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Abstract: In this study, we thoroughly analyzed the linearity and repeatability of force-sensing resistor
(FSR) sensors through static load tests to ensure their reliability. The novelty of this research lies in its
comprehensive evaluation and direct comparison of two widely used FSR sensors, i.e., Flexiforce
A201-1 and Interlink FSR-402, under various loading conditions by employing a robust calibration
methodology. This study provides detailed insights into the sensors” performances, offering practical
calibration equations that enhance measurement precision and reliability, which have not been
extensively documented in previous studies. Our results demonstrate that the linearity of thin film
FSR sensors is highly accurate, closely resembling a straight line. We employed M1 Class weights,
applying loads ranging from 20 g to 300 g. The resistance of the FSR sensors, which varies with the
applied load, was measured using a voltage divider circuit and an analog-to-digital converter of a
microcontroller. MATLAB was used to calculate the average output voltage for each applied load
and fixed resistance. Additionally, we examined the relationships among load, FSR sensor resistance,
and conductivity. Our research indicates that with precise calibration, thin film FSR sensors can be
highly reliable for force measurement applications.
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1. Introduction

Force-sensing resistor (FSR) sensors are widely used in various applications because
of their ability to measure force, pressure, and touch [1-4]. They play a critical role
in fields such as robotics, medical devices, wearable technology, and Human-Machine
Interactions (HMI) [1-21]. For instance, in robotics, FSR sensors can be attached to robot
fingers or feet to detect the weight of objects or the contact force [5-12]. In medical
devices, they can monitor the physiological data of patients and track force changes during
rehabilitation training to analyze therapeutic effects or hospitalization periods to prevent
pressure sores [8,10,11,13-17]. In wearable technology, FSR sensors are applied to smart
shoes or gloves to collect user activity data and provide personalized feedback [18,19].
Additionally, in the HMI field, FSR sensors are used in touchscreens or buttons to detect
user input and improve the responsiveness of interfaces [12,14-16,20,21]. Research related
to FSR sensors primarily focuses on improving sensor performance, developing new
applications, and enhancing data processing techniques [21-25].

Thin film FSR sensors consist of two thin films with a pressure-sensitive material
sandwiched between them. These sensors measure force based on the principle that the
contact area between the films increases when force is applied, leading to a decrease in re-
sistance [1,2,22]. This characteristic endows thin film FSR sensors with several advantages.
First, they have a simple structure and are cost-effective to produce. Second, they are ex-
tremely thin and flexible, making them easy to attach to various surfaces. Third, they have
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a fast response time, allowing for real-time force measurement. Fourth, they can be manu-
factured in various sizes and shapes, enabling custom designs for specific applications.

Despite their advantages, FSR sensors have some drawbacks in terms of linearity,
reliability, and accuracy. First, FSR sensors exhibit nonlinear output characteristics, making
accurate force measurement challenging. Second, the repeatability and long-term stability
of the sensors can be low, leading to inconsistent results under the same conditions dur-
ing repeated measurements. These drawbacks are significant factors in evaluating and
improving the performance of FSR sensors. There have been various attempts to address
this problem using different methods [1,2,22]. Hall et al. [23] introduce a technique for
conditioning and calibrating force-sensing resistors to ensure repeatable and reliable mea-
surement of compressive force, highlighting its application in ergonomics and rehabilitation.
Leonel et al. [24] analyze the creep response and dynamic loading behaviors of conductive
polymer composites in FSRs, highlighting their long-term stability and performance under
varying forces. Their study underscores the potential for enhanced durability and accuracy
of FSRs. Nacy et al. [25] introduce an apparatus for the static and dynamic calibration
of FlexiForce sensors, ensuring accurate force measurements in various conditions and
improving sensor reliability and precision. Gutierrez Velasquez et al. [26] present methods
to mitigate errors in force-sensing resistors by using a modified astable 555 oscillator circuit,
improving sensor performance through self-compensation. Swanson et al. [27] evaluate
the use of force-sensing resistors to measure interface pressures in lower limb prosthetics,
emphasizing their effectiveness in optimizing prosthetic fit and comfort.

In this study, we aim to measure and analyze the output characteristics of FSR sensors
using a voltage divider circuit and multiple fixed resistances. Our goal is to determine
the suitability of FSR sensors for accurate pressure measurement under different loading
conditions. Specifically, we compare the performance of two widely used FSR sensors, i.e.,
Flexiforce A201-1 and Interlink FSR-402, to assess their linearity and repeatability [1,2].

Flexiforce A201-1 and Interlink FSR-402 have their own strengths and are suitable for
different applications. Flexiforce A201-1, with its high sensitivity, precision, and larger
active area, is ideal for applications requiring high-precision force measurement. On the
other hand, Interlink FSR-402, with its compact size and lower cost, is suitable for force
measurement in limited spaces or applications where cost efficiency is crucial. Selecting
the appropriate sensor depends on the intended use and budget considerations.

Manufacturers of FSR sensors typically do not provide detailed calibration data,
instead recommending that users perform their own calibration tailored to their specific ap-
plication conditions [22-27]. This gap highlights the need for a thorough investigation into
the output characteristics and calibration of FSR sensors under various loading conditions.

By conducting precise calibration and analysis, we seek to derive an equation that
relates the output of the FSR sensor to the applied load, thereby enhancing the sensor’s reli-
ability for various practical applications. This study contributes to the body of knowledge
by providing a detailed examination of FSR sensor performance and offering insights into
their potential improvements for future use in fields such as medical devices, robotics, and
consumer electronics.

2. Experimental Method

This study evaluated two types of thin film force-sensitive resistor (FSR) sensors:
including Flexiforce A201-1 (Tekscan, Norwood, MA, USA) and Interlink FSR-402 (Interlink
Electronics, Irvine, CA, USA), as depicted in Figure 1. Specifications for these sensors,
including linearity and repeatability, as provided by the manufacturers, are summarized in
Table 1. The sensors’ sensing areas were computed from these specified values.
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Figure 1. Schematic diagrams and sensing area of the test FSR sensors. (a) Flexiforce A201-1 and
(b) Interlink FSR-402.
Table 1. Test sensor specifications.
Flexiforce Interlink Electronics
Model no. A201-1 FSR-402
Sensor type Thru Shunt
Force-sensing range 0~4.4N 0.1~10N
Actuation force - 01N
Size ! 9.53 mm 18.28 mm
Sensing area 71.29 mm? 92.32 mm? calculated value

Response time <5 us

! indicates the sensor outer diameter in the case of Interlink and the sensing diameter in the case of Flexiforce.

2.1. Sensor Structure

The Flexiforce A201-1 sensor is constructed from a thin plastic film onto which elec-
trodes of silver ink are printed. Beneath these electrodes lies a layer of piezoresistive
material. This assembly is sandwiched between two additional plastic films, creating micro-
sized gaps between the opposing piezoresistive surfaces (Figure la (top)). Application
of force causes these surfaces to contact, altering the current flow and resistance across
the electrodes. A sectional view of the disassembled Flexiforce sensor, illustrating the
uniform coating of the piezoresistive material on the film, is shown in Figure 1a (bottom).
Similarly, the Interlink FSR sensor features piezoresistive material attached to either side of
an adhesive layer, positioned along the sensor edges with a gap equivalent to the adhesive’s
thickness (Figure 1b). Upon force application, the material contacts the electrodes, thereby
reducing resistance.

2.2. Load Application

For load tests, M1 class weights adhering to the International Organization of Legal
Metrology standards were used, specifically weights of 20, 50, 100, 200, and 300 g, as
outlined in Table 2. Given the discrepancy between the diameters of the smallest weight
(13 mm) and the Flexiforce sensing area (9.53 mm), direct application of the weights could
lead to uneven load distribution. To address this, a custom-made puck produced via 3D
printing was utilized to distribute the weight evenly across the sensing area (Figure 2).
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Table 2. Weights for the static load test (M1 class).

Weight Load (g) & Tolerance (mg)
20+25 50+3 100 £5 200 £+ 10 300 £ 15
Test load (g)
20 50 100 200 300 500 600 700 800 820 850 870

‘ #40 |

1.00
E
©
o
S
5.00

Figure 2. Puck for load testing.

2.3. Resistance Measurement

FSR sensors function as variable resistors, with resistance values that change based
on the applied load. Direct measurement of these variable resistance values in a circuit
is challenging; hence, a voltage divider method was employed to measure the voltage
changes corresponding to different loads. Figure 3 illustrates the circuit configuration used
to measure the output voltage of the FSR sensor as the load changes.

Ry

Ri= 1[I Vout = Vi » ———
1 l:l_ out mn R1+R2

— Wt

V. : Voltage measured from the sensor
R lI Vi, : Input voltage (=5V)

2 2 R, : FSR sensor resistance
R, : Fixed resistance

Figure 3. Voltage divider.

The fixed resistor in the circuit was initially set to 10 k(2, as recommended by the
manufacturers. To analyze the output characteristics of the FSR sensors under various
conditions, we tested the sensors with fixed resistances of 1 k(), 4.7 kQ), 5.6 k), 10 kQ),
47 k1, 100 kQ), and 200 kQ. In the case of commercial FSR sensors, the applicable model is
determined according to the load. However, FSR sensors can be used beyond the load limits
specified by the manufacturers, depending on the resistance value. Under this premise,
it is necessary to verify whether the sensors exhibit the same linearity across different
resistance values.

2.4. Data Acquisition

To evaluate the output characteristics of the FSR sensors over time for each load value,
a data acquisition (DAQ) program was developed (Figure 4). This program collected
1500 data points at a frequency of 0.1 Hz. The load data were measured using an Arduino
Mega2560 equipped with a 10-bit analog-to-digital converter (ADC), and the raw data
were converted to output voltages corresponding to the applied loads. Figure 5 shows
our experimental setup for the static load characteristic test of the FSR sensor using a
weight. The Arduino board, in particular, is known for its low cost and relatively high
ADC output linearity. With a 10-bit resolution (output values ranging from 0 to 1024), it
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is deemed sufficient for measuring resistance changes in this test. While it is possible to
use a MATLAB program with an Arduino board for data acquisition, the interface between
MATLAB and the Arduino board can sometimes be unstable. Therefore, a separate data
logging program was created using C#, and the data files were saved in CSV format. A
program was then written to analyze the collected CSV files using MATLAB for data
analysis in each experiment.

FSR Sensor ARDUINO

AO

47uf |
10K []

GND 5V

Figure 4. FSR sensor output measurement circuit diagram.

FSR sensor

A

1Arduino Mega

Figure 5. Static load characteristic test with loads, Arduino Mega2560, and the FSR sensor.

The Arduino system provided a consistent 5 V input voltage, limiting the measurable
output voltage to 5 V or below. MATLAB software was used to process the collected data,
calculating the average output voltage for each applied load and fixed resistance. The
resistance and conductivity of the FSR sensors were then computed from these voltages to
analyze the relationships among the applied load, sensor resistance, and conductivity.

By implementing this detailed experimental methodology, we ensured precise and
repeatable measurements, enabling a thorough analysis of the linearity and repeatability of
the selected FSR sensors. This rigorous approach allowed us to derive accurate calibration
equations, enhancing the reliability of FSR sensors for various practical applications.

3. Results and Discussion
3.1. Analysis of the Average Measured Voltage and Conductivity

Using the MATLAB program, the average output voltage for each applied load and
fixed resistance was calculated from the raw data. The resistance and conductivity of the
FSR sensors were then derived from these voltages to examine their response to varying
loads. The input voltage of the Arduino used in this test was 5 V, thereby capping the
measurable output voltage at 5 V.

Figure 6 presents the measured voltages for both the Flexiforce A201-1 and Interlink
FSR-402 sensors under applied loads ranging from 20 g to 870 g. The results show a
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clear relationship between the applied load and the output voltage, with both sensors
demonstrating a decrease in voltage as the load increases, consistent with their variable
resistor nature.

5 T T T T T T T T
——1k | | sk
4.5+ 4.7k « -
—=—5.6k
——10k L ey
L ol L e n
—~wel | | T | |
33.5 = |—+—200k| -
S 3 i .
g .
[e] - A -
= 2.5
5
g 2r .
S
SENE .
1 —
0_ ' 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900
Load (g)
(a)
5 | T T T
451 . -
4} £ .
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w
T
1

Output Voltage (V)
tn
I
1

2 - -
1.5 ——1k | |
4.7k
I ] —=—5.6k
1 —+—10k | |
~—47k
0.5F ——100k|
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0 * | 1 | | 1 1 | |
0 100 200 300 400 500 600 700 800
Load (g)
(b)

Figure 6. The measured voltage as a function of resistance and load. (a) Flexiforce A201-1 and
(b) Interlink FSR-402.
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Figure 7 compares the conductivity of the two FSR sensors under varying loads. The
graphs indicate that the conductivity values for both sensors are distributed uniformly
across the range of applied loads for each fixed resistance. Notably, the Interlink FSR-402
sensor exhibits slightly higher conductivity than the Flexiforce A201-1 sensor, likely because
of differences in their construction and materials.

- — 1k

4.7k
— 5.6k
— 10k

47k
— 100k
— 200k

Interlink FSR-402

Flexiforce A201-1

0 100

200 300 400 500 600 700 800 900
Load (g)

Figure 7. Conductivity load comparison of Flexiforce A201—1 and Interlink FSR—402.

Considering the issue of electrical noise in the circuit during data logging, the number
of sensor measurements taken for each load was set to 1500 (approximately 3 min of
measurement). The average of these 1500 measurements was used as the output value
for each load. Based on the average value for each load, the voltage, resistance, and
conductivity for each load were calculated. Although there was concern about noise from
the wiring connected to the sensor during the measurement process, an examination of the
1500 measurements showed no significant external noise.

3.2. Equation of the Straight Line of the FSR Sensor Using Conductivity Data

From the conductivity data, we derived equations of straight lines using the conduc-
tivity values at two specific loads (300 g and 500 g) within the applied load range for both
sensors. Tables 3 and 4 show the equations for drawing a line based on conductivity data
measured from the Flexiforce A201-1 and Interlink FSR-402 sensors, respectively.

These equations allowed us to analyze the distribution of the measured values and
assess the linearity of the sensors.

Figure 8a shows the distribution of the conductivity values for the Flexiforce A201-
1 sensor with a fixed resistance of 10 k(), which is the standard recommended by the
manufacturer. The conductivity values at loads other than the two calibration points align
closely with a straight line, indicating that the Flexiforce A201-1 sensor exhibits good
linearity across the applied loads. Similar trends were observed when using other fixed
resistances, with the exception of 100 k(2 and 200 k(), where some deviation was noted.
This suggests that the Flexiforce A201-1 sensor maintains consistent linearity regardless of
the resistance value used in the measurement circuit (Figure 8b).
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Table 3. The equations of straight lines for Flexiforce A201-1 with fixed resistance.
Conductivity . . .
Fixed Resistance ((2) Equation of the Straight Line Note
300 g 500 g
1k 3.912 x 107 6.432 x 107° y=126x10"7x+132x107°
47k 3.749 x 107 6.608 x 107> y = 14295 x 10~7x +5.935 x 10~°
5.6 k 4.010 x 107 6.163 x 107 y = 1.0765 x 10~7x + 7.805 x 10~°
10k 3.815 x 107 6.458 x 107> y =1.3215x 10~7x — 1.495 x 10~° Standard
47 k 3.339 x 1075 5.837 x 1075 y =1249 x 10~7x — 4.08 x 10~°
100 k 3.017 x 1075 4974 x 107° y = 09785 x 10~7x — 0.815 x 10~°
200 k 3.749 x 1075 5.154 x 1075 y = 1.086 x 10~7x + 3.258 x 107°
Table 4. The equations of straight lines for Interlink FSR-402 with fixed resistance.
Conductivity . . .
Fixed Resistance (02) Equation of the Straight Line Note
300 g 500 g
1k 3.750 x 1074 5.497 x 1074 y = 8735 x 1077x + 1.1295 x 10~*
47k 3171 x 1074 5121 x 1074 ¥y =9.75x10""x+0.246 x 10~*
5.6k 3.530 x 1074 5.214 x 1074 y =842 x 107 7x +1.004 x 10~*
10k 3.520 x 1074 5.070 x 1074 y=775x10""x+1.195x 104 Standard
47 k 3.620 x 1074 5174 x 1074 y =777 x10"7x+1.289 x 10~*
100 k 3.357 x 1074 5.352 x 1074 ¥y =995x10""x+0372 x 10~*
200 k 2.756 x 1074 5137 x 1074 y=11.91 x 10~7x — 0.816 x 10~*
-5
10
12 ~ | I I | I I |
w10k (Standard)
10 |, 7 200k
5.6k
47k
8 |—100k T
a —200k
26 -
=
©
=
T 4 -
j =
o]
o
2 -
0 / N
_2 | 1 1 | 1 1 | 1 1
0 100 200 300 400 500 600 700 800 900 1000
Load (g)
(a)

Figure 8. Cont.
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Figure 8. Conductivity as a function of load. (a) Conductivity as a function of resistor (Flexiforce
A201-1), (b) conductivity as a function of the straight line calculated in Table 3 (Flexiforce A201—-1),
(c) conductivity as a function of resistor (Interlink FSR—402), and (d) conductivity as a function of the
straight line calculated in Table 4 (Interlink FSR—402).

In Figure 8¢, the Interlink FSR-402 sensor shows a similar tendency, with conductiv-
ity values at various loads aligning well with the straight line derived from the 10 kQ)
resistance data. Although some dispersion is observed, likely because of experimental
errors, the overall linearity of the Interlink FSR-402 sensor is considered to be good. When
comparing the linear expressions from other fixed resistances, the results generally follow
the same trend as the 10 k() reference line, except for slight deviations at 47 k() and 200 k)
(Figure 8d).

Overall, the conductivity characteristics of both FSR sensors demonstrated consider-
able linearity to the applied loads. Despite some deviations observed at higher resistance
values, the sensors’ outputs remained almost parallel to the reference straight line, confirm-
ing their reliability.

4. Discussion

The results of this study indicate that both the Flexiforce A201-1 and Interlink FSR-402
sensors exhibit excellent linearity and repeatability, making them reliable for accurate force
measurements. The linear relationship between applied load and output voltage was
consistent across a range of loads for both sensors. This consistency suggests that with
proper calibration, these sensors can be effectively used in various applications requiring
precise force measurement.

The slightly higher conductivity observed in the Interlink FSR-402 sensor compared
with the Flexiforce A201-1 sensor is likely due to differences in their material composition
and design. This difference highlights the importance of selecting the appropriate sensor
based on the specific requirements of the application, including sensitivity, precision, and
cost considerations.
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The use of a voltage divider circuit and multiple fixed resistances in this study pro-
vided a robust framework for analyzing the output characteristics of the FSR sensors.
The derived calibration equations allowed for the accurate translation of sensor output
into applied loads, significantly enhancing the precision of force measurements. This
methodological approach proved effective in ensuring the reliability of the sensors.

However, this study also revealed some challenges and areas for further research.
For instance, while both sensors demonstrated high linearity and repeatability under
static loading conditions, their performance under dynamic loading conditions remains to
be investigated. Future research should focus on optimizing calibration techniques and
exploring new materials and sensor designs to improve sensor performance. Additionally,
investigating the sensors’ responses to different types of forces, such as shear and torsional
forces, could further expand their applicability.

Although the linearity of sensors is usually provided by the non-linear error per-
centage to a full-scale voltage output, we tried to utilize the conductivity line in order
to check the reliability of the two sensors in the case of using different resistances. Thus,
instead of using the data of non-linear errors, we tried to demonstrate good reliability with
different resistances by showing how the straight lines of conductivity in Figure 8 are in a
close neighborhood.

5. Conclusions

This study presents a comprehensive evaluation of the linearity and repeatability of
thin film force-sensitive resistor (FSR) sensors, specifically focusing on the Flexiforce A201-1
and Interlink FSR-402 models. Through rigorous static load testing, we confirmed their
reliability and suitability for precise force measurement applications.

The findings of this research have significant practical implications. When precisely
calibrated, thin film FSR sensors can be highly reliable for use in medical devices, robotics,
and consumer electronics. Their cost-effectiveness, flexibility, and ease of installation make
them an attractive option for force and pressure sensing across various fields. However, our
study also underscores the necessity for further research to optimize calibration techniques
and explore new materials and sensor designs to enhance linearity and repeatability. Addi-
tionally, investigating the performance of these sensors under dynamic loading conditions
could broaden their applicability to more complex scenarios.

Key points from our study include the following:

e High Linearity and Repeatability: Both the Flexiforce A201-1 and Interlink FSR-402 sen-
sors demonstrated excellent linearity and repeatability, ensuring reliable and accurate
force measurements.

e Comparison of Sensors: Interlink FSR-402 exhibited slightly higher conductivity
compared with Flexiforce A201-1, highlighting differences in material composition
and design.

e  Calibration Methodology: Utilizing a voltage divider circuit and multiple fixed re-
sistances, we derived calibration equations that significantly enhance measurement
precision.

e  Practical Applications: Precisely calibrated thin film FSR sensors are suitable for use
in various applications, including medical devices, robotics, and consumer electronics,
because of their cost-effectiveness and flexibility.

In conclusion, thin film FSR sensors, when accurately calibrated, offer a reliable
and precise solution for force measurement. This study provides valuable insights and
methodologies that contribute to improving the performance of FSR sensors, facilitating
their broader adoption in technological and industrial applications.
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