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Abstract
Clothing pressure is considered the essential factor affecting the comfort of clothing, so it is crucial that it is
measured precisely. The purpose of this study is to construct a prototype using the Adafruit Flora as the Arduino
system, which can be used as a wearable framework for easy, low-cost, and precise clothing pressure measurement. The study also aims to determine how best to conduct the procedure of sensor calibration. To optimize the
accuracy of the sensors, the calibration procedure was implemented using mathematical methods that combined polynomial and exponential regression in a hybrid approach. The prototype can easily measure clothing
pressure even during active movements, as seen in the detection of stable signals. In addition, since the system
was specifically proposed as a wearable patch that can be easily attached and removed as necessary, it can also
be used to standardize the value of clothing pressure in each movement.
Key words: Clothing pressure, Pressure measurement, Sensor calibration, Arduino system, Wearable patch
prototype

I. Introduction

However, the air-pack type is expensive and difficult
to approach due to the complex method of measuring
a specific point of the curved shape of the human body. Also, this air-pack type is usually measured in the
standard position because of its balloon shape that can
be easily damaged by any aggressive movement or
from high clothing pressure. However, clothing pressure
measured at the standard position and at the dynamic
position can be different even when the sensor is at the
same location on the body (Luo et al., 2016). Furthermore, the direct measurement of clothing pressure needs
to be flexible, sufficiently thin and tractable in order to
measure clothing pressure at dynamic positions for the
improvement of wearer's comfort, especially in sportswear development where comfort has a direct impact
on the wearer's performance.
Choosing a sensor that is convenient to use is also
important in direct measurement of pressure. The sensor that can easily be replaced and managed when bro-

Comfortable wearing is the crucial factor when garments are conducted, especially in the sportswear design field since the aspect of comfort is closely related
to body movement. Clothing pressure is the important
index to evaluate in wear comfort because it is considered as the essential factor affecting comfort wear when
sportswear is developed. Due to this reason, it is important that clothing pressure is measured precisely. A
direct method is a straightforward method to measure
clothing pressure. Many researchers used to propose
the determination of clothing pressure value through
direct measurement of clothing pressure on the human
body when developing clothing specifically for comfort. For instance, the air-pack type is typically used to
directly measure clothing pressure (Lee & Hong, 2013).
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ken due to its widespread availability and low cost
should be used. Also, to directly measure clothing pressure in a flexible and tractable method, the material
used for the sensor should be elastic enough to account
for the changes in skin surface and joints during movement to further decrease discomfort of the subjects.
For that, this study used the Arduino system with a
sensor. Arduino system is an open-source electronic
platform that receives various input signals, including
pressure sensors, then produces diverse outputs, such
as display panels, motors, lights, etc. (D'Ausilio, 2012).
This system includes an input and output microcontroller board and software programming to run the given tasks. The most distinct advantage of Arduino is
the ability to utilize the open source without any basic
knowledge in programming codes. The open- source
code can be developed for the specific purpose through
diverse modification. Non-Expert users can also easily utilize the programming code. Especially, Adafruit
Flora module is a small model of Arduino system that
can use conductive threads to construct circuits for the
clothing field, which are also currently used in the
health care clothing, LED light decoration, posture detection, safety vest, etc. (Hartman, 2014; Jutila et al.,
2014; Marshall et al., 2019; Randhawa et al., 2018;
Song & Vega, 2018).
Thus, the purpose of this study is to construct the
prototype of a wearable measurement system with low
cost and accessible measurement of clothing pressure
using the Arduino system during dynamic movement.
In particular, the Adafruit Flora platform, which is thin
enough to not interfere with the movement, was applied on the fabric to collect validated data through the
organization of circuits and platform design. Also, in
order to precisely measure clothing pressure, this study shows how to implement the calibration procedure
of the sensors using the prototype.
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sors need to be first determined. Pressure sensors have
been used in many researches, including the decubitus
ulcers (bedsores) in medicine as well as force detection in engineering. These pressure sensors have used
a force sensing resistor (FSR), which has a price range
between $10-20. For the wearable pressure measurement, this study considered FSR RA9P (12 mm × 9
mm) and RA12P (14.15 mm × 12 mm) since the sensor
size of the air-pack to measure the pressure of a small
curved surface area, such as the knee, is 15 mm (Technox Inc., n.d.). For this study, FSR RA12P was selected,
whose sensing range is 0.005-4.000 kgf/cm2 (0.49392.27 kPa), since RA9P sensing area is too small to
precisely measure the pressure in loads. In addition, for
the accuracy of the sensor, this study implemented the
calibration procedure.
To read the FSR pressure sensor, FSR with a fixed
resistor (RFSR) is connected to the VCC while the other
end of FSR is connected to a pull-down resistor (RPDR).
In order to create a voltage divider, ADC input from
Arduino is connected to the point between RFSR and
RPDR (Fig. 1).
To fulfill sensor calibration procedure, this study
used loads of 20 g (1.96 kPa), 30 g (2.94 kPa), 50 g
(4.90 kPa), 70 g (6.86 kPa), 100 g (9.81 kPa), and 200
g (19.61 kPa). Other researchers suggested the ranged
of pressure values for their researches in the clothing
pressure aspect, which are 1.06-2.70 kPa (Liu et al.,
2008), 2.60-3.37 kPa (Areces et al., 2015), and 1.50-

II. Methods
Vcc: Voltage common collector; RFSR: FSR with a fixed
resistor; Vo: Voltage out; RPDR: Pull down register; GND:
Ground

1. Calibration Procedure
For the measurement of the pressure system, sen-

Fig. 1. The system for the sensor calibration.
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5.60 kPa (Wahl et al., 2012). For this study, literatures
and the sensor manual were referenced to decide the
range of the loads. Even though the sensing range used
in this study is 0.005-4.000 kgf/cm2 (0.49-392.27 kPa),
the measured values are inaccurate if loads under 200
g were used (Marveldex, 2020). Due to this reason,
maximum load was decided as 200 g to limit the measurement range of the prototype for this study. On the
other hand, the minimum load for this study was 20 g
because the sensor has difficulty detecting pressure
for loads under 20 g. Therefore, in order to accurately
measure pressure application, the range of calibration
appropriate for the sensor used in this study was determined to be above 2.00 kPa. Each load was measured 10 times <Fig. 2> and the obtained average was
used for the calibration. Also, the measured values denoted as the “pressure values” were represented with
analog reading values. Since the graph lines in the <Fig.
2> shown are non-linear curve, this study constructed
the mathematical models, including polynomial regression (Edwards, 2007) and exponential regression
(Wei & Zhu, 1997), to obtain values that are closest to
the actual pressure values.

The least square method <Eq. 2> was implemented
to minimize the error between the predicted and the
measured value in order to calculate the a, b, and c parameter values.
...... Eq. 2.

where, S is the error between the predicted and measured value, y is the force, and x is the sensor reading
value.
Calibration procedure was implemented using the
obtained a, b, and c parameter with the averages of
each load (Eq. 3).

...... Eq. 3.

The graph shows the lines of predicted values obtained through calibration versus the actual measured
values (Fig. 3). As seen in <Fig. 3>, the polynomial model showed uncertain error around the range of force
30 g.

1) Polynomial Regression
Based on the <Fig. 2> graph, as the curve fitting
model of this study, the below polynomial <Eq. 1> was
used.

2) Exponential Regression
This study performed the calibration procedure as
the second attempt which is the exponential model
(Eq. 4).

...... Eq. 1.

Fig. 2. The pressure values measured in 10 times.
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Fig. 3. The calibration result from the polynomial regression.

3) Hybrid Modeling

...... Eq. 4.

While this study fulfilled the mathematical methods to minimize the error between the predicted value
and the actual measured value, unexpected errors occurred in different ranges during the implementation
of two methods: exponential and polynomial (Fig. 5).
Based on the graph <Fig. 5>, this study determined
to apply a hybrid method of combination of polynomial and exponential regression models. The intersection point between the two paths of polynomial and exponential regression was first determined, which is 600.
Thus, in order to calibrate, the exponential regression
was used for the range under 600 of the pressure value
read by the sensor, and the polynomial regression method was executed for range over 600. The new <Eq. 6>
is represented below;

In order to find and b parameter, the above same
steps were followed with the least square method (Eq.
5).

...... Eq. 5.

The predicted values obtained through exponential
regression are plotted on <Fig. 4>.
The calibrated values show that the unexpected errors occurred as force values increased.

...... Eq. 6.

Fig. 4. The calibration result from the exponential regression.
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Fig. 5. The calibration result from the polynomial, exponential regression
and measured value.

where, x is the reading value from the sensor and y is
the load value.

wire. In addition, the conductive threads with 2 ply and
1.3 ohm per inch that touch the skin were applied with
the PU seam sealing tape to reduce the friction around
the sensor and for the protection from skin abrasion.
Also, this prototype was developed on the tricot knit
with 4-way stretch which is flexible and can be worn
as a patch (Fig. 6-b). Using the stretch fabric as the material for the sensor was appropriate to accommodate
for the skin deformation in between the clothing and
the body during compression in occurred movements.
In order to investigate detection signal and accuracy for this prototype, one selected subject (knee circumference 34 cm) wore knee length leggings (Nylon
75%, PU 25%; knee circumference 28 cm) to execute
movements that were measured with the value from
the sensor which was compared with the value obtained
from the air-pack. Both sensor and air-pack were covered with leggings at the same location on each knee
to measure dynamic pressure value during movement

2. Implementation
The calibrated sensor was used to construct the prototype for the measurement of the clothing pressure.
Also, the Arduino system was implemented for the
prototype. Arduino Uno hardware size including the
bread board is approximately 15 cm × 20 cm and has
limitations in measuring pressure during movement
on the specific surface of the body. To address this limitation, Flora controller was used in this study, which
is a round light device with diameter of 45 mm and 7
mm thickness that is compatible with Arduino. The
calibrated sensor FSR above was employed onto the
Flora controller. Pull-down resistor was applied as 10
kΩ (Fig. 6-a). In order to easily attach on the body, the
prototype incorporated conductive threads instead of

Fig. 6. Sensor prototype and implementation (a: the diagram for the prototype; b: sensor
prototype; c: air-pack and sensor prototype attachment on the knee).
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which required flexing the knee at 90 degrees and stand
back up repeatedly for 5 times. In addition, aggressive
movement of completely crouching and standing back
up for 5 times were executed while the sensor prototype was only attached in the right knee. Since sitting in
a crouched position produces extremely high clothing
pressure, air-pack experiment was omitted (Fig. 6-c).
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Arduino system with mathematical approaches, such
as least squares method and polynomial regression.
Also, Oudshoorn et al. (2016) used a custom calibration that utilizes two different mathematical methods
as well to reduce the error of sensor values. In this aspect, this study also utilizes two mathematical models
but combined into one hybrid method to find a more
accurate sensor calibration. In addition, the regression
model used in this study can be considered to apply
other than RA12P sensor calibration including air pack
sensor since the regression model is suitable to apply
for the sensors.
The calibrated sensor was used to construct the prototype to measure clothing pressure. The prototype is
a wearable patch that is sufficiently flexible since the
tricot knit with 4-way stretch was used and the conductive thread was applied to connect the sensor and
Arduino hard (Adafruit Flora). This patch type would
be useful to measure the clothing pressure during movement since the clothing pressure value would be different between the static and dynamic conditions. In order to investigate accuracy for this prototype, this study implemented the comparison with the measured values using air pack for knee movements. The subject
wearing leggings bended her knee until 90 degrees
slowly then stood up and repeated this movement 5
times. The prototype and the air-pack as seen in Figure
6 were attached on the knee during this movement.
Significant changes in signals were detected by the sensor prototype and air-pack every time there was a movement (Fig. 8).
As seen in <Fig. 8>, the pressure values of both air-

III. Results and Discussion
For the sensor calibration, this study used the hybrid mathematical method which is a combination of
polynomial and exponential regression. As shown in
<Fig. 5>, the intersection point between polynomial
and exponential method lines occur around the range
of the pressure measured value 600. The graph below
represents the calibration result using the hybrid method (Fig. 7).
This result represents that the polynomial method
showed a more precise result in the high pressure value
ranges, while the result using the exponential method
was confidential in the low pressure value ranges. The
polynomial method was used as the first step of calibration of this model since the FSR sensor values in
this study showed a nonlinear curve in the relationship
between force and the measured pressure value. Flórez
and Velásquez (2010) asserted that FSR shows a nonlinear relation in the low pressure range (0 N to 4 N)
within the measuring range of 0 N to 20 N. Researchers also recommended to consider the relevance of
the sensor calibration when in low pressure. Andrade
et al. (2018) explained the sensor calibration using the

Fig. 7. The calibration result from the hybrid method.
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Sensor prototype pressure values

Air-pack pressure value

Fig. 8. The comparison of air-pack versus sensor prototype pressure values.

pack and sensor prototype were shown with similar
patterns. The range of the pressure values for the airpack was 0.98-5.26 kPa, while sensor prototype values were from 0.28 kPa to 6.30 kPa. In the air-pack, the
smallest values seen with the motionless standing posture was 0.98 kPa. Sensor prototype in the same posture was 0.28 kPa, in which the pressure value was relatively low compared to the air-pack. Since the characteristic of the air-pack is sensitive and delicate,
which can be easily damaged by any aggressive movement, this study executed the comparative experiment
in which the knee was bent at 90 degrees instead of sitting in a crouched position. Thus, air-pack has the benefit of precisely measuring low pressure values but has
the limitations to measure high pressure values during
dynamic movement. Meanwhile, the purpose of developing the sensor prototype in this study was to easily measure the high pressure values during aggressive
dynamic movement (0.20-26.80 kPa) (Fig. 9).

In addition, since the prototype can easily attach to
the specific point of the human body, clothing pressure
measurement is applicable in dynamic conditions. For
the direct measurement of clothing pressure with a
sensor, Wang et al. (2019) showed the wearable flexible sensor system to measure pressure on elastic human skin. However, the study could only measure the
clothing pressure for a certain division of the body.
Meanwhile, the light weight and thin material of the
prototype in this study is convenient to measure the
pressure on any location of the body, such as elbow or
shoulder point. Also, for other direct measurement methods, some researchers presented that the mannequin
with sensors or the test device including the artificial
part of the body integrated with sensors were employed to measure the clothing pressure (Oner et al., 2018;
Wang et al., 2011). However, these studies have limitations since the pressure is measured on a mannequin,
not on a real human subject. On the other hand, the pre-

Fig. 9. The pressure value while sitting in a crouched position
versus standing using the sensor prototype.
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ssure measurement in this study can be obtained while
the subject is dynamically moving which allows more
accurate collection of data especially for sportswear
development. Also, the pressure measurement suggested in this study is low cost by using the Arduino
system which is an open source available to any developers. In addition, the sensor prototype developed in
this study can especially achieve reliable data in the
pressure range above 2.00 kPa and can safely obtain
values in higher ranges close to 30.00 kPa, which is of
great use in measuring strong pressure values in clothing during aggressive movements.

Vol. 46 No. 5, 2022

have the highest pressure during a single movement.
For future research, the wearable system should be
wireless to connect the power supply including lithium ion polymer battery with simple and small size in
order to attach to the body surface more conveniently.
Also, the study should use more than one sensor to
measure the clothing pressure for the certain division
of the body instead of the specific point on the surface.
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This study constructed the prototype that can easily
adhere to any body parts for direct measurement of
clothing pressure. In order to precisely measure pressure, sensor calibration using mathematical methods
was fulfilled to reduce error of values detected by the
sensors. A hybrid mathematical approach that combines polynomial and exponential regression was used
for accurate sensor calibration procedure. Therefore,
the calibrated sensor values were fitted to the actual
measured value. Based on the accurately calibrated
sensor, this study demonstrates a potential prototype
for the wearable system in measuring clothing pressure during movements. Clothing pressure can be easily measured even during active movements as seen
through the detection of stable signals. In addition,
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that can easily adhere and remove as necessary, this
prototype can be used to standardize clothing pressure
value in each movement. The accuracy of the prototype was verified by comparing measured values in
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