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Abstract: There is an increasing need to accurately measure compressive force for biomedical and
industrial applications. However, this need has not been fully addressed, as many sensors are bulky,
have high power requirements, and/or are susceptible to electromagnetic interference. This paper
presents an optoelectronics-based force sensor that can overcome the limitations of many sensors in
the market. The sensor uses a light emitting diode (LED) to transmit visible broad-spectrum light into
a photoresistor through an optically clear spacer on top of an elastomeric medium. In the absence
of an external force, the light path is mostly blocked by the opaque elastomeric medium. Under a
compressive force, the clear spacer compresses the elastomer, moving itself into the light path, and
thus increasing the overall light transmission. The amount of light received by the photoresistor
is used to quantify compressive force based on elastomer displacement/compression and a priori
knowledge of elastomer stiffness. This sensing scheme was tested under eight different configurations:
two different sized sensors with four types of elastomers per size (20A neoprene, 30A neoprene,
50A neoprene, and 75A styrene–butadiene rubber (SBR)). All configurations measured force with
R2 > 0.97, RMSE < 1.9 N, and sensitivity values ranging from 17 to 485 N/V. This sensing scheme
provides a low-cost, low-power method for accurate force sensing with a wide force range.

Keywords: compressive force; optical sensors; elastomeric characterization

1. Introduction

Force sensors are used in industrial processes [1–3], consumer products, and healthcare
fields such as sports medicine [4–6]. For example, force sensors are used to provide
biofeedback for customizing rehabilitation therapy in sports medicine [7–11]. These sensors
are also used congruently with cameras, gyroscopes, and other sensors to assist autonomous
and semi-autonomous robots in sensing and interacting with their surroundings [12,13].
While a wide variety of force sensors are available commercially, many have narrow
force ranges, thus requiring multiple distinct types of sensors when monitoring a broad
force range [14–16]. Furthermore, many force sensors are susceptible to electromagnetic
interference (EMI), which is increasingly problematic as technological advancements result
in smaller electronic components. For example, capacitive-based force and pressure sensors,
which have been used for decades, are exposed to greater EMI as they are placed closer to
other signal-carrying components [17]. In addition to EMI, resistive and capacitive sensors
also draw large amounts of power when in use [18,19], which affect their practical utility as
embedded and wireless sensors. As such, there remains a need for a low-cost, low-power
force sensor with scalable dimensions that can sense a broad range of forces and remain
unaffected by EMI. Such a sensor would have broad uses in wearable and embedded
applications such as biomechanical monitoring, industrial manufacturing, and robotics.

Optical approaches have been successfully implemented for measuring multi-axial
shear forces in wearable devices [20–22]. It was demonstrated that shear force can be
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accurately measured using an LED and a photoresistor. In this paper, we present an optical-
based approach for measuring compressive (i.e., normal) forces. The force-sensing range
and sensitivity can be tuned by varying the material properties of the internal elastomer.
Elastomers often exhibit nonlinear stiffness (stress vs. strain) responses [23]. Since our
sensor is based on changes in light due to the deformation of the elastomeric medium, our
sensor response is similarly nonlinear.

This paper presents the design, fabrication, and characterization of an optical-based
compressive force sensor. The sensor has unique properties that make it advantageous for
scalability, size, and measuring forces over a broad range. The sensor exhibits a nonlinear
stiffness response, allowing it to operate under a broad range of forces; resolution is
higher at low forces while avoiding saturation at higher forces. The interchangeability of
elastomers and dynamic resolution at different force ranges make the sensor easily scalable
and highly versatile. These properties, combined with a small form factor and low power
requirements, make this sensor well-suited for force sensing for a variety of applications
such as healthcare monitoring, industrial manufacturing, and robotics.

2. Materials and Methods
2.1. Design

The operational principle of the sensor is based on changes in light transmitted from
an LED to a photoresistor (Figure 1). A voltage divider circuit (Figure 1c) is used to
convert changes in resistance across the photoresistor to voltage variations, which are
then digitized and recorded by a microcontroller (MCU) through a built-in 10-bit analog-
to-digital converter. Compressive force measurements are achieved by incorporating an
optically clear spacer on top of a compressible light-absorbing elastomer between the LED
and photoresistor. As force is applied to the elastomer, it is compressed, displacing more of
the clear spacer into the light-transmission path. This increases light transmission between
the LED and photodiode, and thus the voltage measured by the MCU (Figure 1a,b).

Figure 1. Illustration of the sensing paradigm. (a) Resting (i.e., zero force) condition, (b) increase
in light transmission to the photoresistor under a compression force, and (c) circuit diagram of the
voltage divider that converts resistance of the photoresistor into voltage.

The sensor comprises three primary components: the electronics enclosed in a polylac-
tic acid (PLA) housing, a transparent spacer, and an elastomer (Figure 2). The PLA housing
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was 3D-printed with a 1.75 mm filament printer (Original Prusa i3 MK3S+, Prusa Research,
Prague, Czech Republic), and the transparent plate was fabricated with Formlabs Clear
v4 photopolymer resin using a stereolithography (SLA) 3D printer (Form 3+, Formlabs,
Somerville, MA, USA). The sensor electronics consist of a 5 mm common anode RGB LED
(Adafruit 2739, Adafruit Industries LLC, New York City, NY, USA) placed adjacent to a
cylindrical well and directly facing a photoresistor (Adafruit 161, Adafruit Industries LLC,
New York City, NY, USA). Two sizes of well were investigated: A 4.8 mm deep well with a
6 mm diameter (see the high-force sensor below), and a 10 mm deep well with a 12 mm
diameter (see the low-force sensor below). This specific RGB LED was chosen for its mini-
mal power consumption and spectral controllability, which may be an important feature
in future work (e.g., the potential to integrate with an optical-based shear sensor) [24]. To
control the amount of light transmission, a 3.25 mm optically opaque elastomer was placed
at the bottom of the well, partially covering both the LED and photoresistor as shown
in Figure 2. As a force is applied to the top of the transparent spacer, it compresses the
elastomer, allowing increased light transmission from the LED to the photoresistor and
decreasing resistance across the voltage divider circuit. The relationships between applied
force, elastomer compression, and light transmission are dependent upon the material
properties of the elastomeric medium.

Figure 2. Renderings of a fully assembled high-force sensor (30 mm outer diameter) (a) and a low-
force sensor (15 mm outer diameter) (b). Exploded rendering of the high-force (c) and low-force
(d) sensors.

Two sizes of sensors were fabricated and characterized to demonstrate the scalability
and versatility of this technology: (a) high-force sensors that are designed for broader force
sensing, and (b) low-force sensors that have higher sensitivity and smaller form factors
(Figure 2). The high-force sensor has a nominal height of 17.6 mm, while the low-force
sensor has a height of 9.0 mm. The force-sensing ranges of both types of sensors can be
adjusted by using elastomers with different moduli or altering their elastomer dimensions.
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2.2. Sensor Characterization

The compressive force response of each sensor was characterized with four Shore
A durometer elastomeric media: 20A neoprene, 30A neoprene, 50A neoprene, and 75A
styrene–butadiene rubber (SBR). Material characterization was performed using a material
testing system (MTS) (Electroforce 3200, TA Instruments, New Castle, DE, USA). A circular
punch was used to cut each elastomer into 6 mm or 12 mm diameter disks for the low- or
high-force sensors, respectively. All elastomeric disks were 3.25 mm ± 0.04 mm thick. The
stiffness properties of each elastomer type and size were independently characterized to
establish the baseline relationships between load and displacement and serve to elucidate
the predicted relationship between the mechanical properties of the sensor and its ability to
measure force (Section 2.2.1). The sensor’s ability to accurately measure compressive force
was characterized (Section 2.2.2). The hysteresis of the sensor was measured to evaluate
accuracy during loading and unloading conditions. Lastly, fatigue tests were performed to
evaluate the sensor’s ability to accurately measure force with repeated use. Mechanical
stiffness of the sensor was also measured at pre- and post-fatigue procedures.

2.2.1. Elastomer Characterization Methods

Stiffness characterization tests were performed for two different elastomer materials:
neoprene (20A, 30A, and 50A) and SBR (75A). For the large-force sensors, elastomer
characterization was performed on the MTS with a continuous triangle force waveform at
0.1 Hz duty cycle for 5 cycles with a force range of 1 N (pre-load) to 100 N, which is the
maximum testable load on the MTS. In contrast, the small force sensors were characterized
under a 0.1 Hz continuous triangle waveform for 5 cycles with 1 N (pre-load) to an upper
force limit that was dependent on the elastomer to ensure compression never exceeded
50% of elastomer thickness. Testing the small elastomer samples to a 50% compression
threshold was necessitated by the inability of these samples to reach the 100 N threshold
without bottoming out. The waveform frequency was chosen based on quasi-static loading
and typical human walking speed (~2 Hz) [25]. Displacement and force were recorded at a
frequency of 10 Hz for the duration of the tests. For all tests, loads were applied along the
central axis and distributed uniformly across the cylindrical base.

2.2.2. Sensor Characterization Methods

Housing units for the low- and high-force sensors were designed to be mounted onto
the MTS for testing (Figure 3). Two mounting platforms were 3D-printed (Original Prusa
i3 MK3S+, Prusa Research, Prague, Czech Republic) using 1.75 mm PLA filament for the
sensor’s clear spacer and housing (Figure 3a,d). Two 10–32 machined bolts were used to
secure each sensor to the mounting hardware (Figure 3a), which was connected directly
to the MTS (Figure 4a). The high-force sensor’s clear spacer was attached to the other
mounting hardware with two 6-32 bolts, and then attached directly to the MTS. The low-
force sensor mounting hardware had a similar attachment method to the MTS. The housing
of the low-force sensor was attached to the mounting hardware via two perpendicularly
oriented 6-32 bolts (Figures 3d and 4b).

During testing, the sensor was connected to a 10-bit MCU controlled via a MATLAB
script that recorded voltages (accuracy: ±5 mV) across the photoresistor and timestamps.
The MTS was preprogrammed to perform a force-controlled compression test using a
proportion–integral–derivative (PID) feedback controller (low-force sensor: 5 cycles at
0.1 Hz (1 N–25% displacement or 100 N); high-force sensor: 5 cycles at 0.1 Hz (1–100 N)).
For the low-force sensors, a displacement limit of 25% elastomer thickness was imposed
to avoid sensor damage. This means that each elastomer was compressed to either 25%
thickness or 100 N, whichever condition was met first. The MTS recorded local timestamps
and force from an in-series load cell (1516FQG-100, TA Instruments, New Castle, DE, USA)
(accuracy: ±0.01 N), and displacement from an in-series high-accuracy displacement sensor
(accuracy: ±0.0001 mm). The measurements collected by the MTS were synchronized with
the MCU data via their respective timestamps (see Section 2.3).
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Figure 3. Photographs of the sensors. (a) An assembled high-force sensor (excluding LED and
photoresistor) for MTS testing. (b) A partially assembled high-force sensor. (c) Comparison of the
high- and low-force sensors (d) An assembled low-force sensor set up for MTS testing.

Figure 4. Drawings depicting the MTS setup for characterizing (a) high-force sensors and (b) low-
force sensors.

During the hysteresis test, the low-force sensors were subjected to 5 loading/unloading
cycles at 0.1 Hz duty cycle (1 N–25% displacement or 100 N), while the high-force sensors
were subjected to 5 cycles at 0.1 Hz (1–100 N). Both types of sensors were tested with
the MTS using a triangular waveform consisting of a compressive and a decompressive
phase. Fatigue testing (10,000 cycles at 1 Hz duty cycle) was performed for each sensor
configuration. Stiffness of each configuration was evaluated (low-force sensor: 0–30 N;
high-force sensor: 0–100 N) before and after the fatigue tests. There were no displacement
limits for hysteresis tests to ensure that degradation was performed under consistent
compressive force. This was motivated by the tendency of elastomer mechanical properties
to change with cyclical loading due to the breaking of chemical bonds and heat [26,27].

2.3. Data Analysis

Custom MATLAB scripts were used to analyze the collected data. In order to accurately
synchronize sensor data and the MTS record, all sensor data were interpolated linearly to
match the length and time steps of the MTS record. Both sensor and MTS data records were
averaged over 5 cycles, and standard deviations were calculated at each data point.

The stiffness of the material is defined as the ratio of change in load over the displace-
ment. Each elastomer configuration was characterized across five loading trials, and the
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mean and standard deviation of the response were calculated. Sensor data were analyzed
to determine their sensitivity, defined as change in applied force over the measure change
in voltage. A second-order polynomial function was used to model the sensor’s sensitivity
curve. To visualize the biphasic response, two linear piecewise functions were calculated
using linear regression with least squares fitting of a given subset of data. Data were
partitioned at the point that minimized the squared error of each region from its local mean.
The MTS-measured force was then compared to the sensor-estimated force based on the
polynomial regression to determine sensor performance, correlation coefficient (R2), the
sum of squares error (SSE), and root-mean-squared error (RMSE) values.

Hysteresis was calculated as the ratio of the difference between the compression and
decompression conditions at the midpoint of the force range and the difference between the
minimum and maximum displacement values. Percentage degradation from the fatigue
test was calculated as the percentage change in average stiffness across the loading range
before and after the 10,000-duty-cycle fatigue protocol (Section 2.2.2).

3. Results and Discussion
3.1. Material Charactization

Figure 5 depicts the load-displacement responses of the sensors with different elas-
tomers. As shown in the figure, sensors with 6 mm diameter elastomers (right column)
exhibited lower stiffness compared to their 12 mm diameter counterparts (left column).
Sensors with 6 mm elastomers also showed a two-phase stiffness response, with an initially
steep slope that tapered off at approximately 50% of the maximum load. This response is
exemplified in sensors with 6 mm 20A neoprene elastomers (Figure 5b).

Figure 5. Force versus displacement plots for sensors with 12 mm (left column) and 6 mm (right
column) diameter elastomers. The types of elastomers used in the experiments were 20A (a,b),
30A (c,d), 50A (e,f), and 75A (g,h). Data are mean ± standard deviation for n = 5 loading cycles.
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Overall, the smaller elastomers (Figure 5b,d,f,h) exhibited lower stiffness than the
larger elastomers (Figure 5a,c,e,g). The small sensors with 20A and 30A elastomers showed
a two-phase linear relationship, but the two-phase behaviors disappeared as the stiffnesses
of the elastomers increased. As expected, the 75A durometer samples had the lowest
variation throughout the loading range. The 12 mm 75A sample was the stiffest elastomer
tested (1.33 kN/mm) and had the lowest standard deviation (SD) (SD < 0.11% across the
full loading range). In contrast, the 6 mm 20A sample was the least stiff elastomer tested
(20.5 N/mm) with the largest standard deviation of all 6 mm samples (SD < 2.34% across
the full loading range).

3.2. Sensor Response

Sensor responses are dependent on the elastomer material inside the well of the
sensor housing. By changing the size and elasticity of the elastomer, the sensor sensitivity
was tuned from 17 N/V (20A, 6 mm) to 485 N/V (75A, 12 mm). For most elastomer
configurations, the sensor exhibited a two-phase response (a low-force response followed
by a high-force response), with the latter phase having a decreased force sensitivity.

Sensors with 20A durometer neoprene elastomers had the lowest force-sensing range
of all configurations tested while having the highest sensitivity (Figure 6a,b). Sensor-
derived force measurements based on the second-order polynomial fit matched the load cell
data well (R2 > 0.99, SSE = 34.71 N, RMSE = 0.94 N). The low-force 20A sensor had a similar
accuracy performance (R2 > 0.99, SSE = 0.41 N, RMSE = 0.103 N). For both configurations,
the sensor variations scaled approximately with the force magnitude (Figure 6c). This
may be explained in part by the flexing of the sensor housing under higher loads, as
previous research has shown higher variation in elastomer mechanical behavior under
greater stress [28].

Figure 6. Applied force versus output voltages from (a) high-force and (b) low-force sensors with 20A
neoprene elastomers. Each plot also shows two piecewise linear fits and a second-order polynomial
fit. Predicted (mean ± SD) vs. actual force for (c) high-force and (d) low-force sensors. Raw residuals
of predicted force vs. true force for (e) high-force and (f) low-force sensors.

Sensors with 30A neoprene elastomers (Figure 7a,b) showed similar force sensitivity
profiles to those with 20A neoprene elastomers. Specifically, the 30A high-force config-
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uration demonstrated good agreement with the load cell data (R2 > 0.99, SSE = 17.95 N,
RMSE = 0.683 N). The low-force sensor had similar levels of agreement (R2 > 0.99, SSE = 0.11 N,
RMSE = 0.05 N). Variation was consistent for both configurations, suggesting that error may
have occurred due to inherent material softening, as described by the Mullin’s effect for vul-
canized rubber elastomers where softening occurs following recurring stresses lower than
or equal to the experimental maximum stress applied [29]. The high-force sensitivity curve
was more linear than the low-force curve, with percentage change in the second phases being
123% and 72% for high- and low-force configurations, respectively. Material characterization of
the high-force 30A neoprene sensor showed a nonlinear stiffness profile (Figure 5c,d), which
indicates that the light-sensing paradigm may exhibit a nonlinear response under the load
range tested. Future work should seek to characterize the sensor response across a broader
range of forces.

Figure 7. Applied force versus output voltages from (a) high-force and (b) low-force sensors with 30A
neoprene elastomers. Each plot also shows two piecewise linear fits and a second-order polynomial
fit. Predicted (mean ± SD) vs. actual force for (c) high-force and (d) low-force sensors. Raw residuals
of predicted force vs. true force for (e) high-force and (f) low-force sensors.

Results from sensors with 50A neoprene elastomers (Figure 8a,b) showed their ability
to measure the largest force ranges compared to the other neoprene configurations. The
high-force sensors demonstrated good levels of agreement (R2 > 0.99, SSE = 99.64 N,
RMSE = 1.88 N). The low-force configuration also matched the load cell data (R2 > 0.99,
SSE = 1.17 N, RMSE = 0.20 N). Predicted force for the high-force configuration began
deviating from the true force near 65 N. Like the 20A neoprene, this may be due to flexing
of the sensor housing or increased variability in elastomer mechanics at higher forces [28].
The high-force sensor response (Figure 8a) for the 50A neoprene was also more linear than
the material stiffness characterization test (Figure 5e). This discrepancy could be indicative
of nonlinear change in incident light with increasing compressive force for the range tested.
Inversely, the sensor response of the low-force configuration (Figure 8b) was nonlinear.
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Figure 8. Applied force versus output voltages from (a) high-force and (b) low-force sensors with 50A
neoprene elastomers. Each plot also shows two piecewise linear fits and a second-order polynomial
fit. Predicted (mean ± SD) vs. actual force for (c) high-force and (d) low-force sensors. Raw residuals
of predicted force vs. true force for (e) high-force and (f) low-force sensors.

Sensors with 75A SBR elastomers had the highest force-sensing ranges of the sensors
tested (Figure 9a,b). For the high-force sensor, the predicted force closely aligned with load
cell data (R2 > 0.99, SSE = 14.42 N, RMSE = 0.71 N). The 75A elastomer configuration had
the lowest and most consistent predicted force error of all high-force sensors tested. The
low-force sensor followed less closely to the model than the high-force sensor (R2 > 0.98,
SSE = 51.62 N, RMSE = 1.34 N). Similar to the neoprene configurations, residuals were
greatest under higher forces [28]. The low-force configuration residuals (Figure 9f) had
distinguishable drift that increased with each loading cycle [29,30]. Overall voltage changes
in the 75A high-force sensor (<0.25 V across the full loading range) were the smallest of all
configurations tested. Lower light intensity correlated to lower displacement and model
error, which is indicative that lower displacement values are associated with a decreased
error in force prediction. The low-force 75A configuration had the broadest force sensitivity
and most associated error out of all low-force sensors tested; this is most likely due to
slower stress relaxation from material stiffness causing drift after each compressive cycle.

For most sensors, the highest sensing error occurred for loads near 100 N, which was
the limit of the test due to the capacities of the MTS and load cell. Sources of error in this
range may include changes in material properties (e.g., Mullin’s effect) throughout the
five-cycle test that caused the response curves of the materials to drift over time. This
pattern can be seen in the residual plots of many of the tested elastomer types irrespective
of size. It should be noted that the drift of the 6 mm elastomers was less than that of
the 12 mm elastomers. Drift may also be attributed to the inherent properties of elastic
materials, such as temperature-dependent variations in mechanical properties [30]. It is
also possible that the PLA sensor housing began to flex at higher loads, which would not
be captured by the sensor and thus manifest as error. In this study, we only sought to
model the sensor’s behavior under a compressive force; however, future work should also
evaluate sensor behavior under decompression or tensile loads. Similarly, future work
should seek to characterize the accuracy and error profile of the sensor across a larger
force range.
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Figure 9. Applied force versus output voltages from (a) high-force and (b) low-force sensors with 75A
neoprene elastomers. Each plot also shows two piecewise linear fits and a second-order polynomial
fit. (c,d) Predicted (mean ± SD) vs. actual force for (c) high-force and (d) low-force sensors. (e,f) Raw
residuals of predicted force vs. true force for (e) high-force and (f) low-force sensors.

Results suggest that a sensor configured with 20A neoprene would be the most
suitable for applications requiring higher sensitivity with low force range. Inversely, for
broader force ranging capability, higher durometer materials such as the 75A SBR tested
would be the most useful. Both 30A configurations exhibited the lowest fatigue-induced
degradation and hysteresis. These results indicate that 30A neoprene would perform best
under conditions with cyclical loading with relatively consistent amplitude profiles.

3.3. Sensor Hysteresis

Overall, hysteresis was lower in the low-force sensors compared to the high-force
sensors (Figure 10). The 20A low-force sensor had the lowest hysteresis of all low-force
configurations tested (high-force = 8.67%, low-force = 3.58%). The 30A sensors had similar
hysteresis values, with exception to the high-force configuration, which had the lowest
hysteresis of all high-force configurations (high-force = 6.25%, low-force = 5.54%). The 50A
sensors had moderately large hysteresis values (high-force = 16.79%, low-force = 16.38%).
The 75A sensors had the largest hysteresis of all sensors tested (high-force = 18.80%,
low-force = 21.41%).

Sensors with higher durometer elastomers showed more hysteresis compared to
sensors with elastomers of lower durometers, with the exception of the 20A high-force
configuration (Figure 10). This response matches previous research which has shown high-
durometer elastomers to exhibit greater hysteresis than low-durometer elastomers [31].
Durometer–hysteresis correlation is found at the molecular level, as higher durometer
rubbers are toughened by fillers, resulting in a stiffer elastomer with larger hysteresis.
Similarly, low-force sensors had lower hysteresis due to lower energy dissipation in the
elastomers during compression [29].
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Figure 10. Hysteresis of sensor responses for low-force sensors with 20A, 30A, 50A, and 75A elas-
tomers, respectively (a,c,e,g) and high-force sensors with the same elastomers (b,d,f,h).

3.4. Fatigue Characterization

It was found that the 20A high-force module had a degradation (i.e., reduction in
mechanical stiffness) of 14.1%. The 30A configuration degraded by 11.7%, the least out of
all neoprene durometers. The most degraded sensor configuration was the 50A neoprene,
which degraded 14.6%. In contrast, the 75A SBR degraded by only 4.4%. The 20A low-force
module had a degradation of 1.07%. The 30A configuration had a similar degradation of
1.06%. The 50A configuration degraded 0.91%, the least of all neoprene configurations. The
75A SBR configuration degraded 0.09%, the least of all configurations tested. These data
indicate that, with prolonged use, periodic recalibration of the sensor may be required to ac-
count for elastomer degradation. This is especially relevant for the neoprene configurations,
which showed the most degradation.

3.5. Sensor Application

The primary goals of this work were to create a compressive force sensor that has
a small form factor (size), low cost, low power requirements, and resistance to electro-
magnetic interference. Secondary goals were to develop a scalable and versatile sensing
paradigm capable of measuring a broad range of loads and load characteristics. Through
mechanical testing and characterization of eight sensor configurations, we have shown this
optical compressive sensing paradigm to be scalable and tunable for a variety of sensing
parameters. The low- and high-force sensor configurations weigh 1.96 g and 7.22 g, respec-
tively, which are comparatively lower than many other force sensors previously reported
in the literature (e.g., Liu et al. (2009) [16]). Furthermore, this sensor combines a wireless
design, small size, low mass, and low power requirements into a single package that may
be advantageous compared to other sensors which are limited to only some of these criteria
(Table 1) [3,14,16,32,33]. For example, Ueda et al. (2007) [32] employed an optical-based
design whereby a high-speed camera was used to measure the diffraction of light through
an acrylate layer. This method is low-powered but requires a bulky camera to function
in an enclosed environment. Another optics-based force sensor uses a photodetector and
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small threaded optical fibers [33], which are more costly and difficult to assemble than
the sensor components presented here. Many other force sensing concepts rely on either
capacitive sensing or strain gauge technology which typically have narrow force-range
sensing capabilities, require greater power, and are sensitive to EMI [14,15].

Table 1. Comparison of other similar sensors with key design parameters.

Study Sensing Principle Mass Diameter Power Source Sensing Capacity

Present Study Optoelectronic (Photoresistor and
LED)

7.22 g
1.96 g

30 mm
15 mm

Wired/Wireless
(30 mA)

Normal Force:
100 N
30 N

Bodini et al. (2018)
[14] Capacitive * 8.5 mm Wired Normal Force:

1 N
Liu et al. (2016)

[15]
Resistance Strain Gauge (variable

resistor) * 9.62 mm Wired
(11 mA)

Normal Force:
<1 N

Liu et al. (2009)
[16]

Pressure sensitive electric
conductive rubber (PSECR) 10g 10 mm Wired

Normal Force:
100 N

Shear Force:
35 N

Ueda et al. (2007)
[32] Optical/Camera * 240 mm Wired Normal Force:

60 N
Avellar et al. (2021)

[33]
Optoelectronic

(LED and Photodetector) * * Wired Normal Force:
60 N

* Data not reported.

Variations in sensitivity and operational force range based on elastomer material and
durometer suggest that other elastic materials (e.g., polymers and springs) could also be
implemented in future deigns to expand the utility of this sensor and sensing paradigm
for different force measurement applications. Ethylene propylene diene monomer (EPDM)
rubber, silicone, and chloroprene may be useful elastomers due to their well-studied
material properties and inexpensive manufacturing costs. While this work has tested a
broad range of Shore A durometer materials, it did not include the ends of the Shore A
classification—0A and 100A—and thus did not yield the highest and lowest sensitivity
curves, respectively [30]. Future work should seek to confirm this. Furthermore, all sensor
tests in this study were performed at a consistent loading rate under room temperature
conditions. Future work will aim to evaluate temperature- and loading-rate-dependent
sensor responses.

A unique property of the force-sensing paradigm presented in this paper is the two-
phase sensitivity response, whereby the sensors exhibit higher sensitivity and precision
for small force measurements yet maintain the ability to measure higher forces where
sensitivity and precision are relatively less important. This sensing paradigm could be
especially useful in applications such as continuous tracking of biomechanical activities, an
application which requires measuring broad force ranges (e.g., standing, walking, running,
and jumping). For instance, during a low intensity activity such as walking, hip flexion and
extension forces are <300 N, hip external rotation is <200 N, and ankle elevation is <1000 N
but could increase by a factor of 5 with highly dynamic activity [34–38].

All mechanical tests of materials were performed via continuous force-controlled
loading. Previous tests showed drifting of sensor-derived force measurements when under
quasi-static loading conditions, which increased with higher forces. Relaxation under quasi-
static loading is likely due to inherent properties of the viscoelastic materials chosen for
this study [30,39]. Future research may seek to characterize this response and compensate
for it through material selection or computational approaches. Future efforts will also
focus on decreasing the size of the sensor module. This can be accomplished by sourcing
smaller LEDs and photoresistors. The dimensions of the components used in this study
dictated sensor volume. The relatively bulky LED (5 mm × 4.9 mm × 2.4 mm) constrained
displacement distance and minimum size of the sensor housing. The overall size was
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also constrained by limits of properly mounting the sensor to the MTS for testing. For
smaller-form-factor sensors, a new testing approach would need to be implemented to
successfully characterize them.

The goal of this study was to develop a novel sensor and demonstrate its scalability by
varying elastomer type (neoprene and SBR), durometer, and size. Future work will seek to
implement and evaluate this sensor for practical analytical applications. Specifically, next
steps include combining the compressive force sensor with a two-axis optical shear force
sensor [20] for complete three-axis force measurements. Future work will seek to integrate
the three-axis force sensor into footwear for continuous gait biomechanics monitoring.

4. Conclusions

This paper presents a novel, compressive force sensor based on an LED and photoresis-
tor, as well as a compressible elastomer that blocks the LED light in response to an applied
force. This sensor is scalable, low cost, and low weight. Eight different embodiments were
tested, illustrating the scalability and repeatability of the concept. All sensor configurations
exhibited strong relationships between load and voltage (i.e., light intensity) modeled by
a second-order polynomial fit (R2 > 0.97 for all eight configurations). These sensors can
measure compressive force of up to 100 N, with sensitivity values ranging 17–485 N/V,
exemplifying the scalability and versatility of the design. These parameters may be ex-
panded upon in future iterations by varying the size and material within the sensor. The
performance and tunability of the sensor support its use for a wide variety of biomedical
applications and robotics.

Author Contributions: Conceptualization, Z.P. and M.M.; methodology, Z.P. and M.M.; software,
Z.P.; validation, Z.P.; formal analysis, Z.P. and M.M.; investigation, Z.P.; resources, K.G.O. and M.M.;
data curation, Z.P.; writing—original draft preparation, Z.P.; writing—review and editing, M.M. and
K.G.O.; visualization, Z.P. and M.M.; supervision, M.M. and K.G.O.; project administration, M.M.
and K.G.O.; funding acquisition, Z.P., M.M. and K.G.O. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Wu Tsai Human Performance Alliance and the Joe and
Clara Tsai Foundation, Office of Vice President for Research and Innovation (OVPRI), and the Knight
Campus Undergraduate Scholars Program funded by Ken and Kenda Singer.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available upon reasonable request to the authors.

Acknowledgments: We would also like to thank Robert Guldberg for providing access to the materi-
als testing system utilized for sensor and material characterization.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, P.; Liu, X. Common Sensors in Industrial Robots: A Review. J. Phys. Conf. Ser. 2019, 1267, 12036. [CrossRef]
2. Choudhary, H.; Vaithiyanathan, D.; Kumar, H. A Review on 3D printed force sensors. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1104,

12013. [CrossRef]
3. Zhao, Y.; Liu, Y.; Li, Y.; Hao, Q. Development and Application of Resistance Strain Force Sensors. Sensors 2020, 20, 20. [CrossRef]
4. Krouglicof, N.; Alonso, L.M.; Keat, W.D. Development of a mechanically coupled, six degree-of-freedom load platform for

biomechanics and sports medicine. In Proceedings of the 2004 IEEE International Conference on Systems, Man and Cybernetics
(IEEE Cat. No.04CH37583), The Hague, The Netherlands, 10–13 October 2004; Volume 5, pp. 4426–4431. [CrossRef]

5. Nolten, U.; Kempf, H.; Mattes, U.; Mokwa, W. Force sensor clip for orthopedic applications. Procedia Eng. 2010, 5, 730–733.
[CrossRef]

6. Gil, B.; Power, M.; Gao, A.; Treratanakulchai, S.; Anastasova, S.; Yang, G.Z. Carbon-Nanotube-Coated 3D Microspring Force
Sensor for Medical Applications. ACS Appl. Mater. Interfaces 2019, 11, 35577–35586. [CrossRef]

7. Xiao, Z.G.; Menon, C. Towards the development of a wearable feedback system for monitoring the activities of the upper-
extremities. J. Neuroeng. Rehabil. 2014, 11, 2. [CrossRef]

https://doi.org/10.1088/1742-6596/1267/1/012036
https://doi.org/10.1088/1757-899X/1104/1/012013
https://doi.org/10.3390/s20205826
https://doi.org/10.1109/ICSMC.2004.1401228
https://doi.org/10.1016/j.proeng.2010.09.212
https://doi.org/10.1021/acsami.9b12237
https://doi.org/10.1186/1743-0003-11-2


Sensors 2023, 23, 6513 14 of 15

8. Washif, J.A.; Kok, L.Y.; James, C.; Beaven, C.M.; Farooq, A.; Pyne, D.B.; Chamari, K. Athlete level, sport-type, and gender
influences on training, mental health, and sleep during the early COVID-19 lockdown in Malaysia. Front. Physiol. 2023, 13, 2765.
[CrossRef]

9. Dziuba, A.; Bober, T.; Kobel-Buys, K.; Stempien, M. Integral method (IM) as a quantitative and objective method to supplement
the GMFCS classification of gait in children with cerebral palsy (CP). Acta Bioeng. Biomech. 2013, 15, 105–111. [CrossRef]

10. Owoeye, O.B.A.; Rauvola, R.S.; Brownson, R.C. Dissemination and implementation research in sports and exercise medicine and
sports physical therapy: Translating evidence to practice and policy. BMJ Open Sport—Exerc. Med. 2020, 6, e000974. [CrossRef]

11. Falch, H.N.; Rædergård, H.G.; van den Tillaar, R. Effect of Different Physical Training Forms on Change of Direction Ability:
A Systematic Review and Meta-analysis. Sport. Med. Open 2019, 5, 53. [CrossRef]

12. Cherubini, A.; Navarro-Alarcon, D. Sensor-Based Control for Collaborative Robots: Fundamentals, Challenges, and Opportunities.
Front. Neurorobot. 2021, 14, 113. [CrossRef] [PubMed]

13. Almassri, A.M.; Wan Hasan, W.Z.; Ahmad, S.A.; Ishak, A.J.; Ghazali, A.M.; Talib, D.N.; Wada, C. Pressure Sensor: State of the Art,
Design, and Application for Robotic Hand. J. Sens. 2015, 2015, 846487. [CrossRef]

14. Bodini, A.; Pandini, S.; Sardini, E.; Serpelloni, M. Design and fabrication of a flexible capacitive coplanar force sensor for
biomedical applications. In Proceedings of the 2018 IEEE Sensors Applications Symposium (SAS), Seoul, Republic of Korea,
12–14 March 2018; pp. 1–5. [CrossRef]

15. Liu, C.-S.; Tsai, B.-J.; Chang, Y.-H. Design and Applications of Novel Enhanced-Performance Force Sensor. IEEE Sens. J. 2016, 16,
4665–4666. [CrossRef]

16. Liu, T.; Inoue, Y.; Shibata, K. A Small and Low-Cost 3-D Tactile Sensor for a Wearable Force Plate. IEEE Sens. J. 2009, 9, 1103–1110.
[CrossRef]

17. Wanasinghe, D.; Aslani, F. A review on recent advancement of electromagnetic interference shielding novel metallic materials
and processes. Compos. Part B Eng. 2019, 176, 107207. [CrossRef]

18. Cheng, A.J.; Wu, L.; Sha, Z.; Chang, W.; Chu, D.; Wang, C.H.; Peng, S. Recent Advances of Capacitive Sensors: Materials,
Microstructure Designs, Applications, and Opportunities. Adv. Mater. Technol. 2023, 8, 2201959. [CrossRef]

19. Ku, M.; Hwang, J.C.; Oh, B.; Park, J.-U. Smart Sensing Systems Using Wearable Optoelectronics. Adv. Intell. Syst. 2020, 2, 1900144.
[CrossRef]

20. McGeehan, M.A.; Karipott, S.S.; Hahn, M.E.; Morgenroth, D.C.; Ong, K.G. An Optoelectronics-Based Sensor for Measuring
Multi-Axial Shear Stresses. IEEE Sens. J. 2021, 21, 25641–25648. [CrossRef]

21. McGeehan, M.A.; Hahn, M.E.; Karipott, S.S.; Shuaib, M.; Ong, K.G. Optical-based sensing of shear strain using reflective color
patterns. Sens. Actuators A Phys. 2022, 335, 113372. [CrossRef]

22. McGeehan, M.; Hahn, M.; Karipott, S.; Ong, K.G. A wearable shear force transducer based on color spectrum analysis. Meas. Sci.
Technol. 2023, 34, 015106. [CrossRef]

23. Hirschberg, V.; Lyu, S.; Wilhelm, M.; Rodrigue, D. Nonlinear mechanical behavior of elastomers under tension/tension fatigue
deformation as determined by Fourier transform. Rheol. Acta 2021, 60, 787–801. [CrossRef]

24. Schubert, E.F.; Kim, J.K.; Luo, H.; Xi, J.-Q. Solid-state lighting—A benevolent technology. Rep. Prog. Phys. 2006, 69, 3069–3099.
[CrossRef]

25. Crenna, F.; Rossi, G.B.; Berardengo, M. Filtering Biomechanical Signals in Movement Analysis. Sensors 2021, 21, 4580. [CrossRef]
[PubMed]

26. Creton, C.; Ciccotti, M. Fracture and adhesion of soft materials: A review. Rep. Prog. Phys. 2016, 79, 46601. [CrossRef]
27. Akbulatov, S.; Boulatov, R. Experimental Polymer Mechanochemistry and its Interpretational Frameworks. ChemPhysChem 2017,

18, 1422–1450. [CrossRef]
28. Yamaguchi, K.; Thomas, A.G.; Busfield, J.J.C. Stress relaxation, creep and set recovery of elastomers. Int. J. Non-Linear Mech. 2015,

68, 66–70. [CrossRef]
29. Diani, J.; Fayolle, B.; Gilormini, P. A review on the Mullins effect. Eur. Polym. J. 2009, 45, 601–612. [CrossRef]
30. Naveen, B.S.; Jose, N.T.; Krishnan, P.; Mohapatra, S.; Pendharkar, V.; Koh, N.Y.H.; Lim, W.Y.; Huang, W.M. Evolution of Shore

Hardness under Uniaxial Tension/Compression in Body-Temperature Programmable Elastic Shape Memory Hybrids. Polymers
2022, 14, 4872. [CrossRef]

31. Wang, Z.; Xiang, C.; Yao, X.; Le Floch, P.; Mendez, J.; Suo, Z. Stretchable materials of high toughness and low hysteresis. Proc.
Natl. Acad. Sci. USA 2019, 116, 5967–5972. [CrossRef]

32. Ueda, M.; Uno, H.; Takemura, H.; Mizoguchi, H. Development of Optical 3-axis Distributed Forces Sensor for Walking Analysis.
In Proceedings of the SENSORS, 2007 IEEE, Atlanta, GA, USA, 28–31 October 2007; pp. 403–406. [CrossRef]

33. Avellar, L.; Delgado, G.; Rocon, E.; Marques, C.; Frizera, A.; Leal-Junior, A. Polymer Optical Fiber-Embedded Force Sensor System
for Assistive Devices with Dynamic Compensation. IEEE Sens. J. 2021, 21, 13255–13262. [CrossRef]

34. Sylvester, A.D.; Lautzenheiser, S.G.; Kramer, P.A. Muscle forces and the demands of human walking. Biol. Open 2021, 10,
bio058595. [CrossRef] [PubMed]

35. Ortega, D.R.; Bíes, E.C.R.; de la Rosa, F.J.B. Analysis of the vertical ground reaction forces and temporal factors in the landing
phase of a countermovement jump. J. Sport. Sci. Med. 2010, 9, 282–287.

36. Yu, L.; Mei, Q.; Xiang, L.; Liu, W.; Mohamad, N.I.; István, B.; Fernandez, J.; Gu, Y. Principal Component Analysis of the Running
Ground Reaction Forces with Different Speeds. Front. Bioeng. Biotechnol. 2021, 9, 629809. [CrossRef] [PubMed]

https://doi.org/10.3389/fphys.2022.1093965
https://doi.org/10.5277/abb130212
https://doi.org/10.1136/BMJSEM-2020-000974
https://doi.org/10.1186/s40798-019-0223-y
https://doi.org/10.3389/fnbot.2020.576846
https://www.ncbi.nlm.nih.gov/pubmed/33488375
https://doi.org/10.1155/2015/846487
https://doi.org/10.1109/SAS.2018.8336775
https://doi.org/10.1109/JSEN.2016.2558661
https://doi.org/10.1109/JSEN.2009.2026509
https://doi.org/10.1016/j.compositesb.2019.107207
https://doi.org/10.1002/admt.202201959
https://doi.org/10.1002/aisy.201900144
https://doi.org/10.1109/JSEN.2021.3117935
https://doi.org/10.1016/j.sna.2022.113372
https://doi.org/10.1088/1361-6501/ac924d
https://doi.org/10.1007/s00397-021-01310-3
https://doi.org/10.1088/0034-4885/69/12/R01
https://doi.org/10.3390/s21134580
https://www.ncbi.nlm.nih.gov/pubmed/34283131
https://doi.org/10.1088/0034-4885/79/4/046601
https://doi.org/10.1002/cphc.201601354
https://doi.org/10.1016/j.ijnonlinmec.2014.07.004
https://doi.org/10.1016/j.eurpolymj.2008.11.017
https://doi.org/10.3390/polym14224872
https://doi.org/10.1073/pnas.1821420116
https://doi.org/10.1109/ICSENS.2007.4388421
https://doi.org/10.1109/JSEN.2021.3066889
https://doi.org/10.1242/bio.058595
https://www.ncbi.nlm.nih.gov/pubmed/34279576
https://doi.org/10.3389/fbioe.2021.629809
https://www.ncbi.nlm.nih.gov/pubmed/33842444


Sensors 2023, 23, 6513 15 of 15

37. van Oeveren, B.T.; de Ruiter, C.J.; Beek, P.J.; van Dieën, J.H. The biomechanics of running and running styles: A synthesis. Sport.
Biomech. 2021, 1–39. [CrossRef] [PubMed]

38. Lu, T.-W.; Chang, C.-F. Biomechanics of human movement and its clinical applications. Kaohsiung J. Med. Sci. 2012, 28 (Suppl. S2),
S13–S25. [CrossRef]

39. Lagakos, N.; Jarzynski, J.; Cole, J.H.; Bucaro, J.A. Frequency and temperature dependence of elastic moduli of polymers. J. Appl.
Phys. 1986, 59, 4017–4031. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/14763141.2021.1873411
https://www.ncbi.nlm.nih.gov/pubmed/33663325
https://doi.org/10.1016/j.kjms.2011.08.004
https://doi.org/10.1063/1.336707

	Introduction 
	Materials and Methods 
	Design 
	Sensor Characterization 
	Elastomer Characterization Methods 
	Sensor Characterization Methods 

	Data Analysis 

	Results and Discussion 
	Material Charactization 
	Sensor Response 
	Sensor Hysteresis 
	Fatigue Characterization 
	Sensor Application 

	Conclusions 
	References

