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in many ways advantageous compared to 
the matured silicon-based technology. For 
example, high temperature process steps 
are incompatible with flexible substrates 
(e.g., polyethylene terephthalate (PET), 
polyethylene naphtholate (PEN), and Poly-
dimethylsiloxane (PDMS), etc.), which are 
typically needed in emerging applications 
such as electronic skin,[1,5] and smart pack-
ages.[6] Several flexible wearable sensors 
have been developed on such substrates 
for biomedical applications to monitor 
parameters, such as sweat pH,[7] tempera-
ture,[8] humidity,[9] etc. Likewise, various 
force and pressure sensors have been 
developed to monitor physiological param-
eters such as blood pressure, respiration, 
and heart rate, etc.[10–14]

It is preferable to have wireless data 
transmission from such sensors, as com-
monly employed hard wired approach does 
not consider user comfort. Therefore, the 
advanced technologies in this field aim to 
develop biocompatible and light weight 

wearable sensors with fully integrated wireless system capable 
of continuous monitoring of physiological parameters. In this 
regard, Radiofrequency Identification (RFID) sensor tags are 
attractive as they eliminate the use of battery and the complexity of 
wired electronics.[15,16] These tags are generally designed for high-
frequency range (HF) 13.56 MHz band and ultrahigh frequency 
(UHF) range (860–960  MHz band depending on local regula-
tions). However, with human body acting as a lossy medium with 
a high dielectric constant, the performance of RFID tags deterio-
rates when they are used for wireless epidermal sensing.

In contrast to far field-based systems, the HF band 
(3–30 MHz) allows devices to communicate through an induc-
tive coupling in the near field region without emitting energy 
in far field. This short-range system is a promising alternative 
to transmit power and data where the medium is highly lossy 
for instance, human tissue. Most commercial sensing tags 
include a chip to store and process the RF signal, whereas in 
chipless tags no electronic components are included.[16,17] LC 
circuit working in HF region can be used as a nondestructive 
sensing platform in biomedical applications, especially as an 
implant.[18,19] Motivated by the above challenges, herein we have 
used the LC tank-based approach for wireless sensing.

Easy to use multifunctional wearable devices, with no wires hanging around, 
are needed for real time health monitoring at user’s comfort. Herein, an 
inductor-capacitor (LC) resonant tank-based wireless pressure sensor, screen-
printed on an electrospun Poly-L-lactide (PLLA) nanofibers-based flexible, 
biocompatible, and piezoelectric substrate is presented. The printed resonant 
tank (resonant frequency of ≈13.56 MHz) consists of a planar inductor 
connected in parallel with an interdigitated capacitor. The capacitance, of 
the interdigitated capacitor present on the piezoelectric substrate varies in 
response to applied pressure. As a result, the resonant frequency changes and 
the LC tank works as a wireless pressure sensor. The sensor exhibited high 
sensitivity 0.035 kP−1 and 1200 Hz kPa−1 in wireless operation with excellent 
durability (over 1800 cycles). The sensitivity is the highest (1.75-fold higher) 
among printed wireless pressure sensors reported so far. Finally, the presented 
LC tank-based pressure sensor is integrated on a compression bandage 
to demonstrate its potential use in the online monitoring of sub-bandage 
pressure. The application of optimum pressure by the bandage, together with 
the electroceutical arrangement facilitated by the piezoelectric PLLA substrate, 
can accelerate the cell regeneration and hence wound healing.
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1. Introduction

The progress in printed sensors and electronics in recent years 
have facilitated the development of electronics in flexible form 
factors and triggered advances in many application areas, such 
as wearable electronics, health monitoring, robotics, and inter-
active systems etc.[1–4] These advances have also led to new mate-
rials and resource-efficient manufacturing processes that are 

© 2022 The Authors. Advanced Electronic Materials published by 
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Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited.
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Another challenge with wearable sensors-based approach 
is that an increasing number of devices (e.g., different types of 
sensors, data transmission devices etc.) are being explored to 
monitoring several health parameters, which raises integration 
related challenges, higher cost, and power requirements. Fur-
thermore, user comfort could also be affected. In this regard, the 
multifunctional antennas (e.g., as sensor along with typical wire-
less communication function) offer an interesting solution.[20–22] 
For example, an antenna has been used as wireless temperature 
sensor by replacing a section of track with the temperature sensi-
tive material such as poly(3,4-ethylenedioxythiophene polystyrene 
sulfonate.[16] Likewise, the geometry (e.g., serpentine structures) 
or physical features of substrates (e.g., stretchability) have been 
exploited to modulate the resonant frequency of the antenna and 
hence use them as strain or pressure sensors.[22] This approach 
could be further advanced by using functional substrates and 
exploiting their inherent features. For example, piezoelectric 
materials as substrates could offer new capability to measure 
the dynamic pressure to monitor the biological signals.[23,24] In 
relation with wearable systems, the piezoelectric polymers such 
as Polyvinylidene fluoride (PDVF) and Poly l-lactic acid (PLLA) 
are attractive due to their high chemical stability, flexibility, and 
biocompatibility. In fact, PLLA has an advantage for pressure 
sensing as unlike PVDF it does not exhibit pyroelectricity and 
hence there is no interference due to temperature. Further, the 
biodegradability of PLLA makes it attractive for both in vitro and 
in vivo implantable applications.[25] Considering such attractive 
features, herein we have used PLLA nanofibers-based substrate 
for sensor development.

In this work, an interdigitated capacitive (IDC) sensor is 
developed on electrospun PLLA nanofibers-based substrate 
and connected in parallel with a planar inductor forming a 
LC circuit to realise wireless pressure sensor. The LC circuits 
is designed to resonate at about 13.56  MHz. The IDC config-
uration of the sensor offers long stability, high accuracy, and 
lower power consumption with respect to typical parallel plate 
capacitors (PPC).[26,27] Further, it is easier to develop IDC with 
resource-efficient printing methods such as screen printing. 

The PLLA nanofibers-based substrate used here, to realise the 
IDC capacitive sensors, offers better conformal contact with 
the skin and improves sensitivity under the pressure due to its 
piezoelectric property. It provides a direct interaction between 
the sensing elements and environment.[28] Moreover, due to 
the unipolarization of PLLA nanofibers during electrospinning, 
change in the permittivity of the dielectric layer is expected in 
response to applied pressure, which allows linear responses of 
capacitive response over a wide range of 0–16 kPa. This pressure 
range is of the same order as one used in commercial bandages 
for compression therapy and therefore, we have integrated the 
presented LC tank-based sensor on a compression bandage to 
demonstrate its potential use in the online monitoring of sub-
bandage pressure. The application of optimum pressure by the 
bandage, together with the electroceutical arrangement facili-
tated by the piezoelectric PLLA substrate, could accelerate the 
cell regeneration and hence wound healing, The wireless mech-
anism of presented sensor is based on inductive coupling in 
near field region. The application of external pressure leads to 
changes in the capacitance of IDC on PLLA substrates, and thus 
the resonant frequency of the LC circuit is altered as a func-
tion of applied pressure. The sensing data are encoded through 
backscattering power without using an IC to record and pro-
cess data. The electrospinning and screen-printing, used here 
to develop entire sensor, offers a unique possibility for low-cost 
and mass production of devices with high reproducibility.

2. Experimental Section

2.1. Fabrication of PLLA Nanofibers

A 4 wt% PLLA solution was prepared by dissolving PLLA pellets 
(Corbion, The Netherlands) in a 1:4 ratio dimethylformamide and 
Dichloromethane (DCM) (Sigma-Aldrich, UK) mixed solvent for 
10 h. The solution was stirred at room temperature by a magnetic 
stir bar at 300 rpm (Figure 1a). The multilayered membrane of 
the PLLA nanofibers mat, was fabricated by electrospinning of 

Figure 1.  a) Schematic showing the fabrication of pressure sensor based on printed LC Tank on Electrospun PLLA Nanofibers. b) flowchart demon-
strating fabrication procedure of the LC Tank.

Adv. Electron. Mater. 2022, 8, 2101348

 2199160x, 2022, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202101348 by V
.I. V

ernadsky Institute of, W
iley O

nline L
ibrary on [08/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH2101348  (3 of 11)

www.advelectronicmat.de

the PLLA polymer solution at 15 kV and a flow rate of 0.5 mL h−1 
with a drum speed of 3000  rpm (Figure  1b). The electrospun 
nanofibers were annealed in an oven at 100 °C for 4 h.

2.2. Sensor Design and Fabrication

Initially, the LC tank was simulated using the Advanced Design 
System (ADS) momentum simulator (Keysight Technologies, 
Santa Clara, CA). The LC tank consist of an interdigitated 
capacitor (IDC) connected in parallel with an inductor (L). 
These two elements are designed in a way that LC tank reso-
nates at 13.56  MHz. Table  1 summarized the physical dimen-
sions of the LC tank. In simulation, dielectric constant of the 
PLLA substrate was considered as 3.5. Square-shape (1  cm) 
parallel plate printed capacitor that sandwiches a dielectric layer 
of the PLLA nanofibers with the thickness of 40 µm were fab-
ricated to measure the dielectric constant of PLLA nanofibers. 
The approximate thickness of printed layers and surface rough-
ness were considered in the simulation.

Figure  1 shows the fabrication steps for realising LC tanks 
using screen printing. Commercial stretchable silver paste 
(PE873, Dupont, UK.) with a sheet resistance of 110 mΩ sq−1 
was used to print the LC tank (Figure  1c). A bridge was also 
printed separately to make a connection between both ends of 
the inductor. The silver paste has good electrical conductivity 
in DC and high-frequency range and can be printed and cured 
over various polymeric substrates at low temperatures (i.e., 
100–160 °C for 2–10 min) as mention in the datasheet.

The electrospinning method allows fabrication of a thin 
membrane of well-aligned PLLA nanofibers. The mem-
brane is highly flexible and has a porous structure that can 
interact well with soft human tissue because of breathability, 
conformability, and nontoxic character. The silver paste used 
in this work, also has an appropriate viscosity to establish 
good adhesion with the nanofibers after thermal curing. 
The IDC, which is sensing element, was printed on the 
nanofibers, whereas the inductor was printed directly on 
a PI sheet. The sensing mechanism is based on the change 
in capacitance of the printed LC tank on PLLA nanofibers in 
response to applied pressure. Since the nanofibers have piezo-
electric properties, only IDC is printed on PLLA nanofibers 
membrane to develop the pressure sensor. The inductor was 
printed on the PI sheet to isolate it from the electric charge 
generated by PLLA nanofibers. Thus, the effect of pressure on 
the performance of the coil antenna is negligible.

We also printed some inductors on PI sheet using inkjet 
method and noted that the quality factor of inkjet-printed 
inductor is much lower than the one realized using screen 
printing. In fact, the quality factor with 5 layers of inkjet 
printed inductor can be attained with just one layer of screen-
printing structure. So, inkjet printing appears time consuming 
and costly compared to screen printing. Besides, the ink used 
for inkjet printing is less viscous compared to the paste used 
for screen printing. As a result, the inkjet printed structures 
may see the ink seeping through the PLLA nanofibers. In con-
trast, as the silver paste used for screen printing is high vis-
cous such challenges were not experienced thus the current 
work was carried out by screen printing method. The screen 
printer employed is a semiautomatic screen-stencil printer 
(model C920, Aurel Automation, Italy) with a flat bed. The 
screen used to print the pattern is 400 mesh thread per centim-
eter (Figure 1c). The density of mesh is adequate to print a fine 
pattern with a resolution of about 100 µm. The bridge was also 
printed on the PI sheet to connect the inner end of the inductor 
to the capacitor using a conductive glue. After printing, the 
samples were cured in an oven for 20 min at 130 °C (Figure 1d). 
Figure 2a demonstrates the photograph of printed LC resonant 

Table 1.  Physical dimensions of the IDC and planar inductor.

IDC Inductor

Parameter Value [mm] Parameter Value [mm]

Length of fingers 20 Width of line 0.4

Width of fingers 0.5 Spacing 0.3

Number of fingers 40 Number of turns 15

Interspacing 0.4

Figure 2.  Screen-printed flexible LC tank: a) Photograph of the fabricated LC tank, b) SEM image of the PLLA nanofibers, c) SEM image of the stretch-
able silver paste consists of micrometer-scale silver flakes. d,e) Optical microscopy images of a finger of the IDC and the corner of inductor lines 
respectively. f) Schematic of the parallel LC tank. g) XRD pattern of electrospun and annealed PLLA nanofibers.
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configuration consisting of the planar rectangle inductor con-
nected in parallel to the IDC.

2.3. Materials and Sensor Characterization

The morphology of the piezoelectric PLLA nanofibers that 
are well aligned and densely packed (average diameter of 
800 nm) is imaged using a high-resolution scanning electron 
microscope (SEM) (SU8240  Hitachi High-Tech) as shown 
in Figure  2b. The SEM image of the conductive composite 
paste (Figure 2c) shows the stretchable silver paste containing 
micrometer-sized silver flakes. The average thickness of the 
single-layer printed line on PI sheet was 10.83  ± 0.65  µm 
with a conductivity of 1.1 × 106 S m−1. The optical microscopy 
images of a corner of inductor traces and the finger of IDC 
respectively in Figure  2d,e, show the resolution of screen-
printed structures. Figure  2f shows the schematic of the par-
allel LC tank.

The crystallinity of the electrospun nanofibers was investi-
gated using X-ray diffraction (XRD) (PANalytical X’Pert PRO 
MPD diffractometer). Figure 2g shows the XRD pattern graph 
of electrospun PLLA nanofibers before and after annealing. 
Only one sharp diffraction peak at 2 theta of about 16.5° was 
observed. This peak corresponds to the crystalline planes of 
(200) and (110) of PLLA and confirms the piezoelectric β-phase 
of PLLA nanofibers.[29,30] The result confirms that the electro-
spinning process could control the crystalline structure of PLLA 
effectively by aligning molecular chains in the fibres. This is 
due to uniaxial stretching of polymer solution and the electric 
field applied during electrospinning process. The peak intensity 
and the crystallinity of nanofibers increased by annealing, as 
shown in Figure 2g.

Inductors and capacitors were characterized separately 
using an Agilent 4294A Precision Impedance Analyzer along 
with a 42941A impedance probe kit (Keysight Technologies, 
Santa Clara, CA). The capacitor was positioned and fixed to a 
1004 miniature single point load cell. Pressures in wide range 
of 0–16  kPa were uniformly applied to the sensing capacitors 
using a load cell. A small rectangular glass slide as a moving 
plate has been used to apply the required pressure. This plate 
was controlled with a motorized stage with a resolution of 
≈0.1  mm. The fixed and the moving plates were paralleled to 
guarantee a uniform contact pressure. Both plates were covered 
by a thin dielectric pad with relative permittivity close to 1 to 
prevent forming parallel plate capacitor between the moving 
plate and the sensing capacitor once they are in contact. The 
parameters of interest measured using an Agilent 4285A Preci-
sion LCR Meter were recorded using a custom-made LabVIEW 
program.

Tagformance Pro HF[31] was used to characterise the LC tank 
by monitoring wirelessly the shift of resonance frequency and 
modified impedance of the reader antenna as a result of induc-
tive coupling with the LC tank in response to applied pressure. 
Tagformance Pro is a measurement system for evaluating the 
performance of UHF RFID, HF RFID, and NFC transponders. 
The equipment works like a vector network analyser capable of 
measuring impedance and frequency responses when Passive 
Measurement is chosen in the measurement menu.

2.4. Cell Growth, Adhesion, and Proliferation on Electrospun 
PLLA Nanofibers

Human dermal fibroblast (adult) (HDFa) cells were used to 
assess the biocompatibility and suitability of the PLLA nanofibers 
as wound dressings. First, HDFa cells were cultured at 37 °C in a 
5% CO2 incubator at log phase growth using Medium 106 (fibro-
blasts) complemented with a low serum growth supplement 
containing fetal bovine serum, basic fibroblast growth factor, 
heparin, hydrocortisone, and an epidermal growth factor. The 
cultured HDFa cells were then seeded on the electrospun PLLA 
nanofibers in 24 well plates at a cell density of 1 × 104 cells per 
sample. After a 1 h resting phase to allow cells to settle on the 
fibers, the desired volume of culture media was added to each 
well before incubating at 37 °C in a 5% CO2 incubator for 1, 3, 
and 5 days. The culture medium was replaced every 2 days.

Prior to incubation the electrospun PLLA nanofibers were 
cut into circular shapes that fit into the 24-well plates. The elec-
trospun PLLA nanofibers were then immersed in 70% v/v eth-
anol for 12 h followed by washing with sterile phosphate buffer 
saline (PBS) (X3) and sterilized under UV light for 1 h on each 
side. Following sterilization, the electrospun PLLA nanofibers 
were hydrated by immersing the scaffolds in Medium 106 
for 24 h at 37  °C. After 1, 3, and 5 days of incubation, respec-
tively, cell morphology attachment and growth were assessed 
using SEM microscopy (SU8240 Hitachi High-Tech). For this, 
HDFa cells grown on the electrospun PLLA nanofibers were 
rinsed with PBS (X3) and fixed using 2.0% glutaraldehyde in 
PBS at 5  °C for 12 h. The fixed cell/nanofiber samples were 
then dehydrated by submerging each sample in a series of 
ethanol solutions (50%, 60%, 70%, 80%, 90%, and 100% eth-
anol, respectively) for 15 min and then air dried. Prior to SEM 
imaging the samples were Au coated.

3. Results and Discussion

3.1. Performance of Capacitive Sensor and Inductor

Three samples were fabricated following the procedure 
explained in the previous section. The IDCs were character-
ized using the Impedance Analyzer along with the imped-
ance probe kit to cover frequency of interest (13.56  MHz) as 
well as self-resonant frequency. The self-resonant frequency 
was about 60 MHz which is much higher than the centre fre-
quency. Figure  3a shows the 17.9  ± 0.8  pF capacitance of the 
IDC samples obtained at 13.56  MHz which is in good agree-
ment with the simulated value (19  pF). It was observed that 
the capacitance was almost constant over 0  Hz–25  MHz fre-
quency range. Since 13.56  MHz is far below the self-resonant 
frequency, and is within the region of flat response of the IDC 
can be used for application of pressure. The pressure sensing 
principle relies on the fact that the applied pulse pressure leads 
to the capacitance change. The change in capacitance will shift 
the resonance frequency of the parallel inductor, which can be 
monitored wirelessly through the inductive coupling with an 
external reader coil. Figure  3b shows the capacitor response 
when various pressure applied on the surface of the IDC using 
a load cell at a frequency of 1 Hz.  The  change in capacitance 
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Figure 3.  a) Frequency response of the interdigitated capacitor with sweep from 4 Hz to 55 MHz. b) Response of the IDC to various pressure values 
at 1 Hz. c) Cyclic response (over 1800 cycles) of the IDC to 14 kPa pressure, showing the durability and stability of the device (inset shows the 25 s of 
the capacitance response after 1000 cycles). d) The capacitance variation and sensitivity of the IDC to pressure variation. e) Capacitance response of 
the IDC to stepwise loading–unloading pressure from 0 to 12 kPa.
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was constant and stable at each pressure values, which were 
repeated four times. To evaluate if the change in capacitance is 
due to the PLLA piezoelectric substrate, several capacitors were 
also printed on PI sheet and no notable capacitance change was 
observed in response to applied pressure. To demonstrate the 
durability and robustness of fabricated sensors, they were also 
subjected to loading–unloading cyclic pressure for up to 1800 
cycles at 14 kPa. As shown in Figure 3c, the sensor exhibited a 
long fatigue life with stable variation under cyclic loading and 
releasing. Figure  3d shows the change of the capacitance of 
IDC as a function of applied pressure for three fabricated sen-
sors. The low variation of the response among these sensors 
confirms the uniformity attained with the controlled fabrication 
process described above. The sensitivity of presented piezo-
electric IDC was calculated with normalized change of capaci-
tance divided by the nominal applied pressure ((∆C/C0)/∆P). 
As shown in Figure  3d, the capacitance variation of the IDC 
increases linearly under the applied pressure with an average 
sensitivity of almost 3.5 Pa−1. The capacitance response of the 
IDC to stepwise loading–unloading pressures (from 0 to 12 kPa) 
in Figure  3e shows the outstanding reliability with negligible 
hysteresis effect.

The inductors also were characterized using the Imped-
ance Analyzer along with the impedance probe kit. The meas-
ured average value of the inductance (7.75  ± 0.14 µH) at reso-
nance frequency (13.56  MHz) is close to the simulated value 
(7.8 µH). The average value of resistance at that frequency was 
367.42  ±  25  Ω (see Figure  4a). The slight deviation of resist-
ance could be mainly due to the surface roughness of printed 
paste. The average quality factor achieved is 1.81, as shown in 
Figure 4b. The measured value is in good agreement with the 
simulation at 13.56  MHz. The quality factor of printed induc-
tors is compared with conventional copper inductors with the 
same geometrical parameters and thickness of metal obtained 
through ADS simulation. This resulted in the quality factor of 
65.72, which is far higher than the printed coil in the current 
work.

3.2. Response of LC tank

The resonant frequency of the RLC circuit is given by 
Equation (1)

π
= − 





1
2

1
LC

res

2

f
R

L
	 (1)

Where R represents the resistance of the printed coil 
antenna, and L and C represent the inductance and capacitance 
of the planar antenna coil and the interdigitated capacitor, 
respectively. It is noted that the unlike conventional coils (made 
of copper) the resistance in present case is not negligible. The 
self-resonant frequency is much higher than the working fre-
quency, so the parasitic capacitance of the coil antenna does not 
affect the resonant frequency of the LC tank.

A 50 Ω SMA (SubMiniature version A) connector was glued 
to the LC tanks. A robust connection was provided using silver 
epoxy adhesive (Mg Chemicals), which is curable at room tem-
perature. Prior to measurement, calibration was performed 
using 50 Ω terminator and open load following the software 
instructions. The termination is included in the Tagformance 
Pro HF kit. Figure  5a shows the resistance and reactance of 
the parallel LC tank. The LC circuit impedance is given by 
Equation (2).

1
LC LC LCZ R j X R j L

C
ω

ω
= + = + −



 	 (2)

The LC tank resonates at around 13.61 MHz, which is close 
to the value obtained from the simulation (Figure 5a). In order 
to consider quality factor as sensing indictor, change in quality 
factor in response to applied pressure has been evaluated 
(Figure  5b). The quality factor is defined as /resf BW , where 
the fres is centre frequency and BW is half-power bandwidth, 
BW =  |f2 − f1| which for the proposed LC tank is 648 kHz. The 
quality factor fluctuates around the initial value; thus, it does 
not demonstrate a linear trend in response to applied pressure.

3.3. Inductive Telemetry System

The change in capacitance of the pressure sensor can be meas-
ured wirelessly using the modified reflected impedance of 
inductively coupled reader antenna (external coil). To this end, 
prior to measurement of S11 and modification of impedance of 
reader antenna inductively coupled with LC tank, a reference 
measurement was carried out to measure S11 of the reader 

Figure 4.  a) Measured and simulated frequency response of the screen-printed inductors in terms of average inductance and average resistance.  
b) Measured and simulated (dots) quality factor of printed inductor.
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antenna itself to obtain its frequency response. This is used to 
calculate the normalized responses where the impedance of 
the reader itself is subtracted. The reader antenna is Voyantic 
C60 that is included in the Tagformance Pro HF kit. Figure 6a 
demonstrates the set-up comprising of the Tagformance Pro 
unit connected to the reader antenna and measurement soft-
ware running on a computer. Voyantic C60 is a loop antenna 
(diameter 60  mm) consisting of four turns. These measure-
ments were carried out when the distance between the LC tank 
and reader antenna was fixed as 16 mm. This gap is suggested 
by Voyantic as an optimal measurement distance to use the 
system. It is important to retain the distance since it has an 
impact on the coefficient of coupling between the two coils. The 
frequency range was set from 10 to 30 MHz with 10 kHz reso-
lution bandwidth, which covers the resonant frequency of the 
LC tank as well as sufficient margin as the resonant frequency 
shifts due to applied pressure. The transmit power was set to 
0 dBm.

The wireless response of the LC tanks was evaluated in 
response to applied pressure on IDC capacitor using the load 
cell. The C60 antenna was used to wirelessly measure change in 
reflected impedance of reader coil and resonant frequency. The 
impedance measured at the reader coil is equivalent to resist-
ance (Rr), inductance (Lr), and tuning capacitance (Ctune) of the 
reader antenna and the reflected impedance of the sensing LC 
tank as described in Equation (3). M is the mutual inductance 
between two coupled coils.

1
r r

tune

2

LC

Z R jX R j L
j C

M

Z
ω ω

ω
ω

ω
( ) ( )

( )
= + = + + + 	 (3)

As reference measurement was done prior to this measure-
ment, the impedance of the C60 antenna is subtracted in the 

response. So, the last term (i.e., 
( )

( , )

2M

Z PLC

ω
ω

) of Equation (3) rep-

resents the normalized impedance change corresponding to the 
applied pressure.

Various pressure (0–16 kPa) were applied on the capacitor at 
a frequency of 1 Hz. Once the magnetic field from the reader 
antenna is received by the LC tank, the shift of resonant fre-
quency is considered as an indicator of applied pressure. The 
normalised resistance and reactance of the printed tank for 

various pressure is shown in Figure 6a,b, respectively. The rela-
tion between change of impedance and resonant frequency 
shift is shown in Figure 6d,e as a function of applied pressure. 
The effect of applied pressure can be seen in both magni-
tude (Figure 6d) and phase (Figure 6e) of frequency response. 
Figure 6f shows the linear curve fitting can represent the shift 
of resonance frequency, while the pressure is increasing. Both 
magnitude and phase follow almost similar trend. However, 
the phase parameter expresses more reliable result as the 
standard deviation of various samples is negligible. The mag-
nitude and phase of the resonance frequency decreases linearly 
by 0.1 ± 0.08 kHz Pa−1 and 0.11 ± 0.02 kHz Pa−1, respectively in 
the range from 0 to 16 kPa. Table 2 compares the response of 
our sensor with some relevant capacitive sensors reported for 
pressure monitoring (wired and wireless techniques). Among 
capacitive sensors reported for in kPa range operation, our 
sensor demonstrates highest sensitivity ((∆C/C0)/∆P). Wire-
less performance also is good, considering that the frequency 
shift at reader depends on the mutual inductance and quality 
factor of the two coils. Since our coil is printed the quality 
factor is lower than the coils fabricated by metal traces. Thus, 
our sensor also demonstrates a good sensitivity to the pressure, 
in comparison with other nonprinted and nonflexible wireless 
sensors.

3.4. Bicompatiablity: Cell Growth, Adhesion, and Proliferation 
on Electrospun PLLA Nanofibers

SEM imaging was used to examine the cell growth, adhesion, 
and proliferation of HDFa cells grown on the electrospun PLLA 
nanofibers. As can be observed from Figure 7, the attachment 
of HDFa cells to the PLLA substrates is prominent after 24 h. 
The attached cells then started to noticeably spread across 
the scaffolds provided by the electrospun PLLA nanofibers, 
forming a monolayer like structure intercellular connections, 
and thus indicative of the strong cytoskeleton stretching. The 
observed cell behaviors on the electrospun PLLA nanofibers 
therefore confirm that the nanofibrous scaffolds facilitate cell 
adhesion/attachment and proliferation due to their porosity 
and high surface area and hence are suitable to accelerate the 
wound healing.

Figure 5.  a) measured resistance and reactance of the LC tank. b) Quality factor of the LC tank in response to various applied pressure.
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Figure 6.  a) Schematic of the setup for near-field communication and power transfer for HF RFID tags using Tagformance. Change in reader coil 
response associated with applied pressure: b) normalized impedance and c) normalized reactance. d) frequency response of the reader coil, e) reflec-
tion coefficient phase shift, f) comparison of frequency change considering magnitude and phase of the reader antenna.
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4. Application in Wearable Healthcare Systems

The proposed LC tank sensor has potential application in accel-
erated wound healing and compression therapy. Compression 
therapy is an action of applying controlled pressure to the 
affected limb. Compression bandages are designed to boost 
blood flow and hence accelerate the wound healing. It also 
can be used to maintain constant pressure. There are several 
methods to apply negative pressure over the tissue[37]; however, 
it is crucial to monitor the extent of the applied pressure in a 
noninvasive method to improve the effectiveness of therapy. 
Swelling and bruising are very common side effects in pressure 
therapy techniques for which there is no accurate control over 
the applied pressure and can increase the risk of further harm. 
Thus, wireless pressure sensor worn under the compression 
bandage or integrated on the bandage to monitor regularly the 
pressure applied on the wound could be an interesting nonin-
vasive solution for the patients with chronic wounds. As shown 
above the fabricated sensor showed linear sensitivity and repeat-
ability in the pressure range of 0–16 kPa (0–120 mmHg) which 
covers the pressure range reported for compression therapy.[38] 
Further, the performance of the developed wireless sensor 
was evaluated by placing it under a commercial compression 
bandage worn by an healthy adult volunteer around the elbow 
of healthy women wearing the sensor under a commercial 
compression bandage (#1523, Molnlycke) (see Figure 8b,c; and 
Videos S1 and S2, Supporting Information). Four layers of the 
bandage were worn in a carefully controlled manner. Figure 8a 
shows the capacitance change and resonant frequency (wire-
less) upon tightening the compression bandage. The modified 
Laplace equation is used to calculate a gradual increase in pres-
sure on the sensor over the clinically applicable range of pres-
sures.[39,40] According to the Laplace law, the applied pressures 

by a bandage are a direct function of the number of layers and 
the tension of the bandage fabric itself, but reverse function to 
the width of the bandage circumference of the limb.[39] These 
results show the possibility of predicting the pressure from the 
shift of frequency of reader antenna, provided the elasticity of 
the bandage and size of the limb are known. The reader coil in 
presented test can be substituted by a customized reader with 
a narrow bandwidth which can discriminate the different pres-
sure ranges.

Since compression bandages are in close contact to human 
body the change in temperature of the body may affect the per-
formance of the capacitive sensor. In this regard, the capaci-
tance of the sensor was monitored with temperature increasing 
gradually from 25 to 40  °C. For this purpose, the sample was 
mounted on the PE120 stage (Linkam, UK) and the capacitance 
was recorded using a LCR meter controlled by a LABVIEW pro-
gram. The temperature was increasing by 1 °C each time. Only 
2% change in capacitance was observed during this experiment. 
However, once the temperature was stabilized it reached to the 
original value. So, the performance of the capacitive sensor is 
very stable even in the case of any change in the human body 
temperature.

For some applications (e.g., wound healing), the proposed 
sensor can be in direct contact with an open wound thus the 
substrate should be biocompatible. To ensure the biocompat-
ibility of the PLLA nanofibers and evaluate their suitability 
as wound dressings the morphology, attachment, and growth 
of HDFa cells was examined after 1, 3, and 5 days of culture 
using scanning electron microscopy. SEM analysis revealed the 
attachment, growth, and migration of the HDFa cells along the 
well-aligned axes of the PLLA nanofibers with no sign of cyto-
toxic effect. Since PLLA nanofibers are biocompatible, the LC 
tank can be worn on the skin without the risk of skin agitation. 

Table 2.  Comparison between some capacitive pressure sensors.

Sensing material Type of capacitor Pressure range Sensitivity Frequency range Wireless Reference

(∆fres)/∆P (∆C/C0)/∆P

Pyramid Microstructure PDMS PPC 0–26 kPa −2030 Hz/kPa – ≈725–800 MHz Yes [32]

Boron-doped silicon diaphragm PPC 0–6.6 kPa 900 Hz/kPa – 95–103 MHz Yes [33]

Single layer graphene Coplanar IDC 0.11–80 kPa – 0.01 kPa−1 N/A No [27]

sandpaper-molded carbon 
nanotube/ PDMS composite

PPC <5 Pa – 9.5 kPa−1 N/A No [34]

PVA-PDMS PPC 50 kPa – 4 MPa−1 at 0.1 kPa N/A No [35]

Pure PVDF nanofibers PPC 1–6 kPa – 0.02 kPa−1 N/A No [36]

PLLA electrospun nanofibers IDC 0–16 kPa 1200 Hz/kPa 0.035 kPa−1 ≈11–14 MHz (HF band) Yes This work

Figure 7.  SEM images of HDFa cells cultured on well-aligned PLLA nanofibers after 1, 3, and 5 days.
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Furthermore, some research suggests that the PLLA can pro-
mote wound healing by preventing bacterial infections[41] due to 
its piezoelectric nature.

5. Conclusions

In summary, we have developed a screen-printed flexible LC 
tank device to wirelessly detect the pressure and have showed 
its suitability for biomedical application. The presented sensor 
is developed using low-cost and scalable fabrication methods, 
such as electrospinning and screen-printing. The tank consists 
of a planar inductor connected in parallel to an interdigital 
capacitor designed to resonate at 13.56 MHz. The sensing prin-
ciple is based on the change in the capacitance of IDC under 
pressure which leads to a variation in resonant frequency. 
The shift of frequency of the parallel LC tank as a measure 
for applied dynamic pressure is detected wirelessly using the 
inductive coupling with a second external inductor. The real-
ised capacitive sensor exhibit high sensitivity 0.035 kP−1 and 
1200 Hz kPa−1 in wireless characterisation, along with excellent 
durability over 1800 cycles. The fabricated sensor demonstrated 
good repeatability and linear sensitivity in the pressure range 
(0–16  kPa) appropriate for wearable healthcare applications, 
such as monitoring the sub-bandage pressure. The application 
of optimum pressure by the bandage, together with the electro-
ceutical arrangement facilitated by the piezoelectric PLLA sub-
strate, could accelerate the cell regeneration and hence wound 
healing. An in-depth analysis of the influence of piezoelectric 
properties of PLLA on the wound healing through electrical 
stimulation will be explored further as a future work.
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