


Abstract—  Sensors  made  on  flexible  and  textile  substrates
have gained a lot of attention in scientific communities because of
their wearability, portability, and continuous functionality. With
recent  technological  developments,  the  fabrication  costs  have
been reduced, and there is an increasing number of such sensors.
In addition to the fabrication of flexible and textile sensors, the
development  of  the  corresponding  readout  electronics  is  still
demanding task, which can be divided into three main subfields:
development  of  the  appropriate  measurement  method,
realization  of  the  corresponding  instrumentation  device
(hardware)  and  data  processing  of  the  obtained  results.  This
article  outlines  methods  for  ensuring  accurate  readings  from
resistive and capacitive sensors using microcontrollers, as well as
wireless readings from resistive sensors and passive LC sensors,
and implementation of  such methods in low-cost  and portable
devices.  Moreover,  methods  for  data  processing  based  on
modelling with the equivalent electrical circuits and parameter
estimation methods are also discussed. 

Index Terms—Cole model, e-textile, instrumentation, wearable
sensors.

I. INTRODUCTION

Textile sensors are becoming very popular because of their
advantages in terms of stretchability and flexibility, initiating
the novel paradigm in electronics that lowers use of standard
rigid  materials,  with  devices  that  are  mostly  wearable  and
integrated in clothes  [1]. Even though textile and stretchable
electronics is a very promising field, as we discussed in more
details  in  Section  II,  it  is  still  under  development  with
progress  in  research  that  will  make  integration  of  power
supply, signal transmissions and interconnects formation more
reliable  and  convenient  [2].  Durability  and  mass
manufacturability are also  important questions  [3]. Changes
in  properties  of  conductive  threads  due  to  repetitive  and
instantaneous electrical  [4], and mechanical stressing  [5] are
also  reported  as  important  parameters  that  have  to  be
considered prior to the design of textile-based sensors.

At  the  Faculty  of  Technical  Sciences  in  Novi  Sad,  a
research  group  within  the  H2020  STRENTEX  project  is
devoted to the developments of textile and flexible electronics
[6]. In the rest of this invited paper, we will present the main
results  in  the  fields  of  manufacturing  textile  and  flexible
sensors,  as  well  as  the  positioning  of  such  results  in  the
context of current state of art.
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The remainder of this article is structured in the following
manner: In Section II, the main types of textile and flexible
sensors:  resistive,  capacitive,  and  passive  LC  sensors  are
presented. Measurement methods and hardware prototypes for
sensor  readout  are  described  in  Section  III.  Methods  for
processing  data  obtained  with  sensors  are  summarized  in
Section  IV.  Section  V  contains  concluding  remarks  and
proposals for future research.

II.SENSORS ON TEXTILE AND FLEXIBLE SUBSTRATES 

A. Resistive sensors

In general, resistive sensors are composed of the materials
that  change  their  resistance  caused  by  changes  in  sensing
variable(s). The basic formula for resistance  R calculation of
linear and homogenous resistor:  R=ρ×l/S, where ρ is specific
resistivity of the material,  l is the length and  S is the cross-
section area, reveals three fundamental sensing mechanisms.
For example,  anisotropic magneto resistive (AMR) material
change  their  resistivity  because  of  change  in  the  angle
between the direction of electric current and the orientation of
magnetization  [7], [8]. The application of AMR materials in
fabrication  of  thermal  spray  sensors  was  reported  [9].
Moreover, temperature dependence of the specific resistance
enables  realization  of  temperature  resistive  sensor,  even  on
paper substrate [10]. Resistance change because of changes in
length is very reliable approach for strain sensing [11].

The  potential  of  textile-based  resistive  sensors  has  been
perceived by huge number of research groups [12]. The most
common realization is based on direct knitting/embroidering
of  conductive  fibers(threads)  into the  textile  fabrics,  or  the
coating  of  various,  including  piezo-resistive  materials,  for
example, on a fabric [13]. Several examples of textile resistive
sensors  can  be  given,  such  as  strain  and  displacement
transducers for respiration monitoring  [14], pressure sensors
[15], or piezoresistive respiration monitoring sensors [16].

B. Capacitive sensors

The basic capacitive structure is composed of two parallel
conductive plates with dielectric material between them [17].
Such  realization  enables  detection  in  capacitance  changes
caused by the change of dielectric properties of the material
between the plates,  the distance between the plates or  their
overlapping area  [18], [19]. However,  the advantages of the
planar interdigital capacitors (IDC) in terms of low size and
costs, are well recognized especially in fabrication of sensors
for moisture, humidity, and liquid level  [20], humidity  [21],
cable insulation defect detection [22], monitoring of insulation
aging [23], or gas monitoring [24].

The trend  of  IDC textile  sensors  is  also noticeable  [25],
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with reported realizations of sensors for monitoring pressure
[26],  [27],  humidity  for  respiration  monitoring  (Fig.  1(a))
[28],  force  [29],  human  motion  detection  [30],  or  fluid
detection in biomedical applications (Fig. 1(b))  [31], as well
as tactile sensors [32].
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Fig. 1.Embroidered IDC sensor for (a) respiration monitoring  [28], (b) fluid
detection in biomedical applications [31].

C.LC sensors

Structures  composed  of  connection  of  inductive  (L)  and
capacitive  element  (C)  are  commonly  referred  to  as  LC
sensors.  Commonly,  the  role  of  inductor  is  to  establish
inductive  coupling  with  the  external  reader,  while  the
capacitive element has a sensing purpose. The passive nature
of LC sensors promotes them to a very reliable choice in cases
where battery-less operation is needed, or sensors should be
implantable  and/or  placed  in  hazardous  environment.   LC
sensors  enable  remote  monitoring  of  temperature  [33],
temperature and humidity  [34], moisture  [35], pressure  [36],
relative humidity [37], strain [38], pH [39], wind speed [40],
or wound monitoring [41].

The development  of  textile  LC sensors  is  of  interest  for
various fields, such as the RF energy harvesting [42], human
physiological  monitoring  [43],  pressure  sensing  for  human-
interactive  sensing  [44],  or  methanol  contamination  of
alcoholic drinks [45].

III. MEASUREMENT METHODS AND INSTRUMENTATION FOR

VARIOUS TYPES OF SENSORS

A. Microcontroller-based readout of resistive sensors

Typically, the process  of reading resistive sensors with a
microcontroller  involves  converting  resistance  into  a
measurable  variable  that  can  be  interpreted  by  the
microcontroller's  peripherals.  Two  approaches  are  very
common:  (1)  resistance  to  voltage  conversion,  and  (2)
resistance to time conversion [46].

The conversion of resistance to voltage is achieved through
the utilization of a voltage divider circuit  consisting of two
resistors:  a  reference  resistor  R and  the  resistor  being
measured Rx, as shown in Fig. 2. 

Rx

R
Vin

Vcc

ADC

Vref

n
ADC 
code

Fig.  2.   Electrical  schematic  of  the  voltage  divider  circuit  used  for  the
microcontroller-based resistance measurement.

Voltage Vin at the junction point of R and Rx

V ¿=
R x
R+R x

×V cc (1)

is  sampled  with  the  internal  analog  to  digital  converter
(ADC),  and  the  corresponding  digital  value  n is  obtained.
Digital value n is limited to range from 0 to N-1, where N is
the number of quantization steps  of the ADC.  N is  usually
calculated based on the resolution of the ADC; it is 210=1024
in case of 10-bits ADC. In most cases, the voltage reference
(Vref) for an ADC is equivalent to the voltage supply (Vcc), but
it can be different. If  Vref=Vcc, discretized value of unknown
resistance Rx can be expressed as [46], [47]:

R x(n)=
n
N−n

×R (2)

The measurement  accuracy  with the presented  method is
affected by the quantization error (n is an integer), typical ±2
LSB (Least  Significant  Bit)  accuracy  of  the  ADC and  the
tolerance of the reference resistor R.

To convert resistance into time, a reference capacitor C and
internal  timer  of  microcontroller  are  utilized.  The  timer
measures  the  time  interval  required  for  the  voltage  on
capacitor  C to reach 63.2% of its final value (Vcc) during the
charging process, as shown in Fig. 3.
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Timer 
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0.632×Vcc
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Fig. 3.  Electrical schematic of the circuit used for the microcontroller-based
measurement of resistance to time ratio.

Measurement procedure is controlled and synchronized by
the  microcontroller.  Two  digital  pins  and  one  analog  are
needed. Prior to the measurement, the capacitor is discharged
using the digital  pin set to logical low state (0 VDC). That
digital pin is in high impedance (HZ) state after discharging.
Another digital pin is used to charge the capacitor C over the
resistor, which resistance  Rx should be determined. With the
set  of digital  pin to logical  high, the timer is  also initiated.
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Voltage  on  the  capacitor  C is  measured  with  the  internal
ADC. After the voltage Vin reaches 63.2% of Vcc, the timer is
stopped.  Measured  time  tcharge is  equal  to  the  time constant
RxC,  enabling  the  calculation  of  Rx.  The  measurement
accuracy  with  the  presented  method  is  affected  by  the
quantization error  and  ±2 LSB uncertainty of  the ADC,  as
well as the tolerance of the reference capacitor  C, and timer
resolution.

In  our  recent  study  [46],  we  compared  the  presented
methods  in  terms  of  the  measurement  accuracy,  speed  and
complexity. Six resistors with the nominal resistance in range
from  1  kΩ  to  51  kΩ  and  1%  tolerance  were  used.  The
microcontroller ATmega328P was used with internal 10-bits
ADC and  8-bits  timer  resolution.  Vref was  set  to  Vcc.  Two
power supply options were tested: battery-based and through
an  USB  port.  Obtained  values  were  compared  against  the
readings of Sanwa CD770 digital  multimeter.  Based on the
conducted  experiments,  it  was  noticed  that  resistance  to
voltage conversion had better accuracy and faster readout. In
addition to that, it requires less components without need for
digital pins. However, nonlinear transfer function and higher
vulnerability  to  the  power  supply  fluctuations  were  also
noticed [46].

B. Microcontroller-based readout of capacitive sensors

A very common challenge in readout of capacitive textile
sensors is their relatively low capacitance. In case of IDCs,
typical values are in range of picofarads, with some reported
values as 5 pF-13 pF for pressure sensor [48], or 4 pF-10 pF
for humidity (respiration monitoring sensor) [28]. 

Approach  for  capacitance  C estimation  from  impedance
measurement  can  be  a  very  challenging  task and  relatively
high operating frequency  f is  needed,  due  to  the  reciprocal
relationship  between  measured  impedance  Z with  f and  C:
Z=(2πfC)-1. Otherwise, measured impedance can be very high,
requiring measurement device with advanced complexity [49].
However,  high  frequency  measurements  include  more
parasitic  than  the  low  frequency  measurements  and  might
require  high  quality  components.  Another  group  of
approaches is based on DC measurement. Like the resistance
there are two options: (1) capacitance to time conversion and
(2) capacitance to voltage conversion.

The process of converting capacitance to time employs the
same  circuit  and  methodology  as  the  resistance  to  voltage
conversion,  but  resistor  R is  the  reference  element  and
capacitance  Cx should be estimated from the measured time:
Cx=tcharge/R.  However,  to  overcome  limitations  of  time
measurement with microcontrollers in terms of resolution (it
is  4  µs  for  ATmega328P  with  16  MHz  clock  and  timer
prescaler of 64), a resistor with high resistance is needed. For
the  given  specifications  of  ATmega328P,  the  reference
resistor  with  resistance  of  4  MΩ  is  needed  to  be  able  to
measure  the  capacitance  of  Cx=1  pF.  The  corresponding
resolution in capacitance measurement is 1 pF, which means
that the next measurable value of capacitance is 50% higher (2
pF).  Keeping  in  mind  that  typical  sensor  response  can  be
much smaller than 50%, this approach becomes very limited

for practical applications.  
The  capacitance  to  voltage  conversion  employs  the

capacitive  voltage  divider  topology  (Fig.  4),  which  closely
resembles the circuit used for resistive voltage divider shown
in  Fig.  2,  but  resistors  are  replaced  by  capacitors  (one  is
reference C, another one is to be measured Cx). 

Vin

Digital pin 
for 

charging

ADC

Vref

n
ADC 
code

C

Cx

Digital pin 
for 

discharging

Fig.  4.   Electrical  schematic  of  the  voltage  divider  circuit  used  for  the
microcontroller-based capacitance measurement.

Voltage Vin at the junction point of C and Cx

V ¿=
C

C+C x

×V ref (3)

is  sampled  with  the  internal  analog  to  digital  converter
(ADC), and the corresponding digital value n is obtained. The
discretized value of unknown capacitance Cx can be expressed
with:

C x(n)=
N−n
n
×C (4)

The  measurement  of  low  capacitances  requires  special
attention because C cannot be too high, when compared to the
unknown capacitance, as it can put ADC to the lower 20% of
scale  which  is  usually  not  much  reliable  as  the  20%-80%
range. Moreover,  low-valued capacitors have a high price if
high tolerance is needed, which is the requirement in the case
of  reference  capacitors.  Multimeters  with  included
capacitance measurement usually do not have possibility for
reliable  measurements  in  picofarads  range.  For  example,
Sanwa CD770 digital multimeter can measure capacitances as
low  as  50  nF  [50].  We  proposed  in  our  recent  paper  an
innovative approach in which internal capacitance associated
to  pin  of  the  microcontroller  can  be  used  as  the  reference
capacitor  [28].  Such an approach enabled realization of the
readout  system  that  consists  of  the  single  microcontroller
board without any external components. More importantly, it
was  possible  to  have  reliable  readout  of  an  embroidered
capacitive facemask sensor, as shown in Fig. 5.
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Fig.  5.   Alterations  in  the  capacitance  of  the  facemask  sensor  for  breath
monitoring [28].
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Testing with 10 volunteers and three respiration rhythms,
showed that the proposed method was capable of measuring
86  breaths  per  minute,  and  the  capacitance  value  changed
from  
5 pF to 10 pF [28].

C.Wireless readout of resistive sensors

The wireless readout of resistive sensors is of significant
importance since it overcomes the limitations associated with
traditional  wired interfaces  (subsection  III.A)  in  application
which sensors  are placed in inaccessible place (implantable
sensors)  or  in harsh environments  (sensors  for  toxic gasses
detection),  as  well  as  in  application  with  limited  energy
resources  [51]–[53]. In our recent work  [54], we maintained
the simplicity of the resistance to voltage conversion process
by using the voltage divider circuit (Fig. 2), but instead of the
ADC, we included a varactor diode connected in parallel with
the planar inductor, which allows for the resonance frequency
to be shifted as a result of variations in the sensor resistance.
The block schematic of such an approach  is shown in Fig.
6(a). By the simple inductance/impedance measurement of the
readout inductor  Lr it is feasible to detect the frequency shift
resulting  from  variations  in  resistance  of  resistive  sensors
from 1 kΩ to 20 kΩ, as shown in Fig. 6(b). The varactor diode
SMV1237 was used, with reference resistor of 4.7 kΩ, power
supply of 5 V and assumed coupling factor of 0.25.

By utilizing the suggested approach,  it  was achievable to
perform a wireless readout of a resistive force sensor (FSR-
402) while subjecting it to a load through the tension testing
system  (34SC-2,  INSTRON,  USA).  Measurements  of  six
loads  (0  N,  2  N,  7.5  N,  20  N,  50  N,  and  100  N)  were
effectively  obtained  within  the  0  N  to  100  N  range.
Calibration  curve  (second  order  polynomial)  was  obtained
with  R2=0.9386  [54].  More  importantly,  advantages  of  the
proposed method over the resistance to voltage and time that
have  been  identified  are  smaller  energy  consumption  and
ability to have wireless readout. However,  higher price was
also estimated [54].
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Fig. 6.  (a) Block schematic of the method for wireless readout of resistive
sensors,  (b)  frequency  shifts  due  to  the  change  in  resistance  of  resistive
sensors observed with inductance measurement of the primary inductor.

D.Wireless readout of passive LC sensors

The traditional technique for reading LC sensors involves
inductive  coupling  and  laboratory  equipment  such  as
impedance  analyzers  or  vector  network  analyzers.
Nonetheless,  utilizing  this  approach  for  in-situ  applications
outside  of  a  laboratory  is  restricted  due  to  the  high  cost,
energy constraints, and the need for post-processing of data.
Therefore,  the  creation  of  dependable,  cost-effective
microcontroller-based devices for interfacing with passive LC
sensors is a significant objective since it can allow for broader
use of such sensors in practical real-world applications.

We  recently  published  a  study  where  we  introduced  a
method for  reading  passive  LC sensors  within a  frequency
range of 1 MHz to 10 MHz [55]. The portable device is based
on the Arduino Uno board, while integrated circuit AD9833
was  used  for  sinewave  generation.  Block  schematic  of  the
proposed method is shown in Fig. 7(a). 

The reconstruction  filter  utilized  in  the proposed  method
was  a three-stage  LC circuit,  with the amplifier  and buffer
relying  on  the  ADA4891-1.  The output  of  the  diode-based
peak detector, which was constructed using a diode 1N4148
and  an  RC filter,  was  sampled  using  the  internal  ADC of
ATmega328P.  The  hardware  prototype  of  the  suggested
architecture is demonstrated in Fig. 7(b) and Fig. 7(c).
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Fig. 7.  (a) The block diagram of the constructed device used for wirelessly
reading passive LC sensors, (b) hardware outcome of the readout scheme, and
(c) hardware prototype of the assembled device.

The proposed system was verified with 10 LC sensors, and
accuracy  was  compared  against  the  commercial  impedance
analyzer (Hioki IM7585). Obtained relative differences were
smaller  than  4%.  The  realized  system was  tested  for  three
distances  form  LC  sensors  (1  mm,  5  mm  and  10  mm).
Additional  innovative  aspect  was  proposed  with  aim  to
increase  the  readable  distance  between  the  device  and  LC
sensor. By employing a numerical approximation of the first
derivative of the obtained voltage, we were able to increase
the maximum distance to 20 mm, and low coupling factor up
to 0.005 which is 16 times lower than the lowest value in the
relevant literature [56].

IV. DATA PROCESSING

A. Basics of Electrical Impedance Spectroscopy

Electrical  Impedance  Spectroscopy  (EIS)  is  widely  used
method  for  the  analysis  of  electrochemical  process,  and
characterization of biological  tissues  [57],  [58]. It  is a non-
invasive  approach  that  allows  electrical  characterization  of
different structures as a function of frequency. Collected data
is  electrical  impedance  in  complex  form,  composed  of
resistance  and  reactance,  or  impedance  modulus  and  phase
angle. Obtained impedance is typically presented in the form
of the Nyquist plots (negative signed reactance as a function
of resistance) or Bode plots (impedance modulus and phase
angle versus frequency), as it is shown in Fig. 8. 
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Fig. 8.  (a) Nyquist plot, (b) Bode plot.

In some applications, it is possible to observe only change
of impedance values due to the change in analyzed process,
and to create a transfer function that will link, for example,

impedance  modulus  and  pH  value  of  the  solution  [59].
However,  impedance  can  be  changed  because  of  various
impacts  which  may result  in  faulty  readings.  One  possible
solution to overcome that limitation is the use of equivalent
electrical  circuits  (model)  in  which  parameters  will  have
physical interpretation linked with the analyzed process.

B. Application of equivalent electrical circuits in modelling of 
electrochemical systems and processes

Electrochemical processes and systems are usually modeled
with  the  Cole-impedance  model  which  consists  of  four
parameters [60]. The equivalent electrical circuit representing
the Cole-impedance model is depicted in Fig. 9. 

R�

R0-R�

CPE (C, α)

Fig. 9.  The Cole-impedance model's equivalent electrical circuit.

The complex impedance of the equivalent electrical circuit
illustrated in Fig. 9 can be expressed as follows:

Z (ω )=R∞+
R0−R∞

1+(R0−R∞)C ( jω)α (5)

It should be noted that the Cole-impedance model is more
general representation of the simplified Randles circuit  [61],
and Fricke-Morse circuit  [62]. Under specific circumstances,
those three circuits are ispospectral. 

In a recent  paper,  it  was demonstrated that  by using EIS
analysis  of  a  flexible  sensor  for  bacteria  detection  and  the
Cole-impedance model,  it  is feasible to distinguish between
various  types  of  bacteria  (Pseudomonas  aeruginosa and
Staphylococcus aureus) and their concentration, ranging from
1.5×102 CFU/mL  to  1.5×108 CFU/mL  [63].  Based  on  the
different  size,  shape,  influence  on  the  dielectric  and
conductive  solution  properties,  a  larger  value  of  model
parameters was obtained for Staphylococcus aureus. 

Another  example  is  EIS  analysis  of  the  graphene-based
microfluidic platform for ascorbic acid detection [64], as well
as  detection  of  prolonged freshness  of  fruit  and  vegetables
with addition of edible protein-based foil [65].

V. CONCLUSIONS

Although the development of sensors on textile and flexible
substrates  is  a  very  important  for  various  fields,  from
biomedical  applications  to  the  energy  harvesting,  it  is  also
important to develop the corresponding measurement methods
and  reliable  instrumentation  that  will  enable  use  of  such
sensors in applications outside the laboratory conditions. 

In this paper we summarized some recent approaches for
interface of different types of textile/flexible sensors with the
measurement and data acquisition devices. With the reported
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experiences  in  the  developments  of  microcontroller-based
readout  of  resistive  and  capacitive  sensors,  wireless
measurement  of  resistive  and  passive  LC  sensors,  and
implementation  of  such  methods  in  low-cost  and  portable
devices, we hope that this paper will help the continuation of
progress in this very important field.
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