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A novel nanomesh humidity sensor for
continuous skin moisture monitoring
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Abstract

The continuous monitoring of human physiological signals using on-skin wearable
sensors is highly demanded for improving of quality of life. The development of
physiological sensors that can be conformably attached to human skin for the long term

is the central issue of wearable electronics.

Among the biophysical signals, the humidity value is one of the important parameters
that are highly related to human health, reflecting the skin barrier functions, and the
skin thermoregulation functions. The skin humidity level also has a relationship with
skin diseases such as atopic dermatitis or hair loss. It is necessary to develop a skin-
attachable humidity sensor that does not influence the basic operation of the skin

functions and does not change the measurement results by sweating accumulation.

The previous works focused on the development of flexible humidity sensors and
highly sensitive humidity sensors have greatly advanced the solving of this problem.
However, the development of gas-permeable humidity sensors together with high
sensitivity is still not achieved. The difficulty of integrating porous electrodes and

porous sensitive materials is the main reason limiting the development of the sensor.

In this work, we firstly realized a humidity sensor with gas-permeability, high
sensitivity, and flexibility together. The unique nanomesh structure is the main reason
to achieve such a property. The porous structure is the cause of the flexibility and gas-

permeability, and also increases the surface area that can contribute to a high sensitivity.

The sensor has a high sensitivity of 640,000% in the 40—100% relative humidity range.
At the same time, it has a high gas permeability which is same to the performance of
an open environment. The gas permeability suppresses skin inflammation, endows
natural evaporation of sweat, and brings an identical condition to bare skin. To evaluate
the utility of the nanomesh sensor, on-skin humidity measurements are performed, and

the humidity change due to sweating after exercise is recorded.



All details of the development of the gas-permeable nanomesh humidity sensor are
discussed in this thesis, including the fabrication process, sensor characterization,

circuit model, and the application as on-skin measurement.



1. Introduction

1.1 Background

Nowadays, the demand for high-quality healthcare and improving life quality is rapidly
growing[1, 2]. Due to the aging society development, the need for remote health
monitoring, unmanned monitoring, and at-home healthcare is increasing to attract
attention [3-5]. By comparing with the bulky equipment and specialized doctors and
nurses at the hospital, how to realize the monitoring and diagnosis of health status at

home is a great challenge for realizing a high-quality healthcare system.

Recently, commercialized wearable devices in the form of small, rigid blocks of
wireless electronic/sensing components which were usually coupled with the human
wrist were growing popular, such as Apple Watch[6]. The wearable electronics systems
which integrated physiological signal sensors, analog front circuits, signal processing
circuits, wireless communication modules, and power sources together become a

promising method for the solution of healthcare in the future generation[7-12].

However, the current electronic systems rely on silicon integrated circuit chips. The
biology tissues are soft and able to be bent, which has a large mechanical mismatch
between silicon-based plate circuits[13]. Instead, the use of inherently soft electronic
materials that have a low Young’s modulus to directly contact biological tissues can
minimize adverse reactions, owing to the improved mechanical compliance. The
wearable soft electronics with the ability to be operated in a long term can contribute to

the realization of individualized healthcare and early detection of chronic diseases.

Skin is the largest organ of humans. The health monitoring by the different kinds of on-
skin physiological sensors, such as bioelectrical signals, bio-physical signals, and bio-
chemical signals helps users to know the health status of the human body in time. To
realize the target, skin electronics are developed with the innovation of structures,
materials, sensors, and developed new functions. Figure 1.1 summarized some of the

recent development in the on-skin electronic systems.
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Figure 1.1 The recent development of on-skin electronics, copied from reference[2].

The development of thin, soft, stretchable, breathable materials and structures is now

endowing more and more properties to the on-skin systems. The decrease of the

thickness helps the intimate contact with human skin, decreases the skin contact

impedance, increases the signal qualities, and allows the free movement and function

of the human body and skin[13]. The other functions such as intrinsic stretchability[14,

15], self-healing[16], drug delivery[17], and gas-permeability[18] are added to the

devices to realize more functions.

Biophysical signals are one kind of physiological signal that measures the basic

physical properties related to the human body, such as the physical motions,

temperature, and humidity, skin properties, skeletal muscles, pressure, and strains.
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Figure 1.2 summarized the commonly seen biophysical targets and their sensing

mechanisms.
BIOPHYSICAL TARGETS
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Figure 1.2 The biophysical signals and the related sensing mechanisms, copied from

the reference[3].

As one of the most important biophysical signals, bioelectrical signals provide effective
information about the human body. Bioelectrical signals are signals that are recorded
by bio-interfaced electrodes for biopotential signals such as the electrocardiogram

(ECG), Electromyography (EMG), and electroencephalogram (EEG) signals.

The electrical impedance is one of the most important properties to quantify the
electrode-skin interface. A stable, compact, and reliable interface result in a stable and
low impedance. A high interface impedance leads to a decrease in the efficacy of
common mode noise rejection due to the amplified differences between electrodes. Also,
the mechanical interfaces help to increase the adhesion force between the electrode and
skin, which leads to a larger bonding force and a lower motion-artifact noise. Soft

electronics which realize conformable and low impedance attachment are the
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mainstream of research.

Another important category of biosensors is biochemical sensors. Apart from physical
signals and electrical signals, the chemical contents in the multiple biofluids provided
a new window for knowing the complete scene of the human health status. The
conventional biochemical measurements require expensive analytical instruments at
hospitals and require invasively sampling of biofluids like human blood. The wearable
biochemical sensors usually have a stable interface with skin and utilize non-invasive
methods for measurement. The receptor layer combines with the target chemicals and
then generates a signal to the transducer layer, the transducer layer will transform the
signal into electrical or optical signals that can be easily read out by supplementary
circuits. Figure 1.3 summarized the typical biochemical sensors and their operation

principles.
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Figure 1.3 The typical biochemical targets, receptors, and sensing methods, copied

from the reference[3].
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1.2 Human humidity

Humidity is one of the important physical parameters that describe the water molecule
contents in the air. Water molecules are existing everywhere in air and range from nearly
0% to more than 4% of the mass of air[ 19]. Humidity value can be useful in many fields,
such as industry[20], biomedical monitoring[21-27], weather forecasting[28],
agriculture products[29, 30], high energy physics[31]. Extremely high or low humidity
values will cause lives dead or ill, and cause machines and devices damage. A suitable
range of humidity values is essential for human and machine health. The measurement
and control of humidity are needed for the automation of many applications. The
humidity data can also contribute to the development of IoT and wearable systems.

Figure 1.4 shows some of these applications of humidity value.
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Figure 1.4 Optimal temperature and relative humidity for daily applications, copied

from the reference[19].

Like temperature, humidity is also a physical environmental factor that influences
human comfort and health. Previous works have shown that air humidity has a strong
influence on people’s comfort with air[32-34]. The human body is usually sensitive to
the outside air atmosphere since it is most often exposed to the surrounding air

environment.

The human perception of air to the relative humidity value and temperature were
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concluded in the following Table 1.1, based on the reference[19]. The humidity change
in the environment strongly influences the human body's reaction based on sweat
secretion and evaporation. Figure 1.5 shows the comfortable zone of temperature and
humidity for human living.

Table 1.1 Effect of temperature and humidity on human perception of air.

Table 6.1. Influence of temperature and humidity on human

RH at 32 °C Dew point Human perception
Severely high. Even
>73% Over 26°C deadly for asthmarelated
illnesses
Extremely uncomfortable,
62%-72% 24°C-26°C ) )
fairly oppressive
52%-61% 21°C-24°C Very humid, quite
uncomfortable
Somewhat uncomfortable
44%-51% 18°C-21°C for most people at upper
edge
OK for most, but all
37%-43% 16°C-18°C perceive the humidity at
upper edge
31%-36% 13°C-16°C Comfortable
26%-30% 10°C-12°C Very comfortable
<25% Under 10°C A bit dry for some

14
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Figure 1.5 Chart illustrating zone for comfort living. Copied from reference[19]

If the air has a high temperature, the human body tries to use the evaporation of sweat
on skin to cool down the core temperature of the body. The rate of the thermoregulation
method is directly related to how fast the sweat is evaporating. In high moisture air, the
evaporation rate will become lower. When the air becomes drier, the body starts to lose
moisture, and a high Trans-Epidermal Water Loss (TEWL) will happen on the skin
surface. This loss of water from the skin is always happening and is not immediately
noticeable, but if the water content is restored in the body in time, there may cause
serious complications related to dehydration. At the same time, the moisture that air can
contain depends on the temperature of the air, the high temperature increases the
absolute humidity in the air. Therefore, a particularly dangerous situation is the
combination of high humidity with high temperatures. The reduction of evaporation
rate can cause considerable discomfort or lead to a heat stroke, which may cause

death[35].

On the other hand, if the excess heat can not be dissipated outside by TEWL, the human

15



body will be disturbed due to a high heat load, which is usually observed in diseases

such as fever and hyperthyroidism[22].

The skin humidity level is also related to the skin diseases such as atopic dermatitis or
hair loss. Previous works have pointed out that the 1-2 days of dry environment
provokes epidermal proliferation, and reduction in skin hydration, a proinflammatory
and a transient barrier deficit. The increased thickness of the SC layer and enhanced
barrier function will form on the skin surface, which leads to a decrease in TEWL. The
measured humidity value on the skin surface will also decrease. Therefore, the
monitoring of skin humidity can reflect the health status of the skin. Figure 1.6 shows

the influence of a dry environment on human skin health.
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Figure 1.6 The influence of the dry environment (RH<10%) on skin barrier function

and composition, copied from reference, copied from reference [36].

In order to know the health status of the skin for thermoregulation and barrier function,
the continuous monitoring of skin temperature and skin humidity together is necessary.
In this work, the nanomesh humidity sensor which exhibits similar gas and water vapor
permeability is utilized for skin humidity detection, which avoids the accumulation of
sweat on the skin surface, and allows the measurement result of the skin humidity to be
not disturbed. At the same time, the gas-permeability avoids the cause of skin

inflammation and hair loss[18].
16



1.3 Mechanism

1.3.1 Humidity units

Different kinds of methods can be used to show the water contents concentration in the
air. The most commonly used units are relative humidity (RH), Dew/Frost point (D/F
PT), and Parts Per Million (PPM). Relative humidity has two commonly used
definitions[37]. One of the definitions is the actual water vapor dry mass ratio w to the
equilibrium (also called saturation) mixing ratio ws at the ambient temperature and

pressure, which is regarded as a standard definition:
RH = —x 100% (1)

Another definition is the ratio of the actual water vapor pressure p to the equilibrium

vapor pressure over a plane of water p;. (usually called saturation vapor pressure).

RH =2 x100% )

Ps

The two definitions are related by w = ep(P —p)~! and ws = eps(P —ps)~ L.
Where ¢ (0.622) is the ratio of the molecular weights of water and dry air. Usually, the
ambient air pressure P is high enough compared with the water vapor pressure. So,
the two definitions are approximately the same. The relative humidity is “relative”

because the temperature will influence the water vapor pressure (mass), so it is

dependent on temperature.

For the further precise measurement of humidity, Dew/Frost point is usually considered.

The Dew point is the temperature (above 0°C) that the water vapor in the gas condenses

to liquid water. Frost point is the temperature (below 0°C) that the water vapor

condenses to ice. D/F point is an absolute value that is not influenced by temperature.
The Dew/Frost point shows the exponential relationship with relative humidity and can

present faint humidity changing.

Parts Per Million (PPM) is another commonly used definition. The PPM value shows

17



the volume fraction of water vapor in the air. PPM also shows an absolute measurement.

The three different humidity units are used under different applications. Figure 1.7

shows the humidity range of different methods.

Dew/Frost Point ("C)
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Figure 1.7 Relationship between Relative humidity (RH), Dew/Frost point (D/F PT),
and Parts Per Million by volume fraction (PPMv).

1.3.2 Capillary effect

The mechanism of the nanomesh humidity sensor could be highly related to the
capillary effect of the polymer. Water condensation of water vapor takes place within
the porous structure of the polymer chains. The amount of the condensed polymer will

be influenced by the pores size, pores distributions, and pores volume[38].

In a simplified situation, the pores of the polymers are considered cylindrical pores,
then the pore radius at which capillary condensation starts to happen can be shown by

the Kelvin equation[39].

__2yM
" pRTInES
p P

3)

Where r, v, and p are the pore radius at which capillary condensation is ready to happen,
the surface tension, the molecular weight, and the density of the water, respectively. p
is the water vapor pressure and ps is the water vapor pressure at saturation, p/ps

approximately equals RH in the first approximation.

1.3.3 Electrical property change

18



Water absorption in the pore space of the nanomesh structure will lead to the electrical
properties of the sensor change. Water has a high relative dielectric constant (which is
more than 80) when compared to air (which is 1), and waster has high conductivity (10
6 S/em ~ 10° S/cm) when compared to air (10'%S/cm). The increase in the water
concentration ratio in the hybrid structure leads to a change in the overall dielectric

constant and the conductivity of the whole structure.

However, the water condensation and evaporation are asymmetric. The evaporation
takes more energy than the condensation process, so usually, the humidity sensor will

have a longer desorption time in the absorption time, and even causes hysteresis.

1.4 Previous works of wearable humidity sensor

1.4.1 Flexibility

In recent years, considerable efforts have been directed towards the realization of

flexible humidity sensors as on-skin wearable electronics.

Stefano Borini et. al. developed an ultrafast graphene oxide humidity sensor[40]. Figure
1.8 shows the sensor characteristics. The sensor was fabricated on a PEN substrate
(Teijin Dupont Films). Graphene oxide was deposited as humidity-sensitive materials
and Ag was screen printed as electrodes. The ultrathin graphene film of 15 nm
decreased the response time down to ~30 ms. The porous two-dimensional materials
show characteristics such as sub-nanometer pore size, atomic thinness, and facile

manufacturing processes.

19
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Figure 1.8 The basic characteristics of graphene oxide humidity sensor, copied from

the reference[40].

Jin Wu et. al. developed a carbon nanocoil-based fast-response and flexible humidity
sensor[41]. A flexible liquid crystal polymer was used for the fabrication of a substrate.
The sensor shows a fast response of 1.9s and recovery of 1.5s, a broad detection range
of 4-95%, linearity, repeatability, and stability. The hydrophobic effect of the LCP
substrate and high purity of the CNCs give a ride to weak physical adsorption. The
flexibility of bending and twisting is due to the helical structure of CNCs and the
microporous structure of the LCP substrate. Figure 1.9 shows the basic properties of

the carbon nanocoil sensor.

500 nm 1' 2',;, 3'|:| Y |E| 1 é :::l- 4
Time (s) Time (s)

5] 4% 12%  20% 28% 36% 44% 52% 60% 68% 76%
8% 16% 24% 32% 40%  48% S6% 649%  72% 80

0 50 100 150 200
Time (s)
Figure 1.9 Structure, response time, sensitivity, and fingertip humidity measurement of

the helical Carbon nanocoil humidity sensor, copied from the reference[41].
20



Liyun Ma et. al. developed a full-textile flexible wireless humidity sensor that can
measure human respiration[42]. The unique hydrophobic property of the functional
fibers makes the sensor has a faster response time of 3.5/4 s. The Unique fiber structure
and yarn sensor make the sensor to be able to bend, twist, and stretched. Figure 1.10

shows the basic properties of the textile humidity sensor.
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Figure 1.10 The sensitivity, flexibility, and bendability of the textile humidity sensor,

copied from the reference[42].

1.4.2 High sensitivity

Human skin has a distribution of different humidity levels at different positions on the
human skin surface. During daily activities, the skin humidity sometimes exhibits a tiny
humidity change of less than 5% RH, such as during eating, or grasping objects [22].
Increasing humidity sensor sensitivity helps to improve the detection of the tiny change
in skin humidity change, and also relieves the design of the supplementary circuits.
Especially, the increasing of the sensitivity in the 40-100% RH range is of great
importance. The biomedical measurements usually show a result lying in this range.
For example, the back of human has a humidity changing from 60% RH to 100% RH.
The fingertip exhibits a humidity range of 40-80% RH[22, 29]. Different works tried to

improve the sensitivity and the detection limit of humidity.

Ning Li et. al. tried a method of growing TiO2 nanowires on a two-dimensional Ti3C
MXene membrane. Increased sensitivity of higher than 1,000% in the range of 40%-
100% RH was realized[43]. The increase in the sensitivity value is mainly due to the

increase of the surface area, and the greater number of hydrophilic sites that can
21



improve the ability of absorption of water molecules. Figure 1.11 shows the structure

of the materials and the resulted sensitivity.
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Figure 1.11 The illustration of the sensor materials and the sensitivity of the MXene

humidity sensor, copied from the reference[43].

Jin Zhou et. al. reported a Polysquaraine-based humidity sensor with a high sensitivity
of over 100 000% in the range of 40—100% RH were reported, as shown in Figure 1.12.
The surface modification using Au nanoparticles improved the sensor's response to

humidity as shown in the work.
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Figure 1.12 The illustration of the Polysquaraine-based humidity sensor and the

resulting sensitivity, copied from the reference [44].

1.4.3 Gas-permeability

In addition to flexibility and high sensitivity, gas permeability is also needed for the

long-term monitoring of wearable sensors to suppress the possibility of inflammation
22



and hair loss caused by skin sweating. Skin humidity with a range of 40-100% RH is
higher when compared with the general air humidity, which raises a requirement for the
skin-attachable sensors to have a high gas permeability for natural sweat evaporation.
At the same time, gas-permeable sensors can avoid the accumulation of water on the
sensor surface, which makes the sensor to be natural as bare human skin[36]. Recently,
a gas-permeable nanomesh humidity sensor using parylene-coated polyvinyl alcohol
(PVA) nanofibers was reported, which can perform continuous measurement of human
skin humidity over a period of minutes[29]. The absorption of water expands the
volume of material and makes cracks on gold electrodes, which works as a resistive-
type sensor with a limited sensitivity of 25% in the range of 40—100% RH. Figure 1.13
shows the image of the sensor and the monitoring of skin humidity. For gas-permeable

sensors, the increase of sensitivity of the sensor still remains a challenge.
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Figure 1.13 The illustration of the gas-permeable nanomesh humidity sensor and the

monitoring of skin humidity during the exercise, copied from the reference[29].

1.5 Remaining issues of humidity sensors for skin health monitoring

The development of a highly sensitive humidity sensor with gas permeability that can
be attached to human skin still remains a challenge, which is the main obstacle for on-
skin humidity measurement. Highly sensitive materials are conventionally fabricated
on continuous film-like substrates. As a result, the attachment of the sensors changes
the skin humidity, which makes it difficult to accurately monitor inherent skin humidity.

In the case of porous and ultrathin film sensors, the humidity response is usually due to
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water absorption and cracks in the conductive layer, which limits the sensitivity. It has
been required to realize highly sensitive porous humidity-sensitive materials and/or to
optimize the structures, along with the integration of porous conductors and porous

humidity-sensitive layers.

1.6 Purpose of this research

In this work, the research objective is to develop a flexible, highly sensitive, gas-
permeable humidity sensor that can be attached to the skin for long-term monitoring.
The flexibility makes the sensor possible to have a conformal attachment on the skin
surface, a bending radius of less than 2 cm is needed for realizing the attachment on the
human skin surface. Gas-permeability avoids sweat accumulation for realizing long-
term monitoring, the value of gas-permeability should be able to allow the evaporation
of sweat naturally, which requires a water vapor transmission rate of larger than 0.5 kg
m 2 d"!. High sensitivity increases the detectivity of the sensor, especially under a high

humidity value.

1.7 Synopsis of this thesis

In chapter 1, the background of the on-skin wearable sensors and the humidity sensors
are presented and discussed. The basic knowledge of humidity and its relationship with
human health was introduced. The previous works of flexible humidity sensors are
introduced, and the remaining challenge for on-skin humidity monitoring was discussed.

The research objective is explained.

In chapter 2, the materials used in the fabrication were introduced, and the development
of the nanomesh humidity sensor was introduced and discussed. The process of
fabricating nanomesh structure by high-voltage electrospinning and thermal
evaporation was presented. The sensor structure and its influence on the sensor’s

properties were presented. The experiment setup was introduced.

In chapter 3, the humidity sensing characteristics of the sensor were concluded. First,
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the Figure of merits of a sensor was introduced, including the sensitivity, sensitivity
drift, and linearity. Then the sensor properties are reported, including sensitivity,
variations, hysteresis, and response time. Then the gas-permeability of the sensor was
tested and shown. A long-term operation experiment result shows the stability of the

sensor. Different structures’ influence on the sensor was concluded.

In chapter 4, the mechanical and environmental durability was concluded. First, the
sensor performance under mechanical deformations like pressing and bending were
presented. The sensor’s ability for continuous operation under the mechanical influence
was confirmed. Then the sensor’s performance under friction was also tested to confirm
the ability to work on skin conditions. The stretchability test of 20% strain was shown.

The temperature influence on the sensor was confirmed.

In chapter 5, the circuit model and impedance analysis of the sensor was introduced.
First, the principle for the complex impedance analysis was introduced, Next, the
impedance fitting result of the bode diagram and Nyquist diagram was concluded. The

change of capacitor and resistor components results was introduced and discussed.

In chapter 6, the human skin humidity measurement results were shown. The
distribution of humidity at different positions of human skin was presented, then a one-

hour continuous measurement of human skin measurement with exercise was shown.
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2. Fabrication of nanomesh humidity sensor
2.1 Materials

2.1.1 PVA

Polyvinyl alcohol (PVA) is one of the most commonly used bio-compatible polymers
that can be used in various medical applications. The low tendency for protein adhesion,
low toxicity, and water-solubility make it suitable as a component touching bio-tissues.

Cartilage replacements, contact lenses, and eye drop usually use PVA as material.

HO |,

Figure 2.1 Chemical structure of polyvinyl alcohol

The conductivity of PVA at 303K is 5.62x107'° S/cm, which is usually considered an

insulator.[45] The conductivity of PVA can be enhanced by modifications of doping
with other conductive materials like polyaniline[46], Au[47], and ZnO[48]. More
importantly, PVA contains hydroxyl which makes it easy to combine with water
molecules and absorb water vapor. The absorption of water contributes to the
enhancement of conductivity and change of permeability, which makes humidity

sensitivity.

In this work, PVA powder (EG-22P) was purchased from Nippon Synthetic Chemical
Industries for fabrication. The PVA solution was prepared by dissolving PVA powder
into the water with 10 wt%. The PVA was used as sensitive material, which is laminated
on the two sides of the PU nanomesh. Also, the partially dissolved PVA forms adhesion

between different nanomesh layers and between the sensor and human skin.

2.1.2 PU

Polyurethane (PU) refers to a class of polymers composed of organic units joined by
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urethane links.
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Figure 2.2 Chemical structure of polyurethane

Compared with PVA, pure PU has lower electrical conductivity, which is between 10
4 S/em to 1071° S/cm[49]. Pure PU is hydrophobic in nature and insoluble in water[50].

The property of PU makes it insensitive to the water molecule.

In this work, a pristine PU solution (Rezamin ME-8115LP, 30 wt%) was purchased
from Dainichiseika for use. N,N-dimethylformamide (DMF), methyl ethyl ketone
(MEK) were purchased from FUJIFILM Wako Pure Chemical Corporation as solvents
for PU solution. The polyurethane solution (15 wt%) was prepared by diluting the
pristine PU solution with a mixture of DMF and MEK (wt/wt = 7:3). The PU material
was used as an insulator layer and scaffold for the sensor. Without the existence of the

PU nanomesh layer, the top and bottom electrodes will easily form short-circuit.

2.1.3 Metal salts for controlling humidities

In this work, different kinds of saturated salt solutions are used to keep the humidity

value constant in the sealed bottles[51].

NaCl (sodium chloride, >99.0%) was purchased from Merck KGaA Sigma—Aldrich.
CaCl2 (calcium chloride, anhydrous, >95.0%), CH3COOK (potassium acetate,
>97.0%), MgCI2 (magnesium chloride, anhydrous), K2CO3 (potassium carbonate,
anhydrous, >99.5%), Mg(NO3)2-6H20 (magnesium nitrate, >9.0%), CuCl2 (copper(Il)
chloride, >99.0%), KCI (potassium chloride, >99.0%), and K2S0O4 (potassium sulfate,
>99.0%) were purchased from FUJIFILM Wako Pure Chemical Corporation. 150 g of

CaCly, 200 g of CH;COOK, 200 g of MgCla, 300 g of K2CO3, 200 g of Mg(NO3),-6H,0,
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200 g of CuCly, 200 g of NaCl, 60 g of KCI, and 250 g of KoSO4 were dissolved

respectively in 150 mL pure water to prepare the saturated solutions.

The solution volumes exceeded half the size of the bottles. The relative humidity values

in the bottles were 9%, 23%, 33%, 43%, 54%, 67%, 75%, 84%, and 97%, respectively.

2.2 Nanomesh structure and its preparation

2.2.1 Multilayer structure

As shown in figure 2.3. The as-prepared sensor has a multilayer nanomesh porous
structure. In the middle of the sensor, a 2cm*2cm size PU nanomesh layer was used as
the insulator and scaffold of the sensor. On the top and bottom side two 2cm*2cm size
PVA nanomesh layers were attached to the PU nanomesh layer, which works as the
sensitive layer. The patterned Au of 0.5cm * 2cm size was deposited on the surface of
the PVA nanomesh layer as electrodes. The adhesion of the multiple layers is formed

by partially-dissolved PVA.

Top Au ——>
PVA —>_

PU —>

Bottom o
Au———>

Figure 2.3 Multilayer structure of the nanomesh humidity sensor

2.2.2 Electrospinning fabrication method

The nanomesh structure was prepared by the high voltage electrospinning method. The
setup for the electrospinning process is shown in Figure 2.4. A syringe contains the
polymer solutions and is placed on top of a metal roller. A high voltage is added between

the needle of the syringe and the roller. A silicone-coated paper is attached to the roller
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to collect the fibers. During the electrospinning process, the polymer solution was
sprayed out from the syringe, and a Tylor cone was formed by the repulsive force of
static charge. The high voltage drives the solution to the metal roller. Then fibers with
random directions are collected. After the solvent evaporates, the polymer fibers with a
diameter of several hundred nanometers to several micrometers form on the surface of

the roller.

In this work, a 20 kV voltage was applied to the setup, and the distance between the
needle tip and the collector was 20 cm. For fabrication of PVA nanofibers, a 1.0 mL/h
feed rate was applied to the syringe feeding controller, and 48 min of electrospinning
time was applied to reach a satisfying thickness. For fabrication of PU nanofibers, 0.8
mL/h feed rate was applied to the syringe feeding controller, and 2 hours of

electrospinning time was applied to reach a satisfying thickness.

Feeding Syringe

controller —|/

High voltage

Nanofibers \ <V>

Rotation
drum _—

Figure 2.4 The setup for the electrospinning method

2.2.3 Nanomesh porous structure

The SEM images of the as-prepared PVA and PU nanofibers are shown in Figure 2.5.

The nanofibers cross each other and form a nanomesh sheet. The nanomesh sheet shows
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a porous structure, which is an important property that makes the nanomesh sheet able

to contain gas-permeability.

The PVA nanomesh has a mean diameter value of 0.344 £+ 0.079 um and a density of

0.047 mg/cm?. On the other hand, the PU nanomesh has a mean diameter value of 0.566

+0.197 pm and a density of 0.342 mg/cm?. It is easy to distinguish that the PU

nanofibers have a larger mean diameter and a higher density.

PU nanomesh PVA nanomesh

Figure 2.5 SEM images of the surface of PU nanomesh and PVA nanomesh.

2.3 Lamination of nanomesh sheets

After obtaining the PVA and PU nanomesh sheets, 100nm thick Au was deposited on
the surface of the PVA nanomesh by the heated evaporator. The Au electrode was

patterned using a shadowed mask and the formed electrode has a size of 0.5cm*2cm.

The obtained nanomesh sheets are extremely soft and easily broken during the flowing
transfer and lamination process. To temporarily hold the nanomesh sheet, a 125 pum
polyimide (PI) frame was used as a supporting substrate. The 125 um PI film was
patterned using a laser cutter to have a window of 2cm*2cm. The opened window

decides the sensor size.

During the formation of the multiple layer structure, first, a PU nanomesh sheet was
laminated onto the frame, forming a freestanding sheet on the open area. Then, two Au-
deposited PVA nanomesh layers were attached to both sides of the open area of the PU

nanomesh, and ethanol was applied to the surface of the nanomesh after it. The partially
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dissolved PVA can form in the pores of PU nanomesh and provides adhesion between

the three nanomesh layers. The whole lamination process can be shown in Figure 2.6.

Lamination
—_—

Bottom Au ———=>

Figure 2.6 Lamination of the nanomesh humidity sensor. a) Schematic of the multilayer
sandwich structure of the nanomesh sensor before and after the lamination. b) Porous
crossing structure of the nanomesh Au electrode. ¢) Porous crossing structure of the PU

nanomesh.

By lamination of multiple nanomesh sheets, the nanomesh humidity sensor forms. The
whole sensor shows a sandwiched three-layer structure. As shown in Figure 2.7, in the
cross-sectional SEM image, the top and bottom layers show Au coating with bright
color, and between the top and bottom electrodes, the middle layer contains PU

nanofibers with PVA coatings.
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PU coated
with PVA

Au

Figure 2.7 The cross-sectional SEM image of the multilayer structure

After laminating, the sensor exhibits partially dissolved PVA on the sensor surface. By
further dissolving PVA nanomesh on the skin, or simply applying ethanol to the human
skin surface, it is easy to form a conformable attachment with the skin, as shown in

Figure 2.8.

Figure 2.8 The photo showing the conformable attachment of the nanomesh humidity

sensor to human skin.

2.4 Experiment setup

In this work, we measured the impedance of the nanomesh humidity sensor to indicate
the humidity sensitivity. We attached the thin connection wires on the surface of the Au
electrode surface by medical tape for the measurement. The impedance amplitude and
impedance angle were measured using an LCR meter (Agilent 4284A). The AC current
is recorded by applying an AC voltage to the test device. Impedance is calculated by
dividing the voltage magnitude by the current magnitude. The frequency of the applied

voltage is 20—10,000 Hz and the amplitude is 100 mV.
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Two methods were used for the control and maintaining of the humidity: First, by using
a temperature and humidity cabinet; second, the use of different saturated solutions in

airtight bottles. Photographs of the measurement setup are presented in Figure 2.9.

In the first method, a temperature and humidity cabinet (LUH-113, ESPEC) was used
to control and maintain the humidity. The humidity range was limited to 60%—100%. A
temperature of 25-50 °C was used to test the sensor performance at different

temperatures.

In the second method, different saturated salt solutions were used to maintain a certain
relative-humidity level in an airtight environment. CaCl2, CH3COOK, MgCl12, K2CO3,
Mg(NO3)2, CuCl2, NaCl, KCl, and K2SO4 were dissolved in pure water to prepare the
saturated salt solutions, which were contained in airtight bottles with a size of 1 L
(HARIO). The solution volumes exceeded half the size of the bottles. The relative
humidity values in the bottles were 9%, 23%, 33%, 43%, 54%, 67%, 75%, 84%, and
97%, respectively. This method can be used to measure the sensor impedance at low

humidity levels.
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Figure 2.9 The measurement setup with two different methods to control the humidity.

The measurement of human skin humidity was achieved through conformable

attachment of the nanomesh humidity sensor to the skin. The freestanding nanomesh

humidity sensor was placed on the skin surface, and ethanol was used to make the

sensor flat and adhesive to the skin. Additionally, a commercial humidity sensor (DHT

11) was attached to the skin using medical tape, and the humidity and temperature were

measured together. For the skin test, the study protocol was thoroughly reviewed and

approved by the ethical committee of The University of Tokyo (approval no. KE19-32),

and informed consent was obtained from all participants for all experiments. The

measurement situation was shown in Figure 2.10.
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Figure 2.10 Photos of the nanomesh humidity sensor and commercial humidity sensor.
a) The attachment of nanomesh humidity sensor on skin. b) Shape of the commercial
humidity sensor. ¢) Monitoring of skin humidity using both nanomesh humidity sensor

and commercial humidity sensor.
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3. Humidity sensing characteristics

3.1 Figures of merit for a sensor

To enable the users to compare the performance of sensors quantitatively and decide
the availability of specified applications, clearly defined criteria are needed. Usually,
two kinds of characteristics are needed to be considered, depending on the frequency

of the input signals[52, 53].

Static characteristics: The performance of sensors for DC or very low-frequency inputs
is described by static characteristics. The properties of output for a constant input show

the quality of the sensor, including the response itself and the linear, statistical effects.

Dynamic characteristics: The performance of sensors under high frequencies can be
described. The dynamic performance shows the sensing property with time-varying
information. The use of differential equations to describe the sensing properties is

usually needed.

The following table shows the typical range and different frequencies of some

commonly seen bio-signals[53].

Table 3.1. The typical signal range and frequency range of the typical bio-signals

Bio signal Typical signal | Frequency range, | Standard sensor
range Hz

Blood  pressure, | 10-400 mm Hg dc-50 Strain-gage

arterial manometer

Blood  pressure, | 0-50 mm Hg dc-50 Strain gage

venous

Po2 30-100 mm Hg dc-2 Specific electrode

Skin pH 4-6 pH units dc-2 Specific electrode

Skin humidity 30-100% RH dc-0.1 Polymer, metal
oxide sensors

Body temperature | 32-40°C dc-0.1 Thermistor,
Thermocouple
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The skin humidity is a typical near DC signal. Usually, static characteristics are firstly

required to describe the sensor properties.

3.1.1 Static sensitivity

Static sensitivity is measured by controlling all inputs to be constant except only one.
The one input is varied incrementally over the defined sensor input range and leads to
the response of the sensor in an incremental output. The static sensitivity can be
regarded as the slope of the input-output curve. In the linear range, the static sensitivity

can be constant. The slope and intercept of the sensor can be calculated by:

_ nyxyi-Cx)Eyi)
M= s x- G a? )
_ CydExA)-Exiy)(Exp)
b= n ¥ x;2— (2 x;)? )
y=mx+b (6)

Where n is the number of points and each sum is for all n points.

3.1.2 Zero drift and Sensitivity drift

Zero drift refers to the overall increase or decrease of the data points by an absolute
amount, while the slope of the curve (which usually refers to the sensitivity). Many
factors can contribute to zero drift: fabrication misalignment, ambient temperature
variation, hysteresis, and vibration. In addition to the zero drift, the sensitivity curve
also exhibits sensitivity drift, which is defined as the increase or decrease of the slope
of the input-output curve. Same as zero drift, sensitivity drift also results from
fabrication variations and changes in ambient temperature, and apart from that, the
variations in power supply and nonlinearities also influence the sensitivity value. Figure

3.1 shows the zero drift and sensitivity drift.
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Figure 3.1 Zero drift and sensitivity drift. The dotted line means the zero drift and

sensitivity drift can be negative, copied from reference[52].

3.1.3 Linearity

The linear system fulfills the requirements of additivity and homogeneity of degree. It

can be explained as the following figure:

X7 : Yi .
Linear system > Linear system
and and
X,
BN | inear system Linear system

Figure 3.2 The linearity of a system, including superposition and homogeneity

The two features of the linear system are shown in this figure. One is the superposition
property, which means the adding of input x; and x, will lead to the adding of output y;
and y>. Another feature is homogeneity, the multiplexing with K to the input will lead

to the multiplexing of output with K.
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3.2  Wettability of nanomesh structure

Wettability usually refers to the ability of a liquid to maintain contact with a solid
surface[54]. The wettability depends on the molecular interactions between water and
solid. The wettability is usually measured by the contact angle, which is the angle

between the interface of the solid surface and the liquid. The contact angle quantifies

the wettability by the Young equation, when the contact angle is less than 90°, the

surface of a solid has a wettable surface, also termed as hydrophilic; when the contact
angle is greater than 90°, the surface of the solid has a non-wettable surface and also

called hydrophobically.

Young equation considers the thermodynamic equilibrium between the three phases of

liquid(L), solid(S), and gas (G):

Ys¢ — Vsi — Y1c0s6, =0 (7)

Here, ys; 1s the solid-vapor interfacial energy, ys; is the solid-liquid interfacial
energy, and ¥ isthe liquid-vapor interfacial energy like the surface tension. Then the

equilibrium contact angle is calculated through the Young equation.

The contact angle is related to the water absorption and swelling functions. As already
shown in section 1.2.2, the capillary effect is dependent on the wettability of the
materials. When the contact angle decreases and becomes more hydrophilic, the value
of Kelvin radius increases, making more pores in the polymer structure become able to

be filled with water molecules, and the ability to absorb water increases.

In this work, the PU nanomesh and PVA nanomesh were fabricated and utilized. The

basic wettability of the two different nanomesh materials was measured.

PU nanomesh is a hydrophobic porous layer, that usually contains a contact angle larger
than 90°. The PU nanomesh was fabricated with a solution feeding rate of 1.2 mL/h and
an electrospinning time of 1 hour was prepared. Figure 3.3 shows the measured contact

angle of the PU nanomesh right after the contact between water drop and film. The

contact of the PU nanomesh sheet shows a hydrophobic property of 122.7°, which
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makes it repel moisture. The PU property makes it not absorbing of water and maintains

stability as the middle frame as the sensor.

Figure 3.3 The contact angle of the PU nanomesh sheet

At the same, the time-varying value of the contact angle of the PU nanomesh sheet was
measured, as shown in Figure 3.4. The PU nanomesh shows a quasi-stable contact angle
in 35s. The contact angle shows no obvious decreasing trend. This property proves that

the PU nanomesh does not dissolve in water and shows no absorption or swelling effect.
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Figure 3.4 Time-varying property of the contact angle of PU nanomesh
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Next, the nanomesh PVA nanomesh sheet was contacted with water drop, and the
contact angle was measured. The PVA nanomesh fabricated with a solution feeding rate
of 1.2 mL/h and electrospinning time of 20 min was prepared. Figure 3.5 shows the
measured contact angle of the PVA nanomesh right after the contact between water drop
and film. The contact of the PVA nanomesh sheet shows a hydrophilic property of 59.5°,

which makes it able to absorb moisture.

Figure 3.5 The contact angle of the PVA nanomesh sheet

Also, Figure 3.6 shows the time-varying value of the contact angle of the PVA
nanomesh sheet. The PVA nanomesh shows a decreasing trend of contact angle, which
is different from the PU nanomesh. The decreasing of the contact angle is caused by the
absorption and swelling effect of the PVA material, which shows the PVA’s ability to

absorption of water.
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Figure 3.6 Time-varying property of the contact angle of PVA nanomesh

3.3 Nanomesh humidity sensor properties

3.3.1 Sensitivity

The sensitivity of the sensor is usually defined as how much its output changes when

the input quantity it measures changes. The relative change can be defined as equation
(8):

_Ay/yO (8)

r Ax/xq

Where S, is the relative value-based sensitivity over a certain input range, Ax is a
certain change of the input value in the considered range, x, is the initial input value.
Ay is the output value change over the input value change of Ax, y, is the initial

output value at the input of x,.

Also, sensitivity can be defined as equation (9) by the ratio of the absolute changing:

S, == 9)

a_Ax

Where S, is the absolute value-based sensitivity over a certain input range, Ax isa

certain change of the input value in the considered range. Ay is the output value
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change over the input value change of Ax.

In the case when the output change and input change have a linear relationship, the

sensitivity defined by equation (8) or (9) shows the slope of the curve.
y=ax+b (10)
Where a and b are constants.

For example, in equation (7) the absolute sensitivity results will be:

S,=2=q (11)

a_Ax

Which will be a constant value. And the relative changing ratio will be:

_Ay/yo _ _Xo
T ax/xg aYo (12)

Which is also a constant value. The value is the slope divided by the ratio of initial
output and input values. It can be seen as a normalized value of absolute sensitivity,

which has a unit of 1.

In this work, however, the response of the humidity sensor to the humidity is not always
a linear function. So, if the sensitivity is defined by the conventional method, the
humidity sensor does not maintain a constant sensitivity over the whole humidity range.
But the in this work the sensor output shows an exponential relationship with the input

value in a certain input range. As shown in the following equation.
Z =a X bRH (13)

Here a and b are constants, Z is the impedance of the sensor, RH is the relative
humidity value. In such a case, if the graph of Z versus RH is plotted, the slope will

be a constant:
InZ = Ina + Inb X RH (14)

In such a case, we define the sensitivity in this work as the relative change ratio over a

certain change of humidity:
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S _ (Zmax_Zmin) (15)

Zmin

where S is the sensitivity over a certain humidity change, Z,,,, 1s the maximum
impedance in the considered humidity range, and Z,,,;,, is the minimum impedance in
the considered humidity range. The value of § is related to the humidity change. Only

when the humidity change value is the same, § can be compared.
So, the sensitivity will be constant under the same humidity change (RH,0x — RHmin):

S = (Zmaan:thmin) — b(RHmax_RHmin) -1 (16)

The response of the humidity sensor to the humidity change is shown in figure 3.7.
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Figure 3.7 Sensor’s response to the humidity change

As shown in Figure 3.7, the response of the sensor to humidity was measured in
electrical impedance changes of the sensor over the two Au electrodes on the sensor
surface. The response of the sensor comes from the conductive property and
permittivity change of the sensitive structure. The absorption of water leads to both
resistance and capacitance changes, as indicated by the impedance. The sensor exhibits
two different sensitivity ranges: the low sensitivity range of 49-43% RH which was

characterized by a linear relationship between the relative humidity and the impedance,
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and the high sensitivity range of 43-97% RH, which was characterized by an

exponential relationship between the relative humidity and the impedance.

A curve fitting of the sensitivity over the linear range (9% RH to 43% RH) and the
exponential range (43% RH to 97% RH) was done and shown in Figure 3.8. The
repeated response of the sensor from 9% RH to 97% RH and back again to 9% RH was

shown in Figure 3.5.
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Figure 3.8 a) Sensitivity of nanomesh humidity sensor in liner scale. b) Fitting of the

sensitivity in two ranges using Exponential curve and linear curve.

In the range of 9% RH to 43% RH, the impedance changed from 6.96MQ to 3.21 MQ.
The data were fitted by a linear curve of y = a + bx. The R square value of the curve
fitting is 0.96762. In the range of 43% RH to 97% RH, the impedance changed from
3.21 MQ to 501 Q, and the sensitivity was 640,000%/43%-97% RH. The data were
fitted by the exponential curve y = y, + Ae*, and the R square value of the curve
fitting is 0.96762. According to the best of our knowledge, the sensitivity of the

proposed sensor in this range is higher than or comparable to all previous results.

By plotting the curve of exponential relationship into the figure with a log scale in the

y axis, the curve will show a linear relationship. As shown in Figure 3.9.
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Figure 3.9 Fitting result of the impedance curve in the humidity from 60% to 100%

RH using an exponential relationship between RH and impedance

The sensor exhibited different sensitivities at different frequencies. At higher
frequencies, the sensor exhibited a smaller impedance change (946 Q at 9% RH to 180
Q at 97%, which was measured under 1 MHz). The impedance differences at various
frequencies originated from the capacitive components in the equivalent circuit of the
sensor, which is discussed in the following chapters. Then the frequency increased, and
the impedance values contributed by the capacitive components decreased, which

resulted in a lower impedance value of the whole sensor.
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Figure 3.10 shows the sensor’s cycle response from 9% to 97% RH, which was

measured at 100 Hz. The sensor exhibited good reversibility over the wide humidity,

and impedance changed over four orders of magnitude and the sensor exhibits good

reversibility.

3.3.2 Variation of the humidity sensors
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Figure 3.11 Variation of the sensitivity in different sensors
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The sensors fabricated under the same conditions exhibit variations. The variation is
small and less than an 8.9% difference. By normalization of the value by dividing the
initial impedance value, the influence of the variation can be suppressed. Figure 3.11

shows the variation of the sensor.

3.3.3 Hysteresis

Hysteresis usually exists in the humidity sensors. Hysteresis means the difference in
sensor output between increasing and decreasing humidity. Sensors with small
hysteresis are useful for precise reading. In this work, the hysteresis of the sensor is
defined by the difference in the slope of the sensitivity curve under the log scale. The
origin of hysteresis is the asymmetric ability of absorption and desorption of water

molecules.

In this work, an organic polymer (PVA) was used as a humidity-sensitive material.
Hysteresis comes from the clusters of absorbed water inside the bulk polymer.[55, 56]
The formation of clusters indicates that the hygroscopicity of some polymers is too high,
and relatively large pores exist in the polymeric structures. The water clusters may also
deform the polymers’ structure due to the formation of ink-bottles-type pores in

polymer materials and shorten the lifetimes of the sensors.
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Figure 3.12 Hysteresis of the nanomesh humidity sensor.
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Figure 3.12 shows the hysteresis of the nanomesh humidity sensor. The humidity sensor

shows a hysteresis of less than 5.3%, by calculating the slope of the sensor.

3.3.4 Response time

The response time of the sensor is an important parameter. With a fast response time,
the sensor is able to catch fast changes in skin humidity under skin monitoring. The

response time of the sensor is shown in Figure 3.13.
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Figure 3.13 Response time of the humidity sensor under humidity increase and

decrease

The response time was determined by the time interval required to reach 90% of the
total impedance change. From 60% to 100% RH, the absorption time of the sensor was
approximately 5 s, and the desorption time of the sensor was approximately 25 s.
According to the typical signal frequency, the human skin humidity has a frequency

from DC to 0.1 Hz. The response time of 5/25s is enough for most measurement cases.

3.4 Gas-permeability

The porous structure has good gas-permeability. In the experiments, we prepared four
bottles each containing 1 g of water. The openings of three of the bottles were tightly
sealed with the proposed sensor, 50-pum-thick PU film, and Al foil, and the remaining

one bottle was kept open. The weight decreasing rate shown in Figure 3.14 was used to
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describe the gas-permeability. The sensor had a water transmission rate of 0.957
kg/(m?d), which was similar to the value of the open bottle (1.09 kg/(m’d)). In
comparison, the 100-pm-thick PU film had a gas-permeability of only 0.217 kg/(m?d),
and the Al foil had almost no gas-permeability. The natural water evaporation rate on
human skin is approximately 0.5 kg/(m?d); thus, the sensor can maintain a natural sweat

outflow when applied to the skin.
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Figure 3.14. Comparison of the water vapor permeability between the sensor and other

materials.
3.5 Long-term operation

Figure 3.15 shows the stability of the sensor during storage in bottles with different
humidity values for 14 days. Figure 3.16 shows under 35 cycles of repeated changes in
relative humidity from 9% to 97%, the sensor impedance showed the same response

from approximately 10 MQ to approximately 1 kQ.

Therefore, the nanomesh humidity sensor could be used for the continuous
measurement of skin humidity for a long time, which is enough for monitoring human

activities such as exercise, eating, and grasping objects.
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Figure 3.15 Stability of the sensor under different humidity conditions over 14 days.
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Figure 3.16 Repeatability of the sensor under repeated relative humidity change from
9% to 97%.

Furthermore, the improvements of the sensor by introducing crystallinity-controlled

PVA[57] and/or stretchable electrodes[58] would enhance the sensor stability under

various environmental conditions and enable a long-term application of the sensors to

the skin. It will become an important future direction.

3.6 Influence of sensor structure

Changing the sensor structure resulted in different sensitivities. The change of sensor

structure from the current structure to other structures will decrease the sensor
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performance, which means the structure plays an important role in the high sensitivity
performance of the current sensor. Typically, by replacing the vertical structure of the
nanomesh electrodes with the vertical structure, the performance of the sensor
dramatically decreased. Also, by replacing the nanomesh-based porous structure with a
spin-coated film structure, the sensitivity decreased. This evidence proves that the high

sensitivity was highly related to the sandwiched multi-layer nanomesh porous structure.

3.6.1 Vertical structure and lateral structure

When the vertical structure (Figure 3.18a) was changed to a lateral structure (Figure
3.18c), the sensitivity decreased from 640,000% to 1,500% in the 40%—-100% RH range.
Figure 3.17 shows the structure of the lateral structure. The electrode size was changed
to an interdigital shape in lateral structure, with 7 fingers and 0.4 x12 mm size for each
finger. The distance between electrode fingers is 0.4 mm. On the other hand, in the
vertical structure, the electrodes have a distance of about 6 um, which is about 100
times the electrode distance for the vertical structure. Such a huge difference in the

electrode distance causes a large impedance and sensitivity difference.

Figure 3.17 The lateral structure of the nanomesh humidity sensor
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Figure 3.18 The influence of the sensor structure on the sensor’s response to humidity

change.

3.6.2 Vertical structure and lateral structure

When the PVA nanomesh (Figure 3.18a) was replaced by a spin-coated PVA film
(Figure 3.18b), the sensitivity decreased from 640,000% to 1,600% in the 40%—100%
RH range. Figure 3.18 shows the fabrication process of the film-based humidity sensor.
The difference between the porous nanomesh structure and the continuous film
structure results in the different abilities of PVA to penetrate into the PU nanomesh.
After applying ethanol and partially dissolving PVA, the nanomesh structure enables
PVA to penetrate into PU nanomesh and form an electrically conductive path. But for
continuous PVA film, little PVA could penetrate into the PU layer, which leads to a high

impedance and limited sensitivity.
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4. Mechanical and environmental durability

4.1 Sensor performance under mechanical deformations

The pursuit of mechanically flexible electronic devices started more than 20 years ago,
by forming polymer-based transistors on bendable sheets of plastic[59, 60]. Advances
in micro and nanopatterning methods[61] and organic semiconductor materials[62]
push the development of this field to prosper. In recent years the development of
graphene[63], carbon nanotubes[64], and nanowires[65] increased the possibilities of

utilizing different materials in intrinsic bendable and stretchable electronics.

Recently, the development of electrospinning nanomesh structures attracts attention in
many fields[18, 66]. The developed nanomesh devices show ultra softness with Young’s
modulus of 274 kPa. With the developed soft devices, a conformable attachment of the
sensor with the cardiomyocyte sheets shows precise monitoring of the heart’s dynamic

motions.

In this work, the nanomesh substrate with both a hydrophobic middle layer and the
hydrophilic humidity-sensitive layer was developed. The nanomesh structure makes the
sensor flexible and conformal to concave and convex surfaces. The results sensor shows
good mechanical durability and flexibility under mechanical deformations such as

pressing and bending.

4.1.1 Pressing

Figure 4.1 shows the effects of pressing and bending on the sensor. A pressure of up to
10.2 kPa was applied to the sensor. At 60% RH, the sensor impedance changed from
2.41 MQ (no pressing) to 0.760 MQ (10.2 kPa). Such a result shows that the sensor is

able to work under pressing with the commonly seen touching situations.
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Figure. 4.1 The sensor’s sensitivity under different pressure

Figure 4.2 shows the sensor operation under different pressures. The sensor exhibits
clear change when the environmental humidity changes. The sensitivity under high

pressure exhibited a slow response because the pressing objects covered the sensor

surface.
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Figure 4.2 Response of the sensor to step humidity changes under different pressing

pressurcs.
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4.1.2 Bending

Attaching the sensor to bending surfaces with bending radii of 1.1 and 1.9 cm (Figure
4.3) had an only small influence on the sensor performance. Because of its capability
for continuous measurement under bending, the sensor can be attached to curved
surfaces, such as skin, for long periods. The sensor can maintain its working function
under mechanical influences, which is because of the flexibility property of the

nanomesh structure. Figure 4.4 shows the sensitivity under different bending radii.

Figure 4.3 Photos of the bending test experiment setup.
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Figure 4.4 Sensitivity of the sensor under different bending radii

Figure 4.5 shows the continuous measurement under humidity changing. A strain within
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20% induces a resistance change of only 28% for the nanomesh electrodes[67], and a
pressure of 30 kPa only changes the capacitance of the nanomesh sandwich structure
by 30%][66]. However, the impedance of the humidity sensor exhibited a large relative
change of 640,000% in the range of 40%—-100% RH. These results demonstrate that the

nanomesh humidity sensor can be operated under mechanical influence.
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Figure 4.5 Response of the sensor to step humidity changes under different bending

radii

4.2 Sensor performance under friction

The nanomesh sensors also exhibit durability against friction. According to previous
research, the sensor still remains its sensing function under even rubbing friction with
vertical pressure of more than 100 kPa. To evaluate the mechanical durability of the
sensor under friction, the following experiments are designed. A spherical polyurethane
(PU) ball of 3-mm diameter was used for attachment to the sensor surface. The
experiments were done by repeatedly rubbing the surface of the sensor with this
polyurethane ball. Figure 4.6 shows the experimental setup of the friction test. The

friction force could be changed by the loading weight on the top of the rubbing ball.
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Figure 4.6 Experiment setup for the friction test

4.2.1 Mechanical response
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Figure 4.7 Sensor’s mechanical response to the friction force
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In this work, an external force of 20g weight and a pressure of up to 160 kPa was added
to the sensor. The moving speed of the polyurethane ball was set as 20 mm/s. The
change in the measured mechanical force on the tip of the contact ball shows the
repeated friction force added to the sensor. Figure 4.7 shows the result of the mechanical

response from the measurement.

As shown in Figure 4.7, a friction force of positive 60 mN to negative 20 mN was added
to the sensor. It shows respectively forward and backward friction. The rubbing of the
sensor continued a total of 1000 repeating times. The mechanical force at the beginning
of the rubbing and the ending of the rubbing shows almost no difference, which reflects

the good mechanical durability of the nanomesh-based humidity sensor.

4.2.2 Electrical response

The performance of the humidity sensor was measured by the electrical impedance of
the sensor. The electrical performance of the sensor shows how well the sensor can

keep its function ability under friction.

According to reference[66], the functionality of the Au nanomesh electrode was
measured after the application of friction. The conductance of the nanomesh electrode
with and without the passivation layer was measured. The result shows the conductance
of the nanomesh electrode without the passivation layer showing a degradation. When

increasing the loaded weight from 10 to 70 g, the conductance finally decreased to less

than 1.05x10™*S. However, under the situation of Parylene coated encapsulation, the

electrode shows less degradation than the sensor with encapsulation. The result shows

that encapsulation can effectively decrease the effect of rubbing.
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Figure 4.8 Friction experiments with various weights. A-B. Friction forces with

different weights. C. Normalized capacitance after friction test. D. Normalized

conductance of Au nanomesh electrode after friction test. Copied from reference[66]

Figure 4.9 shows the electrical performance of the nanomesh humidity sensor. Under

the repeated friction of a total of 1000 times, the electrical performance of the

humidity sensor shows no degradation. The result shows the possibility of the sensor

to be used under common situations such as human finger frictions.

60



—_ —_ —_
S S )
W~ [S)] [op}
T R TTTY B AT B

Impedance (Q

—
()
w

—_
S
Do

0 500 1000 1500 2000 2500
Time (s)

Figure 4.9 Impedance of nanomesh humidity sensor under friction test

4.3 Sensor performance under stretching

Soft electronics have a target to realize the stretchability for applications of on-skin
devices. Usually, stretchable electronics are achieved by two kinds of strategies, one is
by utilizing the intrinsically stretchable materials which can exhibit stretchability, and
another strategy is to use conventional materials with new specially designed structures

which show stretchability.

In this work, the stretchability of the nanomesh structure was utilized. Previous research
already shows that the nanomeshes exhibit much larger stretchability and much larger
gauge factor than traditional thin films. The nanomeshes that have a crossing fiber
structure are able to release the strains by the deformations of the structure itself. As a
result, under the same stretching strain, the nanomesh sensors will exhibit better

performance than the film-like structure.

4.3.1 Mechanical response

The measurement setup for the mechanical response test was shown in Figure 4.10. The
sensors were attached vertically to the clamps of the high-precision tensile tester (AG-

X, Shimadzu). Then the stretching length and the mechanical force were measured at
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the same time.

Figure 4.10 Measurement setup of the force stroke curve

The measured results are as shown in the following figure 4.11. The curve has two
dramatic fallen of force. The reason for the force drop is the tensile distribution in the
sensor is not uniform. Which causes the sensor to first get broken under the only
polymer mesh parts (without Au coating), under a stroke of 9 mm, as shown in Figure
4.10. Then the sensor exhibits another broken under the stroke near 12 mm, and the
broken happens at the other side of the nanomesh sensor. The middle parts with Au

coating maintain the strongest mechanical durability and break at last until 13 mm.

The humidity sensor exhibits the largest stretching length of 8mm (40% of the total
length of the sensor) without breaking. This allows the sensor to work under stretching

in common skin-attachable situations.
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Figure 4.11 The force stroke curve of the humidity sensor

4.3.2 FElectrical response

The electrical response of the sensor was measured by the impedance change of the
humidity sensor under stretching. Also, the sensor’s response to humidity change was

measured by a human finger approach before and after the stretching test.

In this work, the electrical response was measured by the following methods. First, the
sensor was attached to a stretcher (Thorlabs APT user) after removing the PI frame. The
repeated stretching/ releasing cycles of 20% strain (0.4 cm) were applied to the sensor.
First, the sensor’s response to the human finger humidity was measured, and the
impedance of the sensor decreased from 10° Q to 10* Q. Then 50 cycles of stretching
were added to the sensor. After that, the sensor’s response to the human finger humidity
was measured again and the impedance change are in the same range as before. Next,
another 50 cycles of stretching were added to the sensor, and the impedance change by
the human finger humidity was still the same value as before. The measurement of the
electrical performance change shows the sensor’s durability under repeating stretching

tests.
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4.4 Sensor performance under temperature change

In this work, the effect of the temperature on the sensor performance was also evaluated.
The influence of the temperature is important since temperature variation such as skin
temperature change, and environmental temperature change will influence the sensor
performance. In an ideal case, a temperature-insensitive sensor should be developed.
However, usually, the humidity sensor performance will be influenced by temperature.
In such a case, measurement of the temperature influence on the sensor and the
simultaneous measurement of the temperature together with the humidity is very
important. Based on the data on the temperature influence, the resulted data can be

calibrated.

Figure 4.13 shows the sensor’s response to 60-100% RH under the temperatures of
25°C, 30°C, 35°C, and 40°C. When the temperature increases, the impedance of the
sensor shows decreasing. One of the main reasons for this result is: That under the same
relative humidity, when temperature varies, the absolute humidity of the environment
is changing, and the water molecules' contents are increasing, which leads to more water

molecules being absorbed in the sensor’s nanomesh structure, decrease the impedance
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of the sensor.
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Figure 4.13 Sensor’s response to the relative humidity under different temperatures
Then, the relative humidity was changed into the absolute humidity (which was shown

as water weight per unit volume), and the figure was plotted again to show the influence

of the absolute humidity, as shown in Figure 4.14.
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Figure 4.14 Sensor’s response to the absolute humidity under different temperatures

Here, under the same value of absolute humidity, the increase in the temperature leads
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to the increase of impedance. The reason is possibly due to the condensation of the

water vapor will decrease.

At lower temperatures, the sensor had a higher sensitivity. When the temperature
increases and relative humidity maintains, the absolute humidity will increase, and
more water molecules lead to a lower impedance, thus the overall impedance changing

is low and sensitivity is decreased.

4.5 Sensor performance under object approaching

The sensor’s performance under the approaching of different objects was also tested in
this study. The conductor, non-conductor, and non-conductor wrapped with napkins
were used for experiments. The objective of this experiment is to investigate if the
effects such as electromagnetic field coupling or remaining charges on materials have

an influence on the humidity sensing properties.

The result of the object approach is shown in Figure 4.15. Only the non-conductor
wrapped with a wet napkin will rise impedance change on the sensor. The approaching

of objects to the sensor itself has no influence on the sensor property.

a b [+
10M 10M 10M
1M M M
S e
=100k =100k e
g' g' q100k
N 10k; N 10k N 10k
1k 1k 1k
100 100 100
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (s) Time (s) Time (s)

Non-conductor Conductor Non-conductor
with wet napkin

Figure 4.15 The influence of the object approaching on the sensor’s response to

humidity
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5. Circuit model and impedance analysis

5.1 Complex impedance analysis

In the analysis of the humidity sensing mechanisms, the method of complex impedance
spectroscopy analysis was usually performed. Basically, the complex impedance

analysis is based on the phasance concept[68, 69].

For an electrical device, an alternating voltage is applied to the whole device and is
expressed by a function of time, V(t), causing a response current, I(t), to flow in the

electrical device. The relationship between the voltage and the current can be expressed

%4

by the impedance(Z)., which is expressed by Z = i The impedance is an argument

with both amplitude and phase, shown as Z = P, (iw)Y, here constant P, represents
the amplitude of the impedance and v represents the phase of the impedance. The
consideration of resistance, capacitance, and inductance as boundary cases of phasance,

leads to a more general approach in mathematical treatments, which will also be

introduced later.

The Impedance can be regarded as a value to describe the property of a system by the
ratio between the emitted signal (Current) and the input signal (Voltage). A common
method to measure the electrical property is by measuring the current and the voltage
under various input frequencies f or w = 27f, and then analyzing the impedances
under different frequencies. The complex impedance is expressed by Z = Z' +iZ,
where i is the imaginary unit and Z' is the real part of impedance and Z is the

imaginary part of the impedance. The admittance, Y (w) is defined as the reciprocal of

1

the impedance Z, Y(w) = ;

In the research related to dielectrics, the experimental data are usually represented by

the following equation[69], which is called the complex permittivity:

Es

E=E& —_—
p + 1+(iwt)1-@

(17)

When the complex permittivity is semi-circles that the centers of which are depressed
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below the real axis, this behavior is referred to as non-Debye. In the field of ionic
conductors, it has long been recognized that many complex impedance loci result in
well-defined semi-circles. An empirical formula was usually used as a description of

the experimental results.

Rp

1+(lwtg)l—

Z=R,+ (18)

In electrical circuits, the basic components of resistance, inductance and capacitance
help to build the model of the whole circuit. The following table concludes the general
rules for the three basic components and the difference with the phasance. Then the

need for introducing the phasance as a component was concluded.

Basic Laws | Degree of | Magnitude | Phase Impedance
derivation | coefficient | displacement
dl = s =Li
Inductance =% v=+1 P, =1 0=+= Z = Liw
dt 2
Resistance V =RI v=20 P, =R =0 Z=R
i =— 1 T 1
Capacitan | V v 1 P, == 0=—= 7=
ce 1 C 2 iwC
=—| Idt
c)
Phasance a’l v v Z
= SR P - —
V=togw ¢ ?=7 20
= Py(iw) 7

5.2 Circuit model

In this work, the following circuit model was proposed. In the equivalent circuit, R1
and C1 correspond to the electrical properties of the PVA-PVA interaction, R2, and C2
correspond to the electrical properties of the PVA—Au interface and R3 represents the

bulk resistance of the connecting wire and electrodes.
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Figure 5.1 Equivalent circuit of the sensor. R1, R2, and R3 are resistors, and C1 and
C2 are CPEs.

The model was built based on the impedance angle results. Two semicircles existed in
the impedance angle versus frequency curves, which correspond to a polarization
mechanism[70, 71]. This polarization phenomenon can be described by an equivalent
circuit of the parallel connected resistor and capacitor [72, 73]. As explained above, for
the porous materials like the nanomesh structure in this research, the non-Debye
behavior exists. The capacitance behavior is not an ideal component and the derivation
degree is not fixed to -1. In such a case, the constant phase element is suitable for

describing the electrical behavior of the sensor.

In the equivalent circuit, R1 and C1 correspond to the electrical properties of the PVA—
PVA interaction, R2, and C2 correspond to the electrical properties of the PVA—-Au

interface and R3 represents the bulk resistance of the connecting wire and electrodes.

An impedance analysis based on a proposed circuit model is constructed. The
impedance of the equivalent circuit can be expressed as follows:

1 1

Z= + + R, (19)

T ... n T,
1 na
R +(iw)™1Cy Ry +({{w)"2C,

And the impedance angle ¢ which is expressed by the complex number argument can

be calculated to the following equation.

wC1R?(1+w?C2R3)+wC,RE(1+w?C2R?2)
R1(1+w2CZR%)+R,(1+w2C?R?)+R3(1+w2C?R?)(1+w2C2R3)

@ = arctan (20)

When the parameters Ri to R3 and C; to C; are fixed as constants, the circuit model is
determined. When calculating the impedance of this circuit under different frequencies
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o, the impedance Z and the angle ¢ are changed due to @ changing.

Based on this circuit model. We conducted a curve fitting based on the experimental
data of impedance Z and the angle ¢. Ri to R3 and C; to Cy are parameters to be
determined. By doing the curve fitting under different relative humidities of 9%-97%,

R1-3 and C1-2 are determined. The resulted bode diagram was shown in Figure 5.5.

5.3 Impedance fitting results

5.3.1 Bode diagram

Bode diagrams are figures that show the frequency responses of a system. Usually, the
magnitude (amplitude) and the phase (angle) are shown in different graphs, under a
logarithmic frequency scale along the x-axis. O-frequency (DC response) will

correspond to negative infinity on the x-axis and not be shown on the plots[74].

For example, consider the circuit, which is composed of a paralleled connected resistor
and capacitor and a following series connected resistor. The circuit can be shown as the

following Figure.

) R

—{—
C1

Figure 5.2 The example equivalent circuit

The impedance of the circuit can be shown as the following equation:

Ry

21

Here, R; and R, are the resistance value of the resistors R; and R,, respectively;
C; is the capacitance value of the capacitor, w = 2mf which is the angular frequency,

and i is the imaginary number unit.
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Then, the impedance value was calculated under different frequencies and the results

of impedance amplitude and the impedance angle were shown in Figure 5.3.
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Figure 5.3 The Bode diagram of the example equivalent circuit.

As shown in the figures, the impedance magnitude has a decrease in the frequency of
2000 Hz. At the same frequency, the impedance angle will show a peak. This kind of
phenomenon shows how the peak shape generates in the equivalent circuit. In the curve
fitting of the equivalent circuit, the parallel connected resistor and capacitance can be

utilized to simulate a peak shape in the bode diagram.

Figure 5.4 and Figure 5.5 show the impedance angle of the sensor impedance under
three different humidities. Figure 5.6 shows the details of the impedance angle curve.
The impedance angle changing under different RHs reveals further information about
humidity sensing. At 9% RH, the sensor had an impedance angle near -90°. At 54% RH,
the impedance angle was between -90° and 0°, and at 84% RH, the impedance angle

value decreases a lot compared to the low humidity situations.

The similar impedance angle and impedance Nyquist diagram of the experimental and
equivalent circuit fitting results signified the rationality of the equivalent circuit (Figure

5.5).
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Figure 5.4 The impedance amplitude of the sensor under different frequencies
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Figure 5.5 The impedance angle of the sensor under different humidities
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Figure 5.6 Experimental and fitting results of the sensor impedance angle at different

humidity levels, with an enlarged scale.

In the low humidity range (9%—43%), few water molecules were absorbed due to the
material properties, the resistance decreased owing to the increase in the conductivity,
and the capacitance increased owing to the increase in the dielectric constant. In the
high humidity range (43%-97%), more water molecules would be absorbed and
condensed, which leads to a significant increase in resistance and decrease in
capacitance, resulting in a significant decrease in impedance and then increased

sensitivity[75, 76].

5.3.2 Nyquist diagram

The Nyquist diagram[77] is one kind of graph in which every point represents the
magnitude of the open-loop frequency response at a particular frequency. In the field of
electrochemical measurement, the Nyquist diagram is usually used for visualizing the
impedance spectrum[78]. By plotting the real part of the impedance on the x-axis and
the imagined part on the y-axis, an informative overview of the impedance and

distribution of different components can be shown inside the device under test.

There is one shortcoming of Nyquist plots, that is the specific frequency for each data
point is missing. Usually, the low-frequency data points will have a larger impedance

value, but it is not true for all the circuits.

The different kinds of components will generate different shapes of curves in the
Nyquist diagrams. For example, for the equivalent circuit model which was already

shown in Figure 5.2. The Nyquist diagram of it can be shown in Figure 5.7.
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Figure 5.7 The Nyquist diagram of the sample circuit.

As shown in the figure, the most distinctive feature of the curve is the near semi-circle
shape of the circuit. The parallel connected resistor and capacitance can be utilized to

simulate a semicircle shape curve in Nyquist diagram.

Next, the fitted impedance values are also plotted in Nyquist plots, as shown in Figure
5.8, Figure 5.9 and Figure 5.10. The overlap of the experiment data points and the fitted

curve shows the accuracy of the fitting method.
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Figure 5.8 The Nyquist plot of the sensor impedance under different frequencies
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Figure 5.9 The Nyquist plot of the sensor impedance under 54% RH
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Figure 5.10 The Nyquist plot of the sensor impedance under 84% RH

5.4 Change of capacitor and resistor components

Following the equivalent circuit model building and the complex impedance curve
fitting, the resistance values of R;, R, and R3, and the capacitance values of C; and

C, can be decided as the curve fitting variables.

In this section, the change of the capacitance and resistance under the humidity changes
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are concluded, and their relationship with the humidity-sensitive mechanisms is

explained.

The overall changing trend of the capacitance and resistance are concluded in Figure

5.11.
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Figure 5.11 The change of resistor and capacitor component values under different

humidity levels.
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Figure 5.12 The capacitance value changing under different humidities

Figure 5.12 shows the capacitance values from 9% RH to 84% RH. Generally, with the
increase in humidity, the capacitance will increase. However, the capacitance value is

not always increasing and shows saturation in the high humidity range for C2.

The different behavior can be explained by the mechanism difference between the two
components. C represents the capacitor formed between the PVA-PVA interaction, and
C, represents the capacitor formed at the PVA-Au interface. The PVA-Au interface has
a limited space compared with the interaction space of PVA nanomesh scaffolds. The
dimensional difference of the two different components is the main reason for the
difference in the behavior in the high humidity range, which will also be supported by

the results of the resistor fitting results.
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5.4.2 Resistor
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Figure 5.13 The resistance value changing under different humidities

Figure 5.13 shows the resistance values of R1, R2 and R3 from 9% RH to 84% RH.
Generally, for R1 and R2, with the increase of the humidity, the resistance values will
decrease. However, for the resistor R3, the resistance value will usually keep in a same
level. Also, for R1, the overall trend of resistance value is always in decreasing, for R2,

the high humidity range also shows the saturation of value decreasing.

The different behavior can be explained by the mechanism difference of the three
components. R3 represents the bulky parts of the circuit, including the external
connection parts, and the Au conducting parts, which are always constant under
humidity change. In Figure 5.12, the value can be concluded to be around several

hundred ohms.

R1 and R2 represent different parts of the nanomesh sensor, respectively. R1 represents
the resistor between the PVA-PVA interaction. A conductivity will form when the
humidity increases, the water molecules will be absorbed in the polymer chains, and
the protonation of the molecule will lead to ionic conduction to the sensor. R2 represents

the resistor between the PVA-Au interface. The absorption of water facilitates the
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increase of the conductivity between the polymer-metal interface. Here, the R2 shows
saturation of resistance value under increasing of humidity. The PVA-Au interface has
a limited space for water absorption, which leads to a limited absorption ability.

Therefore, under the high humidity, the decrease of the resistance become saturated.
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6. Human skin humidity measurement

6.1 Distribution of humidity at different positions of human skin

Before using the nanomesh sensor for the measurement of skin humidity, the sensor
was used to measure the humidity distribution at different positions of human skin. First,
the humidity sensor was approached by a human fingertip at the distance of 10mm,
Smm, and Omm. At the same time, the environment temperature and humidity were
measured. The human finger skin temperature was measured at the same time and the
humidity sensor response was recorded by the nanomesh sensor. The environment
temperature was maintained at 24.5 °C, and the environment humidity was from 40-

50 % RH. Figure 6.1 shows the measurement of the fingertip.

Figure 6.1 Fingertip photo of approaching the nanomesh humidity sensor

The human fingertip usually has a very high humidity level, which makes the sensor
have an impedance response same as >90% RH environment. The impedance changes

of different approaching distances were recorded in Figure 6.2.
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Figure 6.2 Humidity sensor response at different distances from the fingertip surface
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Figure 6.3 The finger skin temperature changes when approaching the nanomesh
humidity sensor measured together with Figure 5b. The environment temperature was

controlled at 24.5 °C.

Different distances produce different humidity sensor responses. At 0 mm, the sensor
touches the skin. The impedance changes greatly, and it takes a long time for the device
to reach equilibrium recovery. The different responses of the sensors confirmed the
different humidity levels at different distances from the skin. Temperature changes are
recorded in Figure 6.3. During the experiment, the skin temperature of the tested finger

was in the range of 33-35°C, with a change of less than 1.6°C. A change of 1.6°C affects
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the impedance value by 13%, which is small compared to the change caused by

humidity, which is greater than a 1000% change.

After the measurement of the fingertip, the back of the hand and the palm of the hand
were measured to detect the humidity. The sensor was attached to the hand as shown in

Figures 6.4 and Figure 6.5.

Figure 6.4 The measurement of the humidity at the palm of human hand

Figure 6.5 The measurement of the humidity at the back of the human hand

A Conformable attachment between the sensor and the skin surface was achieved using
an adhesive layer formed from dissolved PVA. In this case, the humidity of the back of
the hand and the palm of the hand were measured, as shown in Figure 6.6 and Figure
6.7. When the subjects were at rest, the sweat rate of the back of the hand was lower

than that of the palm. There is little moisture on the back of the hand; therefore, the
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sensor does not respond to the back of the hand. However, the sensor showed a

remarkably large response to palm humidity. These results show that the palm humidity

1s about 80%.
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Figure 6.6 Impedance changes of the sensor when it was attached to the back of the

hand
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Figure 6.7 Impedance changes of the sensor when it was attached to the palm of the
hand

6.2 Continuous measurement of human skin humidity
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Continuous measurement of the skin humidity at the back of the hand for an hour was
achieved by using a nanomesh humidity sensor. A commercial humidity sensor was
attached to the skin surface to validate the nanomesh sensor. The measured impedance
values are converted to humidity values by calibration of the skin temperature.
Calibration was based on the sensitivity-temperature relationship. During the
monitoring period, test subjects were asked to perform two exercises. The result is
shown in Figure 6.8. Skin moisture shows the humidity value around 30% at steady
state, and during exercise it rapidly increases to around 70%. Skin temperature changes
<1.5°C during the measurement; therefore, it has little effect on the humidity
measurement (Figure 6.9). The increase in humidity was due to the evaporation of sweat
on the surface of the skin. The humidity value declines gradually from the surface to
the ambient humidity value. Therefore, the conformal attachment of the sensor to the
skin results in more accurate results than conventional humidity sensors. Simultaneous
monitoring with a commercial humidity sensor confirmed the accuracy of the nanomesh
sensor. Using the proposed sensor, continuous humidity measurement can be achieved

without adversely affecting the skin.
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Figure 6.8 Continuous measurement of the skin humidity at the back of the hand
together with the commercial humidity sensor. Results were measured at a temperature

range of 20 °C - 25 °C and a frequency of 100 Hz.
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Figure 6.9 Calibration of the temperature influence on the sensor during continuous

skin humidity monitoring.
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Figure 6.10 Measurement of skin impedance and skin surface temperature at the

same time
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7. Summary and prospect

7.1 Summary

The gas-permeability is a critical property for wearable devices that are directly in
contact with human skin for long-term continuous measurement. Skin attachable
humidity sensors measure the sweating and transepidermal water loss, which is related
to the water contents. The gas-permeability becomes more important in the sense of
accurate measurement. In this study, for the first time, we successfully developed the
porous nanomesh structure humidity sensor that has gas-permeability, high sensitivity,
and flexibility together. The gas-permeable humidity sensor can eliminate the risk of
accumulated moisture between the sensor and skin, rendering the long-term wearing

and measurement.

The ultrathin and flexible nanomesh was used for the lamination of the sensor. We
explored the process of fabricating the nanomesh sheet and the integration of multiple
layers to work as a whole part. The morphology of the nanomesh structure was

investigated through SEM images.

Next, the basic performance of the humidity sensor was measured. In conclusion, the
sensor has a high sensitivity of over 640 000% in the range of 40—-100% RH, a fast
response time (=25 s), hysteresis (within 5%), and long-term stability (over 14 days).

The sensor property is satisfied for the measurement of skin humidity.

Next, the influence of other factors is investigated. Because of its mechanical flexibility
under pressing and bending, the sensor can be attached to human skin and perform
continuous, stable long-term monitoring without adversely affecting the skin. Also, the
sensor is stable under stretching, friction, objects approaching, it is able to work under

different kinds of influence.

Furthermore, the impedance analysis was performed. An equivalent circuit model was
built, and the impedance curve fitting based on the equivalent circuit was performed.

The change trend of the resistor and capacitor components were concluded.
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Finally, the application of the sensor for the continuous monitoring of skin humidity
was accomplished. First, the distribution of the humidity values along the skin surface
was measured. Next, one-hour continuous monitoring of skin humidity was performed.
The comparison of the nanomesh humidity sensor measurement results and the
commercial humidity sensor measurement results show the applicability of the

nanomesh sensor.

Table 7.1 shows the comparison of the performance of the proposed sensor with the

previously reported results.
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Table 7.1 Comparison of performance of proposed sensor with previous reported state-

of-art humidity sensors

Sensitivity G Response/ | Hyster
as-
Material S ) RH Sensitivit over 60%— p Flexibilit | Recovery esis Refere
aterials ensor type ensitivi ermea
P range v 100% (If bil y time nce
ili
applicable) 4
Ba0.6Sr0.4 / /
TiO3— Resistance 5-92 5,000,000% 10,000% No No [79]
MgTiO;
KCl-doped 6/7s 3%
SnO Impedance 11-95 10,000,000% 400,000% No No [76]
nv2
ls 5%
PPPS Impedance 9-98 10,000,000% 100,000% No No [44]
Yes 0.1s /
MoS; FET Resistance 0-60 100,000,000% / No (1% [80]
strain)
Yes / /
PA66 . (Fold,
Resistance 0-90 36% 28% No ) [81]
nanofiber twist,
knot)
Cleancool( v 35/4s /
es
Textile . .
Capacitance 6-97 200,000% 17,000% No (bending [82]
product) )
Yarn
PVA/TiC 2.8/1.7s | 2.8%
Nanofiber .
Capacitance 1-90 10,000,000% 100,000% No No [83]
on
substrate
PVA/ 0.9/63s | 1.8%
Mxene
Nanofiber Resistance 11-97 4,000% 1,000% No Yes [84]
on
substrate
148 /110 /
PVA/Au Resistance 25-97 34% 32% Yes Yes [29]
S
Yes 5/25s 5%
PVA/PU 640,000% (Pressing This
Impedance 9-97 1,390,000% Yes
nanomesh (Best) , work
Bending)
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7.2 prospect

In the future, first of all, the sensor’s properties under the continuous attachment to the
skin need to be systematically investigated. The properties such as the stability of long-
term sweat immersion need to be taken into account. Also, at the same time, the
influence of the stretching need to be considered. The stretchability larger than 20%
strain need to be considered. One of the solutions is the utilization of the PDMS dip-

coated PU nanomesh sheet.

Another important issue for application is the integration of the current sensor with
other wearable sensors for a complete measurement of the skin sweating conditions.
The sweat sensor that can detect the concentration of different chemicals is suitable to
integrate with humidity sensor and temperature sensor together for a multimodal
measurement. The integration with wearable power sources and flexible signal

processing circuit and wireless module helps to realize the fully wearable system.
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