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Sensor, airflow model, flexible, measurement. This paper presents a new development of an enhanced

velostat, thermoplastic elastomer metal film-based flexible sensor for application on omnidirectional

360-degree airflow measurement. The sensor was fabricated using
copper film and velostat, a material made of polymeric foil (polyolefins)
infused with carbon black to make it electrically conductive. The
flapping device was modelled in SolidWorks (3D CAD) and printed
using TPE 83A (Thermoplastic Elastomer) filament on a 3D printing
machine. An Arduino Mega was used as a controller, data collector, and
for evaluating the results. The copper film and TPE 83A material
demonstrated significant potential in developing a new flexible sensor
for achieving high-accuracy airflow measurement in omnidirectional.

1. Introduction

The demand for advanced sensor technologies has intensified due to their critical role in modern applications
ranging from robotics and wearable health systems to environmental and industrial monitoring. Among various
types of sensors, flexible and airflow sensors have garnered significant attention owing to their high sensitivity,
stretchability, mechanical compliance, and rapid response characteristics [1~3]. These sensors are particularly
advantageous for applications that involve dynamic mechanical deformation, such as human motion tracking and
robotic manipulation, where rigid sensors fall short [4~6].

Recent developments in nanomaterials and functional composites have further enhanced sensor
performance. Conductive nanomaterials such as silver nanowires, graphene, and carbon black provide superior
electrical properties while maintaining mechanical flexibility [7~10]. Their integration into flexible substrates
like polyimide, velostat, or thermoplastic elastomers enables the fabrication of sensors with high signal resolution
and robustness under repeated bending or stretching cycles.

Fabrication techniques such as hybrid 3D printing and microstructure-guided assembly have been employed
to engineer sensor architectures with precise geometrical control and tuneable mechanical properties [11~14].
These techniques allow the realization of airflow sensors capable of detecting low and multidirectional airflow
velocities, critical for applications in HVAC systems, biomedical diagnostics, and aerospace navigation [15~17].
For instance, iontronic sensors and alternating current electroluminescent devices exhibit high responsiveness
under complex deformation conditions, thus making them suitable for intelligent sensing environments [18~20].
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Multilayer flexible sensors using ferroelectric or triboelectric layers have demonstrated improved signal
linearity and stability under fluctuating loads, while serpentine-shaped conductors bonded to elastomers offer
superior stretchability with minimal mechanical fatigue [21~25]. Furthermore, sensor calibration and structural
optimization are essential for ensuring measurement reliability, especially in macrofluidic systems exposed to
turbulent flow or multi-axis displacement [26~28].

This paper builds upon these foundational advancements by proposing a metal film-based flexible airflow
sensor that employs a copper-velostat laminate structure integrated with a thermoplastic elastomer flap. The
novel configuration is designed to measure omnidirectional airflow effectively. The design is further validated
using a series of calibration experiments inspired by prior work in macrofluidic airflow modelling and flap-based
airflow detection [27, 29~32]. This study aims to demonstrate that integrating low-resistance copper foil and
elastic flap structures can yield highly responsive and cost-effective sensors for next-generation omnidirectional
airflow sensing platforms.

This research explores these potentials by fabricating a new design of a flexible sensor that can work as an
element in an airflow measurement device. The main objectives are to model an enhanced version of a flexible
sensor using copper films. By using Arduino as a controller, this project will evaluate the developed flexible sensor
under different flap widths from 1.0mm to 5mm and analyze the resistance readings based on different widths of
copper foil on flap sensors.

2. Methodology

Fig. 1 shows the prototype of the enhanced metal film-based flexible sensor for measuring omnidirectional airflow
has been conducted in stages to achieve this research's objectives. The methodology that can be adapted to
this research is listed below:

Fabricate a flexible sensor
using copper foil and airflow
flap structure using TPE

!

OBJECTIVE #1

Check on functionality
of flexible sensor
with Arduino

NO

Assemble the flexible sensor
with flap prototype

!

OBJECTIE #2

NO

Testing the sensor under
different copper foil width

YES

h A

Analyse the resistance reading
(ohm) and deflection angle of
flap structure

Fig. 1 Flow chart of the methodology

OBJECTIE #3

Stage 1: Identify and compare the model from previous research with the latest technologies.
Stage 2: Generate a new prototype model for flexible sensors and airflow flap structure.

Stage 3: Testing and calibrating the sensor.

Stage 4: Evaluate the result and analyze the system.
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2.1 Material Selection

Material selection in this study will consist of two different components. For the first component, the model of
a flexible sensor will be fabricated using metal-film-based, velostat, and plastic substrate. Based on pastresearch,
the suitable material to fabricate a flexible sensor is by using copper (Cu) foil because it contains a low resistivity
value and, alsoexhibitsa dependable resultin terms of the flex sensor's working principle, in contrast to aluminium
(Al), which was unable to satisfy the sensor's requirements [33]. The flap structure is the second component
that will be fabricated in this study. The flap structure must be made of elastic material, high flexibility, and low
stiffness so that the flap can return to its original form after bending. ABS plastic is not relevant due to less
elasticity and flexibility, making the flap hard to bend [34]. The flexible airflow sensor was developed using a
copper-velostat laminate structure mounted onto a 3D-printed TPE 83A flap. Copper was selected due to its low
resistivity and stable performance under cyclic bending conditions [27, 30~33], while velostat provides pressure-
sensitive resistance variability. TPE 83A was chosen for its flexibility and high fatigue resistance, allowing the flap
to return to its original form post-deflection [12, 17].

2.2 Models of Flexible Sensor

In this stage, the details of the flexible sensor models will be explained. The basic flexible sensor concept is
as shown below: the velostat is placed between two copper films, and the plastic substrate undergoes a
laminating process to hold all the components together as Fig. 2.

Fig. 3(a) shows the full dimension of the flexible sensor. Its overall dimensions are 50mm x 10mm. The
model in Fig. 3(b) is after the copper films, velostat, and plastic substrate have been laminating together and
forming a low-cost flexible sensor. The grid on the background scale on one box is 5mm.

Velostat Laminate film

Copper film strip

Fig. 2 The flexible sensor layout

40mm
45mm
50mm

_______

(@ (b)

Fig. 3 (a) Dimension of flexible sensor; (b) Model of flexible sensor
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Each wire was attached to the copper film side, ensuring there’s no contact with one another, with velostat
serving as the resistive material. The copper films were tailored into three different widths: 1.0mm, 3mm, and
5mm as shown in Fig. 4. The resistance values of these flexible sensors will be measured and analysed in the
following chapter.

y U/

i

Fig. 4 Sample of 1.0mm, 3mm, and 5mm copper film on flexible sensor

2.3 Models of Airflow Sensor

The airflow sensor consists of two main parts: the airflow sensor case and the flap structure. Both components
were fabricated using a 3D printing machine and different filaments. The PLA-F filament was applied to the airflow
sensor case, as the case needs to be hard and sturdy to withstand the fluid flow of high air velocity. Fig. 5 shows the
drawing of the airflow sensor assembly.

Flap structure
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Fig. 5 Drawing of the airflow sensor assembly

The dimensions of the flap structure assembly with flexible sensors are shown in the Fig. 6. The material
Thermoplastic Elastomer (TPE) 83A shore hardness has been applied on this structure as its properties of
flexibility.
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Flexible
Sensor

)

Fig. 6 (a) Drawing of the flap structure; (b) Flap structure printing; (c) The flap structure model; (d) The assembly
of the flap structure and flexible sensor

2.4 Calibration Using Data Acquisition Tool

Real-time data collection and analysis from a range of sensors is possible with the help of a dataacquisition tool
called SensorDAQ, as shown in Fig. 7(a). Sensor data collection and processing is common use in research
institutions, educational settings, and engineering projects. SensorDAQ is a versatile platform that can be
connected to a wide range of sensors, including voltage and current sensors, making it suitable for a wide range
of experimental settings. An energy sensor shown in Fig. 7(b) is linked to SensorDAQ; a device specifically
designed to detect electrical parameters such as voltage, current, power, and energy consumption. These sensors
are necessary for monitoring and assessing flexible sensor performance because they allow precise measurements
of the electrical characteristics of systems and individual parts.

Vernier

sensorDAQ 8

CURKENT

(a) (b)

Fig. 7 (a) SensorDAQ connected with energy sensor; (b) Flap structure angle at a static state
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The energy sensor continuously measures the voltage, records the flexible sensor current flow, and transmits
the information to SensorDAQ. The voltage and current fluctuate in response to changes in the flexible
sensor, which can be monitored through the computer's Logger Pro software. The resistance value can be obtained
as Eq. (1):

R=V/I (1)

The equation can be inserted into the software, and the data collecting process was performed three times
for each copper foil's width (1.0mm, 3mm, 5mm), starting with 45° of angle bend until 90° (maximum bend)
flexible sensor. Fig. 8 shows the data obtained on Logger Pro software.

TR EAAA NS AL MG [©

Potential (V) _ r Current (mA)
02 04 HE 2 05 2049 il 5 __80 .u? i 30
Potential | esistance Current

0.49 V | - 12.8 mA

Fig. 8 Logger pro software interface

2.5 Arduino Mega Programming Setup

A microcontroller board built around the ATmega2560 chip using Arduino Mega. It isa member of the Arduino
development board family and is built to provide more memory, processing power, and input/output (I/0) pins
thanthe Arduino Uno and other standard Arduino boards. The Arduino Mega has been used because ithas 16 analog
input pins, unlike Arduino Uno, which only has 6 analog input pins, as shown in Table 1. A flexible sensor requires
an analog input pin to gain data, and for this sensor, six analog input pins were used for six flexible sensors, which
are for one flexible on each flap structure on this model. Arduino Uno only has six analog input pins, but pins A4
and A5 limit to connect serial data line (SDA) and a serial clock line (SCL) that are used in the integrated-
circuit protocol (I2C) such as LCD displays.

Table 1 The Arduino UNO and MEGA specifi cations  [10]

ARDUINO UNO MEGA
Microcontroller ATmega328 ATmega2560
Digital I/0 Pins 14 54
Operating Voltage 5V 5V

Analg Input Pins 6 16

Flash Memory 32KB 256 KB
SRAM 2KB 8KB
EEPROM 1KB 4 KB

Clock Speed 16 MHz 16 MHz

The system integrations on this airflow sensor model as shown in Fig. 9(a); the six flexible sensors were
connected on analog input pins A0, A1, A2, A3, A4, and A5 and assigned as flex sensor values S1, S2, S3, S4, S5,
and S6 on the Arduino system. LCD 12C 4 x 20 was then connected to the SDA and SCL pins to fetch the data gain
on bending changes. Fig. 9(b) shows the final airflow sensor model connected with the Arduino system, and the
value shown on the LCD was the value of each flexible sensor on the flap structure. The Arduino Mega 2560
microcontroller was implemented for data acquisition, offering 16 analog input pins suitable for multi-sensor
deployment. This configuration supports real-time data display using a 20 x 4 LCD via [2C communication [8, 28,
35]. The system was programmed to acquire, convert, and display resistance values from each flap sensor.
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The adopted methodology aligns with best practices in flexible sensor development, incorporating modular
fabrication, stretchable materials, and robust calibration strategies for effective multidirectional airflow detection
[21,23~25].

Fig. 9 (a) The Arduino mega programming setup; (b) The airflow sensor model
integrates with Arduino mega

2.6 Flexible Sensor Selection

As shown in Fig. 10 below, the flexible sensor undergoes bending testing, and the resistance value and Arduino
value were recorded for each angle interval from 45° to 90° bend angle.

(a)

(b)

©

Fig. 10 (a) 1.0mm width flexible sensor bend testing; (b) 3mm width flexible sensor bend testing; (c) 5mm width
flexible sensor bend testing
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3. Results and Discussion

3.1 Resistance on Each Width Flexible Sensor

The data on a flexible sensor using copper foil with a width of 1.0mm as demonstrates in Fig. 11(a), shows a steady
rise in resistance with increasing bend angle. Resistance values start at 8.34 ohms and increased up to 8.85 ohms
at 45° angle and then increased progressively to 51.60 and 52.74 ohms at 90° angle. Up to 60° angle, the increase
in resistance is rather gradual; after that, it becomes more noticeable. Significant divergence in resistance values
is observed starting at 66° angle, which may indicate non-uniform stress distribution or material irregularities.
This behaviour suggests that although the bending of copper foil with a width of 1.0mm increases resistance
consistently, at larger bend angles, the consistency of the material properties may be questioned.

By contrast, the initial resistance values at 45° angle are significantly higher for the 3mm width copper foil as
shown in Fig. 11(b), ranging from 8.67 to 9.23 ohms. At 90°, the resistance rises to 42.80 to 45.45 ohms, increasing
gradually with the bend angle. When compared to the 1.0mm foil, the 3mm foil exhibits a smoother and more
constant increase in resistance, showing less variance even at greater angles. This homogeneity implies that the
3mm foil controls mechanical stress better, which makes it a more dependable choice in situations where
consistent resistance variations are essential.

With initial resistance values ranging from 10.63 to 20.41 ohms at 45°, the copper foil with a 5Smm width
displays the highest values as Fig. 11(c). It also shows a faster increase in resistance with bend angles. The
resistance ranges from 62.72 to 95.00 ohms at 90°. Not only does the 5mm foil exhibit a greater resistance rise,
but it also exhibits greater variance and larger leaps at higher angles. This implies that there is greater mechanical
strain and difficulty in sustaining uniform conductivity in the 5mm foil under bending force. There is a crucial
point where the mechanical strain becomes excessive or where the material properties may change significantly,
as indicated by the notable increase in resistance between 84° and 90° angle.

By comparing the three foil widths, it was obvious that the behaviour was different when bent. The increase
in resistance was more gradually and predictably in the 1.0mm and 3mm widths, but more variable increases and
consistently in the 5mm width. While the 3mm width maintains a smoother and more consistent increase over
the whole range, the 1.0mm width shows more uniform resistance increases at first but diverges at higher angles.
The 5mm width shows more significant difficulties in controlling mechanical stress, even though the resistance is
initially higher. This is probably because there is a greater surface area under strain. For this application, the 5mm
width is more suitable where higher resistance and great variables are needed to measure the airflow
measurement.

Resistamce 1mm Width vs. Bernd Angle

sistance (ohms)

Ra

Bend Angle (degrees)

(@)
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Resistance 3mm Width vs. Bend Angle
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Fig. 11 (a) Graph of resistance Imm width vs. bend angle; (b) graph of resistance 3mm width vs. bend angle; and
(c) graph of resistance 5mm vs. bend angle

3.2 Average resistance

Table 2 shows the average resistance of the copper foil with a width of 1.0mm rises steadily as the bend angle
increases. Itincreases gradually to 50.59 ohms during 90° angle, to 8.62 ohms during 45° angle. The trend is steady
and smooth, with noticeable increases, particularly at 57° angle, when the average resistance increases to 17.02
ohms at 60° angle from 13.50 ohms. This behaviour suggests that the 1.0mm foil performs well in situations where
fine control over resistance changes with bending is required, as it retains a rather predictable increase in
resistance.

The average resistance of the 3mm wide copper foil increases with bending as well, although the pattern is
somewhat different from that of the 1.0mm foil. The average resistance begins at 8.88 ohms at 45° angle, which is
higher than the 1.0mm foil. The resistance increases gradually up to 60° (11.93 ohms), but at 63° angle it becomes
more noticeable. At higher angles, the resistance leaps significantly, reaching at 43.80 ohms at 90° angle. The rise
is somewhat gradual but exhibits more noticeable steps beyond 66° angle, indicating that although the 3mm foil
effectively handles stress, it starts to feel the effects of greater strain at greater bend angles.

When compared to the narrower foils, the 5mm width copper foil exhibits a significantly higher initial
resistance, beginning at 14.90 ohms at 45° angle. The bending causes the resistance to rise quickly; during 48°
angle around 17.27 ohms, and at 90° angle, it can reach up to 82.33 ohms. The data in Fig. 12 shows a significant
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increase, which is apparent from 60° angle (28.29 ohms) onward. The steep increase and high resistance values
indicate that bending has a greater influence on the 5mm foil, resulting in huge variations in resistance due to
mechanical stress and strain. So, this width is suitable for applications requiring significant resistance changes
with bending, where mechanical design can accommodate high strain and stress impacts. Comparative resistance
analysis across different copper widths reveals a trend consistent with stretchable sensing literature [10, 20]. The
results align with simulations and calibration approaches reported in recent airflow sensor studies [14, 26~28].
For example, the 5 mm copper foil shows high sensitivity at larger bend angles, confirming trends observed in
macrofluidic airflow flap verification [32]. Additionally, the smooth resistance transitions seen in 3 mm width foils
correspond to earlier findings where optimized sensor geometries were used to maintain linearity in output data
[29, 30].

Table 2 The average resistance of difference width on copper foil and bend angle

Bend Angle (°)  Avg Res Avg Res Avg Res
1 mm (Q) 3 mm (Q) 5 mm (Q)

45 8.62 8.88 14.90
48 9.80 9.79 17.27
51 10.76 10.45 19.46
54 11.40 11.01 22.26
57 13.50 11.45 25.39
60 17.02 11.93 28.29
63 19.65 13.00 30.81
66 23.88 15.16 32.41
69 26.91 25.00 34.03
72 28.12 33.82 35.98
75 30.23 35.60 40.00
78 33.90 37.23 45.35
81 37.21 38.46 51.63
84 41.64 39.27 60.54
87 46.28 40.66 65.66
90 50.59 43.80 82.33

Average Resistance vs. Angle

90

—— Avg Res 1m
Avg Res 3mm
80 ¢ Avg Res 5Smm
— — —datal
— — —data2

data3

70+

60 |

Average Resistance (ohms)

45 50 55 60 65 70 75 80 85 90
Angle (degrees)
Fig. 12 Graph of average resistance vs. bend angle
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4. Conclusion

This study presents the development of an enhanced metal film-based flexible sensor for omnidirectional airflow
measurement. The methodology of Stage 1 is the model from previous research that has been identified and
compared with the latest technologies. This study builds on recent advances in flexible sensor technology [2, 3,
24, 36] and validates its proposed design against prior macrofluidic calibration models [27, 28, 31]. The copper-
velostat laminate sensor with a TPE flap demonstrates strong potential as a compact, low-cost, omnidirectional
airflow measurement system for emerging applications in robotics, HVAC, and biomedical sensing. This
fundamental stage made it possible to create a better sensor prototype. The sensor's performance was validated
by extensive testing and calibration, guaranteeing its accuracy and consistency under varied settings. The
outcomes of these tests provide comprehensive insights into the behaviour of the sensor, namely the resistance
variations that occur when copper foils of various widths 1.0mm, 3mm, and 5mm was bent. The resistance of the
1.0mm wide copper foil increased steadily as the bend angle increased, making it appropriate for applications
needing precise control over resistance variations, even if it varied significantly at higher bend angles. The copper
foil with a width of 3mm exhibited a more gradual and even increase in resistance, suggesting that mechanical
stress was better managed. This makes it a dependable option for applications that require consistent resistance
fluctuations.

To improve the sensor's capacity to measure airflow more precisely and consistently, a new prototype model
with an innovative airflow flap shape was created. The flexible sensor can be integrated well with the TPE 83A
shore hardness material of the flap structure to measure the fluid of airflow just as expected results. The airflow
sensor model can measure the airflow from an omnidirectional (360° direction). Overall, the 5mm copper foil is
the most suitable for use on flexible sensors as an airflow sensor because of its capability to read great variables
of resistance to get more accurate results.
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