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Personalized healthcare (PHC) is a booming sector in the health science domain wherein researchers
from diverse technical backgrounds are focusing on the need for remote human health monitoring.
PHC employs wearable electronics, viz. group of sensors integrated on a flexible substrate, embedded in
the clothes, or attached to the body via adhesive. PHC wearable flexible electronics (FE) offer numerous
advantages including being versatile, comfortable, lightweight, flexible, and body conformable. However,
finding the appropriate mass manufacturing technologies for these PHC devices is still a challenge. It
needs an understanding of the physics, performance, and applications of printing technologies for PHC
wearables, ink preparation, and bio-compatible device fabrication. Moreover, the detailed study of the
operating principle, ink, and substrate materials of the printing technologies such as inkjet printing will
help identify the opportunities and emerging challenges of applying them in manufacturing of PHC
wearable devices. In this article, we attempt to bridge this gap by reviewing the printing technologies in
the PHC domain, especially inkjet printing in depth. This article presents a brief review of the state-of-
the-art wearable devices made by various printing methods and their applications in PHC. It focuses on
the evaluation and application of these printing technologies for PHC wearable FE devices, along with
advancements in ink preparation and bio-compatible device fabrication. The performance of inkjet,
screen, gravure, and flexography printing, as well as the inks and substrates, are comparatively analyzed
to aid PHC wearable sensor design, research, fabrication, and mass manufacturing. Moreover, it
identifies the application of the emerging mass-customizable printing technologies, such as inkjet
printing, in the manufacturing of PHC wearable devices, and reviews the printing principles, drop
generation mechanisms, ink formulations, ink-substrate interactions, and matching strategies for printing
wearable devices on stretchable substrates. Four surface matching strategies are extracted from
literature for the guidance of inkjet printing of PHC stretchable electronics. The electro-mechanical
performance of the PHC FE devices printed using four surface matching strategies is comparatively
evaluated. Further, the article extends its review by describing the scalable integration of PHC devices
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patients and help them reply in case of emergencies.' However,
this device was inconvenient for continuous wearing because of
the cumbersome electronic components and enclosure. These
types of bulky devices, hence, were not used for PHC in point-

1. Introduction

Personalized healthcare (PHC) is one of the primary applica-
tions of wearable devices. Initial wearable devices included

dedicated electronic sensors and gadgets for remotely moni-
toring various health parameters. For instance, a wearable
device was developed at the Tyndall National Institute in
Ireland for doctors to hourly trace biometric readings of their
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of-care or sports and recreational situations.

Modern developments in material science, electronics, and
fabrication methods have propelled the evolution of small and
light wearable flexible electronics (FE) for PHC. These FE have
electronic components and devices for the sensing elements
either assembled within or imprinted on the flexible substrate
such that they touch the skin or appropriately interface with the
body and can be worn on the human body.> The versatility
of applications, lightweight, and compact structure of FE,?
along with the ever-expanding consumer goods industry,
strongly spurred the growth of the FE market* and research
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and development of novel FE. Most wearable electronic devices
have been developed that incorporate sensors for continuous
monitoring of human vital signs during in-patient proce-
dures,>° human activity,>* body fluid analysis,*** and
medical aid.***® These PHC wearable devices can be integrated
with a body area wireless sensing network for PHC, with radio
frequency emitters for communicating with the sensors and the
readouts,”” and even energy harvesting/storing transducers for
making the PHC devices self-sustained for power.*® Examples
of these applications include wearable and flexible prototypes
developed for noninvasive monitoring of glucose levels through
various body fluids such as blood, tears, and saliva.>*~** More
recently, stretchable electrodes and interconnects, which
enable conformal and intimate skin-device contact for PHC,
have been a major focus of many leading research groups and
companies in this area.

The fabrication of these devices includes the deposition of
functional biocompatible materials on conformal and/or non-
curvy surfaces in various designs. Most of these fabrication
technologies other than printing technologies have lab scale,
long throughput time, and complex and expensive processes.
As an additive process, printing has the capability of selectively
depositing electronically functional ink materials on large-area
non-flat surfaces, at a low cost, in a clean process, with very
little or no material wastage. Consequently, many printing
methods of FE devices have emerged, such as inkjet,"*™>*
screen,”™*> % gravure,’™7%%"% flexography,>*"**** and litho-
graphy printing.®” In these printing processes, ink material is
either transferred from the mold surface to the substrate by
physical contacts such as in gravure, screen, or flexography
printing or dropped from nozzles or openings to the substrate
with no physical contact. The recent innovation of these print-
ing technologies has unlocked the potential for FE devices in
broad PHC applications with unprecedented functionalities. In
the near future, the ever-changing market will be demanding a
short throughput time and low cost for manufacturing new
PHC FE products. The development of large-scale fabrication
methods, %% such as printing techniques on a roll-to-roll
(R2R) platform is called to reduce the cost of PHC FE products
and increase accessibility to the public.*>**® However, select-
ing the best printing techniques for manufacturing PHC FE
products is a challenge, which needs an understanding of the
physics, performance, and applications of these printing tech-
nologies for PHC wearables, and ink preparation and bio-
compatible device fabrication. The comparative performance
analysis of the printing techniques (inkjet, screen, gravure, and
flexography), as well as the inks and substrates, is needed to aid
research in PHC wearable sensor design, fabrication, and mass
manufacturing.

Moreover, the detailed study of the operating principle, ink,
and substrate materials of the most popular printing techno-
logies such as inkjet printing will help identify the opportu-
nities and emerging challenges of applying the printing
technologies in the manufacturing of specific PHC wearable
devices. Inkjet printing is digital, mask-free, and hence cap-
able of depositing ink in customized patterns on a variety of
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flexible/stretchable substrate materials such as paper, metal,
glass, rubber, and polymer. For the guidance of inkjet printing
of PHC flexible/stretchable electronics, we need to understand
in depth the inkjet printing principles, drop generation
mechanisms, ink formulations, ink-substrate interactions,
and surface matching strategies for successfully printing func-
tional and biocompatible ink materials on flexible/stretchable
substrates.

In this article, we will attempt to bridge the gap between
wearable FE for PHC and the corresponding printing techni-
ques by reviewing various printing technologies applicable in
the PHC domain, especially inkjet printing in depth. We will
first review the research landscape of PHC wearable devices
including vitals monitoring and medical aid wearables. Then
we will focus on the manufacturing technologies for the FE
devices, which are dominated by printing technologies. We will
further narrow down the focus on one of the most popular
printing technologies, inkjet printing, which has numerous
advantages like digital control and the flexibility to print on a
variety of flexible and stretchable substrates. We will discuss
the inkjet printing mechanism, drop generation mechanism,
ink formulation, and ink substrate interaction. Narrowing it
down further, we will focus on four surface matching strategies
for printing PHC stretchable devices and highlight their pros
and cons. We comparatively evaluate the electromechanical
performance specifying the change of electrical resistance with
stretching rate, the number of stretching/bending cycles, and
breakdown strain percentage of the FE, printed using four
surface matching strategies, along with the functional material
and the substrate. Moreover, we will extend the review to the
scalable integration of PHC devices and finally present the
future directions of research in printing technologies for PHC
wearable devices.

The paper is organized as follows: The article is divided into
five sections. Section 2 summarizes the review articles for PHC
wearable FE with the fabrication technologies. Section 3 focuses
on the printing technologies that have been most successful at
fabricating for wearable PHC FE devices, especially inkjet printing
along with advancements in ink preparation and bio-compatible
device fabrication and emerging challenges for printing stretch-
able devices. Section 4 describes the scalable integration of PHC
devices. Section 5 summarizes the findings of the review and
presents the future directions of research for the mass manu-
facturing of PHC devices.

2. Related work

The development of FE devices reached the extent that it has
become a large subset of wearable devices. Although nonflexible
wearable devices are still there, wearable device research focused
on FE devices. Wearable devices research has spanned applica-
tions across many domains. The largest domain is healthcare
which has vast applications such as monitoring the critical
human health condition by measuring motion, vital signs, and
activity using various sensors (e.g., electrocardiogram (ECG) for
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Fig. 1 Demonstrator concept of wearable devices and design for PHC Reproduced with permission.®® Copyright 2016, Jeffry Morse.

heart monitoring, photoplethysmography (PPG) for blood
pressure). As shown in Fig. 1,°° these PHC wearable devices
can be integrated with a body area wireless sensing network
for PHC, with radio frequency emitters for communicating
with the sensors and the readouts, and even energy harvest-
ing/storing transducers for making the PHC devices self-
sustained for power.*® A smartphone will receive and further
transfer the sensing data to a central database for remote
clinical analysis.

2.1. Review of the development of PHC wearable devices

PHC wearable devices have been mostly designed and applied
for vitals monitoring and medical aid wearables. Changes in
vital signs are crucial, and in many cases are leading indicators
of human health. Continuous detection of the vital signs is
required both during the in-patient procedures to monitor
patient health which aids in taking real-time treatment decisions
and in PHM as an early sign of any health complications.
In-patient procedures include monitoring of vital parameters like
blood pressure,”® body temperature,”’® ECG monitoring,"*">
pulse oximetry'®™® as well as monitoring blood flow through
the shunts.'®?® PHM is widely used for human activity
monitoring®™** and body fluid analysis.>*>® For example,
several prototypes have been developed for the noninvasive
monitoring of glucose levels through various body fluids (see
Fig. 2). Recently, medical aid wearables have emerged to support
other medical functions like wound treatment,**** drug delivery,*®
brain-machine interface,”*° radiotherapy,*"** artificial skin,***
and ocular disorder treatment*® with various applications. From
the above review, we observe that the major focus of leading
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research groups and companies in PHC devices is to invent and
integrate flexible/stretchable sensors and electrodes and enable
skin-intimate or human body-comfortable wearables. These
devices are fabricated by depositing functional and biocompatible
materials on conformal flexible/stretchable substrates through
spin coating, etching, printing, and other technologies. Most of
these fabrication technologies other than printing technologies
have lab scale, long throughput time, and complex and expensive
processes.

2.2. Review of wearable FE with printing technologies

Many review articles have been published on wearable FE along
with the development of printing technologies, which are
summarized in Table 1.

From Table 1 we observe that some review papers are
focused on wearable devices with minimal attention to printing
techniques such as ref. 78, 81 and 82. Few review papers,””> "%
discussed printing techniques and wearable devices with a major
focus on ink formulation, flexible/stretchable substrates, and
printing strategies. The information mentioned in these review
articles is generic and the exact linking of the ink, substrate, and
printing techniques for a particular PHC FE device is missing.
For wearable devices, the electromechanical performance of the
device is of prime importance. These review articles lack the
comparison data of electromechanical performance achieved by
the wearable devices under bending/stretching loads using the
specified conductive ink material, substrate, and printing strategy.
Hence, in this review we will focus on the development of printing
technology along with advancements in ink preparation and bio-
compatible device fabrication.
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Fig. 2 Examples of continuous, noninvasive monitoring of glucose levels through various body fluids. Reproduced with permission.”® Copyright 2017,
National Academy of Science. Reproduced with permission.”* Copyright 2017, MDPI. Reproduced with permission.”> Copyright 2016 American
Association for the Advancement of Science. Reproduced with permission.>® Copyright 2016, Springer Nature.

Table 1 Summary of the review articles on wearable FE with printing
technologies

Ref.

Focus

Li (2015)7

Khan (2015)°"

Gao (2017)™*

Gao (2019(”°

Khan (2019)*
Sreenilayam (2019)”°

Zhang (2019)"”
Shrivastava (2022)"®

Maddipatla (2020)7°
Yan (2020)%°

Igbal (2021)*
Demolder (2021)%*

Inkjet-printing and biosensor

Printing technology for flexible sensors
Inkjet printing and wearable devices

R2R gravure printing and wearable devices
Wearable Sensors

Sensing materials, storage devices, printing
technology, and wearable devices.

3D printing and wearable devices

Integrated mobile and wearable point-of-care
testing

Printed flexible sensor

Inkjet printing, flexible and wearable devices
Healthcare wearable devices

Wearable devices

3. Printing technologies for PHC
wearable sensors and devices

Fabricating wearable devices is challenging since the devices
undergo multiple stretching and bending cycles while in con-
tact with the human body. Literature reveals that electronics
worn at different locations on the human body are usually
subjected to a strain of 15-20% which sets the requirement for
strains that wearable FE should be able to withstand.®®*?
Recently, printing technologies gained momentum for the
manufacturing of FE due to their low cost, high through-
put,'®®*%” less material wastage, and facile manufacturing
processes.”™®*"® The printing technologies for wearable FE,
in general, can be categorized into two groups, contact, and
non-contact printing techniques. In contact printing, ink is
printed by physically touching the surface of the substrate.
Gravure printing, offset printing, flexography printing, micro-
contact printing (uCP), nano-imprinting, and dry transfer
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printing are typical contact printing techniques. In non-contact
printing, the printing ink is discharged through stencil or nozzles
onto the substrate and the pattern is printed by the movement of
the printhead or the substrate holder in a pre-programmed
manner. Screen printing, inkjet printing, and slot-die printing
are typical non-contact printing techniques.”® Non-contact
printing techniques have recently gained more popularity
because of their advantages in facile operation, versatility for
production, good printing resolution, and ease in regulating
the printing parameters and control.®*"*°

Table 2 demonstrates the printing technologies that have
been most successful at fabricating wearable devices for PHC
applications to date. These different printing technologies have
varying levels of effectiveness for specific applications.

For selecting a suitable printing technique for wearable FE,
it is essential to consider printing specifications like printing
speed, minimum line width, line thickness, print resolution,
and requirement of the mask for the printing technology.”®”°
Apart from this, substrate, and conductive material to be
deposited play a key role. For substrate, it is essential to know
the thickness, density, glass transition temperature, melting
temperature, coefficient of thermal expansion, Young’s modulus,
ultimate elongation, bending endurance, surface roughness,
and surface energy.”” The popular substrate materials used for
printing wearable FE include Polyethylene terephthalate
(PET),>0%%3:9279 polyEthylene naphthalate (PEN),"¢'7:41:5%92,9799
Polyimide (PI)’14,18,19,30,38,41,42,46,55,57,64,100—102 Cellulose
paper,>>°>193 ppMg3942:93:104 111 and  polyurethane (PU).'*?
The main conductive materials used for fabricating wearable
FE include Silver (Ag)’14,21,31,39,46,52—54,60,63,93,94,97,103,107—119 Copper
(Cu)’18,25,29,30,41,55,101,120 GOld (Au),19,28,38,55,64,92,102,106,121,122 Al,102
Pt,*” Graphite,””'*® Poly(3,4-ethylenedioxythiophene)/poly(styrene-
Sulfonate) PEDOT/PSS’14,16,17,53,93,95,98,121 Graphene21,57,62,123
and CNT.>00639399101 The conductive material can be

This journal is © The Royal Society of Chemistry 2022
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Table 2 Primary printing technologies applied for PHC FE

Review

Inkjet printing

Screen printing

Gravure printing Flexography printing

e Transfer of ink from a
flexible relief plate/roller to the
substrate

e Transfer of ink from depressions in a
printing plate or roller to a substrate

e Process quality is controlled by a
doctor blade, angle and impression
pressure, printing speed, and
circularity of the gravure cylinder

e High throughput because of R2R

e Process quality control like
Gravure printing

e More versatile material
options for substrate and ink
than gravure (e.g., carbon
nanotube (CNT))

e High resolution (10 s of um) e R2R compatible
e Remarkably high precision for
microscale ink thickness

e Better pattern quality in
vertical and horizontal direc-
tions than gravure printing
e Fragile and stiff substrates
can be processed due to
flexibility and low pressure
imposed on the substrate

e High initial cost and lead time for =~ e Complex fabrication of

setting up gravure cylinder

e Inconsistency in maintaining straight

printed lines with fine edges

e Pick-out effects due to directions

of trenches in printed patterns
e Limited substrate option

nonporous stamps

e Limitations for large area
high-throughput flexo-plate

e ~6-8 pm surface roughness
of printed pattern

e Peculiar printing defects

Operating e Deposition of conductive ink e Transmission of ink
principle droplets through nozzles onto through the stencil
the substrate to form desired
pattern/circuit
e Ejection of droplets through e Control of the pattern
thermal, piezoelectric, or through a plate with a
electrostatic control screen mesh and a mask
Advantages e Versatile choice of o Well-developed
inks/substrates printing technique
o Reconfigurable print pattern e High speed with
control over deposition
e Can print on top of e High throughput
prefabricated flexible circuits
e Less material wastage e Easily scalable to a
large area
o Digital controlled ink droplet e Low-temperature
deposition and location process, hence reducing
the cost
o Lower viscosity material can e Easy alignment for the
be deposited transparent mask
e Low-cost mask/stencil
material (e.g. fabrics,
steel)
Drawbacks e Lower throughput e Lower resolution
patterns than gravure
e Energy inefficient e Limited by screen mesh
(resolution > 30 pm)
e Nozzle clogging, misfiring e Speed/throughput
comparable to inkjet
o Limited resolution by droplet e Higher viscosity is
size required to prevent
bleeding and spreading
out
e Evident budging of lines due e Easy drying of the sol-
to high surface tension in vents in ink, resulting in
droplets deteriorated print pat-
o The coffee ring effect is terns and masks
caused by the non-uniform
distribution of dried solute
e Cluttered droplets at high
frequencies
Applications e Electrodes are used in e High surface
sensing for analyzing roughness and large
electrochemical reactions wet thickness
e On-body tattoo paper
passive UHF RFID tags
Ref. 49-54 51 and 55-60

deposited in the form of the inks, however, it is essential to know
properties like electrical conductivity, surface tension, additives,
solvent, and binder used in the ink compatible for each printing
techniques.”®’® Most of the researchers preferred to use silver as
conductive material for fabricating their devices. Apart from
silver, recently some researchers have started using alternatives
such as CNT and copper. In the future, it is expected that a
greater variety of materials will be explored and utilized by
researchers for fabricating wearable devices.

Table 3 summarizes the printing technologies, substrates,
and printing materials reported in the literature, corresponding
to various wearable device applications. Applications of wear-
able devices are classified into two main categories, vitals

This journal is © The Royal Society of Chemistry 2022

i.e., Marbling effect

e A large degree of control is required
for the size and shape of conductive
lines

e Challenge to maintain a proper ratio
of cell spacing to cell width

e Complex alignment of
multilayers transfer

e Tensile stress is generated
during solvent evaporation

e Divergence from designed
values is caused by squeezing
e Gold nanoparticles (AuNP)
based glucose biosensors

e Graphene high resolution patterned
circuit

e Wearable sweat sensors for detecting
molecular composition

51, 57 and 60-62 51, 61, 63 and 64

monitoring, and medical aid wearables. Table 3 indicates that
PDMS as substrate, silver as a conductive material, and inkjet
printing technology as fabrication process are popular among
the researchers.

Among all printing technologies (see Table 3), inkjet print-
ing is popular for manufacturing wearable devices with high
precision and accuracy.’®”’®® Many wearable devices were
fabricated using inkjet techniques, with their electromechani-
cal performance and applications reported. Table 4 sum-
marizes typical examples of recently fabricated wearable FE
devices using inkjet printing technology.

In the remainder of this section, we focus on several key factors
that control the quality of inkjet printing for PHC wearable devices.

J. Mater. Chem. C, 2022,10, 14091-14115 | 14095
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Table 3 Classification of wearable devices based upon applications, printing technologies, substrates, and ink materials used

Category Printing technologies Flexible Substrate Conductive Ink Material Ref.
Vitals monitoring: Tape transfer printing PI Indium zinc oxide (IZO) 9
in-patient procedure Screen printing PEN PEDOT:PSS 17
Aerosol jet printing Poly(methyl methacrylate) (PMMA) and PI Ag 46
Inkjet printing Tattoo paper Ag 52
Inkjet printing PDMS Ag 108-111
Inkjet printing Kapton Ag 113
Inkjet printing PET PEDOT:PSS 95
Inkjet printing PEN CNT-polymer 99
Vitals monitoring: PHM Inkjet printing PEN Ag, Carbon Graphite 97
Screen printing Glucohol tattoo Ag/AgCl, PB 31
Screen printing PDMS Graphite 105
Screen printing PET Graphene, Ag/AgCl 94
3d printing Polytetrafluoroethylene (PTFE), PDMS AuNP, FeSiCr 106
Flexography PI Au 64
Inkjet printing PEN PEDOT: PSS 98
Inkjet printing T/C fabric, pure cotton, nylon, Ag 114
and cleanroom wiper
Inkjet printing Teslin paper Ag 103
Inkjet printing Polyester/cotton fabrics Ag 124
Inkjet printing Kapton Ag and ZnO 116
Inkjet printing Kapton Au 122
Medical aid wearable Inkjet printing Paper MnO, 35
Screen printing Polyethylene (PE), PET, PDMS Ag, CNT, PEDOT: PSS 93
Inkjet printing Cotton fabrics Graphene ink 123
Inkjet printing Kapton Ag 115
3.1. Mechanism of inkjet printing S
€
Inkjet printing is digital, mask-free, and capable of fabricating Oh = Re (1¢)

the complete device in a single and transfer-free process.'”>

Inkjet printing can deposit ink in customized patterns on a
variety of substrate materials such as paper, metal, glass,
rubber, and polymer. The two main mechanisms used in inkjet
printing are continuous inkjet (CIJ) and drop-on-demand
(DOD). In CIJ mode, an uninterrupted flow of ink drops under
the control of the electrostatic field is deposited on the surface
of the substrate by a printhead. In DOD inkjet printing, ink
droplets are ejected through a nozzle from the reservoir by
controlling an acoustic pulse. This pulse can be gene-
rated either thermally or piezoelectrically."®® For fabricating
electronic devices, the DOD mechanism is most commonly
used.”””""*° In the thermal DOD inkjet printing mode, ink is
first heated, which leads to the formation of the vapor bubble.
This event in turn forces the ink droplet to eject from the
nozzle. In the piezoelectric DOD mechanism, the piezoelectric
material is deformed by applying an electric field which in turn
squeezes the ink out of the reservoir/cartridge.">>"°

3.1.1. Drop generation in DOD inkjet printer. Droplet
generation in inkjet DOD printers is a complex process. The
behavior of liquid drop is mainly characterized by three
dimensionless numbers: Reynolds (Re), Weber (We), and
Ohnesorge (Oh) numbers,"*°

_ vpa
.

Re (1a)
We = @.
7
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where p, 1, and 7y are the density, dynamic viscosity, and surface
tension of the fluid respectively, v is the velocity, and a is a
characteristic length. Apart from the above numbers, Z = 1/0Oh
is considered for denoting stable drop generation. The range of
10 > Z > 1 is considered stable for drop formation. Higher
values of Z lead to the formation of many satellite drops and
lower values prevent drop ejection. The effect of the fluid/air
surface tension at the nozzle is another factor that acts as a
barrier to drop generation. The drop must possess sufficient
energy to overcome this barrier. This energy leads to a mini-
mum velocity for drop ejection as recommended by Duineveld

et al.™!
4\ 2
len - pd” )

where d,, is the diameter of the nozzle. Eqn (2) can be written in
terms of Weber’s number

AL 2
We = Vmin (%) >4,

(2)

(3)

Lastly, we consider the impact of the ejected drop on the
substrate. It is assumed that the drop must impact to leave a
single isolated spread drop. Stow and Hadfield"** established

an equation for the onset of splashing.
Wel/ZRel/4 >f(R)7

4

where f(R) is the function of surface roughness only. For a flat,
smooth surface f(R) ~ 50."**

This journal is © The Royal Society of Chemistry 2022
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Table 4 Examples of inkjet printing for PHC wearable devices

Ref.

Application

Performance highlights

Al-Halhouli
(2021)'°®
Wang
(2020)°®

Lo (2020)'"°

Ali (2019)'*?

Respiratory rate (RR) sensors

Human body temperature sensor

Arterial pulse pressure sensor

Human body temperature sensor

o Capable to measure at various human postures i.e., sitting at 90°, standing, and lying
at 45° with a relative error of 4.49%, 7.29%, and 9.47% respectively.

e Humidity stability from 30% RH to 80% RH

e High-temperature coefficient of resistance (TCR) of —0.77% °C™" at a sensing range
from 25 °C to 50 °C

o Withstand cyclic bending for 10 000 cycles at a bending radius of 5 mm

e Sensitivity up to 0.48 kPa '

e Stretched from 0% to 3% with an increase in resistance of 1200%

o Exhibits, hysteresis-free resistance-strain characteristics

o Sensitivity of 0.00375 °C~" for the temperature range of 28 °C to 50 °C with a response
and recovery times of 4 and 8.5 seconds, respectively

e Bend over diameters in the range of 1 mm to 20 mm with negligible change in
resistance at 28 °C

o Withstand axial cyclic strain 2-5% at various stretching speeds of 300, 500 and

e Withstand axial strain of 25% with a change in resistance less than 800 Q
® Results were obtained with an average error of +4.72% for heart rate and +0.755% for

e High-quality heart recordings with an accuracy of 2.1 beats per minute compared to

o Withstand bending test for various chord lengths and 10 home laundry washing cycles
e Wi-Fi-based antenna with a communication range of 55m and accuracy of

o The sensitivity of body temperature detector (BTD) was found to be -31/°C with a

o HR detector had a reliable performance with a standard deviation of 0.85 compared to
commercial heart rate sensors and smartwatches
e Operated at 2.4 GHz for a communication distance of 55 m, with a localization

e Withstand bending test up to 90° and for 50 times with resistance change of 30% to
35% with recovery to original values in flat conditions

o Response time of 0.3s and high on/off ratio

e No change in performance was observed for bending radii 1 mm to 10 mm for

e ECG electrode provided a 1 mVpp ECG signal at 4.7 cm electrode spacing

Al-Halhouli ~ RR sensors
(2019)*° . . 800 steps per s
Abu-Khalaf =~ Heart rate and arterial oxygen saturation
(2018)"** (Sp0,)

arterial oxygen saturation (SpO2)
Karim ECG sensing of the heart
(2017)"* standard heart rate
Shamim Antenna for wearable tracking device
(2017)'* approximately 15 m.
Han BTD (body temperature detector) and an
(2017)* HRD (heart rate detector) linearity of 99.82%
Krykpayev Antenna for wearable tracking device
(2017)"* accuracy of up to 8 m
Tran Photodetector for a wearable UV
(2017)"® monitoring

500 cycles
Khan ECG signal and skin temperature
(2016)'**

e The skin temperature sensor was sensitive at normal body temperatures and
demonstrated a temperature coefficient, of « & —5.84% K™ '

e Withstand bending radii of 10, 5 and 2.5 cm for 100 bending cycles with change
in room temperature resistance by 0%, 0.5%, and 4% respectively

Using eqn (2)-(4) and the limiting values of Z =1/Oh, a plot
can be constructed (see Fig. 3) to define the printable fluid zone
in Re — We region for DOD inkjet printing."*°

Drop formation and drop diameter are also influenced by
printing parameters like the diameter of the nozzle, waveform,
jetting voltage, cartridge temperature, stand-off distance, and
humidity. The diameter of the nozzle regulates the size of the
drop deposited and thus the resolution of the printing."** The
volume of the drop can be controlled by waveform parameters;
velocity can be controlled by the jetting voltage and cartridge
temperature and geometry of the drop can be controlled by
jetting voltage and waveform parameters.'*® Stand-off distance
i.e., the distance between the nozzle and the substrate influ-
ences drop position accuracy, resolution, and formation of the
satellite droplets Fig. 4."*° A stand-off distance of approximately
2-3 mm is maintained in DOD printing."*” Constant and
appropriate relative humidity provides a stable printing process
and maintains uniformity in the molecular activities (e.g.
polymers and biomolecules).'*®

3.1.2. Liquid drop spread on the substrate. After the drop
is generated, these drops are ejected from the nozzle and travel
directly to the substrate where they spread and undergo a

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Printable fluid zone.

liquid-solid phase change. Physical forces like inertial force,
gravitational forces, and capillary forces control the impact of
a liquid drop on the substrate."®” Yarin'*® studied impacting
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Fig. 4 Image of three drops ejected from a DOD printer using a high-

speed photographic camera illustrating different stages of drop formation.
From left to right: the drop forms a single ejected liquid column that
rapidly forms a leading droplet followed by an elongated thin liquid tail.
The tail breaks up into a trail of satellite droplets behind the leading droplet.
Reproduced with permission.*® Copyright 2008, IOP publishing.

liquid drops for inkjet printing and provided useful findings.
They divided the drop impact behavior into several time zones.
At the initial stage the impact of the drop is controlled by
kinematic behavior i.e., for a duration of approximately ¢ = 0.1 or
<1 ps, followed by impact-driven spreading and recoil-oscillation.
After some time, viscous forces damp the spreading and oscillation
and consequently surface tension forces control the behavior. At
last, for time ¢ ~ 10-100 (0.1-1 ms), capillarity force starts
dominating and controlling the spreading completely.'?”*34*

In this process, the contact diameter or the footprint d¢ is
determined by the diameter of the droplet in the air d, and
the equilibrium contact angle 0cqm, defined in the following
equation.'?”!*!

8

dr = dy 3
tanoe% (3 + tan? %)

()
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From eqn (5), it is evident that the minimum size of the print or
the resolution of the inkjet printed pattern depends upon the
dimension of the footprint i.e., df which is directly proportional
to the diameter of the drop in the air ie., d, and inversely
proportional to the contact angle. Thus, the contact angle
which is a function of the surface tension between the air,
solid, and liquid governs the size of the pattern to be printed.
Normally, the interaction between substrate and ink is
governed by (1) modifying the surface tension of the ink by
using surfactants (2) changing the surface energy or morpho-
logy of the substrate (3) tuning the drying environment (4)
developing a substrate with a pre-pattern structure.*”'*

3.1.3. Droplet coalescence on the substrate. In the Inkjet
printing process, two neighboring drops merge to form a liquid
bead due to significant contact line pinning. Duineveld'*?
examined the behavior of the liquid drops inkjet-printed on a
variety of the substrate having different contact angles and
formulated an equation below for maximum stable liquid bead
width obtained through inkjet printing,

2nd,}
6*
3o —
P (sin2 0

Here w = width of the bead, p is the drop spacing and 0* is static
advancing contact angle not equilibrium contact.

Uniform printing of the patterns is assured by the coales-
cence of the droplets on the substrate in a straight line without
bulging or waving.'*® The process of droplet coalescence is
illustrated in Fig. 5. It shows the side view and the bottom view
of the two consequently printed evaporating colloidal drops,
particle deposition processes, and carrier liquid evaporation.
From Fig. 5, one can observe that the contact line of the 1st
drop is pinned, particles move towards the contact line and
some particles are deposited at the contact line before the
impact of the 2nd drop. After the impact of the 2nd drop, both
merge into the 1st drop due to inertia. After merging the drops,
the air-water interface oscillates which creates variation in
contact angle, relaxation velocity, and local mean radius of
curvature of the air-water interface. This oscillation drives the
liquid back and forth and brings the particles together. Once
the water-air interface achieves equilibrium it forms a circular
shape, particles start flowing towards the edge of the combined
drop and the liquid starts evaporating. Finally, particles deposit
at the edge of the combined drop.'** This process can be
summarized in three steps (1) quick merging of the drops (2)
rearrangement of the merged liquid droplets (3) deposition and
mixing of the particles inside the liquid.'*?

Further deposition morphology relies heavily upon drop
spacing and the delay time. Soltman and Subramanian'*’
demonstrated a study explaining the variation of the inkjet-
printed line morphologies with the drop spacing. For large
values of drop spacing i.e., greater than the drop footprint there
is no overlap of the drop which results in the formation of a
series of discrete droplets (Fig. 6a). For the distance slightly
lesser than the drop footprint, coalescence of the drop is

sin 0*

cos 0*) ’ (6)
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Side view Bottom view

Fig. 5 Schematic of drop impact, coalescence, carrier liquid evaporation,
and particle deposition of two consecutively printed evaporating colloidal
drops from the side view (left) and bottom view (right). Reproduced with
permission.*** Copyright 2012, Royal society of chemistry.

observed, resulting in the formation of the ‘“scalloped” liquid
beads with no smooth parallel sides (Fig. 6b). Reducing drop
spacing further results in the formation of smooth parallel
sides (Fig. 6¢). Finally, if the drop spacing is too small it results
in the formation of bulging unstable lines (Fig. 6d). Apart from
the drop spacing, delay time between the two adjacent drops is
critical since it prevents the droplet coalescence into one large
drop and keeps them isolated.'*?

3.1.4. Drop solidification on the substrate. Conversion of
the liquid drop deposited on the substrate into a solid material
is the last step in the printing process. Solidification of the drop
is caused by solvent evaporation, however, the increase in
solvent evaporation rate causes the drying of the nanoparticles
at the edges forming thick layers at the contact line. This
phenomenon is known as the coffee stain effect.'®”"**8
Furthermore, Deegan et al."*° observed that solvent evaporation
near the edge of the drop is faster as compared to the center of
the drop because of the large dry substrate surrounding it,
which provides rapid vapor transport at the contact line.
To compensate for fluid lost due to evaporation more solution
will move to the edge of the drop, resulting in the amount
of solute transfer towards the contact lines."*”"**° This coffee
stain effect’®® plays a vital role in controlling the shape of

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Variation of inkjet-printed morphologies with drop spacing (a) too
large drop spacing for drop coalescence forming a series of discrete
droplets (b) beginning of coalescence forming scalloped liquid bead (c)
smooth parallel-sided liquid bead (d) bulging instability for too small
drop spacing. Reproduced with permission.14° Copyright 2008, American
Chemical Society.

inkjet-printed drops and leads to the formation of a dual ridged
line profile after solidification of the liquid beads depicted
in Fig. 7.

Many methods have been proposed to overcome the ‘“coffee
ring effect” like increasing the inward Marangoni flow, weakening
the outward flow, and preventing droplet pinning.'*"'>"*?
Marangoni flow is the flow induced by temperature differences
and surface tension gradient due to solvent concentration that
causes ink particles to flow back to the center of the drop from
the edge."*®'*® Hu et al. developed a co-solvent binder-free
black phosphorus (BP) ink with 10 vol% alcohol in N-methyl
pyrrolidone (NMP) which prohibited the coffee ring staining
effect using the Marangoni flow. It was used for inkjet printing
for optoelectronics and photonics, particularly for large-scale
printing of quantum dot light-emitting diodes."* Liu et al.
inhibited the outward capillary flow by in situ crystallization of
perovskite-nanocomposite microarrays with additive polyvinyl-
pyrrolidone (PVP). This aided in controlling the microarray’s
morphology.'*® Lately, Al-Milaji et al. developed a novel “dual-
droplet” inkjet printing in which droplets containing colloidal
particles were deposited on a supporting droplet. This techni-
que aided the nanoparticles to spread and self-assemble in a
densely packed monolayer at the air-liquid interface which
suppressed the coffee-ring effect.'*® He et al. demonstrated an
ice drying method for inhibiting the coffee ring effect on
multiple substrates. The inkjet-printed various patterns with
uniform deposition by controlling the ice-drying temperature
and time delay. This process induced a temperature gradient
Marangoni flow which suppressed the coffee-ring effect.’®’

J. Mater. Chem. C, 2022,10, 14091-14115 | 14099



Review

100 200 300 400 500 600 700 800 900 1000
pm

Fig. 7 Coffee staining effect for printed silver nanoparticle ink. (a) Inter-
ferometric image depicting distinct ridges at the edges of the track formed
after drying of the liquid bead. (b) Changes in height across the track are
shown by two-line profiles.

One more way to reduce the coffee ring effect is to use a
complex solvent containing fluids with different vapor pressure.
Enhanced vapor pressure rate will decrease the difference in
evaporation rate and thus reduce the coffee staining.'*’

In addition to the inkjet printing mechanism, the quality of
the printed pattern depends on the ink formulation and surface
energy matching between the ink and the substrate.'*

3.2. Ink formulation

Viscosity and surface tension of the ink is the most important
property to be considered while inkjet printing. The viscosity of
the ink for inkjet printing should be below 20 mPa s. If the
viscosity of the ink is high, no droplet will be ejected. The lower
the viscosity, the greater the velocity and quantity of ink ejected
through the nozzle. Surface tension plays a crucial role in
maintaining the spherical shape of the drop after coming out
of the nozzle. A typical range of surface tension suitable for
inkjet printing is from 28 mN m™" (e.g. Xylene) to 350 mN m™"
(for molten solder)."*® In addition to surface tension and
viscosity, the post-processing treatment is sintering - which
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involves the merging of the particles - plays a key role in
determining the conductivity of the printed electronic circuit
of the wearable device.

The conductivity of printed patterns for the ink with silver
(Ag) nanoparticles (AgNP) highly depends on the sintering time
and temperature. With the increase in sintering temperature or
time, the AgNP with larger size begins to melt and contact with
each other to form a conductive path. The small AgNPs pack
into the gap between the large ones. Finally, the AgNPs sinter
together to create a 3D conductive network.'>>"*® Additionally,
conductivity can be improved by using AgNPs with broad size
distribution."®

Table 5 shows the list of commercial inks and their proper-
ties like surface tension, viscosity, resistivity, and sintering
temperature. Note, to avoid clogging of nozzle it is recom-
mended the particles in the ink should be 1/100th the size of
the nozzle."

3.2.1. Ink composition. For ink formulation, it is essential
to know the constituent elements of the ink. Inkjet printing
inks mainly consist of functional material (solid metal precur-
sors), polymeric resin, additives, and solvents."®" We will briefly
discuss the composition of silver ink.

Functional material. Silver, gold, copper, and nickel are
widely used functional materials. Metal precursors are soluble
or dispersible in the solvent medium. They are incorporated
into the ink as per their application like electroactivity or
conductivity. Silver is considered one of the best options for
application as a conductive ink and adhesive, compared to
other electrically conductive fillers. This is mainly due to its
high thermal and electrical conductivity, chemical stability, and
excellent capability of silver oxide to conduct electricity.'*>*

Polymeric resin. Polymeric resin is included in the silver ink
as a stabilizer to prevent agglomeration of the AgNPs. It serves
as a capping agent to protect the metal particles against
oxidation. Further, it plays the role of a binder to facilitate
adhesion between the silver ink pattern and the substrate.
Some commonly used polymeric resin examples are Polyvinyl-
pyrrolidone (PVP) which serves as a dispersant and capping
agent, and Nitrocellulose which is cheap, durable, and strong
adhesive to a wide variety of substrates.

Solvent. A solvent is the carrier of functional material. The
viscosity and rheological characteristics of the ink can be
determined by the proportion of the solvent in it. The solvent
can prevent the blocking of the nozzle during printing and
evaporate after the ink deposition on the substrate.'®® Ethylene
glycol, toluene, or cyclohexane, methyl-ethyl-ketone (MEK),
formic acid, ethyl alcohol, PVP, sodium borohydride, and water
are popular solvents used.

Additives. Additives are used to alter the rheological proper-
ties of the ink and determine the ink printability and quality of
final patterns. The amount of additives in silver ink is <5% by
weight of the overall ink composition. The rheology, wettability,
substrate adhesion, dielectric constant, and antifoaming
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Table 5 List of commercial inks and their properties (adapted from ref. 160)
Ink Surface  Sintering
functional Particle Viscosity tension temperature
material Vendor Commercial name Solvent size Resistivity (mPas) (mNm) (°C)
Silver Advanced Nano DGP-40LT-15C Triethylene glycol 50 nm 11 pQ cm 10-17 35-38 120-150
Products monoethyl ether
(TGME)
Colloidal Ink, Co  Drycure Ag-J Glycerol 15-20 nm 5 pQ cm 8-12 30 120
Harima Electronic NPS-] — 12 nm — 9 — 120
Materials
Harima Electronic NPS-JL — 7nm — 11 — 220
Materials
InkTec TEC-1J-010 — — — 9-15 30-32 100-150
InkTec TEC-IJ-060 — — — 5-15 27-32 100-150
Sigma Aldrich Ag NP Terpineol — — 10-13 28-31 150-300
Novacentrix Metalon JS-B25HV  Ethylene glycol 60 nm 2.8 pQ cm 8 30-32 125
Novacentrix Metalon JS-B40G Diethylene glycol ~ 60-80 pm 2.6 pQ cm 8-12 28-32 180
monobutyl ether
Novacentrix JS-A102 2,2'-Oxybisethanol  40-60 nm 2.8 uQ cm 8-12 25-30 140
Novacentrix Js-A211 Diethylene glycol ~ 30-50 nm 7.7-73 pQ cm 8-12 28-32 120
Nickel Applied Nanotech  Ni-IJ70 — 0.070 pm 20 pQ cm 16-25 26-31 Photosintered
Copper Novacentrix ICI-002HV — 110-130 nm 7.5-10.8 pQ cm  9-12 28-32 Pulseforge
Applied Nanotech  Cu-IJ70 — 0.060 um 5-7 pQ cm 10-20 20-30 Photosintered
Gold Harima Electronic NPG-] — 7 nm 12 pQ cm 7 — 250
Materials
Colloidal Ink, Co  Drycure Au-J Solid  Glycerol — 7.5 pQ cm 10 30 120
Polymer PEDOT AGFA Orgacon IJ-1005 — — — 7-12 31-34 130
Graphene Sigma Aldrich Graphene Ethyl cellulose in  — — 1 30 250
nanoparticle cyclohexanone
and terpineol
CNTs Brewer Science CNTs — — — <10 — 110-150

properties of the ink are regulated by the additives. Additives
are incorporated into silver ink to regulate the surface tension,
particularly for water-based ink due to the high surface tension
of water (~72 x 10> N m~ ') compared to substrates (<32 x
107° N'm™ ). Thus, it is essential to control the surface tension
of the ink and ensure that it is lower than the surface energy of
the substrate to obtain good printability and adhesion.'®*
3.2.2. Bio-compatible inks. Most of the inks discussed in
Table 5 are metal-based inks. These inks are used often because
of their high electrical conductivity. However, these inks are
costly, not environmentally friendly, not biocompatible, and
require high sintering temperatures which limit the use of heat-
sensitive materials. Thus, researchers are finding alternatives
for low-cost, environmentally friendly, biocompatible, and low-
sintering temperature inks. In a study, Karim et al. formulated
water-based reduced graphene oxide (rGO) for the e-textile
manufacturing process. These inks can be dried at a low
temperature of 100 °C which prevents damaging heat-
sensitive fabrics. Further, it has a viscosity of 1.35 mPa s and
surface tension of 65 mN m ™" with a sheet resistance of 2.14 x
10* Q sq".'** Similarly, Yang et al. developed an environment-
friendly conductive graphene/Thermoplastic Polyurethane
(TPU) ink dissolved in green solvent dihydrolevoglucosenone
(Cyrene) for fabricating wearable strain sensor for monitoring
human joint motion and muscle movement. Adjusting the ratio
between the graphene and TPU, the strain sensor exhibited
excellent sensitivity and good durability over 5000 cycles.'®
McManus et al. formulated biocompatible, water-based, ink-jet
printable two-dimensional crystal inks using graphene as a

This journal is © The Royal Society of Chemistry 2022

functional material, Triton x-100 as a solvent, and propylene
glycol as co-solvent. The ink has a surface tension of
~40 mN m " and viscosity of ~1.37 mPa s. The ink was used
to fabricate smart identification tags for food, drinks, consu-
mer goods, and pharmaceuticals, where inexpensive, light-
weight, and easy to assemble components are required.'®®
Furthermore, Liang et al. formulated biocompatible and highly
stable conductive ink using natural silk sericin-carbon nano-
tubes (SSCNT). The SSCNT exhibit high electrical conductivity
42.1 + 1.8 S cm ™' and colloidal stability for months. It was
compatible with various fabrication techniques like inkjet
printing, direct writing, stencil printing, and dyeing. Further,
it showed excellent adaptability for various flexible substrates
such as papers, PET films, and textiles. The ink was to fabricate
ECG sensors, breathe sensors, and electrochemical sensors
demonstrating excellent performance in monitoring human
health.'®” Farizhandi et al. developed a bio-ink using composite
polymer consisting of poly(glycerol-co-sebacate) acrylate (PGSA)
as non-conducting polymer and zinc as conducting metal.
It exhibited excellent conductivity, biocompatibility, biodegrad-
ability, printability, and mechanical properties of elastomers.
Further, it was used for fabricating implantable and flexible
electronic devices using the 3D printing technique.'®® Li et al.
formulated a biocompatible aqueous ink by encapsulating
liquid metal nanodroplets of gallium and indium (EGaln) into
microgels of marine polysaccharides. This ink could maintain
chemical and colloidal stability for a period of >7 days and
demonstrated the electrical conductivity of 4.8 x 10> S m™*
(siemens per meter) through mechanical sintering. Ink can be
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used on various substrates by inkjet printing and drop casting
techniques. Further, it was used for fabricating wearable
sensors, electric-thermal actuators, electronic tattoos, artificial
limbs, electric skin, etc.*®°

Organic conductive polymers like poly(3,4-ethylenedioxy-
thiophene) (PEDOT), polypyrrole (PPy), and polyaniline (PANI)
have excellent stability, high conductivity, and adjustable
viscosity.’”®*”* They are extensively used for fabricating flexible
circuits, sensors, and bio-applications using the inkjet printing
technique.'”® In a study, Caironi’s group inkjet printed poly-
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
on a plastic substrate and fabricated an all-polymer field-effect
transistor (FET) to operate near field communication (NFC) wire-
less chip.’”®'”” Further Bu et al. demonstrated inkjet printed FETs
using poly(3-hexylthiophene)/polystyrene (P3HT/PS) inks."”®

3.3. Surface matching strategy for printing bio-compatible
device on stretchable/bendable substrates

3.3.1. Pretreating the substrate. Since wearable devices
need to be flexible and stretchable, they should be fabricated
on the substrate materials like Polydimethylsiloxane (PDMS),
Thermoplastic polyurethane (TPU), and rubber to achieve the
desired flexibility. These materials have low surface energy
which implies high contact angle (>90°) between the ink and
the substrate, poor adhesion, and poor wettability."”® A surface
energy mismatch between the ink and the substrates leads to
poor ink-substrate interaction, which results in non-uniform
ink layer deposition. Nonuniform ink deposition will cause
several cracks in the patterns/circuits and further poor con-
ductivity and undesired operation from the patterns/circuits.

To overcome the surface energy mismatch, pretreatment of
the substrate has been proposed to increase the surface energy.
For example, to enhance the wettability of PDMS, the PDMS
substrate surface can be treated with plasma for ~30 s to 5 min
based on the pressure, gas used, and power of the plasma
chamber.'®°'#2 In general, good wetting behavior of the sub-
strate results in a small contact angle (<90°), while a high
contact angle (>90°) shows poor wetting behavior.'®® Apart
from the plasma treatment method, to enhance the adhesion of
silver, Wu et al. proposed a chemical treatment method for the
PDMS i.e., treatment of PDMS with MPTMS (3-mercaptopropyl)-
trimethoxysilane solution. MPTMS can promote the wettability
of the PDMS surface and maintains the adhesion of silver for a
usable working time. The resulting printed silver patterns
exhibit good compactness and continuity and could be used
to fabricate three-electrode electrochemical sensors directly on
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PDMS."®* Further, Mikkonen et al. used a flame pyrolytic sur-
face silicating method, where a thin silicon oxide layer was
formed on the substrate surface to significantly improve the
adhesion of the conductive inks in comparison to the plasma
treatment.'®® However, the wettability of the substrate surface
is difficult to control since the surface undergoes ‘hydrophobic
recovery”. This ‘“hydrophobic recovery” problem further causes
delamination, buckling, mechanical instability, and fracturing
of the deposited ink on the substrate in the cyclic loading
leading to an irreversible increase in electrical resistances that
impede the performance of the printed stretchable circuits."®®

3.3.2. Novel surface matching strategies. Recently many
researchers proposed solutions for the challenge of “hydro-
phobic recovery” during surface treatment by developing novel
fabricating strategies. In this section, we will discuss four
strategies for successful printing on a stretchable/bendable
substrate with their pros and cons and electromechanical
performance of printed patterns.

Strategy 1: pre-stretching the substrate and depositing the
conductive material. Strategy 1 involves stretching the substrate
then printing ink on the stretched substrate, and finally releas-
ing the substrate forming an out-of-plane wavy deformation
and enhancing the ability of the printed pattern to maintain
conductivity under large strain. This stretching process is
shown in Fig. 8.'%

Pre-stretching in axial loading is easy to be applied, however,
in most applications, the stretchable sensor was used as a
wearable device for health monitoring wherein circuits undergo
strain in two directions. Abu-Khalaf et al.'® introduced radial
pre-stretching to improve the performance of the stretchable
circuits. The study reveals that radial pre-stretching increases
the out-of-plane deformation compared to axial pre-stretching,
hence the radially pre-stretched circuits are more capable to
sustain higher radial loads than axially pre-stretched. Fig. 9
shows axially and radially stretched PDMS substrate.

The pre-stretching in strategy 1, however, can cause buck-
ling of the electrodes and further the formation of cracks in the
lateral direction of pre-stretching due to the Poisson’s effect.
This effect is caused by strain differences in adjacent materials
having different Poisson ratios. To overcome this problem, Lee
et al. proposed an in situ annealing process that causes thermal
expansion of PDMS in the direction opposite to that of the
Poisson effect, thus compensating for the Poisson’s effect.
Using this technique, a negligible change was found in resis-
tance - up to a strain of 17% for 1000 stretching cycles.'®®

Ink Nozzle
l Ink droplets Conductive patterns Released sample
Pre-stretched Sample —
PDMS | mp | PDMS | mp | PDMS | mp | PDMS
‘ L+AL ] L+AL L+AL ! L ”

Fig. 8 Pre-stretching in axial loading. Reproduced with permission.*®” Copyright 2018, MDPI.
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Fig. 9 Two pre-stretching methods. (a) Axial pre-stretching. (b) Radial
pre-stretching.

Strategy 2: printing sinusoidal or horseshoe shape-like patterns
on the substrate. Strategy 2 has a hypothesis that the shapes of
the circuits can be designed in such a way that strain on active
material will be dissipated by the geometry of the structure
during printing. Horseshoe shapes or sinusoidal shapes are
widely used because the maximum strain distributed along the
meanders of the horseshoe is less than the sharp corners or
zigzag shape design.'®® Abu-Khalaf et al.'"" demonstrated in
that this design leads to stable conductivity during stretching.
A horseshoe-shaped pattern, printed at an angle of 45° Fig. 10
could withstand an axial strain up to 25% with a resistance
value of less than 800 Q. Further, its conductivity could be
maintained without any significant changes up to 3000 stretch-
ing cycles.

The conductivity performance is also dependent on the
mechanical properties of the substrate materials. Plastic defor-
mation can occur in the horseshoe-shaped metal thin film if
the magnitude of a local strain exceeds the yielding strain. The
plastic deformation accumulated during cycling will cause the
permanent failure of the conductor. Moreover, accumulated
shear stress at the metal-substrate interface can cause delami-
nation of the metal film and fail the metal conductivity. Thus,
this strategy requires high adhesion between metal film-PDMS
substrate for the stable performance of stretchable electronics.'®
To improve the adhesion between film-PDMS, Chung et al.'®
designed and printed a silver electrode on a wave-structured
elastomeric PDMS substrate. UV ozone treated, roughened surface
and wavy structure provided a good and stable stretching perfor-
mance for the printed Ag electrodes. This electrode showed good
mechanical stability for 1000 times cycling test under a fast stress—
strain test and resistance of the printed electrodes was increased
by only 3 times for 30% tensile strain. This article also reveals that
adding a top layer on the wavy PDMS has less change in resistance
values as compared to the bare PDMS, this is because of uniform
stretching of peak and valley area.

) b

Fig. 10 Horseshoe-shaped pattern printed.
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Strategy 3: embedding the conductive material inside the stretch-
able/bendable substrate. Strategy 3 has a hypothesis that embed-
ding the conductive material in the liquid elastomer substrate can
overcome the issue of “hydrophobic recovery” using surface
pretreatment strategies 1 and 2. The focus of this strategy is to
print conductive ink into a cross-linkable viscous liquid and
restrict the spreading of the ink droplets by encapsulating the
ink in a viscous substrate. This method directly embedded the
conductive micro cables into the flexible substrate, eliminating
the additional step of the encapsulation process. This was achieved
by impact force imposed by droplet, match of surface tension
between the ink and substrate in liquid form, and quick evapora-
tion of the solvent. Thus, this strategy can avoid hydrophobic
recovery, and further reduce delamination, buckling, and fractur-
ing of the deposited conductive material in cyclic loading.'¢%*
Jiang et al.®* proposed a novel method known as embedded inkjet
printing (e-IJP) wherein conductive micro cables are printed and
embedded inside the elastomer substrate. Using this method line
width of 1.6 um and 1.7 aspect ratio were fabricated, which is the
highest resolution of conductive lines printed by piezoelectric
inkjet printer without any pretreatment. These conductive lines
exhibited a negligible increase in resistance for 3000 bending
cycles."”*

Further, this research group extended their study by printing
semi-wrapped structures to fabricate bendable circuits on pre-
cured PDMS. This semi-wrapped circuit was bent to 120°-150°
and a negligible change of resistance was found for 800 bend-
ing cycles. This stable conductivity was due to the protection of
the encapsulation structure.'®?

Similarly, Al-Milaji et al.'®® printed stretchable conductors
by embedding colloidal droplets of silver nanowires (AgNWs)
into an uncured liquid PDMS layer by controlling the thickness
of the liquid PDMS layer and with a post-printing treatment.
The embedding and assembly of the AgNWs consist of three
steps (see Fig. 11(b-d)): (1) impact of a droplet in this step, the
jetted droplet undergoes droplet-PDMS interactions that
prompt the droplet to settle beneath the air-PDMS interface;
(2) solvent evaporation and PDMS reflow, helps in directing the
assembly of AgNWs; and (3) sinking and deposition of the
AgNWs, it streamlines the ink-substrate interactions and posi-
tioned the AgNWs in the supporting substrate.

Samples fabricated by this technique were stretched for 10%
strain for 100 cycles and bent for 150° for 200 cycles and had a
negligible change in resistance.'®°

Strategy 4: forming a composite of conductive and stretchable
polymer material. Strategies 1-3 have separate conductive ink
material (to be deposited) and the stretchable substrate in
printing processes which have problems of surface energy
mismatch. The other solution will be mixing ink and substrate
material before printing to make a composite stretchable and
conductive material. Using an Ag-PDMS composite, Larmagnac
et al."” fabricated a stretchable conductor that demonstrated
high stretchability i.e. 20% strain over 1000 cycles, and low

resistance of 2 Ohm cm ™ *.
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Fig. 11 Directly inkjet-printing and embedding AgNWs into an elastomer substrate. (a) Inkjet-printing of AQNWs drop. (b) Droplet impact. (c) Solvent
evaporation. (d) Sinking and deposition. Reproduced with permission®® 2020 American Chemical Society.

Fig. 12 Microcontact printed electrode on PDMS. Reproduced with
permission.®4 Copyright 2014, Royal Society of Chemistry.

Similarly, Woo et al. used a microcontact printing technique
to fabricate a thin artificial skin-like elastomeric capacitive
pressure sensor array using a composite material of PDMS
and CNT (see Fig. 12). These sensor arrays are mechanically
robust against stretching, bending, twisting, and folding defor-
mations without any mechanical failures in the sensor struc-
tures, such as cracks, fractures, and exfoliation of the elastic
conductors. The electrical responses of the devices under
repetitive applications of pressure and tensile strain are highly
linear, reliable, and reversible. Further, it has negligible depen-
dence on large mechanical deformations for twisting up to
3600.104

Claypole et al. combined carbon black (CB) and ammonia
plasma functionalized graphite nanoplatelets (GNPs) in a TPU
resin and formulated a conductive ink for stretchable wear-
ables. This ink could be used in screen printing techniques for
large-scale manufacturing. Further, it could maintain the elec-
trical conductivity until the breakpoint of approximately 300%
nominal strain and cyclic strains of up to 100%. This ink
demonstrated a bulk resistivity of 0.196 + 0.013 Q-cm, similar
to the performance of conventional conductive inks."*?

Briefly, the four surface matching strategies are summarized
in Table 6 with the highlighted strengths and weaknesses of
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each strategy. Users can select a strategy for applications
according to their requirements.

For wearable FE devices, electromechanical performance under
stretching/bending loads is of prime importance. In Table 7 we
summarize electromechanical performance achieved by four strate-
gies. More information is provided on the resistance values for the
corresponding stretching rate applied to the device/circuits, and
percent breakdown strain, for the number of stretching/bending
cycles.

Referring to Table 7, all strategies are found promising to a
certain extent and application. The third and fourth strategies,
however, have a slight edge over the first two because conduc-
tive material has been encapsulated by elastomer polymer
which eliminates the problem of cracks and wrinkles thus
achieving robust printed circuit and better performance.
Further, finer resolution lines can be printed. Additionally,
no pre-treatment with plasma is required, which eliminates
the extra step in the process. Meanwhile, the gaps found in
the fabrication techniques for stretchable electronics can be
further studied and explored. For instance, the fourth strategy,
in addition to screen printing, can also be made suitable
for inkjet printing by using an appropriate composition of
the conductive material and stretchable elastomer. Design of
experiments or machine learning algorithms can be explored
for determining the desired ink composition for stretchable
electronics.

We comparatively evaluate the electromechanical perfor-
mance of the four matching strategies for printing FE on
stretchable substrates in Table 7. The evaluation measures
include resistance values, stretching rate or bending curvature
applied to the device/circuits, and corresponding breakdown
strain percent, for the number of stretching cycle/bending
cycles. It is observed that there is a different approach for
calculating resistance values. For instance, 1a and 2b, for
corresponding strain, change in resistance was specified as
normalized resistance (Rnorm); Rnorm = (Final Resistance —
Initial resistance)/(Initial resistance), however for 1b and 2a it
was defined as R,orm = (Resistance measured at specific tensile
strain)/(Initial resistance), further rate of application of strain
was different, thus comparing R, values is not justifiable.
Third strategies 3a and 3b calculated the change in resistance
values for bending only, not specifying any change in resistance
values in stretching conditions. It provides maximum resis-
tance values for the corresponding angle/radius of bending and
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Table 6 Pros and cons of surface matching strategies for printing stretchable wearables

Review

Strategies

Pros

Cons

Strategy 1:'%7188

e Pre-stretching the substrate

Strategy 2:''"1%°

e Printing sinusoidal or horseshoe
shape-like pattern on the substrate

Strategy 3_183,186,191

e Embedding the conductive
material inside the stretchable/
bendable substrate during printing

Strategy 410,192,193

e Forming a composite of
conductive ink and stretchable
polymer material

e Optimal performance was achieved by
pre-stretching PDMS in axial and radial strain
e Printed circuits withstand repeated stretching
cycles and maintained their conductivity
without any significant changes

e The conductivity of the circuit was fully rever-
sible once it returns to a pre-stretching state

e The printed circuit could withstand repeated
stretching cycles and maintained its conductivity
without any significant changes

e High-performance stable inkjet printed
stretchable electrodes were obtained

e Less change in resistance values was obtained by
adding a top layer of PDMS as compared to the
circuit fabricated on bare PDMS

e No additional surface pretreatment required

o The highest conductive line resolution achieved
by inkjet printing without pre-treating substrate

e No additional encapsulation process required

o Stable electrical performance achieved for
repeated bending cycles

e No surface pretreatment required

e Highly conductive, inexpensive, stretchable inks
e Highly linear, reliable, and reversible electrical
performance even when subjected to pressure and

e An extra step is needed to find optimum parameters
for the surface pre-treatment process

o After surface modification, the contact angle of the
ink droplet was enlarged which tends to form line
bulges and coalesce into a large droplet, thus reducing
the ability to form low-resolution geometry

e Pre stretching and releasing will cause uneven
distribution of the stress that may generate cracks.
Hence the printed circuits are not robust. Additional
encapsulation process required

e An extra step needed to find optimum parameters for
surface pre-treatment process

e Printing horseshoe shapes or wavy structures is a
painstaking process since it involves optimizing of
geometrical parameters like amplitude, line width,
the number of cycles and angle to get the best
performance

e Horseshoe shape or wavy structure was effective in
axial/tensile loading, uncertainty lies regarding their
performance in twisting, bending, radial loading,

and biaxial loading

e Printed straight line has better stretching perfor-
mance than horseshoe/wavy shape in radial loading

e Complex fabrication process since coalesces of
low-viscosity ink droplets to form straight lines was
difficult to control in another liquid

o The use of nanoparticles restricts the performance of
the printed circuit to the bending cycle only, however,
nanowires can align well during the stretching/
bending cycle consequently achieving better
performance

e Nanowires are larger (compared to nanoparticles)
which may cause clogging of the inkjet printer nozzle

e The high viscosity of the established composite
mixture limiting its applications to other printing
techniques such as inkjet printing than screen
printing, and microcontact printing

tensile strain

negligible change in resistance for the repeated bending cycle.
On the contrary, 3c provided a decrease in resistance upon
bending and stretching cycles, which was due to the alignment
of AgNWs in the polymer matrix caused by multiple bending
and stretching cycles. For strategy 4, we could not find con-
sistent data to compare their performance. Moreover, strategies
discussed in Table 7 are mostly unidirectional stretching thus
further we can extend our discussion to bidirectional stretching.
For instance, Christ et al'®* 3D printed a bidirectional strain
sensor by integrating multiwalled CNTs into the TPU matrix. They
performed testing in various configurations linear axial, linear
transverse, linear biaxial, switchback biaxial, and sawtooth biaxial,
which resulted in a strain sensor that can withstand a cyclic
loading with strain as high as 50%. In another study, Gao et al.**>
inkjet-printed a touch sensor by using a “coplanar interlocking
diamond shape” pattern which helped to improve touch sensi-
tivity and reduce strain under dynamic deformation. The fabri-
cated sensor could withstand up to 20% dynamic tensile stretch-
ing (biaxial tensile stretching). Overall, every article described
the methodology suitable for the specific application. Hence,
the electromechanical performance of the strategies described

This journal is © The Royal Society of Chemistry 2022

in Table 7 cannot be easily compared due to the unavailability of
baseline performance metrics. However, it allows us to fill this gap
by establishing standard baseline metrics to compare the electro-
mechanical performance of all the manufacturing strategies on a
common platform.

4. Scalable integration of PHC devices
by inkjet and other printing
technologies

Many lab-scale printing processes have been shown to have the
capability to print flexible electronics for PHC. However,
numerous gaps must be addressed for these printing processes
to be scaled up to the industrial scale for the commercialization
of low-cost, multifunctional, wearable sensor systems for PHC.
The research and development gaps for emerging sensor
platforms span over a range of interdisciplinary, vertically
integrated designs and processes to realize the sensors, wireless
communication, data acquisition, manufacturing, and material
technologies, combined with specific biosensing expertise.

J. Mater. Chem. C, 2022,10, 14091-14115 | 14105
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Table 7 Summary of achievable electromechanical performance in the state of the art for various surface matching strategies

Sr  Strategies for printing on stretchable/bendable Ink Substrate  Measured Rate of Breakdown strain Stretching/
no. substrates material material resistance stretching (%) bending cycle
la Pre-stretching the substrate and depositing the = Ag NP PDMS 40 Q Steps of 1% 19 1000
1b conductive material*®”'%8 AgNP  PDMS 6.25 Q (final)/5.09 1 mm 17 1000
Q (initial) min~!
2a Printing sinusoidal or horseshoe shape like pattern AgNP ~ PDMS 37.0 Q (final)/13.7 1 mm s 10 1000
on the substrate''"'%° Q (initial)
2b AgNP  PDMS 800 (f)/100 (i) Steps of 1% 25 3000
3a Fully embedded'®? AgNP  PDMS Max= 360 + 15 Q NA 4 mm (bend
radius)
Negligible 3000 (bending)
3b Partially embedded (semi wrapped structure)'®®  AgNP  PDMS Max = 200 + 10 Q NA 120°-150° (bend-
ing angle)
Negligible NA 800 (bending)
3¢ Fully embedded** AgNW  PDMS Decrease by 17.1% 0.2 mm s~ 10 100
Decrease by NA 150° (bending 200 (bending)
~43.2% angle)
4a Forming a composite of conductive and stretchable GNP/  TPU 55.12% (change in 50 mm 100 20
polymer material'*'9%193 CB/TPU resistance) min "
1.83% NA 247 £ 35 N
(bending force)
4b Ag PDMS Not given 1mms ' 20 1000
4c CNT PDMS 0.25 (change of 1 mm 50 10
capacitance) min "’
1 (change of NA 360° (bending  Not provided
capacitance) angle)

To address these challenges, novel bio, chemical, electronic,
and nanomaterial-enabled sensor platforms are being devel-
oped using low-cost manufacturing capability. Such sensor
platforms must increase the level of intelligence and data
collection utilizing designs, implementing low-power, wireless
networking, onboard signal processing, memory, energy har-
vesting, and optimal form factor. Furthermore, evaluation and
test must be conducted in controlled but highly realistic con-
ditions, accounting for human interaction, and including infor-
matics to accurately inform on health care conditions. As
illustrated in Fig. 13, scalable fabrication methods for the
measurement of stress/fatigue biomarkers from sweat have
been developed using inkjet-printed electronics integrated with
imprinted microfluidic devices.®®'°® This approach demon-
strated a lab-scale adhesive sensor patch for monitoring sweat
electrolytes - collecting sweat and measuring biomarkers, such

Basic Function

Printed power conversion &

Hybrid Integration

Printed backplane with

as glucose or cortisol, and reporting the data using an inte-
grated RFID antenna for near-field communications readout.
This approach does not utilize complex system designs that
require controllers or active component integration. As illu-
strated in Fig. 13, the next level of integration would incorpo-
rate more complex designs and circuit elements that enable
arrays of microfluidic channels to be realized, each with
biosensing elements, microfluidic sample control, and data
readout.”” They will be fabricated via advanced printing tech-
niques (e.g. inkjet printing and nanoimprinting) scalable to
continuous fabrication processes. This example of a wearable
patch is capable of measuring cortisol (or other potential
biomarkers utilizing specific antibodies) that are acquired from
sweat via absorbing pads, along with integrated capillary
microfluidic channels and opening valves. An electronic sensor
decorated with cortisol antibody will measure the cortisol

Fully-Printed Solution

Ref1 9% Sensor interface electronics integrated EPD display Ref69
Signal Processing
J Solar PV Communications Interface/Memory
) Energy Harvestin . )
; uController i g Nanoparticle Metamaterial
Nanoparticle Sensor = Antenna/RFID
( f— ADC —
ol - R
\ J
v \‘ / ) RX/

X

T

Printed Antenna &
Rf energy harvesting

Li* Energy Storage Macro-electronic Flex Substrate

Integration of thinned
silicon chipset for sensor

system functionality

Fig. 13 Technology progression for flexible patch sensors. Reproduced with permission.**® Copyright 2015, The Boston globe. Reproduced with

permission.®® Copyright 2014.
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concentration and transfer the data via wireless connection for
personnel health evaluation. Ultimately, the progression for a
fully printed microfluidic sensor solution will include energy
harvesting, basic sensing function, data communication, and
hybrid integration of electronic signal processing.'9%72%

Examples of such integrated sweat collection devices and
systems include inkjet printing of electrodes and opening
valves, nanoimprinting of microfluidic channels, and flexible
substrate integration have been developed toward a fully inte-
grated sweat sensing system. As shown in Fig. 14,%>%%" a sweat
patch was designed in multiple layers incorporating inkjet and
nanoimprinting processes, which include inkjet-printed basic
electrochemical sensing function, along with inkjet-printed
electrowetting valves in the microfluidic channels to control
the flow of samples collected. In this example, a flexible micro-
fluidic chip is formed potentially scalable to R2R processing for
high-throughput and low-cost fabrication.*’

5. Conclusions and future
perspectives

This article reviews and provides insight into distinct types of
wearable devices used for PHM designed and developed by
researchers in academia and industry. It tries to bridge the gap
between the wearable FE for PHC and the corresponding
fabricating techniques applied in this research. Various fabri-
cation techniques for these devices with a deep analysis of their
pros, cons, and applications were introduced. Wearable FE
for PHC was classified into vitals monitoring and medical
aid wearable devices, further, printing technologies, substrates,

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Integrated functional microfluidics designed for and printed by inkjet printing of electrodes and nanoimprinting Reproduced with permission.*®
Copyright 2019. Reproduced with permission.2°* Copyright 2016, IEEE.

and ink materials used for these devices were summarized.
Inkjet printing technologies were identified as a potential
fabrication technique having a vast scope for manufacturing
wearable devices; mainly because of its numerous advantages,
non-contact type printing process, mask-free printing, highly
customizable with digital control patterning, it a lean and clean
process ie., it does not produce much waste, and compatible
with various substrates. Several examples of inkjet-printed
wearable PHC devices like Respiratory Rate (RR) sensors,
temperature sensors, heart rate, arterial oxygen saturation
(Sp0O2) sensors, antenna for wearable tracking devices, etc. with
their performance were highlighted. Moreover, the mechanism
of inkjet printing with various parameters and ink formulation
required for printing on the flexible substrate were discussed.
Further, four surface matching strategies used for printing PHC
stretchable devices, highlighting their pros and cons, and a
comparison of the electromechanical performance along with
the functional material and the substrate were discussed.
Fabrication of the wearable FE for PHC using inkjet printing
has recently caught the attention of many researchers and
substantial progress has been made. Though significant con-
tributions have been made, there are some challenges need to
be addressed that create an equal number of opportunities for
the future.

Most of the strategies discussed in the literature are
restricted to a single substrate (e.g., PDMS). A single process
can be developed for printing on multiple substrates, while we
need to consider the relationship between the surface energy of
the substrate, the surface tension of the ink to be deposited,
and its effect on the conductivity of the final printed pattern.
Strategies to print on the stretchable substrates are difficult to
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comparatively evaluate concerning their electro-mechanical
performance, however, we can develop a common matrix to
measure their performance to find the best fit. Environment,
society, and economics are the three pillars of sustainability
defined by the US Environmental Protection Agency,>’* articles
discussing on printing of wearable device lacks this focus to
some extent, although PDMS used in most of the devices is
biodegradable; recycling, remanufacturing, life cycle analysis
(LCA) of the printed wearable devices is the area which needs to
be explored. Quality, cost, and time are three governing factors
of a product development industry. In the near future, demand
for high-quality, low-cost, and large-scale production in a
limited amount of time will impact the PHM device manu-
facturing sector. To meet such a demand, we need a synergistic
manufacturing system that will combine the advantages
of multiple manufacturing techniques and produce the best
possible output. For instance, an amalgamation of contact and
non-contact printing ie., pnCP and inkjet printing can be
blended into an R2R system which would combine the benefits
of both manufacturing techniques ie., high resolution and
agility of the pCP and versatility of inkjet printing techniques.
This can be followed by other print methods like screen
printing or flexography to produce the best possible outcome.
Further, a study depicting, a model of such a manufacturing
system should be developed and tested. In general, for wearable
devices, multifunction, integration, and flexibility are impor-
tant and can further be explored.
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