carbon impregnated into black polyethylene film (Velostat sheet, VS) was used
in the preparation of the piezoresistive sensing element (RSE) of the HFS in Paper
II. MedTex P130 silver-plated nylon (conductive fabric; CF) was used in Papers II
and V to obtain electrodes for the RSE/CSE in the HFS and to fabricate a part of
the electrically active area of the Ag-DS/CF, respectively. In Paper II, brass wire
conductors (BWCs) and A4 laminating punches (LPs) with a thickness of 175 µm
were used in the fabrication of the HFS.
Liquid crystal polymer (LCP) A430 granules (Vectra), and PZ26 lead zirconate
titanate particles from Ferroperm-piezoceramics A/S were used to prepare LCPPZT granules and composites for the PIESS in Paper III. The PZ26 was chosen due
to high Curie temperature of 330 °C and availability.
Platilon U4201 polyurethane foam film (PUFF) with a thickness of 100 µm
was used as the substrate for the stretchable mechanical switch in Paper IV. DuPont
5064H silver conductor paste was used to fabricate the conductive pattern on the
PUFF (Paper IV) and electrodes for the PIESS (Paper III). Dragon Skin Fast 10
silicone rubber (DS) and Skin Tite silicone from Smooth-On-Inc. were used as
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substrate and adhesive layer, respectively, for the Ag-DS/CF. CI-1036 conductive
silver ink from Engineered Conductive Materials was used to fabricate the
electrically active area of the Ag-DS/CF in Paper V. Kapton tapes (3M; KTs) were
used to form cavities.
2.2

Preparation of polymer composites

The three- and four phase foam composites for the HFS (Paper I) were prepared at
room temperature with two-component mixing (ratio 35:100) using a spatula,
where PZT (20-80 wt.%) and/or G (1-15 wt.%) fillers in powder form where added
to component A before adding component B. The mixtures were prepared in an 85
mm x 65 mm plastic mold and left to dry for > 60 minutes at room temperature.
The molded foams were cut into 2-3 foam samples of size of 30 mm x 30 mm x 913 mm by removing the top and bottom of the mold.
The LCP-PZT composites for the PIESS (Paper III) were fabricated in two
phases. In the first phase, composite granules were prepared by mixing 30 vol.% of
PZT powder into LCP granules with a HAAKE Minilab Rheomex CTW5 extruder
at a compounding speed of 30-100 rpm and a temperature of 340 °C for
approximately 15 minutes. The mixed melt composite was squeezed out of a round
nozzle as a ribbon and further cut into small pieces. In the second phase, the these
pieces were poured into the hopper of a filament extruder, where a temperature of
225 °C was used, and the belt speed was adjusted appropriately (Tolvanen, Hannu,
Juuti et al., 2018). In addition, round reference samples with PZT loading levels of
40 and 50 wt.% (R40 and R50) and diameter of 1.6 mm were fabricated with an
injection molding system.
2.3

Fabrication of flexible and stretchable electronic devices

The HFS was prepared in Paper II by permanently laminating together two 30 mm
x 30 mm Velostat sheets (VSs) with a 20 mm x 20 mm L-shaped CF. Then the
laminated structure was stacked on top of another VS/CF structure (Figure 1). A
MEGA-KMG-30A press combined with an Amberla 2000 heating source was used
at a pressure of 1 MPa and temperature of 100 °C for 4 minutes. The laminated
CF/VSs/CF structure was then attached on the bottom of a mold with an embrasure
size of 50 mm x 50 mm x 5 mm. Another CF was attached on the cover of the mold
for the CSE. The embrasure was over-molded with the developed PU-G5 foam
(CSE) and the mold was partly sealed with the cover by pressing the parts together.
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The foam was dried for 1-4 hours and then another 8-24 hours elapsed before the
mold was opened and the sample removed. The samples were cut into a size of 50
mm x 50 mm. Brass wire conductors (BWCs) were attached on each CF before
laminating the structure in the laminating punches (LPs) with a roll lamination
process at 130 °C. Excessive plastic was removed and the samples were pushed
through the roll laminator reverse side first to finalize the flexible structure. The
HFS configuration and working mechanism are further discussed in Chapter 3.3
when presenting Figure 9.

Fig. 1. Fabrication process of HFS before adding additional BWCs and roll laminating
the structure. (Paper II, published by the permission of Institute of Electrical and
Electronics Engineers).

The PIESS test samples of size of 35 mm x 0.45 mm (Paper III) were fabricated by
fully screen-printing the DuPont 5064H top and bottom surfaces of the LCP-PZT
30 vol.% (S30) in two phases. The paste was cured at 130 °C for 10 min.
Afterwards, the samples R40/R50 and S30 were poled in the silicone path by
applying an external electric field of 3.5 and 5.0 kV/mm in the direction of the
thickness, at a temperature of 100 °C for 30 minutes (R40 (E1) and R50 (E1)), and
120 minutes (S30 (E2)), respectively. A stable temperature was established with an
external heating unit (Figure 2a).
The actuable polyurethane foam film with a screen-printed electrode structure
(PUFF-e; Paper IV) was fabricated on 100 µm thick PUFF that was processed by
laser-cutting the surface of the PUFF with an LPKF Protolaser U3 to make partial
incisions with 60 laser sweeps to achieve a partial incision depth of 80-90 µm (i.e.
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80-90% of the film thickness; Figure 2b). The laser-cutting parameters had to be
carefully chosen as the PUFF was relatively thin, easily cuttable and easily melted
during the process due to the heat generated by the laser. However, laser-cutting is
an extremely versatile method to achieve patterning of a variety of materials that
can be further used in various sensors.

Fig. 2. Fabrication processes of PIESS test samples (a) and stretchable PUFF-e with
screen-printed conductive pattern (b).

The PUFF was pre-stretched perpendicularly to the direction of the partial incision
to increase the width of the gap and spearing of the paste. The pattern was screenprinted with DuPont 5064H silver conductor. The pre-stretching was released
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before curing the conductive pattern at 130 °C for 10 minutes to prevent curving of
the surface around the incision and excessive stressing of the sample during curing.
To complete the structure, samples were stretched to make a final incision through
the PUFF (Figure 3).

Fig. 3. The cross-section illustration of the PUFF-e when stretching the structure for
incision. (Paper IV, published by the permission of IET digital library).

The Ag-DS/CF structures were made by first fabricating the structure for printing,
using two pieces of T/L-shaped CF and Kapton tape (KT) with dimensions of 5
mm x 1 mm x 0.2 mm. The KT was attached between two CF pieces and all parts
were secured with double sided tape to a mold. After over-molding the structure
with Dragon Skin (DS) it was left to dry for several hours at room temperature
(Figure 4 step 1) before removing and inverting the structure from the mold. Next,
a buckling mechanism (i.e. formation of a wrinkling/wavy structure) (Y. Cai, Shen,
Dai, et al., 2017; T. H. Kim et al., 2017; Tan et al., 2017; Yamada et al., 2011) was
used to achieve an electrically active area with higher stretchability, as the stress
could be absorbed through expansion of the wrinkles until fully straightened and
the adhesion of the ink could be improved (Hyun et al., 2011). The stretchability
of this type of structure is dependent on the used pre-stress during fabrication. A
pre-stretching of 150% was used for the structure to achieve a maximum
stretchability of 75% after printing the inverted structure’s cavity with the CI-1036
conductive silver ink (Figure 4 step 2). The ink was cured at 120 °C for 10 minutes.
The pre-stress was released slowly to cause the buckling induced wrinkling of the
Ag-ink pattern (Figure 4 step 3). Then the Ag-DS/CF was over-molded with
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another layer of DS to cover the cavity. Finally, the structure was dried for several
hours at room temperature (Figure 4 step 4).

Fig. 4. Fabrication process for Ag-DS/CF structure. (Paper V, published by the
permission of Nature)

2.4

Characterization methods

The dielectric properties of foam composites and LCP-PZT composites were
measured with an HP 4284A Precision LCR meter at frequencies of 1 kHz, and 1
kHz-1 MHz (Papers I and III), respectively. A specifically fabricated measurement
apparatus that could be calibrated was used to achieve compression of the soft
material. The microstructures were analyzed with an Olympus BX51TF optical
microscope (Papers I, III, V) and a Zeiss ULTRA plus FESEM (Paper III).
For dynamic press-release cycles (Papers II, III, V) and to the record
compressive stress-strain curve (Paper II) a computer-controlled piston (Festo) with
a dynamic load cell (Omega Engineering, INC DLC 101-100) was used. A Brüel
& Kjær 4810 Mini Shaker (MS) was used for dynamic stretch-release cycles and a
micrometer screw stretching tester to record the resistance-strain response and
switching behavior in Paper IV. During the dynamic motion the PUFF-e’s were
bent by 45 degrees. The movement of the Mini Shaker was measured optically with
a laser beam. For dynamic stretch-release cycles, stretching and/or bending testers
consisting of an actuating and a stationary part was used in Paper V.
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In Paper II, the dielectric and electrical properties of the HFSs were measured with
a HP 4284A Precision LCR meter and a Keysight B2985A High Resistance meter.
The response and recovery times of the HFSs were measured with an Agilent
InfiniiVision MSO-X-3054A oscilloscope, where the RSE and CSE were connected
to another resistor in series and to a Schmitt-trigger circuit, respectively. The
generated output rise and fall times were compared to a clock signal generated by
a force sensor. The responses of CSEs and RSEs during dynamic press-release
cycles were recorded with a LabVIEW program and a National instrument data
logger, respectively.
In Paper III, the responses of the LCP-PZT composites to applied pressure and
generated electrical charge were measured with an Agilent Technologies
InfiniiVision DSO-X 3024A oscilloscope and a Keysight B2987A Series
electrometer, respectively. In Paper IV, the resistance-strain responses, switching
behavior and initial resistance values of the PUFF-es during durability testing were
measured with a Keysight B2985A High Resistance meter. The resistance-strain
responses of the Ag-DS/CF’s to applied mechanical stimuli (i.e. strain, pressure,
bending, and vibration) were measured with a Keysight B2987A Series
electrometer.
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3

Electronic devices of flexible polymer
composites

Flexible materials and structures can be contoured to simple three-dimensional
surfaces by enabling their bendability. Novel flexible pressure sensors for wearable
electronics and self-powered wireless sensing at elevated temperatures were
fabricated based on the developed polymer composites, whose mechanical and
electrical properties are presented here.
3.1

Structural properties of flexible polymer composites

The microstructure of polymer composites has a tremendous effect on the
achievable functionalities as the electrical and mechanical properties are highly
dependent on the materials’ structure, especially when considering flexible and
stretchable devices under deformation.
As seen in Paper I, the foaming process solidified the PUs by increasing the
cell walls’ (CWs) thickness. The cell walls’ thickness and the heterogeneity in size
was further increased with filler particles when the particles attached to the cell
walls (Figures 5a-b) and when the fillers were not well enough dispersed to the PU,
respectively. To achieve highly stable dynamic-performance, a homogenous
microstructure would be optimal for these kinds of materials, but this was not
achievable with two-step room temperature mixing. At high filler loading levels of
the PZT, the filling between particles was highly limited, thus the cell walls became
brittle and fractured easily.

Fig. 5. Effect of particle additions on structural properties of PU foam (a) when PZT
loading of 50 wt.% is used (b). Scale bars 500 µm. (Paper I, published with the
permission of Institute of Physics)
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In Paper III, the LCP-PZT composites showed homogeneous composition with
evenly spread PZT grains. But high void content was observed, where the size of
the voids varied from small to large (Figures 6a-c). In this case, the filament
extrusion should be precisely controlled to avoid pressure fluctuations within the
die affecting the density and re-cycling of the filament and/or more time-consuming
polishing should be considered to reduce the number of voids in the final composite
(Tolvanen, Hannu, Juuti et al., 2018). The use of organic surfactants showed no
improvement in the compounding due to the required processing conditions.
However, an improved compounding could be translated into higher electrical and
mechanical performance.

Fig. 6. The microstructures of LCP-PZT composites in cross-section with FESEM, and
optical microscope at magnification of 50. Scale bars 10, 50, 250 µm. (Paper III,
published by the permission of Springer)

3.2

Dielectric properties of PU-based foam composites

In Paper I, the dielectric properties of soft three- and four phase composite foams
were studied to find the optimal soft sensor material for HFS. These properties were
studied as a function of relative compression percentage, expressed as
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Δd/d0⸱ 100%, where Δd is the change of thickness and d0 is the uncompressed
thickness of the foam.
The working principle of the CSE in a HFS is based on a dielectric material
(foam) that is placed between two conducting fabrics (CF). The capacitance is
expressed as C = εrε0A/d, where εr is the relative permittivity, ε0 is the permittivity
of vacuum, A is the effective area and d is the distance between the sheets. In this
case, the change of capacitance is based on geometrical change (A and/or d) and on
change in the relative permittivity of the foam (Hu et al., 2013; Kwon et al., 2016;
Jaehong Lee et al., 2015; Viry et al., 2014; Wan et al., 2017; Yoon et al., 2017)
(Figures 7a-b). A higher compression increases the capacitance as the distance
between two CFs decreases (Figures 7a-b). The relative permittivity of the foam
increases as the distance between conducting and/or dielectric filler particles
decreases when the cell walls deform.

Fig. 7. Working mechanism of PU-G (5 wt.%) foam under compression (a-b). The
increased relative compression increases the capacitance of the foam when force is
applied (b). Capacitance values of PU, PU-G5, PU-PZT40 and PU-PZT40-G5 foams under
relative compression of measurement head measured at frequency of 1 kHz, and
amplitude of 1 V at room temperature (c). (Paper I, published by permission of Institute
of Physics)

Three- and four phase composite foams were fabricated by varying the loading
levels of PZT and graphite from 20 to 80 wt.% and 1 to 15 wt.%, respectively.
Figure 7c shows the capacitance change of PU, PU-G 5 wt.% (PU-G5), PU-PZT
40 wt.% (PU-PZT40) and PU-PZT 40 wt.%-G 5 wt.% (PU-PZT40-G5) foams
under relative compression. The PU-G5, PU-PZT40, PU-PZT40-G5 showed high
relative capacitance changes of 2520, 2060, and 2370%, respectively, due to their
33

high compressibility (≥ 90%) and low initial capacitance values under no
compression. This high compressibility is extremely important in sensor
applications to achieve a high sensitivity. In other cases, the compressibility
decreased as a function of PZT loading, whereas graphite loading had no effect.
However, the relative permittivities of the foams increased noticeably (approx. 200300%) when the loading levels of PZT and/or graphite increased (Tolvanen, Hannu,
Nelo, et al., 2016).

Fig. 8. Relative permittivity and dielectric losses of PU, PU-G5, PU-PZT40 and PUPZT40-G5 foams under relative compression measured at frequency of 1 kHz, and
amplitude of 1 V at room temperature. (Paper I, published by permission of Institute of
Physics)

Figures 8a-b show the relative permittivities and dielectric losses of PU, PU-5G,
PU-PZT40 and PU-PZT40-G5 under relative compression at a frequency of 1 kHz.
The relativity permittivity and dielectric losses of the foams clearly increased and
decreased with the addition of PZT and graphite particles and further increased with
relative compression. This is related to the increased connectivity of the particles
between the foam’s cell walls. The effects of increased loading levels of dielectric
and/or conductive filler particles are more profound under compressive strain,
whereas conductive particle can achieve higher performance at significantly lower
loading levels (Canavese et al., 2014; Tolvanen, Hannu, Nelo et al., 2016) (Figure
7a, PU-G5 vs. PU-PZT40).
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3.3

Hybrid foam pressure sensor

The use of multiple sensing elements within one sensor (i.e. hybrid sensor) is a truly
new concept in sensing, only recently shown in the advanced E-skins (Hua et al.,
2018). This could prove to be advantageous when versatile functionality with high
performance (i.e. sensitivity, wide range, etc.) is required. The functionality and
electrical performance of single sensing elements, depending on the sensing
mechanism (piezoresistive, capacitive, piezoelectric, etc.), has shown many
shortcomings. These are related to the nonlinearity (Jaehong Lee et al., 2015;
Mannsfeld et al., 2010; Maturos et al., 2015; Samad, Li, Alhassan, et al., 2015; Tian
et al., 2015; R. Xu et al., 2014), selectivity in multisensing (Hua et al., 2018),
detection limit, low sensitivities (Tian et al., 2015; Viry et al., 2014; Wan et al.,
2017; H. Bin Yao et al., 2013) and/or limited sensing ranges (Brady et al., 2005;
Hu et al., 2013; Jaehong Lee et al., 2015; L. Lin et al., 2013; Mannsfeld et al., 2010;
Wan et al., 2017; R. Xu et al., 2014; H. Bin Yao et al., 2013), repeatability (T. Zhai,
Li, Fei, & Xia, 2015), expensive fabrication (L. Lin et al., 2013; Mannsfeld et al.,
2010) or large area compatibility, design flexibility, response and/or recovery times.
When using inherently different sensing elements for the sensor, multifunctionality,
highly selective multisensitivity, high electrical performance and high design
flexibility can be achieved. Different sensing mechanisms have exhibited different
shortcomings in their sensing performance. Capacitive sensors show low sensitivity,
whereas piezoresistive sensors show non-linearity and piezoelectric cannot sense
static loads, etc. The sensitivity to different stimuli can also vary. Furthermore, the
mechanosensitive hybrid sensor enables adaptive application-based optimization of
the sensor properties. The excessive sensor properties of one sensor can be
sacrificed to enable higher total performance of the hybrid sensor design for a
specific purpose. Whereas, high electrical performance for another purposes are
still maintainable (i.e. multifunctionality). For single sensing elements with lower
level design flexibility, application-based optimization of one sensor property leads
to decreased total performance of the design as some properties are sacrificed that
are needed. Additionally, calibrating a single sensing element can be a major
problem when high performance is required during long life cycles of the device.
For mechanosensitive hybrid sensor the linear/non-linear combinations of sensing
mechanisms can be used for a fast and reliable re-calibration.
The hybrid foam sensor (HFS) is based on a multi-layered structure where
simultaneous resistance and capacitance changes in an RSE and CSE, respectively,
are achieved when compressive stress is applied (Figure 9). The numbers 1, 2, and
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3 are used to label electrodes from bottom (RSE), middle (ground), and top layer
(CSE), respectively. The HFSs are permanently pre-stressed during the lamination,
which changes, for example, the rigidity of the structure in combination with the
thickness of the laminating punches and the composition of the PU-foams. The level
of pre-stress can be controlled by the number of roll lamination cycles and the
thickness of the laminating punches. The laminated structure is required for the high
pressure ranges experienced under the human foot (> 100 kPa). This also enables a
higher level of detection over a wider range and at higher pressures. The
compression of the HFS results from soft PU-G5 laminated inside the structure.
The PU-G5 mainly compresses within the laminated structure when stress is
applied and air is expelled between the Velostat sheets and from the PU-G5 foam
(Figures 9a-b). As the relative compressibility of PU-G5 was > 90% and a thickness
of approx. 4 mm was used, a movement range of 3.3-3.9 mm was achieved for the
HFS. Adjusting the movement-stress relation is highly important when an
application requires a specific range and a high sensitivity within a specific range.

Fig. 9. Working mechanism of HFS (50 x 50 x 5 mm3) under compressive stress. At the
initial stage, the thickness of structure is approximately 5 mm (a). When the HFS is
compressed, the compression of the structure comes mainly from compression of PUG5 (up to >90%). Thus, a maximum movement of 3.3-3.9 mm between laminates is
achieved.

The resistance change of the RSE as a function of pressure is based on decreased
contact resistance (i.e. air between the layers is removed) and the reduced
conductive filler particle distance within the Velostat sheet (VS). Controlling the
dimensions of the Velostat sheets achieves a tunable resistance-stress relation when
36

adjusting the contact area. This is limited by the air between the layers and that in
turn is affected by the foaming process and pressure applied to the mold.
The capacitance change of the CSE (i.e. PU-G5) was based on structural
deformation of the parallel-plate capacitor structure and increased connectivity of
the filler particles, as discussed earlier. The fillers included into the matrix can
drastically change the capacitance-stress relation in this type of CSE. However, the
compressibility of the foam should be maintained for flexible and/or stretchable
sensors to enable sufficient deformation, a wide sensing range and high sensitivity.
3.3.1 Sensor characterization
Generally, a wide range of pressures are generated by human motions,
physiological signals, insect bites, etc., where sensing ranges from 0.003 kPa (i.e.
insect bite) up to > 100 kPa (i.e. underfoot pressure) are required. The detection of
all such stimuli requires sufficient pressure sensitivities over a wide pressure range.
Thus, the electrical performance of the HFS was studied by applying pressures
ranging from 0.02 to ≥ 240 kPa.
The capacitance/resistance-stress responses of CSEs and RSEs for HFS
samples (HFS1-6) as a function of an applied pressure (0-250 kPa) are shown in
Figures 10a-b. Pressure sensitivity can be expressed as (ΔX/XO)/δP, where ΔX/XO
is a relative capacitance or resistance change and δP is pressure change (H. Bin Yao
et al., 2013). The RSEs showed a maximum pressure sensitivity of 0.338 kPa-1
enabling a low detection limit of 21 Pa (corresponding to the placement and removal
of an object weighing 5.5 g). The pre-stress and roll lamination purposely increases
the rigidity of the HFS and that in turn increases the detection limit and enables a
wider sensing range. The pressure sensitivity of the RSE was highly dependent on
the air between the VS layers. This could increase the sensitivity up to 2100% in
the pressure range < 5 kPa with a smaller contact area under no stress. Each time
the pressure increased three-fold, the sensitivity of the RSEs decreased by 90% in
the range of 250 kPa. Thus, at a pressure of > 20 kPa pressure sensitivities of
0.0006-0.0111 kPa-1 were achieved. The limited movement range and decreased
sensitivity of the laminated structure is highly beneficial in obtaining a wider
sensing range in an HFS, because a sufficient level of detection for subtle and largescale motions can be simultaneously maintained due to the inherently different
sensing elements.
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Fig. 10. The relative capacitance and resistance change of CSEs (a) and RSEs (b),
respectively, in HFS1-6 to applied pressures of 0-250 kPa. The force was generated with
the Festo, whereas pressure was calculated across the surface area of the samples.
The RSEs were connected to BWCs 1 and 2 and CSEs to BWCs 2 and 3 (Figures 8a-b).

Linear capacitance-stress responses with an average sensitivity of 0.049 kPa-1 are
shown for CSEs (Figure 10b). This was typically obtainable for capacitive sensing
due to the parallel-plate capacitor configuration. Tunable capacitance-stress
responses for CSEs are achievable by adjusting the filler loadings levels without
degrading the compressibility of the PU-G. A low detection limit for a CSE is not
needed as the RSE compensates the low sensitivity of the CSE in the low-pressure
regime.
Typically, foams and porous or foam-based structures show a noticeable
hysteresis that diminishes the electrical performance of the sensor during dynamic
loading-unloading cycles. The degree of hysteresis for CSEs can be expressed as
DH = (CL-CU)/CL*100%, where CU is the capacitance under no load and CL is the
capacitance under load (Choi et al., 2017). The CSEs based on PU-G5s showed a
relatively low DH of 3.6-9.9% (Figure 11a), but the electrical performance was
dependent upon the history of the foam (i.e. applied pressure). 5 repeated stressrelease cycles with a short recovery period of < 1s showed high reproducibility for
RSE and CSE (Figure 11b), but the hysteresis could lead to lower reproducibility
without a recovery period, while the unloading cycles could be expected to be
unaffected after releasing some of the stress.
The stress-compressive strain behavior of the PU-G5 foam shows the typical
behavior for such materials in Figure 11c, where three linear-regions are present: a
linear elasticity (εc < 10%), a plateau (εc < 60%) and a densification region (εc >
60%). Similar results have been achieved in other foams and porous type materials
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(Kuang et al., 2013; Pham et al., 2014). Each region shows a different type of
deformation of the cell walls for an open-cell foam. A linear-stress relation can be
observed when the cell walls are bent. A further increase in the compressive-strain
induces a change in the deformation from bending to buckling. That means the PUG5s can evade the distortion and the stress does not increase (i.e. plateau region).
At a certain point, the buckled cell walls start to crush as further bending or buckling
is not possible, whereas the air is squeezed out of the structure through
interconnected cells and the solid itself is compressed. Afterwards, the compression
of PU-G5 becomes difficult and even higher stress is applied to the structure but
only a minimal compression is achieved.
As the HFSs were pre-stressed and laminated, a higher compressive strain was
required to achieve a change in thickness, d, thus the pressure ranges of < 5 kPa
and > 20 kPa corresponded to the linear elasticity and densification regions of the
PU-G5. Thus, as in the densification region, the squeezing becomes harder and
harder when the pressure further increases and this impairs the sensitivity as no
structural changes can be achieved. The stress-strain relation in the densification
region seemed to greatly affect the sensitivity of the RSE after pressure increases >
5 kPa. For the CSE, a linear response at 0-250 kPa, with sufficient sensitivity, was
maintained due to the drastically increasing connectivity of the filler particles in the
densification region, even with small changes in d.
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Fig. 11. Recorded hysteresis curve of PU-G5 foam (CSE) during loading-unloading
cycles (a). Reproducibility of responses of CSE and RSE to applied compressive strain
when multiple consecutive measurements are taken after short a recovery period of ≤ 1
s (b). Recorded strain-stress curve under compressive strain for PU-G5 foam (c). (Paper
II, published by permission of Institute of Electrical and Electronics Engineering)

When applying dynamic press-release cycles at a frequency of 0.8-1.5 Hz with
pressures of 5-150 kPa, response and recovery times of approximately 8.5-60 ms
and 15-200 ms, respectively, were achieved for RSE and CSE. The similarities in
response and recovery times of the sensor elements could be related to the structure
of the HFS, where compression of the structure is achieved by compression of the
PU-G5 (Tolvanen et al., 2017, p. 4). The higher recovery times are related to the
visco-elasticity of the RSE (i.e. the Velostat sheet), as the polymer chain can
irreversible entangle. The PU-G5 has a naturally good and reversible ability to
recover and this enables faster recovery. However, in the densification region the
PU-G5 cannot recover as a spring. Thus, in this region the response and recovery
times change at pressures of > 50 kPa, which is related to the increased density of
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PU-G5 and crushing of the cell walls. However, due to the optimized design of the
HFS for detection of underfoot pressures, fast response and recovery times at high
pressure (240 kPa) were enabled compared to other pressure sensors in the
literature (Mannsfeld et al., 2010; Tian et al., 2015; Wan et al., 2017).
Dynamic press-release cycles at pressures of 5, 50, and 150 kPa with a static
hold period and a frequency of approximately 0.2 Hz (Figures 12a-f) were applied
to both RSEs and CSEs. Highly repeatable and stable signals at higher pressures are
shown with sensitivities of 0.002-0.006 kPa-1 and 0.05 kPa-1. These correlate to the
recorded sensitivities in Figures 10a-b (0.001-0.34 kPa-1 in RSE, 0.049 kPa-1 in
CSE), when considering the used pre-stress. When the PU-G5 repeatably
compresses the structure, the contact area between the Velostat sheets under stress
does not change and that achieves a more stable signal in the RSE compared to the
CSE. The increasing negative overshoot as a function of pressure in the response
of the RSE is related to the increasing magnitude of the bounce-back effect of the
core of the HFS during dynamic motion (Tolvanen et al., 2017). This decreases the
contact area of the Velostat sheets further than before applying motion.
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Fig. 12. The relative capacitance and resistance changes of CSE (a, c, e) and RSE (b, d,
f) for applied compressive strains at 5, 50, 150 kPa, where the active layer of HFS is
highlighted in red The applied dynamic press-release cycles with the Festo decrease
the resistance by increasing the contact area between VSs and increases the frequency
of the RC-circuit that can be converted into capacitance change. (Paper II, published by
permission of Institute of Electrical and Electronics Engineering)
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Figures 13a-b show the dynamic responses of the RSE and CSE to a walking profile.
The achievable impact force was limited due to the required delay period between
the impacts and higher pre-stress leading to shorter movement range. Thus, lower
responses in both the CSE and RSE were observed than would be the case with realwalking. Both CSE and RSE showed highly repeatable and reliable signal patterns
with a distinct delay time within each step. The resistance response of the RSE
corresponded to that found in Figure 12 (i.e. a negative overshoot), but the recovery
of the resistance value was lacking due to the higher impact frequency. Human
motions mostly have a low frequency (i.e. < 2 Hz), but for tracking faster movement
and higher forces the CSEs would be expected to show a superior performance to
that of the RSE due to the high visco-elasticity of the Velostat sheets that increases
the recovery time.

Fig. 13. The relative capacitance and resistance changes of CSE and RSE to Festogenerated walking profiles with approximately 60-75 steps/min. Higher resolution in
RSE measurement (1 kHz) is present due to the data logger, whereas the performance
of the LabVIEW program limited the resolution of CSE to approx. 12 Hz. (Paper II,
published by permission of Institute of Electrical and Electronics Engineering)

3.4

Piezoelectric sensor for elevated temperatures

The electrical properties of LCP-PZT related to piezoelectricity, i.e. the
phenomenon where mechanical stress generates electrical charge or vice versa, was
studied at room temperature to obtain information about the composites’ ability to
form the basis of piezoelectric sensors that could be used for self-powered wireless
sensing.
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The voltage responses of R40 (E1), R50 (E1), S30 and S30 (E2) showed maximum
peak-to-peak voltages of 19-29 mV between pressure of 0.45-4.5 MPa (Figure 14a),
when using a direct oscilloscope measurement with a 1MΩ impedance. The PZT
loading in R40-R50 (i.e. higher PZT loading) increased the responses of the
composites by approximately 130% in the low pressure regime (< 0.5 MPa.) The
poling in S30 (E2) increased the dynamic range of the sensor by 240% when
compared to the unpoled S30. This increases the feasibility of the sensor for low
pressure measurements. However, the voltage-stress response of unpoled S30
requires further explanation (Figure 14a).
Firstly, the voltage responses of unpoled S30 could have two possible
explanations: (1) a direct flexoelectric effect can generate electric polarization
under a mechanical strain gradient (Sharma, Maranganti, & Sharma, 2007).
However, as the mechanisms of flexoelectricity in polymers and composites are
poorly understood there could be multiple reasons for such behavior. For instance,
under uneven mechanical deformation, heterogeneously distributed dipole
moments could lead to a non-zero net dipole moment (Chu & Salem, 2012).
Alternatively, the direct flexoelectric effect could relate to molecular rotations
(Sharma et al., 2007) where the topology of transverse isotropy yields a net overall
polarization. (2) Another explanation could be that random irregular orientation of
piezoelectric crystals results in a directional non-zero net polarization in S30.
Various compression profiles at low-frequency (1.1 Hz) with stress-release
cycles were studied to better understand the voltage-stress relation (Figure 14b).
The increased pre-stress increased the stability of the measurement when vertical
alignment of the sample between the heads was required. The voltage responses of
S30 (E2) decreased by 50-70% at low pressure (< 0.4 MPa) and by 37-50% at
higher pressure (≤ 4.5 MPa) as a function of pre-stress for profiles F1-F6. Thus, the
pre-stressing of the PIESS and/or the structure should be avoided when high
sensitivity at low pressure and wider dynamic range is required for a specific
application.

44

Fig. 14. The peak-to-peak voltage response of unpoled S30, R40 (E1), R50 (E1), and S30
(E2) samples to applied pressure at 0-4 MPa, where poling conditions E1 (100 ̊C for 0.5
hour at 3.5 kV/mm) and E2 (100 ̊C for 2 hours at 5.0 kV/mm) are applied with PZT loading
levels of 40-50 and 30 vol.%, respectively (a). The peak-to-peak voltage responses of
S30 (E2) to applied pressure at 0-4 MPa and frequency of 1.1 Hz, when level of pre-stress
(F1-F6) and movement range are varied. (Paper III, published by the permission of
Springer)

The low frequency dynamic press-release cycles of S30 at a pressure of 3 MPa with
a frequency of 1 Hz were compared to the force sensor (Figure 15b). The voltage
responses of S30 (E2) showed a highly repeatable and reliable signal pattern. A
small variation in signal between cycles was observed due to variation in the overall
speed of the piston. The responses of the PIESS would be expected to increase as
the frequency and rise time increase (with constant impedance), as the accumulated
charge would discharge over a longer period. Furthermore, a wearing down of the
printed electrodes was observed during continuous and pro-longed testing and that
should be avoided. (Tolvanen, Hannu, Juuti et al., 2018, p. 8)
The non-linearity observed in the piezoelectricity as a function of the applied
pressure could be related to the stress-distribution during testing. The S30 and S30
(E2) samples achieved piezoelectric charge coefficients (d33) of approximately
0.013-0.009 and 0.103-0.029 pC/N in the ranges of 0.67-3.60 and 0.53-4.47 MPa,
respectively. The poling process increased the d33-stress relation of S30 by 700%
at low pressures. That eventually decreased to 240% at high pressures (up to 4.5
MPa). One factor to consider would be poling of multi-phase media composites
containing low and high permittivity dielectrics, as the electric field can be nonuniform, that can affect the obtainable piezoelectric response under stress. The
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optimization of the poling process would be a highly important consideration to
further improve the electrical performance of the PIESS material.
For low-pressure and low frequency measurements, the testing setup was
changed due to limitations of the piston. An electric charge of approximately 20 pC
was generated (i.e. d33 of > 14 pC/N) when press-release cycles by finger touch (<
10 kPa) with a frequency of approximately 1.5 Hz were applied to the S30 (E2)
(Figure 15c). The composites showed an ability to respond to even low-pressure
measurements at < 10 kPa, even though the intention was to use them at pressures
ranges of ≥ 2 MPa. Although the achieved d33 coefficient seems rather high when
compared to values at approximately 0.5 MPa, the results were in line with the
piezoelectric behavior observed in S30 (E2) (Figure 15a) where the slope of the
curve suggests approximately 10 pC/N at a pressure of 5 kPa.
When converting the d33 coefficients into piezoelectric voltage coefficients (g33)
by using the relative permittivity values measured at room temperature, the S30
(E2) showed a g33 of > 108 mVm/N and 0.9 mVm/N at pressures of < 10 kPa and
0.54 MPa, respectively. The achieved values for d33 and g33 are higher than
previously reported in other additive manufactured materials, where even much
lower Curie temperatures are seen (Tolvanen, Hannu, Juuti et al., 2018). Also, the
developed composite provides sufficient detection in high pressure rgimes, and the
functionality of the developed composite could enable a new class of flexible selfpowered wireless large-area compatible sensing for harsh environments (i.e.
elevated temperatures of 200 °C) that has not previously been achievable.
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Fig. 15. The voltage response of S30 (E2) and force sensor signal when dynamic pressrelease cycles are applied at a pressure of 3 MPa, and frequency of 1 Hz (a). The
piezoelectric coefficients (d33=σq/σ33) of unpoled S30 and S30 (E2) as a function of
applied pressure at 0-4 MPa (b). The electric charge generated by S30 (E2) when light
finger pressure is applied to the sample. The generated charge correlates to d33 of > 14
pC/N at pressure of < 10 kPa (c). (Paper III, published by the permission of Springer).

3.5

Designing flexible electronic devices

The design possibilities of flexible electronics are dependent upon the required
component(s), the level of integration and the application of the device(s). One of
the key factors in enabling the flexibility is to design as thin a structure as possible.
This can enable the use of common rigid active materials as a part of the flexible
design to achieve the desired electrical functionality in the structure. When
considering a component such as a sensor, one strategy is to use inherently flexible
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polymer composites with added fillers providing extra functionalities. This has been
demonstrated in Papers II and III.
To achieve a higher level of integration such as signal processing, data transfer,
etc., microelectronics fabrication techniques of rigid materials, flexible substrates
(e.g. plastics or environmentally friendly papers), and/or smart textiles with
integrated or electronic devices woven into fabrics may be used (de Mulatier,
Nasreldin, Delattre, Ramuz, & Djenizian, 2018). When considering wearable
electronics, conductive interconnections are required that can be achieved in a
versatile manner e.g. by the textile techniques of weaving, knitting, patterning, or
embroidery. Encapsulation should be also considered because the devices are
exposed to mechanical wear (e.g. rubbing, movement of the human body, etc.) and
moisture from body fluids, water, etc.
The printing technologies that enable roll-to-roll processing (such as gravure,
inkjet, or screen-printing) are the most favored as they enable low-cost large-scale
fabrication and integration of flexible components or large-scale systems, with the
use of functional inks that are deposited onto substrates and based on organic and
inorganic materials (Cinti et al., 2018; Hiltunen et al., 2018; Mitra et al., 2017;
Uusitalo et al., 2016; Vuorinen, Niittynen, Kankkunen, Kraft, & Mäntysalo, 2016;
G. Yang et al., 2012). Also, transfer printing is another technique that should be
considered when integration and flexibility of traditional silicon-based devices are
required (Rim, Bae, Chen, De Marco, & Yang, 2016).
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4

Electronic devices based on stretchable
polymer substrates

Stretchable structures achieve a higher level of deformation than flexible structures.
Stretchable structures can be stretched, twisted, folded or bent, whereas flexible
structures are mostly limited to the latter two. The stretchability enables skinattachable devices or closely fitted wearable devices that are not achievable with
flexible devices as the movement of skin, joints and limbs can produce tensile
strains up to 50% during daily activities. Based on stretching, novel piezoresistive
disconnection mechanisms were utilized to fabricate an electronic switch and a
strain sensor.
4.1

Concepts and designs of stretchable piezoresistive structures

The working mechanism of the screen-printed and laser-cut PUFF-e (Figure 16a)
was based on a simple, effective, and reversible disconnection in a threedimensional conductive pattern. The disconnection in a PUFF-e (Figure 16b) can
be achieved in multiple of ways, e.g. applying one-directional (i.e. perpendicularly
to the cut direction of the incision) or multi-directional tensile strain, pressure
directly above the incision, bending and/or by physical vibrations. The
disconnection mechanism was based on the opening of the incision with an
extremely small movement of the PUFF-e. This leads to an extremely large
resistance change when the contact between the sides of the incision is lost (Figure
16b).

Fig. 16. Working mechanism of PUFF-e when stretched.
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Figure 17a shows the working mechanism of a piezoresistive Ag-DS/CF (Paper V)
during stretching. The resistance-strain relation is dependent on the configuration
of the CF/DSs (i.e. [length of DS]:[length of CF outside of DS] [LDS%:LT-CF%];
Figure 17b), the cavity dimensions and the level of pre-stress, that are adjustable
during manufacturing and by the attachment of the structure to the surface/platform
that stretches. The high protrusion length of CFs in relation to the length of the Agink pattern was 95% (Figure 17c). That enabled a low contact resistance of 50-300
Ω with high stability and performance during dynamic motions.

Fig. 17. The working mechanism of strain sensors based on Ag-DS/CF (a), where cracks
form perpendicular to direction of the applied strain and the CFs stretched parallel to
the applied strain. Sensor configurations for 50:50 and 100:0 (b), and photograph of the
Ag-DS/CF (c). (Paper V, published by the permission of Nature)

At low strains with sensor configuration 50:50 (LDS%:LT-CF%; i.e. 50), the CFs start
to elongate parallel to the applied strain, but only a part of the stress is translated
into the wrinkled Ag-pattern that slowly straightens in the direction of the stretch
(Figures 18a-b). The structural deformations within the active area are insignificant
due to the elongation of the CF outside the DS. This shows only a tiny resistance
change. When stretching increases, more and more of the stress is transferred to
the center consisting of DS, where the structural deformations increase. The Ag50

ink pattern starts to show small reversible factures perpendicular to the applied
strain as the wrinkling pattern can no longer absorb the stress (Figure 18c). The
crack-opening distance increases as a function of strain when stretching is further
increased and the disconnections between the CF/Ag-ink increase. This leads to a
switching-like behavior (i.e. a giant resistance change), similar to that in the PUFFe. Various cracking mechanisms have been described in earlier works for
piezoresistive structures to achieve ultrasensitivity (Amjadi, Kyung, et al., 2016;
Amjadi, Turan, et al., 2016; D. Kang et al., 2014; H. Wu et al., 2018; S. Yao & Zhu,
2015; Zhou, Yu, et al., 2017). In most cases, for these types of sensors, large
deformations and unstable structures are present that severely limit the achievable
stretchability and lead to irreversible resistance change (i.e. mechanical failure).

Fig. 18. The optical microscopy images of the knitted structure of CFs when
unstretched (a), interface between the protrusion of CF and Ag-ink pattern when
unstretched, and wrinkled Ag-ink pattern in direction of pre-stretching when
unstretched (c), with scale bars of 200 µm. (Paper V, published by the permission of
Nature)

The resistance-strain response of Ag-DS/CF 50 was greatly affected by the shape
and dimensions of the T/L-shaped CFs that absorb the induced stress spring-like in
the direction of the X-axis and distribute it over a larger area in the structure when
LT-CF% in the sensor configuration increases. When LT-CF% is lower (i.e. 100), the
shape of the CFs changes from T/L to L. In these cases, even small strains
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significantly stress the electrically active area of the sensor due to the missing Tshape of the CF that can dampen the effect stretching. (Tolvanen, Hannu &
Jantunen, 2018)
The structure can enable stretchability in the direction of the Y-axis, but this
changes the resistance-strain relation of the piezoresistive structures as the wrinkles
are formed in the direction of the Y-axis during pre-stretching in the direction of the
X-axis. At low strains, the protrusion starts to dislocate from the Ag-ink pattern and
that leads to an increase in the resistance. With higher strains, the wrinkled pattern
is rather easily disconnected by a large crack or cracks (i.e. similarly to that in
PUFF-e). Thus, lower stretchability would be achievable but extremely high
sensitivity could be maintained. Furthermore, the lower stretchability in one
direction is not a problem for skin-attachable devices as higher strains are always
induced in one direction (e.g. during bending of the arm), whereas in other places
relative low strains are produced.
4.2

Resistance-strain responses of stretchable structures

In Paper IV, the PUFF-e showed extremely low contact resistance at the initial stage
when no stretching was applied due to the high conductivity of the printed ink
pattern. With a strain of 0-0.65 µε, the contact resistance changed abruptly from
5Ω to 1 TΩ (Figure 19). Tunability in the resistance-strain response of the PUFF-e
was affected by multiple factors. The lowest strain for switching (0.325 µε) could
be achieved by decreasing the length of the incision, whereas decreasing the depth
of the incision (only partially cut through) increased the required strain.
Furthermore, the resistance-strain response could be further tuned by increasing the
number of incision patterns and by changing their shape. The tunability of the
resistance-strain response is highly important in fabricating strain sensors or
switches that are actuable by stretching, but significantly higher stretching is
required for skin-attachable structures when attached to fingers, knees, or elbows
(Y. Cai, Shen, Dai, et al., 2017; X. Liao et al., 2017b; Y. Tang et al., 2015; Z. Tang
et al., 2018; H. Wu et al., 2018). However, the stretchability of the PUFF-e is
relatively limited (ε < 30%) due to the used conductive ink and substrate, even
though the laser-cut structure with a printed conductive pattern is infinitely tunable.
Despite this, the PUFF-e is the first ever reported structure that can work as a
stretching-actuable switches with low contact resistance and ultrahigh resistance
change (> 1 TΩ) at ultra-small strain.
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Fig. 19. The resistance change of PUFF-e’s versus applied movement of 2 µm (i.e.
microstrain of 0-0.65 µε). (Paper IV, published by the permission of IET digital library).

In paper V, the relative resistance change (i.e. ΔR/R0) as a function of strain for an
Ag-DS/CF showed the typical behavior of any type of piezoresistive material (i.e.
nonlinearity). A significant and exponential increase in the ΔR/R0 values to 104105%, with finely tunable switching behavior of the resistance-strain response
between 6-75%, for structures 50-100 (Figure 20) was observed. The reversible
cracking mechanisms of the Ag-DS/CF were demonstrated up to strains of 75%,
but further stretching up to ≥ 100% instantaneously lead to an irreversible resistance
change as mechanical failure of the active area occurred. The large ΔR/R0 was
achievable in the Ag-DS/CF because of the low contact resistance (Tolvanen, Hannu
& Jantunen, 2018) in respect to that found in other studies (C.-J. Lee et al., 2017;
Z. Wang et al., 2016), while significantly increasing the resistance to values of >10
MΩ due to disconnections in the electrically conducting path associated with the
cracking mechanisms.
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Fig. 20. The relative resistance change of Ag-DS/CF with different configurations of CFs
when applying a strain of 0-75% (i.e. movement of 28 mm). (Paper V, published by the
permission of Nature)

4.3

Single stimuli responses of Ag-DS/CF

The Ag-DS/CF responses to different single stimuli were demonstrated by applying
dynamic motions of stretching, pressing, bending and physical vibration.
4.3.1 Strain sensing
The strain sensitivity can be expressed as the gauge factor (GF = (ΔR/R0)/(ΔL/L0))
(Amjadi, Kyung, et al., 2016; Amjadi et al., 2014; Amjadi, Turan, et al., 2016; Y.
Cai, Shen, Ge, et al., 2017; D. Kang et al., 2014; J. Kim et al., 2014; X. Liao et al.,
2017b; Pang et al., 2012; Roh et al., 2015; Z. Tang et al., 2018; M. Xu et al., 2018a),
that describes the relation of relative resistance change to relative change in the
length. The Ag-DS/CF (Paper V) sensor configurations 91.9-100 and 50-90 showed
GF values ranging between 36-140 and 2.3-19.7 at low strains of 0.7-1.7% and 210%, respectively. With higher strains, the resistance of the Ag-DS/CF abruptly
increased (Figure 21) and extremely high GFs were achieved (> 105-106) at strains
of 6-70%. The achievable GFs are among the highest ever reported for strain
sensors up to this date (Elastomers et al., 2015; Xiao Li et al., 2012; X. Liao et al.,
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2017a; Zhou, Yu, et al., 2017) and the highest reported (0.12M) at a strain of > 70%
(Table 1).

Fig. 21. The GFs of Ag-DS/CF’s versus applied strain of 0-75%. (Paper V, published by
the permission of Nature)

Typically, piezoresistive materials with a high GF show high hysteresis behavior
(Amjadi, Kyung, et al., 2016; Choi et al., 2017; H. J. Kim et al., 2018). This can
impair the electrical performance of the sensor during dynamic motion. However,
a degree of hysteresis (DH) of only 3% with an applied strain of 0-6% was observed
for the sensor configuration and that confirms the improved binding of the Ag-ink
pattern to the substrate and the effective prevention of sliding of the active area
through the ingenious cavity-design. When the dampening effect of the CF
increased (i.e. sensor configuration 50), the DH increased significantly to values of
20% at strains of 0-75% due to non-identical stretching recovery of the T-L/shaped
CF when absorbing the induced stress and distributing it to a larger area.
The ΔR/R0 increased proportionally in respect to the applied strain with low
frequency (< 0.14 Hz) stretching-releasing cycles at strains of 5, 10, 15, and 20%
(Figure 22b). This result is consistent with the ΔR/R0 curves in Figure 20 and Figure
22c when taking into account the variation in the initial contact resistance
(Tolvanen, Hannu & Jantunen, 2018). The Ag-DS/CF showed high reproducibility
and superior stability at the low frequencies (≤ 2Hz) important for human motion
monitoring (Figures 22b-c).
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Fig. 22. The hysteresis curve of Ag-DS/CF during loading-unloading cycles (a). The
time-dependent dynamic responses of Ag-DS/CF to strains of 5, 10, 15, and 20% (b). The
step-and-hold test for Ag-DS/CF with strain rate of approximately 8% s-1, strain steps of
5%, and 5s delay time (c). (Paper V, published by the permission of Nature)

A low overshoot of 2.5% in the time-dependent response was observed when
applying a step-and-hold test at strains of 0-20% (Figure 22c) with a relatively
symmetrical response, comparable to that found in other studies (Choi et al., 2017;
Jaehwan Lee et al., 2014; M. Xu et al., 2018a; Yin et al., 2017) (Table 1), that
confirms the reliability of the strain sensor. The overshooting behavior of the strain
sensor is related to the visco-elastic nature of silicone elastomers, and that is
affected by the speed of the stimuli (i.e. strain rate) (Amjadi, Kyung, et al., 2016;
Xin Wang, Jiang, Zhou, Gou, & Hui, 2017). The low hysteresis seems to be
correlated with the time-dependent resistance relaxation seen as a small overshoot.
At higher strains, the overshooting in the response of the Ag-DS/CF would be
expected to increase.
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Table 1. Comparison of advanced strain sensor properties.
Reference

Active material

GF

STR

DB

(%)

S

R

RT

DH

OS

(kPa-

(kPa)

(ms)

(%)

(%)

DT

1)
[12]

PANI

11.6

100

15k

37.6

>5

-

-

-

[21]

AgNW

150k

60

-

-

-

50

-

-

-

[13]

MWCNT

1378

600

10k

-

-

-

-

-

-

2k

-

-

-

-

-

<0.20%

4.5k

-

-

<10

-

-

0.07%

-

-

-

-

-

0.1%

-

-

<72

-

-

-

-

-

300

-

-

-

1k (3%)

-

-

-

-

-

-

10k

-

-

-

1.7

0.5

-

0.19

10

70

-

-

0.01%

-

-

20

-

-

-

0.82

>10

20

2.5

3

1 Pa

(100%)
[15]

DMSO-doped PEDOT:

280

1

13.9k

64

PSS
[18]

AgNW/POE

(10%)
[24]

Ti3C2Tx MXene/CNT

772

70

5k
(20%)

[26]

PEDOT:PSS/SWCNT

100k

100

1k
(20%)

[27]

SWCNT paper

10M

50

10k
(20%)

[35]

Graphene woven fabric

6M

10

1.05

250

Ionic liquid
[129]
Carbonized silk
[43]

(300%)
173

100

rGO woven fabric
[42]

3670

57

Ag ink/Ag plated nylon
[THIS
WORK]

1k
(10%)
3k
(7.5%)

4.65M

75

3k
(20%)

GF = gauge factor (maximum value), STR = stretchability (maximum value), DB = durability, S = pressure
sensitivity, R = pressure range, RT = response time, DH = degree of hysteresis, OS = overshoot, DT =
detection limit

4.3.2 Sensing of pressure, bending, and physical vibration
The response of Ag-DS/CF to other type of mechanical stimuli is nondependent on
the sensor configuration when non-stretched (i.e. response of 50 equal to 100). A
high linearity (R2 = 0.986) was shown for the relative resistance as a function of
applied pressure in the pressure range of 0-5 kPa when the pressure was distributed
evenly to the surface of the DS. A maximum pressure sensitivity of 0.82 kPa-1 was
achieved that further decreased to 0.075 kPa-1 when the pressure was increased
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(Figure 23). The high-pressure sensitivity at small pressures (i.e. < 0.035 kPa) was
related to the extreme softness of the silicone elastomer and high GF (> 130) at
small strains (i.e. < 1%), when the applied pressure induces a small strain in the
Ag-ink pattern.

Fig. 23. The relative resistance change of Ag-DS/CF to applied pressures of 0-5 kPa
when distributing the pressure evenly over the surface of the DS. (Paper V, published
with the permission of Nature)

By applying low frequency (i.e. 0.8 Hz) dynamic press-release cycles by finger
touch directly above the cavity, the resistance-pressure relation increased drastically.
The Ag-DS/CF showed high ΔR/R0 of 400% with superior stability in its response
that was independent of the applied frequency. The time intervals between pressrelease motions varied due to non-reproducible human movement (Figure 24a).
The pressure response could saturate roughly around 10 kPa, until applying
sufficient pressure to create disconnection in the active area leading to drastic
resistance change. Response and recovery times of 70-200 ms were recorded for
this type of stimulus (Figure 24b).
The cavity design enables an extremely low detection limit of < 1 Pa; for
example when placing a small paper weighing 36 mg on the surface of the AgDS/CF above the cavity. This detection limit is among the lowest found in other
advanced flexible and/or stretchable pressure sensors (Tolvanen, Hannu &
Jantunen, 2018, Suppl., p. 5). The pressure sensitivity is lower than in other studies
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with a low GF (Table 1). However, the design offers possibilities to achieve a higher
pressure sensitivity at the expense of the GF.

Fig. 24. The dynamic responses of Ag-DS/CF to applied finger pressure at a frequency
of 0.8 Hz when distributing the pressure directly above the cavity (a). The corresponding
response and recovery times (b). (Paper V, published with the permission of Nature)

A low frequency dynamic bending to 180 degrees was applied with the fingers. The
resistance responses showed high reproducibility and stability, but responses could
vary slightly, possibly related to variation in the bending motion (Figure 25a). A
large overshoot and a small undershoot in the time-dependent response were
present and that could be related to the complexity and direction of the applied
stress in comparison to the pre-stretching direction. Reliable detection of bending
angle and motion could be obtained. This would be highly beneficial for humanmachine interfaces, etc.
The Ag-DS/CF showed a repeatable signal pattern with fast response times (i.e.
20 ms) (Tolvanen, Hannu & Jantunen, 2018, Suppl., p. 7) displaying even the
smallest vibrations of the damped oscillations when attaching to a steel ruler
(Figure 25b). For other advanced sensors, response times of < 10-300 ms (Table 1)
have been reported. However, the response times were highly dependent upon the
type and the speed of the used stimuli. The sensing of physical vibrations allows
wider application possibilities in other fields, such as the detection of conditions of
structures or machine maintenance through sensing physical vibrations.
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Fig. 25. The time-dependent responses of Ag-DS/CF to bending between fingers at a
bending angle of 180 degrees (a), and to an oscillating steel ruler (b). (Paper V, published
with the permission of Nature)

4.4

Durability of stretchable structures

Structural integrity and stable electrical performance are particularly important for
skin-attachable devices and wearable electronics as they must withstand continuous
movements of the human body which induce complex stresses during daily
activities. These properties can be presented by a dynamic durability, that
represents endurance to long-term exposure to mechanical deformations such as
repeated stretching-releasing cycles.
In Paper IV, dynamic stretching-releasing cycles were applied at a frequency
of 140 Hz and the strain of 65-85 µε, with repeated cycles up to 25 million to test
the durability of the PUFF-e (Figure 26). At this frequency, the PUFF-e switching
behavior worked well but it was not possible to measure the resistance values
accurately or reliably. However, a ratio of 2:1 for on-off switching was observed
during dynamic motion and that was explained by the elasticity of the PUFF
(Tolvanen, Hannu, Palosaari, Nelo, & Jantunen, 2016, p. 2). In the PUFF-e a
mechanical failure was observed as an increase of contact resistance to values of ≥
5 Ω due to repetitive stretching, leading to an electrical contact that was
increasingly difficult to maintain during stretching-releasing cycles. This was
related to the relaxation of the PUFF around the incision that gradually decreased
the contact area on both sides of the incision. This eventually lead to loss of the
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electric contact. The PUFF-e showed an extremely high durability; up to 15.5 M
on average was achieved at low strains.

Fig. 26. The resistance change of PUFF-es versus applied strain of 65-85 (i.e. movement
of 100-130 µm) at a frequency of 140 Hz for durability test at repeated cycles up to 25 M.
(Paper IV, published by the permission of IET digital library)

In Paper V, the durability testing of the Ag-DS/CF was accomplished. Firstly,
stretching-releasing cycles were applied (2 Hz, strain of 20%, 3000 repetitions;
Figure 27a). Next, pressing-releasing cycles (1.3 Hz, pressure of 10 kPa, > 1000
repetitions; Figure 27b), and afterwards machine-washing cycles (40 °C, 1200 rpm,
30min/cycle, 5 repetitions; Figure 27c). The structure remained intact during a
variety of testing by the effective design preventing mechanical failures related to
sliding, delamination, irreversible cracking, etc. The high stability, durability and
reliability was demonstrated by the negligible changes of the initial resistance value
and GF. The signal shape during continuous press-release cycles was affected by
the twisting of the sample due to a required vertical alignment for testing (Tolvanen
et al., 2017, Tolvanen, Hannu, Juuti et al. 2018, p. 8).
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Fig. 27. The relative resistance change of Ag-DS/CF versus applied strain of 20% (i.e.
movement of 5 mm) at approximate frequency of 2 Hz for long-term stability test at 3000
repeated cycles. The responses were measured after each 100 repeated cycles (a). The
relative resistance changes versus applied pressure of 10 kPa with frequency of 1.3 Hz
for > 1000 repeated cycles, where responses were measured after 100 repeated cycles
and slight pre-stressing of the sample was used (b). Initial resistance change of Ag-
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DS/CF’s to machine washing at 40 °C, 1200 rpm, 30 min for 5 repeated cycles (c). (Paper
IV, published by the permission of Nature)

Afterwards, the strain sensor still showed good durability during > 10 hours of
continuous human motion monitoring when attached to various locations on the
human body. However, failure was eventually achieved that was observed to
increase the initial contact resistance and GF of the sensor. The deformations and
cracks behaved unpredictably and decreased the dynamic performance despite the
recoverable resistance-strain response. Regardless, the structure showed an
extraordinary route in enabling more durable sensors than previously achieved and
it is among the first strain sensors to demonstrate machine washability (Amjadi,
Kyung, et al., 2016; Amjadi, Turan, et al., 2016; O. Atalay et al., 2017; Boland et
al., 2014; G. Cai et al., 2017; L. Cai et al., 2013; Y. Cai, Shen, Ge, et al., 2017; Choi
et al., 2017; Ding, Yang, Tolle, & Zhu, 2016; H. J. Kim et al., 2018; J. Kim et al.,
2014; K. K. Kim et al., 2015; Kuang et al., 2013; Xiao Li et al., 2012; Xinming Li
et al., 2016; Muth et al., 2014; Roh et al., 2015; Y. Tang et al., 2015; Z. Wang et al.,
2016; X. Wu, Han, Zhang, & Lu, 2017; M. Xu et al., 2018a; Yamada et al., 2011;
Zheng et al., 2018).
4.5

Applications of stretchable materials

The stretchable materials and developed piezoresistive structures were utilized in
the characterized screen-printable electronic switch that changed electrical
resistance when actuated by elongation, and a strain sensor that translated
stretching of the skin during movement of the human body into resistance change.
4.5.1 Switch
To demonstrate the capability of the stretching-actuable PUFF-e to work as a switch
(Paper IV), it was stretched and attached with double-sided tape to a Smart Material
MFC M-4010-P1 piezoelectric actuator (MFC) (Figures 28a-b). The MFC can be
elongated with the application of a voltage.
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Fig. 28. PUFF-e attached to bending actuator (a). Working mechanism of fabricated
component: bending of P1 achieves switching behavior in the PUFF-e. (Paper IV,
published by the permission of IET digital library).

When applying a voltage change of 2000 V (i.e. -500 V to +1500 V), an elongation
of 36.5 nm/V was achieved in the active region of the MFC. To actuate the PUFFe, voltages of 100-1300 V were applied between the MFC electrodes. The applied
voltages bent the MFC, whereby the incision closed due to the elongation leading
to an abrupt resistance change from 0.8-20 to > 0.5 TΩ. With a lower actuation
voltage a smaller bending motion was attainable resulting in a higher contact
resistance (Table 2). Reliable actuation with a voltage of 300 V was still achieved
and the switching-actuation voltage relation could be tuned by the degree of prestretching during attachment.
Table 2. Closed and open resistance of the component when actuation voltage changes
from 1300 to 100 V.
Actuation voltage (V)

Elongation distance (µm)

Closed resistance (Ω)

Open resistance (TΩ)

1300

47.45

0.8

> 0.5

1000

36.50

2

> 0.5

300

10.95

2

> 0.5

200

7.30

10

> 0.5

100

3.65

20

> 0.5
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4.5.2 Strain sensor for human motion monitoring and sensing of
physiological signals
The Ag-DS/CF 50 was combined with a fabricated adhesive layer to achieve a reattachable and skin-mountable sensor for human motion monitoring and sensing of
the physiological signals (Paper V). This sensor configuration was used for all
measurements. However, for neck and wrist pulse measurements, the device was
more tightly adhered onto skin to obtain precise signal response at low strains. Thus,
the actual configuration would be closer to 90-100 range. The combination of the
sensor configurations and attachment to each location in the human skin could be
further optimized due to tunable resistance-strain response and unique structure.
When attached to the back of a hand, the sensor showed a repeatable timedependent signal pattern with overshoot and undershoot in the response (Figure 29).
These are probably related to the sliding of the strain sensor on the skin when
considering the roughness of the skin around the tendons. Also, a complex strain
could be induced at the back of the hand due to multidirectional movement of the
tendons during continuous fist opening-closing cycles.

Fig. 29. Photograph showing the Ag-DS/CF attached to back of the hand (a), and the
corresponding time-dependent signal when opening and closing fist. (Paper V,
published with the permission of Nature)

When attached with flexible tape to the gastrocnemius muscle during tensing of the
muscle when doing one-leg seated calf raises (Figure 30a1), ΔR/R0 of 65-80% with
a highly repeatable signal pattern was observed. This location required an
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exceptionally good adhesive layer, thus even with flexible tape a slight overshoot
and undershoot was seen. When jumping in place with two feet (Figure 30a2), a
lower ΔR/R0 of 40% was shown. A two-peaked response was observed as the calf
tensed twice during take-off and landing. When attaching the sensor to the vastus
lateralis and combining the motions of standing up/tensing the muscle/sitting down,
a higher ΔR/R0 was seen that was related to the size of the muscle. A two-peaked
response was produced as the muscle tensed and relaxed twice during the motions,
first during standing up and then during tensing-sitting down (Figure 30b).

Fig. 30. Photographs showing the Ag-DS/CF attached to gastrocnemius muscle (a),
vastus lateralis (b), and the time-dependent signals of muscle tension of gastrocnemius
muscle when doing one legged seating calf raises (a1) and jumping with two feet (a2),
and muscle tension of vastus lateralis when standing up from seated position and
tensing the muscle after standing up (b). (Paper V, published with the permission of
Nature)
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When attached to different muscles of the human body (i.e. flexor carpi, bicep,
pectoralis major and lateral head of tricep brachii), and using movements of onearm wrist curl, bottom half motion of bicep curl, end motions of peck fly and tricep
extensions, the resistance responses increased significantly (i.e. 25 to 200%) when
the size of the muscle increased (Figures 31a-d). The corresponding timedependent signals showed no frequency dependency of the applied motion with a
high stability during longer periods of holding the tension of the muscle. The
response of the strain was related to individual factors such as body fat, shape of
the muscle, etc., when the surface of the skin and the degree of the movement
changed. Also, the ability to tense the muscle harder during a specific motion
increased the response if other factors were constant. (Tolvanen, Hannu & Jantunen,
2018)

Fig. 31. Photographs showing the Ag-DS/CF attached to forearm (a), bicep (b), side of
chest (c), and tricep (d). The time-dependent signals of muscle tension of flexor carpi
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(a), pectoralis major (b), bicep (c), and lateral head of triceps brachii (d). (Paper V,
published with the permission of Nature)

The sensor’s outstanding potential to track complex motions shows great promise
for various applications related to Internet of Things. Also, individuals could track
the effectiveness of their weight lifting training, a feature that has not previously
been demonstrated with a strain sensor. (Amjadi, Kyung, et al., 2016; Amjadi et al.,
2014; Amjadi, Turan, et al., 2016; G. Cai et al., 2017; Y. Cai, Shen, Ge, et al., 2017;
Cheng, Wang, Sun, & Gao, 2015; Ha et al., 2018; Ho et al., 2017; D. Kang et al.,
2014; H. J. Kim et al., 2018; K. K. Kim et al., 2015; J. Li et al., 2016; Xiao Li et
al., 2012; X. Liao et al., 2017b; X. Liu et al., 2017; Roh et al., 2015; Y. Tang et al.,
2015; C. Wang et al., 2016; H. Wu et al., 2018; Xi, Yeo, Yu, Zhang, & Lim, 2017;
Yin et al., 2017; Zhong et al., 2017; Zhou, Yu, et al., 2017)
The time-dependent responses at the neck above the Adam’s apple during
swallowing showed ΔR/R0 of 170% with one and/or two peaks depending on
whether the swallowing motion consisted of one or multiple swallows (Figure 32a1).
When coughing, a non-reproducible signal shape with ΔR/R0 of 36-60% was seen
(Figure 32a2). The variation in muscle movements in the subject’s neck affected the
reproducibility of the signal. With sniffing the response of the sensor was highly
reproducible and repeatable with ΔR/R0 of 50-60% (Figure 31a3). In earlier studies,
for coughing and swallowing, ΔR/R0’s of 140% (Ho et al., 2017) and 15-60% (Ho
et al., 2017; Z. Tang et al., 2018) have been achieved with highly sensitive strain
sensors (GF > 1000). The time-dependent responses to detection of phonation of
words “One”, “Three”, and “Nine” showed highly distinguishable and repeatable
signal patterns due to the particular motions of the vocal cord (Figures 32b1-b3),
that were similar to those observed previously (Y. Cai, Shen, Ge, et al., 2017; Cheng
et al., 2015; Y. Tang et al., 2015; H. Wu et al., 2018). This enables versatile
possibilities to monitor personal health and detection of speech in human-machine
interfaces.
The monitoring of chewing motion during eating when the Ag-DS/CF was
attached to the cheek revealed ΔR/R0 of 100% (Figure 32c1) with varying responses
due to changes in the movement of the muscles around the cheek. The signal pattern,
which was distinguishable from other motions, enables monitoring of individual
eating patterns, important in preventing many health problems especially in the
elderly.
The movement of the forehead when lifting the eyebrows (Figure 32c2) and
movement of the head (Figure 32c3) were recorded. The sensor revealed repeatable
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signal patterns, but the muscle movements around the forehead frontalis varied the
response of the sensor. Monitoring of head movements and facial expressions of
humans can be important in human-machine interfaces and machine learning.

Fig. 32. Photographs showing Ag-DS/CF attached to neck (a), cheek (c1), forehead (c2),
and lower neck (d). The time-dependent signals of swallowing saliva (a1), coughing (a2),
sniffing (a3), phonation of words one (b1), three (b2), and nine (b3), chewing (c1), motion
of forehead when lifting the eyebrows (c2), and head movement when looking down (c3).
(Paper V, published with the permission of Nature)
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The wrist pulse was recorded when the subject had been resting for several minutes
in the seated position (Figure 33a). The achieved ΔR/R0 of 1.5% was similar to
that shown previously (i.e. 1-5% with GF of 230-1000 at strains of < 5%) (Ho et
al., 2017; Xinming Li et al., 2016; H. Wu et al., 2018). The highly repeatable timedependent signal pattern revealed the pulse waveform with typical characteristic
peaks of percussion, tidal and diastolic wave (P1-P3). The central arterial stiffness
(AI) and pulse wave velocity (PWV) values obtained from the wrist pulse provide
valuable information for non-invasive medical diagnosis, as they can used as
markers for early vascular damage and the risk of cardiovascular disease. The
central AI is expressed as AI = (P1-P2)/PP (Y. Cai, Shen, Dai, et al., 2017; Cheng
et al., 2015; Gong et al., 2014; Ho et al., 2017; Xinming Li et al., 2016; C. Wang et
al., 2016; H. Wu et al., 2018; Zhong et al., 2017), where PP is the absolute pulse
wave amplitude. The PWV is expressed as RI = h/ΔT, where h is the height of the
subject and ΔT is the time interval between P1 and P3. The central AI and PWV
values calculated from the signal were 27.47% and 3.78 ms-1 which are within the
normal limits for a healthy individual. A heart rate of 63 beats min-1 was recorded
for the individual with a small time-dependent signal drift related to generated
body-heat during testing. The wrist pulse measurement with the Ag-DS/CF
correlated with the result of a simultaneous optical wrist pulse measurement
(Tolvanen, Hannu & Jantunen, 2018).

Fig. 33. Photographs showing Ag-DS/CF attached to wrist (a), and chest (b). The
corresponding time-dependent signals of wrist pulse (a), and chest movement during
normal (b1), and deep breathing (b2). (Paper V, published with the permission of Nature)

70

When attached to the chest and used as a respiratory rate monitor, the sensor
showed a repeatable signal pattern that correlated with the inhalation and exhalation
during chest expansion and contraction, respectively (Figure 33b). The respiratory
rate during relaxing in a seated position was 20 breaths min-1, that is within normal
limits (i.e. 12-20 breaths min-1). A higher respiratory rate of 30 breaths min-1 with
a significantly different signal pattern was achieved for deep breathing and
purposely holding the breath for short periods of time. Abnormalities and faster
respiratory rates are often seen with illnesses and medical conditions. The presented
results confirm the sensor’s ability to act as a reliable wearable diagnostic device.
4.6

Designing stretchable electronic devices

Stretchability in devices and larger systems is mainly achievable by inherently
stretchable devices (i.e. stretchable materials, smart designs, etc.), stiff devices
combined with island-bridge structures where conductive stretchable
interconnections of various forms are used, or by combining these together.
(Agcayazi, Chatterjee, Bozkurt, & Ghosh, 2018; Amjadi, Kyung, et al., 2016;
Hammock et al., 2013; T. H. Kim et al., 2017; D. Li, Lai, Zhang, & Huang, 2018;
Y. Liu, Pharr, & Salvatore, 2017; Rim et al., 2016; Tao et al., 2018; Trung & Lee,
2016; S. Yao & Zhu, 2015)
A patterning and/or transfer patterning of a pre-strained stretchable, planar
substrate, followed by release of the pre-strain, to achieve a wavy structure (i.e.
buckled, wrinkled, etc.) has proven to be an effective method for achieving
stretchability even for non-stretchable materials (Hammock et al., 2013; Hocheng
& Chen, 2014; Hyun et al., 2011; T. H. Kim et al., 2017; Tan et al., 2017; S. Yao &
Zhu, 2015) as the pattern’s buckling wavelength increases and amplitude decreases
(i.e. straightens) when strain is applied. However, the ability to vary the buckled
pattern is limited, i.e. strain mismatch between materials is present. Consequently,
three-dimensional buckling patterns on spherical substrates have been recently
suggested that are the basis of the structures found in the nature (i.e. cells, human
cerebral cortex, etc.) (Tan et al., 2017). In Paper V, the buckling method enabled
the achievement of high stretchability and improved adhesion of the ink pattern to
the silicone elastomer.
Furthermore, deformability in elastomeric nanocomposites enables
stretchability (Agcayazi et al., 2018; Hammock et al., 2013; Tao et al., 2018), but
achieving a simultaneously high electric performance can be difficult as a high
quantity of fillers could be required, and that decreases the stretchability. Also,
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sliding behavior in these composites should be considered as this reduces the
contact area between nanomaterials that can decrease the conductivity as the
applied strain increases. Furthermore, fabricating stretchable devices based on
coated, deposited, or embedded thin film-elastomers is possible, as is the use of
textiles, i.e. woven, or knitted fabrics coated with metal-based materials to achieve
conductivity (Agcayazi et al., 2018; de Mulatier et al., 2018). For inherently nonstretchable woven fabrics, stretchability is dependent upon the weaving patterns,
whereas inherently stretchable knitted fabrics achieve stretchability due to their
unstable structure, where intermeshing threads forms loops (Agcayazi et al., 2018;
de Mulatier et al., 2018).
For island-bridge structures with stretchable interconnections, the possibility
to use rigid devices enables higher levels of functionality and performance.
However, the interconnections must be designed to sustain large deformations
(Hammock et al., 2013; Hocheng & Chen, 2014). Thus, various shapes for
stretchable conductors have been presented (S-shaped, z-shaped, net-shaped,
horseshoes, etc.), whereas transfer-patterning of buckled interconnections can also
be proven to be highly advantageous (Hammock et al., 2013; Hocheng & Chen,
2014; Hyun et al., 2011).
The stretchable structural device and systems design possibilities, from the
literature, are demonstrated by transferring the flexible structure of HFS (Paper II)
into stretchable sensor Figure 34a-d). Here LS1_0-LS3_0 and εs1-εs3 indicate the length
of hybrid sensor configurations 1-3 when non-stretched and applicable tensile
stress (i.e. stretchability) for them, respectively. The lengths of all hybrid sensor
configurations are equal when non-stretched, but the stretchability increases as the
configuration changes. The CF1-3 indicate the layers of hybrid sensor
configuration, where 1, 2, and 3 are the bottom, middle, and top electrode layers.
The PU-G5 and Velostat sheets provide only a little stretchability. Thus, to enable
structural stretchability, the LPs could be removed (Figure 34a), and the islandbridge structure formed with islands consisting of relatively rigid PU-G5/VSs/CFs
and bridges made of combinations of PU-G5/CFs (Figure 34b) and DS/CFs (Figure
34c). A higher stretchability can be achieved when softer filling material is used
(DS) in the bridge. The PU-G5/VSs/CFs-PU-G5/CFs island-bridge structure
enabled stretchability of around < 20%, whereas the PU-G5/VSs/CFs-DS/CFs was
not tested but could possibly achieve stretchability up to < 50%. To achieve even
higher stretchability of the HFS, the PU-G5 and Velostat sheets may be removed
and replaced with softer elastomeric materials, where various fillers could be
included to achieve enhanced electrical performance. The stretchability of sensor
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consisting of DS/CF’s would be determined by the maximum stretchability of the
knitted fabric (i.e. CF; 100%).

Fig. 34. Design differences between flexible (a) and stretchable HFSs (b-d), and the
corresponding photographs designs in (a) and (b), respectively. The stretchability of
the HFS can be increased with an island design, where the part that stretches consists
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of PU-G5/CFs (b) or DS/CF’s (c). Extreme stretchability can be achieved by using a more
stretchable matrix (i.e. DS) to replace PU-G5, and sandwiching between two CFs (c).
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5

Conclusion

The main objective of this thesis was to develop novel applications from flexible
and stretchable electronic materials in the field of sensors, actuators and switches.
Flexible polymer composites based on PU-G5 foams and LCP-PZT were
developed and utilized in piezoresistive and capacitive hybrid pressure sensors and
in a piezoelectric sensor strip, respectively. Furthermore, two different
piezoresistive disconnection mechanisms were utilized by using polyurethane foam
film and silicone elastomer film as stretchable substrates for a printable, stretchable
electronic switch and a strain sensor.
Three and four phase PU-G, PU-PZT-, PU-PZT-G composites were developed
to be utilized as capacitive soft sensor materials. The developed materials were
further utilized in multi-layered piezoresistive and capacitive hybrid pressure
sensors. The developed hybrid foam sensor (HFS) showed comparable electrical
performance in respect to other advanced pressure sensors with a maximum
pressure sensitivity of 0.338 kPa-1 in a resistive sensing element with an extremely
wide pressure detection range from a low pressure of 21 Pa to a high pressure of >
240 kPa, and a linear response with a capacitive sensing element. However, the
structure and electrical properties of the HFS were highly tunable and that enabled
new functionalities such as application-based optimization or over-optimization of
one sensor property at the expense of another property in another sensing element.
This enables the versatile detection of pressure, impacts or bending that are
important, for example, in preventing head injuries in contact sports, soft robotics,
warehouse inventory management and the automotive industry.
Additive manufactured LCP-PZT composite strips were developed for sensor
applications at elevated temperatures to enable a highly cost-efficient and scalable
manufacturing method. In these composites, melting (280 °C) and heat deflection
temperatures (227 °C at 0.46 MPa) are superior when compared to traditional
printable piezoelectric materials such as PVDF. The developed composites
achieved maximum piezoelectric coefficients d33 of > 14 pC/N and g33 of > 108
mVm/N when tested with low-frequency press-release cycles at < 10 kPa. The
composites showed a wide pressure detection range from < 10 kPa to ≥ 4.5 MPa.
The resulting piezoelectric coefficients were higher than those in other reported
studies with polymer composites unsuitable for elevated temperatures (i.e. 200 °C
or above). The developed composites could be used as self-powered wireless
sensors in harsh environments for industrial applications such as process-control.
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One piezoresistive disconnection mechanism of laser-cut and screen-printed
polyurethane foam film (PUFF-e) was utilized to develop a first-of-kind stretchable
switch by combining the PUFF with a commercial piezoelectric actuator (MFC M4010-P1). The fabricated component could be reliably actuated with a voltage of
300 V, where a low resistance value of 2 Ω and extremely high resistance value of >
0.5 TΩ were achieved in the open and closed states, respectively. The structure
endured 15.5 million cycles at 100-times larger movement than required for
actuation (i.e. 2 µm). The PUFF-e could be used as a stretchable switch by actuating
the structure with movement produced by the human body e.g. vibration of the
thyroid cartilage bone or movement of the skin.
Other piezoresistive disconnection mechanisms based on a cracking silver ink
patterned silicone elastomer/silver plated nylon structure was utilized to fabricate a
first-of-kind machine washable, skin-attachable strain sensor. The versatile
structure could be used as a wearable device for reliable real-time monitoring of
large scale and complex motions (e.g. muscle tensions, hand movement), and subtle
physiological signals (e.g. wrist pulse, respiratory rate, pronunciation of words)
associated with the human body. The sensor achieved tunable resistance-strain
responses from 6 to 75% with the highest reported gauge factor of 1.2·105 at a strain
of > 70%, and a fast response time of 20 ms. The developed structure displayed
high dynamic durability with a combination of > 3000 cycles at 20% strain, > 1000
cycles at 10 kPa pressure, and over 10 hours of continuous testing in human motion
monitoring at various strains. It also showed remarkable potential as a remote and
personalized health-care monitor to improve diagnosis and early treatment of
diseases, a sports performance tracker, etc. The bending, pressure and vibration
that are highly important in human/machine interfaces, robotics and in assessing the
condition of structures were easily detectable.
The concept of the hybrid foam sensor offers a versatile platform for wearable
sensing that could be further developed with new materials and smart structures to
offer the capability to harvest multisource energy from the human body and a
responsiveness to multiple stimuli for wireless self-powered sensing. The
piezoelectric charge or voltage coefficients and response to pressure in LCP-PZT
composites could be further improved by improving the compounding or
optimizing the poling process and by developing the sensor structure. Also, the
energy harvesting capability of the material should be evaluated. A new way to
create an even smaller incision for a stretchable switch could be examined. Also
the fabrication process could be repeated with other materials to offer even more
stretchable platforms for a new class of wearable switches. Furthermore, the
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structure of the stretchable strain sensor could be optimized for multidirectional
forces and simultaneous sensing of multiple stimuli to fabricate a large-area
compatible E-skin.
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