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Wearable Pressure Sensors

Textile-Based Wireless Pressure Sensor Array

for Human-Interactive Sensing

Baoging Nie, Rong Huang, Ting Yao, Yiqiu Zhang, Yihui Miao, Changrong Liu,

Jian Liu,* and Xinjian Chen*

A textile-based wireless pressure sensor array (WiPSA) is proposed for flexible
remote tactile sensing applications. The WiPSA device is composed of a fabric
spacer sandwiched by two separate layers of passive antennas and ferrite

film units. Under the external pressure, the mechanical compression of the
flexible fabric spacer leads to an inductance change, which can further be
transduced to a detectable shift of the resonant frequency. Importantly, WiPSA
integrates the ferrite film featuring an ultrahigh permeability, which effectively
improves the device sensitivity and avoids the interference of conductive
materials simultaneously. The device performance with a high quality

factor (>35) and sensitivity (~0.19 MHz kPa™") within a pressure range of
0-20 kPa is demonstrated. In addition, WiPSA achieves excellent reproducibility
under periodical pressures (>20 000 cycles), temperature fluctuations

cannot be achieved by the traditional elec-
tronic device fabrication.ll' Textile-based
pressure sensors have been proposed for
a variety of applications, including wear-
able health monitoring, intelligent home
care, medical diagnostics, and human
motion detections.?l Different sensing
mechanisms based on capacitive, resis-
tive, or piezoelectric measurements have
been introduced for the development
of pressure sensors in E-textile.’] For
instance, Li et al. developed a capacitive
textile pressure sensor by assembly of a
compliant ion-conductive polymer sand-
wiched between two layers of conductive

(15-103 °C), and humidity variations (40-99%). As a proof of concept for
human-interactive sensing, WiPSA is successfully 1) integrated with a flexible
wrist band for fingertip pressure-guided direction choices, 2) developed into a
smart wireless insole to map the plantar stress distributions, and 3) embedded
into a waist-supporting belt to resolve the contact pressure between the belt

and human abdomen in a remote transmitting scheme.

1. Introduction

The development of electronic textiles (E-textile) is an active
research area in biomedicine and robotics, which allows
design of devices with a great physical flexibility, outstanding
wearability, and easy integration to various fabric substrates that
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fabrics to monitor pressure distributions
at soft interfaces.l> Lee’s group reported a
capacitive fabric pressure sensor sewn in
a glove to control quadrotor movements
by detecting finger motions.? However,
there remain several critical issues to be
addressed in this research field, including
complexity of wiring, poor resilience, and
signal fluctuations induced by the environ-
mental changes, which limit the practical applications of smart
E-textile devices.

Wearable electronics that exploit the technologies of wireless
transmissions, such as radio frequency identification or near
field communication, offers a concise platform to detect health-
care signals, including body temperature, electrophysiology,
pressure, and sweat.l Many wireless sensors are relied on pas-
sive components, such as an inductor (L) and a capacitor (C) to
transfer information in electromagnetic fields in response to
external physical changes.”! This design is featured with several
intrinsic advantages, such as simplified electrical connection, no
requirement for power source, long lifetime, and ease for min-
iaturization. Recently, a transparent soft contact lens sensor has
been developed for wirelessly recording intraocular pressure. The
device is built on a flexible dielectric layer sandwiched between
two inductive spiral electrodes, allowing for the measurements
of the intraocular pressure changes by the coupling of the capaci-
tance and inductance.l®! Bao's group has reported a millimeter-
scaled passive pressure sensor by stacking a deformable dielectric
film between two inductive spiral layers, with a demonstration of
in vivo intracranial pressure monitoring in mice.”! The develop-
ment of flexible wireless sensing technologies is on the urgent
demand of biomedical applications, where remote detection,
implantability, and robust performance are critically important.
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Figure 1. a) A photograph of a textile-based flexible WiPSA of 1 x 8 elements. Inset: A magnified view of one sensing unit of WiPSA. b) Schematic
illustration of the 3D structure of one unit in WiPSA, consisting of a fabric spacer sandwiched between an antenna (top) and a piece of ferrite film
(bottom). ) The antenna consists by a planar coil (L) and an interdigit capacitor (C), forming an LC passive resonator. The circles illustrate the
connection positions of the coil and the capacitor. d) The sensor responds to an external load by mechanical deformation of the fabric spacer, resulting
in a shift of the resonant frequency caused by the change of the separation distance between the ferrite film and the antenna.

Here we report a flexible, wireless pressure sensor array
(WiPSA) based on E-textile technology for remote measure-
ments of human-interactive pressure distribution at various soft
interfaces. Figure 1a illustrates a textile-based flexible WiPSA of
1 x 8 units, of which each sensing unit comprises a layer of soft
fabric spacer, sandwiched between an LC antenna and a piece
of ferrite thin film. The external loads deform the flexible fabric
spacer, leading to the decreases of the distance between the fer-
rite films and the antennas. Subsequently, the ferrite thin film
promotes a dramatic change in the resonant frequencies of LC
antennas. Importantly, attributing to the high permeability and
radiation absorbent nature of the ferrite film, our WiPSA has been
demonstrated with a device sensitivity as high as —~0.19 MHz kPa™!
in the pressure region of 0-20 kPa, a high quality factor (QF > 35),
and a great immunity to interferences of conductive materials on
the resonant frequency, in comparison to the previous reports
using capacitance-based methods in the literatures.®l Our design
allows an excellent signal reproducibility as the device experiences
more than 20 000 cycles of external loads, accompanied by a series
of tests of changing temperatures/humidity levels. WiPSA tech-
nology makes full use of the properties of the fabric material in
a wireless design, promising a wide range of wearable electronic
applications for contact pressure distribution measurements.

2. Results and Discussion

2.1. Operating Principle

Figure 1b exhibits the schematic illustration of a single
sensing unit of WiPSA. The fabric spacer with high-density
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monofilament yarns separates the top passive antenna and
the bottom ferrite film. Specifically, the passive antenna is
designed as an inductive spiral coil (L;) and an interdigit
capacitor (C;) connected in series, forming an LC resonator
as illustrated in Figure 1c. The ferrite film assembled under-
neath has a high permeability and a low resistance to mag-
netic flux in a wide frequency range. Consequently, the
effective inductance (L.) of the device increases since the
effective permeability in the surrounding environment raises.
This inductance as a function of the separation distance
of the ferrite film and antenna (d) can be described in the
following formulal”!

I o o
1+, xd/fl,
where p, and I, are the relative permeability and the effective
magnetic path length of the ferrite membrane, respectively.
According to the theoretical RLC circuit analysis, the whole
structure has a unique resonant frequency (f;) that can be
expressed as

1
f= 27\ L x (Cs + Cy) (2)

where C, represents the parasitic capacitance, e.g., the capaci-
tance presents between the top and bottom conductive lines. As
an external load is applied, the separation distance d decreases
(Figure 1d). According to Equations (1) and (2), this leads to the
decrease of the resonant frequency f;. The relationship can be
simplified as
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The mechanical responses of our device are influenced by
the permeability (u,) as well as the geometrical dimension (1)
of the ferrite film.

2.2. Wireless Detections

The wireless detection on the resonant frequency of the
sensor depends on the near-field electromagnetic communi-
cation between the sensing antenna and the external receiver.
According to the well-known transformer equation, the imped-
ance/phase loss reaches the maximum at the resonating
frequency as the input power is transmitted to the resonating
sensor device.'”! Here, we detect the sensor resonant fre-
quency by searching for the maximal phase loss over the phase-
frequency spectrum. The resonant frequency (f;) of the sensor
and the frequency (fjhasemin) at which the impedance phase
minimum of the read antenna occurs follow the relationship

1
ng]fs )

1
fPhase»min = (1 + Zkl +

where k is the coupling coefficient of the sensor antenna and
the receiving coil and Q represents the quality factor of the
sensor. Therefore, the resonant frequency is proportional to
the fohasemin ONCe the coupling coefficient and quality factor are
constants.

Figure 2a plots the phase-frequency spectrum of the external
coil when coupled to one sensing unit. As the frequency is
sweeping from 30 to 55 MHz, the phase change (A8) drops to a
minimum value and then rebounds till it reaches the flat base-
line. The fihase-min Of 44.13 MHz is determined by locating the
maximum value of the phase change (A8,,,, = —9.55°) from the
spectrum. In addition, the quality factor of the sensor is derived
from the ratio of fypase.min and the —3 dB bandwidth (fzy) in the
phase-frequency spectrum

.
=", ©)

As shown, fgy is determined as 1.21 MHz, and the quality
factor Q achieves 36 accordingly. Moreover, the coupling coeffi-
cient constant k is smaller than 0.66 considering the separation
distance between the sensor and the read antenna is more than
4.5 mm (Equation (S1), Supporting Information). Therefore,

Figure 2. Experimental and computational investigations on the wireless detections of the resonant frequencies of the sensor. a) The phase changes of
the read coil as a function of frequency when coupled to one WiPSA unit. b) The computational analysis on the surface current intensity in the sensor
antenna as the separation distance between the antenna and the receiving coil decreases from 8 to 4 mm with an input power of 1 W. c) Experimental
measurements on the maximum phase dip of the read coil as a function of the distance between the sensor and the read coil.
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Figure 3. Characterizations on the sensor responses to mechanical loads by changing antenna design, fabric layer, and thin film material. a) The
zero-pressure resonant frequency changes caused by varying the number of turns (width of line) in the antenna coil from 12 to 15 (205-135 um), which
corresponds to four types of sensors | to IV. b) Experimental investigations on the device sensitivity and dynamic range among sensors | to IV, using
the same fabric spacing layer and ferrite film layer. c) Experimental investigations on the device sensitivity and dynamic range by integrating two fabric
layers with different stitch density. d) Comparison on the sensor responses to an external load of 10 kPa by integrating four different film materials: a
ferrite film with a high permeability (high-1), with a low permeability (low-1), an aluminum foil (Al-p), and a wet wipe (w-¢).

the resonant frequency f; of WiPSA is approximately equal to
the value of fi4se.min, considering the terms of k?/4 and 1/(8Q?)
are much smaller than 1 in Equation (4).

The transmission distance of WiPSA is investigated by both
computational analysis and experimental measurements. The
surface current intensity distribution in the antenna is analyzed
through a finite-element method (HFSS, Ansoft). As shown
in Figure 2b, the red areas indicating a high current inten-
sity increase sharply as the separation distance of the sensor
antenna and the receiver antenna decreases (from 8 to 4 mm),
implying a significant enhancement in the transmission power.
In experimental validations, the maximum phase dip as a func-
tion of the separation distance between the wireless sensor and
the readout antenna is presented in Figure 2c. As the separa-
tion distance decreases from 13.2 to 2.2 mm, the maximum
phase dip level increases dramatically (more than 98%) because
the energy gain in the near-filed transmission is linear to the
second power of the transmission distance.l'!l Accordingly, the
maximum working distance is determined when the phase dip
at the resonant frequency falls below the minimum detectable
signal level.

2.3. Influences of Antenna Design on
Mechanical-to-Electrical Responses

As a vital part of the sensor, the antenna design greatly influ-
ences the sensor performances, including the resonant fre-
quency, the quality factor, the coupling coefficient, and the
wireless detection distance.l'? Four types of sensors with dif-
ferent antennas have been fabricated by tuning the number
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of turns (n)/the width of line (w)) of the antenna coils. More
details for the antenna parameters are summarized in Table S1
in the Supporting Information. As shown in Figure 3a, the
zero-pressure resonant frequencies of four types of sensors
(I, II, III, and IV) are compared. As the number of turns/
the width of the line is varied (12-15/205-135 um), the
corresponding resonant frequency decreases from 43.69 to
35.91 MHz. In addition, our experimental results suggest that
the quality factors of the four type sensors are all above 35
(Figure S1, Supporting Information).

We have also conducted the experimental investigations on
the resonant frequency responses to a broad range of pressures.
Pressure-resonant frequency calibration curves for the four
types of the sensors are summarized in Figure 3b. In general,
there is a similar trend for all the curves that include two pres-
sure windows: as the pressure (p) increases from 0 to 20 kPa,
the resonant frequencies (fy) drop linearly with a sensitivity
(0, defined as dfy/dp) of —0.19 MHz kPa™!. As the pressure
exceeds 20 kPa, the sensors exhibit a reduced sensitivity of
0.011 MHz kPa™!. The resonant frequency—pressure behaviors
can be predicted by the stress—strain curve of the fabric layer
(Figure S2, Supporting Information). In this manner, the fabric
may experience two important stages under a large range of
mechanical compression.['3l In addition, as the pressure sweeps
from 0 to 10 kPa, there is no cross-talking in the resonant fre-
quency ranges for the four types of sensors, indicating that
each sensor has a unique resonant frequency output available
for a potential multiplexed detection within this pressure range.
Our WiPSA can be implemented to detect a 2D spatial pressure
distribution, from which the pressure on each sensing unit can
be individually addressed with the unique resonant frequency.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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It requires only a single readout coil, which tremendously
simplifies the design for practical applications.

We have further investigated the influence of the fabric
spacer on the device sensitivity, as the desired sensitivity can
vary considerably for different applications. Figure 3c com-
pares the resonant frequency responses of the sensors with two
spacer layers with different stitch densities. Both the sensors
integrate the same antenna design (type I). As shown, com-
pared with the sensitivity of —0.19 MHz kPa™! for the sensor
with low-density fabric in the low-pressure region (0-20 kPa),
the sensor with high-density fabric shows a reduced sensitivity
of =0.055 MHz kPa! but an increased linear responsive region
(0-32 kPa). It is attributed to a higher compression resistance
of the fabric with a high density, where a larger stress is needed
to reach the same strain level.'3¥ Therefore, both the device
sensitivity and the dynamic range are highly customizable by
implementing different spacer fabric layers into the WiPSA
device.

The device performance is evaluated to reveal the effects of
different material compositions of the thin film underneath. As
shown in Figure 3d, the phase-frequency spectra are compared
for four different of devices, depending on the material choices
of thin films: a ferrite film with high permeability (high-u), a
ferrite film with low permeability (low-y), an aluminum foil
(Al-p), and a wet wipes (w-€). All of them are measured in two
modes: with or without an external load of 10 kPa. The resonant
frequency for the high-u sensor exhibits a very sharp phase
dip and the most sensitive response to the pressure, owing to
the relatively high permeability of the materials. In contrast,
the sensitivity of the low-u sensor decreases by 33% than that
of the high-u sensor. This is consistent with the prediction by
Equation (3), in which the resonant frequency change is larger
in the sensor with a higher magnetic permeability as the sensors
experience the same pressure load/compression distance. The
maximum phase-dip values for the Al-p sensor further decrease
nearly 58% due to the different operational mechanisms of
the sensor implemented with the Al foil. As the ferrite film
is used, the change of the resonant frequency depends on the
variation of the surrounding effective permeability. However, as
the aluminum foil is used, the operational mechanism relies on
the eddy current effect, in which a closed-path current is gener-
ated as the aluminum film is placed in an electromagnetic field.
This current produces a second electromagnetic field, which
tends to reduce the intensity of the original one.’ In the last
scenario, the wet wipes dipped out from water is considered
as a dielectric layer, which influences the overall capacitance
of the sensor. As a result, the resonant frequency shifts down
marginally as the load applies. Therefore, the high-u ferrite film
integration in our design is an optimal choice, given the facts of
its excellent sensitivity and high signal to noise ratio.

2.4. Evaluations on the Performance Reliability

We have performed time-resolved experiments by applying
three different mechanical loads (5k Pa, 10 kPa, and 20 kPa)
periodically. The resonant frequencies of the sensor (type I)
are recorded in a sampling frequency of 4 Hz (Figure 4a). For
all the cycles of mechanical loads in different pressure ranges,
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the sensor is able to sensitively respond to the cyclic loads
and return to its original value. The results suggest an excel-
lent reproducibility of our sensor within the applied pressure
ranges. Based on the analysis of the falling edge and rising edge
in the periodic resonant frequency curves, the response and
recovery times are estimated as 0.1 s under the external load
of 5 kPa (Figure S3, Supporting Information). To investigate
the mechanical reliability and robustness of our textile-based
WiPSA, we have recorded the resonant frequency changes of
the sensor enduring tens of thousands of press-and-release
cycles, by using an electrical driven pin actuator. As shown in
Figure 4b, the sensor maintains a constant resonant frequency
even after 20 000 cycles of pressure loads, demonstrating the
mechanical robustness and reliability of WiPSA. Figure 4c
illustrates a minimum resonant frequency change in the exper-
iment of multiple bending cycles (up to 100 times), when the
WiPSA device is bended along the curvature of a cylinder with
a radius varying from 23, 14 to 10 mm. The output fluctuation
is within 2.5%, suggesting a highly reliable performance of the
device for flexible sensing. Additionally, the change of the reso-
nant frequency in response to a pressure of 10 kPa drops mar-
ginally when the device is bent under the radii of curvatures
from infinite to 10 mm (Figure S4, Supporting Information).

2.5. Evaluations on the Environmental Influences

The potential effects of environmental parameter variations
on the device performance have been investigated, including
temperature/humidity changes and the interferences of sur-
rounding conductive materials, e.g., metal blocks. Figure 4d
illustrates the resonant frequency changes for the type I and
type IV sensors over a temperature range from 15 to 103 °C.
Both devices exhibit a slight drop by 2.4% in the resonant
frequency over the whole temperature range. The resonant
frequencies for the same sets of sensors have also been recorded
under the humidity ranging from room condition (40%) to an
elevated level (99%). As shown in Figure 4e, the resonant fre-
quencies of the two devices only fall by 2.6% within the wide
humidity variations. The slight change may be attributed to the
hygroscopic nature of the antenna substrate (i.e., polyimide)
and the water vapor permeability of the spacer fabric. The
equivalent dielectric constant increases as the substrate and
the fabric uptake additional moisture, leading to a small change
of the device capacitance. Additionally, the performance of an
LC-based sensor could be greatly influenced by surrounding
conductive materials, such as metals.'¥] To investigate the
interference of metal material on our WiPSA, we have recorded
the phase-frequency spectra for type I sensor with or without
the ferrite film layer (FFL) by placing a metal block over the
sensor surface. As shown in Figure 4f, in the control sample
without FFL, the maximum phase dip (A8,,,,) decreases by
29% and the resonant frequency increases by 3.6% when the
metal is presented. For WiPSA with FFL, the A6,,,, and reso-
nant frequency change by 11% and 1.3%, respectively. The
differences in the performance between the two samples are
highly attributed to the radiation absorbent nature of the fer-
rite film, in which less magnetic power flows into the metal
and therefore less energy is generated due to the eddy current
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Figure 4. Characterizations on the performance reliability of WiPSA to mechanical loads and environmental influences. a) Time-resolved sensor
responses under repetitive mechanical loads in the frequency of 0.125 Hz. The resonant frequency output and the pressure applied are marked as
black and red curves. b) Resonant frequency measurements after repetitive cycles of external pressure (maximum cycle number >20 000). c) Resonant
frequency outputs as a function of bending cycles (cylinder radius varying from 23, 14 to 10 mm). d,e) The temperature and humidity influences on the
resonant frequencies for sensor type | and IV. f) Investigations on the metal influences on the resonant frequency changes (Af;) and maximum phase
dip (A6, of the samples with or without the ferrite film layer, indicating our design allows for WiPSA more robust outputs when metal materials

are nearby.

effect. The outstanding stability of our WiPSA device promises
wide wearable applications for human healthcare monitoring.

2.6. WiPSA for Monitoring of Human Body Movements

We have fabricated a 2 x 2 sensing array by implementing the
four types of antennas (I, II, III, and IV) for the sensing units
(Sa» Sy Sp, and S, as marked in Figure 5a) and a 21 x 21 mm?
detecting coil (right in Figure 5a). The phase-frequency spec-
trum of the detecting coil was recorded by placing the coil
underneath the sensing array in an axial symmetry. Each unit
features a unique resonant frequency within a pressure range
of 0-10 kPa (Figure 5b). Therefore, both the pressure amplitude
and the address of each unit in this array can be individually
retrieved without any crosstalk. Figure 5c illustrates the phase
dips of the detecting coil when coupled with the sensor array.
The data validate the unique resonant frequencies for each unit.
A smart wrist band has been developed to record the fingertip
pressures by integrating our 2 X 2 textile-based WiPSA, with
a demonstration of remote control of movement directions of
any artificial object. The resonant frequency changes for the
four units (Afy, Af, Afi, and Af,) are recorded individually. The
direction can be back calculated by considering the distribution
of these variables among the sensing units of the wrist band,
including arctan(Af,/Af)), arctan(Afy/Af,), arctan(Afy/Afy), and
arctan(Af,/Af,). As shown in Figure 5d,e, the results of pressure
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mapping are distinctly differentiated in our tests of pressing
on three different locations on the wrist band (Case A, Case
B, and Case C). To investigate the direction controllability for
the WiPSA-embedded wrist band, we have press on the S, and
S; units randomly for 50 times (Figure S5a, Supporting
Information) and the angles are summarized in Figure S5b
(Supporting Information), from which the minimum detect-
able angle is estimated to be as sensitive as 0.5°. It is noted
that the signal interference in the resonant frequency is within
0.004 MHz (equivalent to =21 Pa) as the sensing units are sepa-
rated from each other by a distance of above 2 mm (Figure S6,
Supporting Information). Therefore, the signal interferences
in the resonant frequency between the four sensing units are
negligible, compared with the pressure-induced frequency
changes.

Plantar pressure distribution is well acknowledged for the
diagnosis of foot complaints, sports biomechanics, footwear
development, and gait analysis.'®! For instance, plantar pres-
sure measurements have shown their importance in clinics for
diabetic foot ulcers prevention.'”! Here, we have developed a
smart wireless insole by implementing our WiPSA technology
to resolve pressure distributions between the plantar surfaces
and shoes. As schemed in Figure 6a, the pressure-sensitive
insole has integrated eight of single sensing units, which are
located in the positions corresponding to the areas of toe (#1),
metatarsal (#2, #3), midfoot (#4 to #7), and heal (#8). The reso-
nant frequency change for each unit was detected by placing

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Application of the WiPSA device to contact pressure mapping. a) Photograph of a 2 x 2 WiPSA and a detecting coil with a surface area of
21 x 21 mm?. b) The sensitivities of the four sensing units in the pressure range of 0-10 kPa, in which there is no crosstalk in the resonant frequency.
c) The phase changes of the detecting coil as the excitation frequency sweeping from 32 to 47 MHz, in which the four distinct resonant frequencies
can be detected in the phase spectrum simultaneously. d) The resonant frequency changes of the four units as the fingertip presses on three different
locations (Cases A, B, and C) on a WiPSA-integrated smart wristband. e) The corresponding angles calculated from the three scenarios in (d).

a 10 X 10 mm? coupling coil underneath the unit coaxially.
The characteristic resonant frequency—pressure responses of
the eight sensors have been calibrated (Figure 6b). After a pair
of smart insoles are fitted into the dancing shoes, a person of
50 kg body mass takes the footwear and stands upright or on
tiptoe (insets in Figure 6¢). The pressures applied by the left foot
are recorded for analysis. The corresponding values for stand-
upright and tiptoe gestures have been illustrated as black and
red bars in Figure 6¢, respectively. As expected, the foot expe-
rienced the highest stress in the heel region (sensor #8) and
the lowest stress around the arch area (sensor #6) for a stand-
upright posture. In contrast, for the stand-on-toe posture, the
pressure levels rise in the metatarsal and toe regions and drop
in the mid-foot and heal areas. Furthermore, the plantar pres-
sure mapping has been investigated as the volunteer practices
four different yoga postures (Figure 6d). The results suggest
several characteristic patterns of the plantar pressure distri-
bution along with the changes of yoga postures. For example,
the pressure distributions of the left and right feet tend to be
symmetrical for the posture in Figure 6d-1,d-2; in the one-leg
standing posture (Figure 6d-3), the right foot holds most weight
of the body and its plantar pressure values are much higher
than those of the left foot; for the posture in Figure 6d-4, the
right foot sustains more uniform pressure while the left foot
has a higher pressure tension in the medial area.

We have further demonstrated an application for our WiPSA by
integrating with a commercial waist support belt to measure the
interactive pressures between the belt and a volunteer’s abdomen
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(Figure S7a, Supporting Information). The WiPSA-embedded
smart waist belt sensitively quantifies three different wrapping
tensions (Figure S7c, Supporting Information). It also success-
fully detects the pressure differences as the volunteer takes a
deep breath out and in, leading to a higher/lower stress to the
belly (Figure S7d, Supporting Information). Collectively, these
demonstrations with our wrist band, smart insole, and waist belt
allow for sensitive and easy detection of the pressure distribu-
tion along with human body movements, offering interesting
applications in the wearable healthcare system and the sports
biomechanics in a wireless transmission manner.

2.7. Performance Comparison of the Wireless
Pressure Sensing Technologies

Table 1 compares the performances of our WiPSA device to
the state-of-the-art wireless pressure sensors. Most flexible
wireless pressure sensors reported previously relies on the
capacitance changes in the LC passive design, in which the
capacitance values increase in response to pressures. Therefore,
the effective quality factor Q is expected to degrade due to the
relationship of Q = (LC1)!/2 x R! in an LCR resonant system.
In contrast, the mechanism of our WiPSA device is inductive-
based pressure sensing, distinctly different from the others. The
pressure-induced inductive increase ensures no quality factor
Q loss in the entire sensing range. In addition, by introducing
the ferrite thin film with a high permeability, our WiPSA has

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Demonstration of the utility of the WiPSA in plantar pressure mapping. a) An illustrative graph of a smart insole embedded with eight WiPSA
units. b) Calibration on the sensitivities of the eight units within the pressure range of 0-100 kPa. c) The plantar pressure distribution of a volunteer is
measured by fitting the smart insole into dance shoes. Pressure distribution differences between two gestures of stand-upright and on-tiptoe (insets)
are compared. d) Four characteristic plantar distribution patterns are recorded as the volunteer changes her yoga postures.

successfully avoided the interference from metallic materials,
which could be a meaningful benefit in the practically wearable
applications, e.g., metal-included cell phones or watches may
affect the device performance if without such an interference-
free barrier. There is no similar literature report on this unique
feature to our best knowledge. Furthermore, WiPSA exhibits a
high effective qualify factor of =35, which is a critical factor in
such an LC-based passive device: 1) reducing the electromag-
netic energy loss for the enhanced energy storage in the system,
2) ensuring a sharp phase-dip in the phase-frequency spectrum

of the read coil, to enhance the detecting accuracy of resonant
frequency and reduce the overlapping area between frequency
adjacent sensing units, and 3) improving in the detection
distance between the sensor coil and read coil. Although our
device is less sensitive than a couple of the other excellent
designs in the table, it is still very competitive in comparison
of the relative frequency change df/f,/dp. The improvements in
the future may include the materials with higher permeability
or new operating designs for better performance in the device
sensitivity and pressure range.

Table 1. The comparison on the device performance of wireless pressure sensing technologies.

Reference Sensing mechanism Dimension [mm] Sensitivity?) [df/dp, MHz kPa™']  Sensitivity®) [df/fo/dp, kPa™'] ~ Quality factor  Pressure range [kPa]
5a apacitance 5x5x0.15 -2.14 —2.70x 10~ A —26.
[5a] Cap 3 25.9 0-26.7
apacitance adius curvature: 14; thick- -19.8 —4.83 x 10~ nknown —6.
6) Capaci Rad 14; thick 3 Unk 0-6.67
ness: 0.085
apacitance 1x1x0.1 -16.91 —6.09x 10~ nknown —26.
7 Capaci 0. 0 03 Unk 0-26.7
a apacitance iameter: 5; needle -0.11 -1.75x 10~ . —6.
8 Capaci Di 5 dl 0 03 26.5 0-6.67
length: 5
18] Capacitance 4x1.5x%1 -1.2 -3.43x1073 30 0-13.3
5 Inductance Diameter: 3; thickness: 1 .45 1.36 10~ Unknown -1.33-2
[5d] d hick 0 3 k
[9a] Inductance 6x5x0.8 -0.11 -10.72x 107 Unknown 0-6.67
This work Inductance 10x 10 % 2.65 -0.19 —4.3x1073 35 0-20

2 Sensitivity has been converted to the values in unit of MHz kPa™', in which df and dp denote the resonant frequency changes and an applied pressure, respectively; The
value represents the relative resonant frequency changes per kilopascal, in which f; is the zero-pressure resonant frequency.
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To date, diversified research efforts have been devoted to
meet the requirements in the developments of soft pressure
sensing systems. Appealing performances have been achieved,
including high sensitivity (25.11° and 47.7 kPa™'20)), large
sensing range (353 kPal?”), a low limit-of-detection pressure
(0.5 Pal?ll), fast response time and low hysteresis (17 msl?2),
additional functionality (strain,3! torsion and bending meas-
urements,??l and self-power system®¥) and detecting speci-
ficity (sharpness and location,?* three-axial force sensing!®®)).
In comparison, LC-based soft passive sensors feature simple
construction and dimensional miniaturization, implantability
and no complicated electrical wirings. However, there remain
several challenges, such as limitation in detecting distance,
usually on the order of a few of centimeters, and signal fluctua-
tions under parasitic noises. Further technical developments of
flexible pressure sensors including our next-generation WiPSA
should be oriented to address those challenges.

3. Conclusion

A textile-based wireless pressure sensor array for wearable elec-
tronics has been developed by utilizing an LC passive sensing
scheme. Distinct from the previous reports, our fabric-based
WiPSA device integrates ferrite films with an exceptional per-
meability in a wide frequency range, featuring a robust phase
depth in a fully flexible design. We have demonstrated a device
sensitivity of as high as of —0.19 MHz kPa™! within the pres-
sure range of 0-20 kPa and a high quality factor of more than
35. The WiPSA device exhibits a great reproducibility in multi-
cycled operations or against temperature/humidity fluctua-
tions or metal interferences. Moreover, our WiPSA device has
the advantages of bypassing a solid power source and electrical
connection wires, thus presenting a highly portable and wear-
able format. It has been implemented in several systems for
monitoring characteristic human body movements, including a
smart wrist band, a footwear insole, and a waist supporter. Our
textile-based WiPSA is a promising platform in tactile sensing
for a wide range of applications, in particular, for the emerging
wearable electronics.

4. Experimental Section

Materials and Methods: The WiPSA device consists of three layers:
the ferrite film, the fabric spacer with 3D microstructures, and the
passive antenna. The general process of device fabrication includes
three steps: antenna fabrication, laser micromachining, and device
assembly. In the first step, we patterned a double-sided copper-clad
polyimide film using the standard screen printing method and a
wet etching process. The capacitors and inductors were formed on
the two sides of the film. The two copper layers were connected by
though-hole copper plating, followed by lamination of a polyimide film
(25 um thick) with a thin layer of adhesive on each electrode side. In
the second step, direct laser micromachining was employed to specify
the geometrical shape of the ferrite films (Nanjing Advanced Magnetic
Material, Co., Ltd.), the antennas, and the fabric layer (Suzhou Haoke
Textile, Co., Ltd.) in one single step. Alignment markers in the fabric
spacer were created in this step. In the final assembly, the ferrites
films and antennas were aligned to the corresponding positions on
the fabric spacer by applying a layer of double-sided adhesive tape
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(467MP, 3M). The whole device of WiPSA was soft and flexible, with
the dimensional size of 10 mm x 10 mm x 2.65 mm for each sensing
unit.

Construction of Device Calibration System: A custom-built calibration
system was developed to experimentally evaluate the device
performance. The system was composed of a linear stage motorized by a
step motor with a movement resolution of 0.1 um (LTS300/M, Thorlabs,
Inc.), a force gauge with 10 mN resolution (M5-2, Mark-10, Corp.), and
an impedance analyzer (6500B, Wayne Kerr). A desktop computer was
used to control the movement of the linear stage, providing a platform to
manipulate the mechanical loads and the displacements simultaneously.
These parameters were monitored by the force gauge and step motor
with feedbacks to the computer. The pressure was determined by the
ratio of the force and the area of each sensing unit.

Calibrations on the Mechanical-to-Electrical Sensitivity: A read coil
was placed under the sensor with a constant separation distance of
4.5 mm. The phase-frequency spectrum of the read coil was monitored
by the impedance analyzer in an analysis mode at an AC excitation
voltage of 1 V and a sweeping frequency ranging from up to 60 MHz.
The mechanical-to-resonant frequency responses were evaluated twice
on two identical sensing units.

Characterizations on the Mechanical Reliability of WiPSAs: A periodic
load up to 20 kPa with a frequency of 0.125 Hz was applied to one unit.
The output impedances of the coupling coil at 44 MHz were recorded
at a sampling frequency of about 4 Hz. The resonant frequency of
the sensor was back calculated through a transformer equation.l®d
To characterize the mechanical stability of the device, a commercial
electrical driven pin actuator (HongBaolLi Electronic, Co., Ltd.), powered
by a pulsed voltage signal at 10 Hz, has been used to apply periodic
pressure (20 000 cycles) to the sensor surface.

Characterizations on the Environmental Influences: The devices were
placed over a hot plate of which the surface temperature were monitored
by an infrared thermometer (i-Quip). The resonant frequencies of the
devices were measured through an external coil at various temperature
levels. To characterize the humidity influences, the devices were placed
in a chamber with an opening, from which the humidity in the chamber
can be controlled by a humidifier. The humidity level in the chamber
was also monitored by a commercial humidity sensor (AS ONE). To
characterize the metal influences, a cylindrical metal block made of
stainless steel with a weight of 500 g was placed over the sensor surface
with a separation distance of 2 mm. The resonant phase-frequency
spectra were recorded by the impedance analyzer.
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