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a  b  s  t  r  a  c  t

Sensor  systems  capable  of  in  situ,  continuous  impedance  measurements  are  expected  to play  an  important
role  for  a broad  spectrum  of applications.  However,  widespread  use of  these  devices  is hindered  by  their
current  form of separated  sensors  from  bulky,  expensive  readout  instruments.  Moreover,  the  lack  of
other  relevant  sensing  functionalities  on  the  same  system  results  in  an  incomplete  understanding  of
the  complex  physical  and  chemical  changes  taking  place.  In this  paper,  a miniaturized  sensor  patch
(MSP)  with  simultaneous  impedance  and  temperature  measurements  and  fully  integrated  readout  is
cleverly designed.  By using  an  on-board  microcontroller,  sensor  signal  is  read  out  locally  and  transmitted
digitally,  eliminating  the  noise  on  the  signal  over  the  transmission  path.  The  MSP  is  stable  over  a wide

◦

olymers
olymerization
nterdigital sensor

iniaturization
rinted circuit board technology

temperature  range  (20–180 C),  and  in  various  dielectric  mediums  (air,  epoxies).  Moreover,  flexible  circuit
board  technology  based  device  fabrication  permits  further  extended  functionalities  of  the patch  with  off-
the-shelf  surface  mounted  devices.  The  MSPs  were  successfully  applied  for monitoring  the  polymerization
processes  of  two  epoxies,  demonstrated  the potential  of  the  proposed  sensor  patch  as  an  integrated  and
multifunctional  sensing  solution.

© 2018  Published  by  Elsevier  B.V.
. Introduction

Impedance sensors are devices that can measure the electri-
al impedance of the material to which it is attached. Since the
mpedance of the materials are dependent on their physical, chemi-
al and biological properties which may  change, devices that carries
ut continuous, in situ and real-time impedance measurements
resent an exciting opportunity for a broad spectrum of applica-
ions, such as monitoring of biological activities in human bodies
1–4], quality control of photovoltaic devices [5,6], strain, pres-
ure and tactile sensing in wearable devices [7–11], production
nd structural health monitoring of polymeric composites [12,13],
hemical sensing [14–16], and so on.

Despite the potential of these devices, they are still under
nvestigation primarily as an analytic tool. At present, impedance

easurements are usually carried out in idealized laboratory
nvironment using expensive bulky instruments, combined with

umbersome calibration and cable extension techniques to the
ensors [17,18]. To address this challenge, sensor systems with
ntegrated readout circuitry were developed [19–22]. For instance,

∗ Corresponding authors.
E-mail addresses: yang.yang@ugent.be (Y. Yang), jan.vanfleteren@imec.be

J. Vanfleteren).

ttps://doi.org/10.1016/j.snb.2018.01.141
925-4005/© 2018 Published by Elsevier B.V.
a low-power impedance-to-digital converter was built on sil-
icon chips for sensor array microsystems towards biological
applications [19]. CMOS electrochemical impedance spectroscopy
biosensor arrays were designed for detecting various biological
analytes [20], and prostate cancer DNAs [21]. A sensor interface
integrated circuit (IC) was  developed for miniaturized dielectric
spectroscopy [22]. However, aforementioned systems still require
external benchtop instruments, such as functional generators,
clocks, amplifiers, as part of the readout circuitry. Moreover, these
devices only measure the impedances of materials. Inclusion of
other relevant sensing capabilities onto the same platform would
enable simultaneous sensing of multiple parameters, thereof pro-
vide a complete picture of the complex biological, chemical, and
physical changes taking place.

Herein, we present a flexible, miniaturized sensor patch (MSP)
with sensors and integrated readout circuitry. The MSP, fabri-
cated using flexible circuit board technology (FCB), comprises a
photo-lithographically patterned interdigital sensor for impedance
measurement, off-the-shelf surface mounted device (SMD) for tem-
perature measurements, and a microcontroller unit (MCU) for data
processing and communication. Taking advantage of the on-board

MCU, which locally processes the data and digitally transmits it, the
influence of noise on the data over a long signal path is eliminated.
The MSP  is capable of capacitance and conductance measurements

https://doi.org/10.1016/j.snb.2018.01.141
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.01.141&domain=pdf
mailto:yang.yang@ugent.be
mailto:jan.vanfleteren@imec.be
https://doi.org/10.1016/j.snb.2018.01.141
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ver a wide temperature range (20–180 ◦C), and in various dielec-
ric mediums (e.g.  air, epoxies). In addition, the multifunctional MSP
as successfully applied for in situ and real-time monitoring of

poxy polymerization. The measurements from the MSP indicated
he different stages of these processes as confirmed by a reference

easurement using a commercial impedance analyzer. This work
pens up new design opportunities for impedance sensing devices.

. Experimental

.1. Fabrication of the MSP

The fabrication process starts from micro structuring a copper
attern on a flexible PI-Cu (UPISEL-N BE1410, UBE Inc., Japan) sub-
trate via photolithography and wet etching. Then, a flexible circuit
overlay with an adhesive layer was laser cut, and laminated on the
icro structured circuit at 120 ◦C. Afterwards, organic solderability

reservative was applied to the copper surface. The lead-free solder
aste (DP5505, Interflux, material: Sn96.5Ag3Cu0.5) was dispensed
anually using a dispensing system (UltraSaver, EFD Inc, USA) and

he chips were assembled manually, and they were afterwards
oldered in a reflow oven (IBL SLC300, Siemens). The interdigital
ensor (IDS), the calibration unit and the temperature IC (LMT87,
exas Instruments, USA) were built around a MCU  (ATmega1280,
tmel, San Jose, USA) with an internal 10-bit analog to digital con-
erter (ADC). A temperature insensitive SMD  capacitor of 22 pF
1% precision, 0 temperature drift) was connected to MCU  as the
alibration unit.

.2. In situ monitoring of two epoxies

Two epoxy systems were studied. The epoxy system (Sicomin,
hâteauneuf-les-Martigues, France) is a two-part system compris-

ng the resin (SR8500) and the hardener (SZ8525). The epoxy
ystem (Momentive, Waterford, NY, USA) is a two-part system
omprising the resin (EPIKOTE MGS  RIMR 135) and the hardener
EPIKURE MGS  RIMH 137). For both epoxies, 100 g of resin and 30 g
f hardener were thoroughly mixed and degassed. A MSP, a refer-
nce IDS (design: W = g = 100 �m,  L = 15 mm,  and 40 fingers) and a
eference thermocouple (type K) were placed closely together on

 polydimethylsiloxane mould. Afterwards, the resin mixture was
lowly poured into the mould until completely covering the MSP,
he reference IDS, and the thermocouple. RIMR135 resin was cured
or 40 h at room temperature (22 ◦C), SR8550 were cured at 70 and
0 ◦C. An HP 4284A Precision LCR meter performed the impedance
easurement of the IDS with frequency sweep ranging from 100 Hz

o 1 MHz  with 10 points per decade. A thermocouple data logger
C-08 (Pico Technology, UK) was used for the temperature mea-
urements. The time required per sweep was 5 s for the MSP, 16 s
or the LCR meter, and 5 s for the thermocouple data logger.

. Design of the miniaturized sensor patch (MSP)

.1. System overview

Novel impedance sensing devices are aimed to be applied
n-field or in-body to permit real-time and in situ monitoring func-
ionalities. Hence, for these types of devices to be useful, compact
esigns with integrated readout are desirable. Fig. 1a shows an
xample of in situ structural health monitoring of a polymeric
omposite material using the MSP, where different sensors are

ntegrated in a single platform for multifunctional sensing, such
s impedance (capacitance, conductance) and temperature mea-
urements. The sensor patch should be flexible, small-sized, and
ight-weight to minimize its disturbance to the integrated structure
ors B 261 (2018) 144–152 145

[23–25]. Fig. 1b illustrates the system-level block diagram of the
proposed MSP. The MSP  uses an interdigital sensor (IDS) employ-
ing a readout circuitry and a calibration unit for accurate impedance
measurements and a commercial temperature IC for temperature
measurement. The IDS, the calibration unit and the temperature IC
are built around a microcontroller unit (MCU)  with a 10-bit analog
to digital converter (ADC). Thanks to the on-board MCU, virtually
all commercial sensor ICs can be incorporated to the MSP to further
extend its functionalities. An on-board multiplexer (MUX) switches
between the IDS and calibration unit to the ADC. The microcon-
troller’s serial communication capability is used to transmit the
data to the PC’s virtual serial port through USB. The MSP  is pow-
ered by an external voltage source of 5 V. Its power consumption
depends on the MCU  in use. The MCU  in its present setup consumes
10 mA,  with an input voltage of 5 V and running at 8 MHz, as stated
in the datasheet. A photograph of the fabricated MSP, with a size of
24 mm  × 20 mm,  is shown in Fig. 1c.

The flow chart of the overall measurement scheme of the MSP
is illustrated in Fig. 1d. First, the MCU  is initialized with hardware
configurations. Then, the program selects the first channel, i.e. the
channel with the IDS. The program reads the ADC value and stores
it in the data register; next, the program selects the second chan-
nel, the one with the calibration unit, and the same procedure is
repeated. Afterwards, the program proceeds to the temperature
measurement IC. Finally, all the data are sent to the PC in one go,
and the MCU  loops back after a programmed delay. One complete
cycle takes about 5 s, which is programmable depending on the
actual measurement scenario. Further details on the impedance
measurement is discussed in next section.

3.2. Operating principles of the impedance measurements

3.2.1. Modelling of the impedance readout circuitry
We propose a simple yet effective readout circuitry capable of

rapid and accurate capacitance and conductance measurements
over a wide temperature range (20–180 ◦C), and in various dielec-
tric mediums (e.g. air, epoxies). Fig. 2 depicts the operating principle
of the impedance measurement of the MSP. The readout circuitry
(Fig. 2a), termed the bridge in this article, is built around the MCU.
The upper side of the bridge represents the IDS with a capacitance
of CMUT , and the lower side represents a reference capacitance of
CS . The lossy part of the capacitor is modeled as a parallel resis-
tor, where RMUT , RS is the lossy part of CMUT and CS , respectively.
An interdigital sensor, as shown in Fig. 2b, operated in the fringing
electric field mode as demonstrated by the finite element mod-
elling, is designed for impedance sensing. In an IDS structure, L,
W, g, N, �, stands for the length of the finger, width of each fin-
ger, the spacing between fingers, the number of fingers, and the
metallization ratio (� = W/(W + g)), respectively. These geometrical
parameters are important factors that influence the sensor’s nomi-
nal value and sensitivity [26]. In the section ‘design consideration’,
further details on how to select the design parameters will be dis-
cussed. We  start with both capacitors discharged and both input
and output pin at 0 V. When a voltage, vIN (t), is supplied at the
input, a current will flow through both capacitors. vIN (t)As a result,
the output voltage, vOUT (t), will respond in accordance to vIN (t).
vOUT (t) is a function of, vIN (t), CMUT , CS , RMUT , and RS . By establishing
the input-output relationship of the system, the system parameters
of the circuit can be extracted. Here, the circuit is first analyzed in s-
domain using Laplace transform for the sake of simplicity [27], and
then converted to time domain using inverse Laplace transform.

From Kirchhoff’s current law, we have:

sCMUT (VIN − VOUT ) + VIN − VOUT

RMUT
= sCSVOUT + VOUT

RS
(1)
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Fig. 1. Overview and system design of the proposed flexible, multifunctional, miniaturized sensor patch (MSP): (a) Schematic of the MSP  embedded in a polymeric composite
structure for in situ monitoring of its production process. (b) System-level block diagram of the MSP showing the interdigital sensor and calibration unit for impedance
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easurement, temperature sensor, microprocessor for data processing and comm
abricated MSP. (d) Simplified flowchart of the overall measurement scheme.

e-arranging the equation, we obtain the system’s transfer
unctionH (s):

(s) = VOUT (s)
VIN (s)

= sCMUT + 1/RMUT

s(CMUT + CS) +
(

1/RMUT + 1/RS

) (2)

fter partial fraction expansion, we have:

(s) = CMUT

CMUT + CS
+ Cs/RMUT − CMUT /RS

(CMUT + CS)2s + (CMUT + CS)
(

1/RMUT + 1/RS

)
)

(3)

 square wave is supplied at the input with amplitude of VCC and
uration of T1, i.e.:

IN (t) = VCC (u (t) −  u (t  − T1)) (4)

here u (t) is the Heaviside step function, whose value is zero for
egative argument and one for positive argument. u (t  − T1) stands

or the Heaviside step function that is shifted T1 in time axis. We
btain the s-domain equivalent of vIN (t) through the Laplace Trans-

orm (L):

IN = L
{

V (u (t) −  u (t  − T1))
}

(s) = VCC

(
1
s

− e−T1s

s

)
(5)
ion, wired transmission path, and the PC for data collection. (c) Photograph of the

Finally, vOUT (t) is calculated using the inverse Laplace transform
L

−1{H(s)VIN(s)}(t):

vOUT (t) = VCC

(CMUT + CS)( 1
RMUT

+ 1
RS

)
{[ CS

RMUT
(1 − e− t

� )

+CMUT (
1

RMUT
+ 1

RS
e− t

� )] − [
CS

RMUT
(1 − e− t−T1

� ) + CMUT (
1

RMUT

+ 1
RS

e− t−T1
� )]u(t − T1)} (6)

where the term between the first square bracket describes the
behavior of output in response of input signal, and the second
describes the exponential decaying of the signal after the input
voltage is reset to 0. � is defined as the time constant of the system:

� = (CMUT + CS) /
(

1
RMUT

+ 1
RS

)
(7)

The built-in ADC of the MCU  converts the measured voltage,
v (t), to a 10-bit digitalvalue, ADC counts, with respect to the
OUT

analog voltage reference, VREF . The relationship between them is:

vOUT (t) = ADC counts

1024
VREF (8)
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F he readout electronics. (b) Structure of an interdigital sensor and its operation principle
b e impedance measurements.
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ig. 2. Operating principle of the impedance measurements: (a) Circuit model of t
y  the fringing electric field effect. (c) Simplified flowchart shows the scheme of th

Since the analog voltage reference is internally connected to the
nput, thus VREF = VCC . Inserting Eq. (8) to Eq. (6), we  obtain:

ADC counts = 1024

(CMUT + CS)
(

1
RMUT

+ 1
RS

)
{[

CS

RMUT

(
1 − e− t

�

)
+ CMUT

(
1

RMUT
+ 1

RS
e− t

�

)]

−
[

CS

RMUT
(1 − e− t−T1

� ) + CMUT

(
1

RMUT
+ 1

RS
e− t−T1

�

)]
u (t  − T1)

}
(9)

.2.2. Software implementation of the MSP
The software implementation of the impedance measurement

s shown in Fig. 2c. First, the MCU  is initialized with hardware con-
gurations. Then, an excitation voltage is supplied at the input. The
oftware pauses for a programmed time t1 and reads the ADC, the
ead value is then stored in a data register. Afterward, the soft-
are loops back and the pause-read ADC-store data procedure is

epeated until the programmed time elapsed. Finally, the excita-
ion is removed from the input, a delay time t2 is added before the
tart of the next measurement to ensure both capacitors are fully
ischarged. Each measurement loop is determined by the sum of

1 and t2. In the current implementation, a cycle time of 2.5 s is
rogrammed (5 s for both the IDS and the calibration unit).

.2.3. Design considerations of the MSP
Different choices of the reference capacitance CS would result

n different ADC counts. Fig. 3a shows the predicted CMUT as a func-
ion of ADC counts (ADC count is proportional to measured voltage)
egarding different CS . For instance, when CMUT = 10 pF, ADC equals
o 512, 341, 205 for CS = 10, 20, 40 pF, respectively. In Fig. 3b, change
n ADC counts (�ADC counts)  in function of CS for three measure-

ent ranges, [10 20] pF, [20 40] pF, and [30 60] pF, are plotted.
ADC counts is the difference between minimum and maximum

alue in each range. The determined best CS for above-mentioned

anges are 14, 28, 42 pF, respectively, and the corresponding �ADC
ounts all equal to 175. The corresponding resolutions equal to
.06, 0.11, 0.17 pF. Therefore, CS should be selected based on the
xpected measurement range of CMUT , resulting in a maximum
Fig. 3. (a) Predicted CMUT in function of ADC value with different CS in the bridge.
(b) Expected �ADC as a function of CS for different intended measurement range.

usage of the ADC range. It is worth mentioning that a smaller range,
i.e. increased resolution, can be achieved when a smaller CS is used.
A smaller measurement range of the IDS corresponds to a smaller
sensor design [28]. Therefore, the miniaturization of the sensor is

possible when a smaller CS is used. Since the MCU  has a stray capac-
itance of about 21 pF, this is the minimum value for CS . We  will use
the stray capacitance of MCU  as the CS instead of physically putting
a CS in the readout circuitry. It should be noted that this method is
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Fig. 4. Schematic representation shows the fabrication steps of the MSP: (1) start
from Cu-PI substrate, (2) micro structuring through photolithography and wet  etch-
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ng for creating the sensor and circuit pattern, (3) laser cutting of the flexible circuit
overlay layer, (4) lamination of flexible circuit coverlay with cutout onto the flexible
ircuit board, (5) assembly of the components onto the flexible circuit board.

nly valid if the stray capacitance of the MCU  is stable, and consis-
ent, which was found out to be true from our experiments. Further
etails on this will be discussed later.

An interdigital sensor, which combines geometrical stability,
nd the possibility to access the MUT  (Material Under Test) from
ne side [29–31], is part of the MSP  and used as the sensor for
he complex impedance sensing. Based on the value of CS ≈ 21 pF,
he capacitance of the IDS was designed to fall between [10 40] pF
uring epoxy curing. To miniaturize the sensors with the desired
easurement range, the unit area sensitivity of the sensor to the

hanging dielectric properties should be maximized. Based on our
revious studies [13,28], the maximal unit area sensitivity of the
ensor, within our fabrication limit, is achieved with W = g = 0.1 mm.
he number of fingers, N, and the length of the finger, L, only con-
ribute to the total sensitivity but not to the unit area sensitivity of
he sensor, thus can be chosen with more freedom. Bearing in mind
he desired range of [10 40] pF, and the board layout of the MSP,
he final IDS design was determined to be W = g = 0.1 mm,  N = 30,

 = 20 mm.  The size of the IDS is 120 mm2, and its sensitivity, or
nit area sensitivity is 4.46 pF, 0.025 pf/mm2 respectively.

.3. Fabrication of the MSP

The fabrication of the MSP, as shown in Fig. 4, is based on flexible
rinted circuit board technology [32]. The process is compati-
le with printed circuit board technology, taking full advantages
f existing off-the-shelf SMDs in combination with various chip
ttachment and assembly methods. The process starts from micro
tructuring a copper pattern on a flexible polyimide (PI) substrate
ia photolithography and wet etching. PI is used as the substrate
aterial because of its relatively stable electrical, thermal and
echanical properties over a wide temperature and frequency

ange. Then, a flexible circuit coverlay with an adhesive layer
as laser cut, and laminated on the micro structured circuit at

20 ◦C. The flexible coverlay serves the same function as the sol-
ermask that is used on a rigid printed circuit board to protect the
SP  against oxidation and to prevent solder bridges from form-

ng between closely spaced solder pads. Then, organic solderability
reservative was applied to enhance the solderability of the copper

urface during the next step. At last, passive components, the MCU,
nd the temperature measurement IC were assembled. The fabri-
ated MSP  features an area of 24 mm × 20 mm,  an overall thickness
f 67 �m (Cu: 17 �m,  PI: 50 �m),  and 1 mm in the area with the
tors B 261 (2018) 144–152

MCU. An analog temperature measurement IC was connected to
the MCU  for temperature measurement. A temperature-insensitive
precision SMD  capacitor of 22 pF was connected to MCU  as the
calibration unit.

4. Results and discussion

4.1. Verification of the measurement principle

To validate the operating principle and implementation of the
MSP, capacitors and resistors with known values were assem-
bled around the MSP  according to Fig. 2a. Fig. 5 shows the time
domain response of vOUT (t) with respect to square wave input
vIN (t) for different R-C configurations. The combinations of resis-
tors and capacitors were selected to match the time constant of
the system between 2 �s and 2 ms  using Eq. (7). The solid curves
are the estimated responses using Eq. (6), the blue circles are the
obtained measurements from the MSP. The data follow nicely with
the model. For instance, as shown in Fig. 5a, the system behaves
as a capacitive bridge when the measurement is done sufficiently
shortly after the transient response, i.e., when t → 0, Eq. (6) is
reduced to:

vOUT (t) ≈ CMUT

CMUT + CS
V (10)

and behaves as a resistive bridge when t > 3� & t < T1, e−t/� ≈ 0, Eq.
(6) is reduced to:

vOUT (t) ≈ RS

RMUT + RS
V (11)

The transition time of the system from capacitive to resistive bridge
is positively correlated to the time constant of the system. The resis-
tive bridge zone of the system can always be captured by the MSP
by increasing the length of the input pulse. On the other hand, to
capture the capacitive-bridge zone, the time constant of the system
should be significantly larger (100 times larger) than the minimum
time required by the MCU  to implement the instructions, which
is proportional to the system clock of the MCU. The MCU  used in
this study has a clock speed of 8 MHz, therefore the theoretical
minimum measurement time is in the order of sub-microseconds.
Taking into account the software commands usually take a few
clock cycles, the realistic minimum measurement time is about
1 �s. For example, in Fig. 5a, the measurement covers the com-
plete capacitive-transition-resistive zone, while in Fig. 5b, the tail
of the capacitive zone, and transition-resistive zone were covered,
in Fig. 5c, only the transition-resistive zones, and in Fig. 5d, the tail
of the transition zone and the resistive zone were covered. For a
reactive polymer, its complex dielectric properties, extracted from
measured complex impedance, change over the polymerization.
The time constant of the reactive system, when it is considered in
the bridge system of the MSP, is dominated by its equivalent resis-
tance. Throughout the polymerization, the equivalent resistance
of the polymer changes about 6 orders of magnitude, whereas its
capacitance changes less than 1 order of magnitude. Further results
on using the developed MSP  on reactive polymers is discussed in
Section 4.

4.2. Characterization of the MSP

As previously discussed, we  will use the stray capacitance of the
MCU  as the CS in the bridge instead of physically putting a capacitor.

This method is only valid if the stray capacitance of the MCU  is sta-
ble, and consistent between different MCUs. To test this, the CMUT

in the bridge was replaced by known capacitors. Using Eq. (8), we
were able to calculate the actual CS . 14 MSPs, each with four analog
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Fig. 5. Time domain responses of vOUT (t) normalized to input amplitude V for different R-C configurations. The solid curves are the estimated response by Eq. (6), the blue
circles  are the experimental results. (a) CMUT = 220 pF, CS = 22 pF, RMUT = 10 M�,  RS = 89 M�.  (b) CMUT = 220 pF, CS = 22 pF, RMUT = 1 M�,  RS = 10 M�.  (c) CMUT = 220 pF, CS = 22 pF,
RMUT = 100 k�, RS = 1 M�.  (d) CMUT = 220 pF, CS = 22 pF, RMUT = 10 k�, RS = 100 k�. (For interpretation of the references to colour in this figure legend, the reader is referred to
the  web version of this article.)

Table 1
Details on the consistency of the stray capacitance of the MSP. Results were obtained
with a sample size of 14. Four analog ports (A0-A3) of the MSP  were tested.

Port CS (pF)

A0 20.8 ± 0.8
A1 20.9 ± 0.8
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Table 2
Details on the accuracy of capacitance measurement of the MSP in the range of
10–100 pF.

Nominal
capacitance
(pF)

Measured
value (pF)

Error (pF) Relative error
(%)

10 10.30 0.30 3.0
15 15.08 0.08 0.5
22 21.95 −0.05 −0.2
33 33.09 0.09 0.3
47 46.66 −0.34 −0.7
68 67.32 −0.68 −1.0
100 98.49 −1.51 1.5
A2 21.0 ± 1.0
A3 21.1 ± 1.0

ins (A0 to A3), were connected to temperature-independent pre-
ision capacitors (0 temperature drift, 22 pF nominal value with 1%
rror) to calculate CS . The results at room temperature are shown
n Table 1. The results indicate that the stray capacitance of the

CU  is quite consistent with a value of 21.0 ± 0.9 pF. Between dif-
erent analog pins of each MCU, the variance is small, as they are
onnected to the same ADC through the on-board multiplexer. To
onclude, the stray capacitance of different MCUs, and between
ifferent analog pins of each MCU  is very consistent.

After validating the consistency of the stray capacitance,
he accuracy of the MSP  for capacitance measurement was
nvestigated. Temperature independent precision capacitors (0
emperature drift, 1% error), as the CMUT in the bridge, in the range
f [10 100] pF were built around the MSP  and tested. The results
re summarized in Table 2. An overall relative error of less than 3%
s seen in the range of [10 100] pF.

Temperature dependence of the CS and RS was  tested by replac-
ng the IDS with a temperature insensitive precision capacitor (0
emperature drift, 22 pF nominal value with 1% error). The results,
btained from the time domain response of vOUT (t) with respect to

 square wave input v (t) at specified temperatures (Supplemen-
IN

ary Material Fig. S1), are shown in Fig. 6a. CS changes from 20.4 to
0.0 pF when the temperature increases from 30 to 120 ◦C. On the
ther hand, the RS increases almost logarithmically with increasing
temperature. In addition to the wide temperature range of the MSP,
the MSP  has proved to be reliable over a 17 h cycle at 120 ◦C (see
Fig. S2 in the Supplementary Material).

To test the stability of the MSP  for use in a liquid polymer,
precision capacitors (22 pF with 1% error), were inserted in the
bridge as the CMUT . Fig. 6b shows the ADC readout of the MSP
before and after immersing in a room temperature (22 ◦C) liquid
epoxy (RIMR135 + RIMH137). As can be seen, the ADC counts on
the capacitive zone remains unchanged after immersing in epoxy.
As a result, the calculated CS remains nearly constant (20.4 pF to
20.7 pF). On the contrary, the curve diverges when the transient
time is increased, showing a change in the resistive zone of the
bridge. The calculated Rs decreases from 692 G� to 9 G�. The result
suggests that the stray capacitance of the MCU  remains constant
even in contact with a liquid epoxy, enabling a simple method to
calculate the CMUT using Eq. (8). On the other hand, Rs is both depen-

dent on the temperature and the medium in contact. Therefore Rs

can only be obtained using Eq. (6).
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Fig. 6. (a) Temperature dependence for the impedance measurement: Calculated CS and GS(GS = 1/RS) between 30 and 120 ◦C. (b) Stability of the MSP  for use in a liquid
polymer. Calculated parameters without epoxy are: CS = 20.4 pF, RMUT = 3E10 G�, RS = 692 G�; parameters with epoxy are:CS = 20.7 pF, RMUT = 10 G�, RS = 9 G�.
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.3. In situ monitoring of epoxy polymerization using the MSP
Epoxy is one important polymer material that is extensively
sed in many industrial applications, such as aerospace, wind
nergy, automotive, construction. Polymerization of epoxy is a
omplex process, during which the material undergoes dramatic
MSP  compared to IDS + LCR meter: (a) Evolution of complex impedance for RIMR135

chemical, and physical changes [33,34]. To ensure the quality of
epoxy matrix composites, and improve energy efficiency for the

production process, monitoring of the polymerization process is
important. Starting materials for epoxy are low molecular-weight
organic liquid resins which contain permanent dipole groups and
ion species that align with the external electric field. During the
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ross-linking of polymer chains, a 3D polymer network is formed,
ccompanied by the increased resin viscosity, and glass transition
emperature [35]. The resulting changes of the measured capac-
tance, and conductance from an external electric field, provide
he basis of impedance spectroscopy for the monitoring of reactive
olymers.

In this work, the polymerization processes of two commercial
poxy resins: RIMR135 and SR8550 were studied. In situ real-time
apacitance and conductance measurements, from both the devel-
ped MSP  and IDS + LCR meter, are shown in Fig. 7. The circles are
he results from the MSP, and the solid curves are the results from
he LCR meter. The results of the MSP  were obtained from the time
omain response of vOUT (t) with respect to a square wave input vIN

t).  Further details are available in Supplementary Material Fig. S3.
At the beginning of the experiment, large increases in capaci-

ance (from ∼10 pF to ∼40 pF) and conductance (from 10E-12 to
0E–6 S) from both measurements, due to the change of MUT  from
ir to liquid epoxy, were seen when the resin flowed over the sen-
or, as shown in Fig. 7a. At the early stage of the polymerization,
igrational ions were capable of travelling between the sensor

lectrodes due to the low viscosity of the resin. Electrode polariza-
ion phenomena occur [36], leading to higher capacitance at lower
requencies (from the LCR meter). This phenomenon is more visi-
le in Fig. 7b and c, where the mobility of the ions was enhanced
t higher temperatures. The capacitance measurement of the MSP
as slightly lower than 1 MHz  measurement of the LCR meter, since

he capacitance in the MSP  was measured using a square wave
nput (with a rise time of 6.7 ± 1.2 ns measured by the oscilloscope),

hich had a higher equivalent frequency than that of the LCR meter.
n the meanwhile, the conductance of the resin was  dominated by
he ionic conductivity, proven by the similar conductance measure-

ents for both the MSP  and the different frequencies from the LCR
eter for all the experiments. Since the ionic conductivity was a DC

omponent, the measurements between the MSP  and the LCR meter
ere the same despite the differences in measurement principles.
nlike the monotonically decreasing trend of capacitance and con-
uctance seen in Fig. 7a, increases of them were seen in Fig. 7b and c,
ue to the temperature rise, since the dielectric properties of poly-
ers are known to be temperature dependent. The selectivity of the
SP  is crucial, because temperature variance during epoxy poly-
erization can affect the sensor readings. Supplementary Material

ig. S4 shows that the temperature dependence of impedance mea-
urement for fully cured epoxy over the temperature range of
0–110 ◦C is far less pronounced compared to the polymerization
rocess itself. During the curing of the resin, cross-linking of poly-
er  chains resulted in the growth of a polymer network with higher
olecular weight. A higher molecular weight means more entan-

lement at the molecular level, and higher viscosities, leading to a
estricted ionic diffusion. Electrode polarization disappeared from
igher frequencies to lower frequencies. The restricted ion mobility
lso led to the stepwise decrease of conductance. And at higher fre-
uencies from the LCR meter, the equivalent conductance diverged
rom the decreasing trend of ion conductance.

Along with the curing progress, the Tg of the resin contin-
ed to increase and approached to the cure temperature, causing
he vitrification, i.e. the glass formation, of the epoxy. During
he vitrification, the polymerization was inhibited, shifting from

 chemical-controlled to a diffusion-controlled process because of
he increasing viscosity of the system. As a result, the capacitance
nderwent a frequency dependent sigmoidal decreasing transition,
hen, independent of frequency, reached to asymptotic values. The

SP  was capable of measuring small changes of capacitance as

ompared to the LCR meter at the end of the polymerization (See
ig. S5 in Supplementary Material for details). The asymptotic val-
es suggested lack of additional cross-linking that would further
estrict the mobility of the dipoles, thus indicating the end of the
ors B 261 (2018) 144–152 151

polymerization. In the meantime, the conductance continued to
drop and reached to asymptotic values. The developed MSP  could
measure a lower value of the conductance for all three experiments
as compared to the LCR meter. For instance, in Fig. 7a, the conduc-
tance measured by 100 Hz from LCR meter dropped from 1E-9 to
1E–10 S from hour 15 to hour 40, while that measured by the MSP
changed from 1E-9 to 1E–12 S.

In summary, along the polymerization, the capacitance from the
MSP  followed a similar trend to the 1 MHz  measurement from the
LCR meter. On the other hand, the MSP  was  capable of measuring
lower conductance. Furthermore, the on-board temperature mea-
surement capability complemented the impedance measurements,
and furthered the understanding of the polymerization process.
To explore the reproducibility and long-term stability of the MSPs
for in situ monitoring of epoxy polymerization, a set of four MSPs
was characterized. Results of reproducibility and long-term sta-
bility studies (Supplementary Material Fig. S6) indicate that the
responses of the MSPs were consistent over a period of at least
nine months. It was  observed that the sensors had a relative stan-
dard deviation of less than 3% throughout the experiments, and the
sensors had approximately the same response after embedded in
the fully cured epoxy for 2 days, and for 9 months, respectively.

5. Conclusions

In this work, we designed and fabricated a flexible multifunc-
tional miniaturized sensor patch through flexible printed circuit
board fabrication processes, for rapid, localized, stable, and accu-
rate impedance and temperature measurements. The fabrication
of the MSP  was compatible with flexible printed circuit board
technology, allowing facile integration of microcontroller with the
developed IDS, and other functional devices for various purposes.
Thanks to the integrated microcontroller, the data of various sen-
sors were processed locally and transmitted in a digital form,
minimizing the influence of the noise on the data over a long
distance. Complex impedance sensing was  achieved through the
combination of the interdigital sensor and a simple readout cir-
cuitry. The developed MSP  was  integrated in reactive polymers for
real time and in situ monitoring of their polymerization processes.
The MSP  clearly indicated the flow-front, curing, end of curing of the
polymers, which were confirmed by a commercial impedance ana-
lyzer. Our results demonstrate the potential of the proposed sensor
patch as an integrated solution for in situ and real-time impedance
sensing device.
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