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Embedded Barometric Pressure Sensor Unit
for Force Myography in Exoskeletons

Charlotte Marquardt, Pascal Weiner, Miha Dežman, and Tamim Asfour

Abstract— Exoskeletons and other wearable devices benefit
from sensor systems that are based on biofeedback for detecting
muscle activity. However, such sensor systems in wearable
applications are often impractical due to the need for direct
skin contact or due to non-linear signal output, both requiring
extensive calibration and post-processing. This paper presents
a compact and robust barometer-based pressure sensor unit for
detecting surface muscle pressure in an exoskeleton interface
housing that is light, thin and does not require direct con-
tact with the skin. It consists of an array of five miniature
barometric sensors mounted on a custom embedded printed
circuit board enclosed in a silicon dome. Evaluation of this
sensor unit in a controlled experimental setup showed high
sensitivity and an almost linear response to the normal force
applied to the silicon dome. Additionally, a pilot study was
conducted with four participants in a wearable application
to compare the performance of the proposed sensor with
that of electromyography (EMG). The results showed higher
robustness to positioning, consistent signal, low variance and
inter-subject variability compared to EMG.

I. INTRODUCTION

Wearable robots, such as exoskeletons, interact closely
with human users in both physical and cognitive terms. In
order to provide assistance during activities of daily living at
exactly the right instance during the motion, user intention
recognition is required [1]. Measuring muscle activation and
interaction forces provides valuable information to recognize
the intention of the human regarding the general motion that
is planned, but also which specific joint will be in motion
and thus improves control robustness of prostheses, ortheses,
and exoskeletons [2].

Activation of human muscles is accompanied by electrical
stimulation of muscle fibers, followed by the mechanical
response of the fibers contracting, leading to changes in
muscle stiffness and shape. Electromyography (EMG) is a
well-established method to detect human muscle activation,
widely-exploited for wearables [3]–[5]. EMG relies either
on non-invasive surface electrodes or on subcutaneous fine
wire electrodes inserted into the muscle. In contrast, force
myography (FMG) detects the mechanical phenomena re-
lated to muscle contraction rather than electrical effects. The
detectable surface muscle pressure (SMP) correlates linearly
with the intramuscular pressure (IMP) [6], suggesting that
surface muscle pressure (SMP) can display both active and
passive forces in the muscles [7], [8].
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Fig. 1: Prototype of the proposed force myography sensor
unit consisting of five barometric pressure sensors and an
inertial measurement unit (IMU) covered by soft material.

In lower limb exoskeletons, surface electromyography
(sEMG) and force myography (FMG) sensors are typically
supplementary to foot switches, foot pressure insoles, and
IMUs [4]. sEMG is useful for detecting gait phases since
lower limb muscle activity occurs in a periodic manner
during the gait cycle. However, sEMG sensors come with
inherently higher complexity regarding data acquisition and
post-processing, and the need for a direct skin-contact com-
pared to FMG. Although the electrical activation of muscle
fibers always precedes their mechanical contraction, the
sEMG signal needs to be processed to control the prosthesis
and this filtering inevitably leads to delays [9], [10]. The
combination of sEMG and FMG sensors has shown to
improve the accuracy of motion classification [3], [11].
Furthermore, both sensing modalities may even be joined
in a co-located architecture, as successfully demonstrated in
a hand gesture recognition task [5], [12]–[14].

In comparison, FMG-based signal processing is less prone
to the condition of the skin contact and requires less signal
filtering and post-processing. For instance, Islam et al. [15]
showed that FMG outperforms surface electromyography
(sEMG) in day-to-day motion detection because the data
recorded from FMG sensors is more reliable and stable
than sEMG. The accuracy of FMG-based gait event de-
tection is comparable to that of pressure-sensitive insoles,
gyroscopes, accelerometers, and electromyography, which
are much more complex and expensive compared to FMG-
based systems [16]. Additionally, FMG was shown to offer a
better performance when compared to sEMG based threshold
controllers [17], [18], in real-time control [19] and for joint
angle estimation in both upper [20] and lower limbs [21],
[22]. In muscle activity analysis of the thigh muscles, FMG
showed considerable potential for detection and estimation
of muscle activity and thus to determine muscle loads [23],
[24].
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FMG sensors may rely on different technologies, such
as optical [25], capacitive [26], and resisitive transducing
methods [27]. Among the above technologies, force sensing
resistors (FSRs) are the most frequently used sensors for
FMG since they are cost effective, easy to integrate, and thin.
However, their nonlinear force-resistance response results in
difficult calibration, and makes them prone to hysteresis [27].
Despite these drawbacks, their use is extensively investi-
gated in various wearable applications [10], [15], [28]–[30].
Recently, barometer-based pressure sensors became smaller
and accessible enough to be a promising alternative for
use in FMG. For example, Dabling et al. [31] showed that
barometer-based pressure sensors performed better in static
drift and cyclic loading testing compared to FSRs, optical
and capacitative sensors.

In our previous work [32], we explored the use of
barometer-based sensors embedded in the fingertips of a
soft prosthetic hand for haptic-based reactive grasping. This
paper proposes to extend this barometric technology for
interaction and muscle activity detection for exoskeleton
devices. Namely, we propose a compact and low profile
sensor unit based on barometric pressure sensor, as shown
in Fig. 1. Our sensor unit robustly measures the normal forces
resulting from the SMP of the muscles without the need of
extensive calibration and post-processing. As expected, our
sensor units are more invariant to the position on the muscle
compared to sEMG electrodes. We validated the proposed
sensor unit in a pilot study setup by comparing it with sEMG
measurements of the gastrocnemius lateralis muscle with
regard to its optimal position on the muscle and its inter-
subject variability and variance.

The rest of the paper is organized as follows: Section II
describes the design of the sensor unit and gives an overview
about the experimental setup and trials used to evaluate the
performance of the sensor unit. The results are presented in
Section III and discussed in Section IV. Section V concludes
the paper.

II. DESIGN AND EVALUATION METHODS

In this section, we describe the design of the barometer-
based pressure sensor unit and the methods used to determine
the force-pressure relationship, as well as the comparison
of our FMG sensor unit with EMG sensors in human
application.

A. Design

The sensor unit is designed to be comfortable to wear
when integrated in an exoskeleton interface and provides
information on the muscle stiffness, as well as the orientation
of the sensor unit. It consists of five barometric pressure
sensors, an IMU, and a microcontroller integrated on one
single custom-made printed circuit board (PCB) and covered
by soft material (see Fig. 1). The small square printed circuit
board (PCB) allows the five barometric pressure sensors
(BMP384, Bosch Sensortec) to be evenly distributed on the
surface (see Fig. 2a) to ensure that all applied forces on
the complete surface are accounted for. The IMU (BNO055,
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Fig. 2: Sensor unit design. (a) PCB with sensor identification.
Pressure sensors are shown in the middle of each side (left,
right, top, bottom) and in the center of the PCB (middle). (b)
Cross section of the sensor unit. Its silicone dome (black)
is located above the pressure sensors (gray) and the PCB
(green).

Bosch Sensortec) is located on the bottom side. The rigid
housing of the PCB was manufactured from acrylonitrile
styrene acrylate (ASA) using 3D-printing methods (fused de-
position modeling). Making use of a 3D-printed mold (stere-
olithography) made of clear resin, the screwed-in PCB was
completely cast in silicone of Shore hardness A (ShA) 13,
leaving a dome-shaped soft cover over the pressure sensors
(see Fig. 2b). The silicone hardness was empirically chosen
based on prosthetic hand design results from previous work
[33].

A microcontroller (STM32L5 series, STMicroelectronics)
allows for communication with the barometric sensors via
a serial peripheral interface (SPI). The pressure sensors
transmit their signals with a sample frequency of 200 Hz.
To distinguish the individual barometric pressure sensors
for the experiments, they were named according to their
position on the PCB, when oriented as shown in Fig. 2a. Each
pressure sensor chip includes a temperature sensing element.
Using the microcontroller and calibration data provided by
Bosch Sensortec, the barometric pressure and temperature
measurements are converted into MPa and °C respectively.
The calibrated barometric sensor data is passed from the
sensor unit via a universal asynchronous receiver-transmitter
(UART) interface to a computer for processing and analysis.

B. Force-Pressure Characterization

We assess the performance of the sensor unit by con-
ducting a series of experiments in which normal and shear
forces are induced on a prototype sensor unit. The goal is
to characterize the relationship between pressure and normal
forces, as well as the detection of shear forces.

The experimental setup is shown in Fig. 3a and consists
of a two-axis linear stage as used in our previous work [33].
Each of the axes is a precision linear stage (PT4808, MM
Engineering GmbH) with a lead of 0.5 mm per revolution.
Both axes are connected to stepper motors with 200 steps
per revolution. A force/torque transducer (Mini 40, ATI
Industrial Automation), used as reference force sensor, is
mounted on the vertical shaft whereas the sensor is attached
to the horizontal shaft, allowing the probe to apply well-
defined normal forces onto the sensor unit. Moving the
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Fig. 3: Two-axis linear table for normal and shear force
experiments. (a) General setup (adapted from [33]), (b) a
close-up of the sensor attachment to the horizontal stage.

sensor horizontally while a normal force is applied evaluates
the behavior when subjected to shear forces. Below the
force/torque transducer, a rigid metal plate covers screw
holes on the transducers surface and thus ensures an even
distribution of the force onto the sensor (see Fig. 3b).

Synchronized recording of both force/torque transducer
and pressure sensor data as well as control of linear stage
movements is done using a Rasberry Pi via a Python script.
Data was analyzed offline using MATLAB. Pressure data
from the sensor unit was initialized under normal barometric
air pressure before each experiment and all following data
was calibrated with regard to this initial data.

For the normal force experiment the horizontal shaft in
the aforementioned experimental setup was held in a fixed
position while an increasing normal force was applied step-
by-step to the sensor unit via a displacement of the vertical
shaft. Similarly as in the literature [15], [21], [34], the
maximum force of 10 N was set as limit. As soon as the
saturation of the pressure sensors or the force limit was
reached, the normal force was released and the horizontal
shaft returned with the same resolution back into its initial
position.

For the shear force experiments, we focused on the outer
four sensors to investigate if those could detect the direction
of the applied shear force. To evaluate the behavior regarding
shear forces, a normal force of 3 N was continuously applied
to the sensor unit. Afterwards an increasing shear force was
applied step-by-step via a displacement of the horizontal
shaft away from the stepper motor up to a maximum force
of 1 N. In terms of the sensor identification (Fig. 2a), the
sensor unit was moved from the side of its bottom sensor
in the direction of its top sensor. After reaching its limit
the shear force was decreased again and both shafts returned
with the same velocity back into their initial position.

Both experiments were repeated with a sheet of 8 mm thick
ethylene propylene diene monomer rubber (EPDM) attached
to the bottom of the metal plate. According to the average
stiffness of human soft tissue evaluated by [35], EPDM has
a similar stiffness as human soft tissue and thus provides
a possibility to simulate the pressure sensor characteristics
closer to a wearable application. Due to the shape of the
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Fig. 4: Experimental setup on the human leg. (a) shows the
three different positions on the gastrocnemius lateralis m
used in our experiment. (b) and (c) depict a pressure sensor
unit and an EMG electrode at position 0, respectively.

silicone dome, a metal plate only applies forces at a contact
point, whereas the human soft tissue will apply forces on the
complete surface. This is expected to influence the behavior
of the sensor and thus its force-pressure relation [36].

C. EMG-FMG Characterization

For the EMG-FMG characterization, walking experiments
were conducted in a pilot study with four participants.
Informed consent was obtained from all participants involved
in the study. The experimental setup consisted of an EMG
electrode (13E200, Ottobock SE & Co. KGaA) with an
integrated amplifier and the presented pressure sensors unit.
The sensors were placed anatomically to measure activity
from the gastrocnemius lateralis m. at the rear of the shank.

Both sensors were positioned at three different positions
along the gastrocnemius lateralis m. at a distance of 3 cm
(Figs. 4a and 4b). The position (Pos. 0) was determined based
on EMG placement recommendations from SENIAM [37]
combined with the strongest EMG signal along the muscle
according to real-time feedback from the sensor. The other
two positions (Pos. 3+ and Pos. 3- were chosen 3 cm upwards
and downwards of the optimal position along the muscle.
After donning the setup the participants had a few minutes
to get used to all sensors and cables while walking freely.
For each experiment the participants were than asked to
stand upright in a relaxed way for approximately 10 s before
walking about 45 strides in a straight line at a speed rate of
about 100 strides per minute.

For the pressure sensor unit, the mean signal of all five
barometric sensors was calculated. The EMG electrode was
adjusted to the maximum amplification level. All sensor
data was calibrated using the data from the standing phase.
Detection of each heel strike to determine each full gait cycle
was analyzed based on a miniature switch (D2F-L, OMRON
Corporation) attached to the right heel (sensorized leg). The
full data was reduced to 36 strides within the walking data
to ensure the participant has adjusted to the speed rate and
reached a consistent stride length. Analysis of the data was
conducted in MATLAB.



top right bottom middleleftSensors:

Normal Force Experiment Shear Force Experiment

10 15 20 25
Time (in s)

0

20

40

60

80

100

Pr
es

su
re

(i
n

kP
a)

(a) metal

0 40 80 120
Time (in s)

0

10

20

30

(b) EPDM

5 10 15 20 25 30 35 40
Time (in s)

0

20

40

60

80

(c) metal

0 20 40 60
Time (in s)

0

5

10

15

(d) EPDM

Fig. 5: Normal and shear force experiments of the barometric pressure sensors. Signals are shown for each single pressure
sensor on the PCB according to the sensor identification.

III. RESULTS

In this section, we describe the results of the sensor
unit characterization based on the methods and experiments
described above.

A. Force-Pressure Characterization

According to its data sheet, each barometric pressure
sensor saturates by design at an absolute pressure of 125 kPa.
Covered by a silicone layer, calibrated without load and
subjected to a normal force, this corresponds to about 5 N
when applied by a plain metal sheet (see Fig. 5a). If an
8 mm EPDM layer is added to replicate human soft tissue,
the applicable normal force exceeds the measured maximum
normal force of 10 N (see Fig. 5b). The EPDM layer is
completely covering the silicone dome and all sensors within
the unit report a change in pressure instead of only the middle
sensor in case of the stiff metal plate in the first experiment.

Fig. 6 compares the normal force measurements to the two
material configurations of the experimental setup using the
mean signal of all five barometric pressure sensors within
one sensor unit. Whereas the force-pressure relation shows
a very low hysteresis between the measured pressure signals
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Fig. 6: Force-pressure relation: mean signal of all five
barometric sensors within the sensor unit of both purely the
metal and the attached 8 mm EPDM layer, as well as the
polynomial model for the former.

and the applied force in the plain metal configuration, it is
slightly more prominent with the additional foam. Fitting a
polynomial model to the measured force F and pressure P
data in the plain metal configuration results in

F = 0.003928 ·P2 +0.1375 ·P−0.007911

with a coefficient of determination R2 of 99.63 %.
When subjected to shear forces, the data from the ex-

periments with the plain metal sheet displays increased and
decreased pressure in the bottom and top barometric sensor,
respectively (see Fig. 5c). Adding a layer of EPDM also
leads to a visible change in the behavior of the top and
bottom barometric pressure sensor, however, both sensors in
the corresponding plane show a decrease when subjected to
shear forces.

B. EMG-FMG Characterization

Figs. 7a and 7b displays the signal mean of the electric
potential and pressure of 36 strides by one participant mea-
sured at the three different positions along the muscle during
the gait cycle. The results suggests that on the gastrocnemius
lateralis m. the most distinct signal of the EMG electrode can
be retrieved from Pos. 0 while the surface pressure can be
measured at different positions on the muscle with a similarly
strong signal.

Comparing the trajectory of the EMG signal and the
measured SMP of all four participants in Figs. 7c and 7d,
both display a low inter-subject variability if donned in
Pos. 0. The variance of the pressure appears lower during
the stance phase compared to the swing phase. If donned
at the two other positions, the EMG shows a high variance
between participants, whereas the inter-subject variability of
the pressure signal remains similar.

Fig. 8 additionally shows that in both Pos. 3+ and Pos.
3- the electric potential displays a high standard deviation
and deviates strongly from Pos. 0. The pressure signal
shows a lower variance through the change of the position.
Additionally, the deviation from the trajectory at its optimal
position is less obvious than the EMG signal.
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Fig. 7: Comparison of the mean signal of both the EMG (blue) and the FMG (orange) signal of the gastrocnemius lateralis
m. generalized from 36 strides of (a)-(b) one participant at all positions and (c)-(d) all participants at position 0.

IV. DISCUSSION
This paper presents a concept and implementation of a

sensor unit consisting of five barometric pressure sensors
encased in soft silicone. In this section, we discuss the results
of each characterization in a broader context and with regard
to related work.

A. Force-Pressure Characterization
The barometric pressure sensors within the sensor unit

offer a suitable performance for low forces and show a close
to linear force-pressure relationship with a comparatively low
hysteresis, the latter being presumably only a result of the
silicone dome with its slightly visco-elastic properties. In its
application it will also be influenced by the thickness and
characteristic of the soft tissue (here simulated by EPDM
foam) between the muscle and the sensor.

The comparison of the mean value of all five barometric
pressure sensors in Fig. 6 shows, that not only does the
EPDM apply pressure to all five sensors, but it also evenly
distributes the pressure to all sensors. This allows for an in-
creased total force range of more than 10 N and a robustness
to varying stiffness in the human soft tissue. Similar findings
have been reported by [36]. The applicable force range also
aligns with previous findings on FSR sensors in literature
[15], [21], [34]. However, the pressure sensor unit displays
more linear behavior regarding the applied force in relation to
the measured pressure signal compared to the characteristic
of FSR sensors described in [27]. In comparison to FSR
sensors, this makes the barometer-based pressure sensor unit
sensitive to small forces.

In the experiments, we evaluated whether shear forces
could also be tracked by an array of barometric pressure
sensors under a silicone dome. The results in Figs. 5c and 5d
reveal that in a configuration where only a rigid metal plate
induces shear forces, those shear forces and their direction
can be detected. However, in a setting closer to the human
soft tissue (EPDM) only the fact that shear forces occur can
be detected, but not their direction and magnitude. Solely the
plane in which shear forces are applied can be recognized
from the changing trajectory of the barometric pressure
sensors within that plane. Further designs could include the
Hall-effect based sensors presented in [38] or a different
arrangement of the barometric pressure sensors to achieve
shear force detection regarding direction and dynamic. In its
target application, i.e., a lower limb exoskeleton interface,
shear force detection allows the evaluation of the influence
of misalignment or slip of an interface shell on the sensor
signals. At the same time this would give information to eval-
uate the design of the exoskeleton regarding misalignment
which strongly contributes to the comfort and acceptance of
an exoskeleton.

One limitation of our experiments was the application of
low shear forces with regard to the applied normal force
(approximately a maximum of 30 % to 35 % for metal
and about 40 % to 50 % for the EPDM configuration. The
restricting factor was the point at which the kinetic friction
replaces the static friction between the silicone surface and
the opposing metal or EPDM surface. Moreover, only slow
motion loading tests were evaluated. In the future, additional
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Fig. 8: Mean and standard deviation of the EMG (blue) and FMG (orange) signal of the gastrocnemius lateralis m. of each
position generalized from 36 strides of one participant.



cyclic loading tests could provide a better understanding of
the characteristics of the sensor unit for its integration in
wearable robots and usage in dynamic settings.

B. EMG-FMG Characterization

The pilot study explored the measurement of mechanical
and electrical muscle activation signals (FMG and EMG re-
spectively) on the gastrocnemius lateralis m. during ground-
level walking. An offset was calculated from the data while
standing which allowed for a better quantification of the mus-
cle activity. Each sensor successfully measured the respective
activity of the muscle and the collected data allowed for
a preliminary evaluation of the characteristics of the SMP
measured by the pressure sensor unit in comparison to EMG.

A key investigation point of this pilot study was to
determine the robustness of the pressure sensor unit to its
placement on the muscle. As expected, the electrical muscle
activation can be optimally measured at 1/3 of the line
between head of the fibula and the heel [37], here Pos.
0. However, the mechanical muscle response, the SMP,
can be measured in a wider range along the muscle while
still providing a distinct trajectory with low variance and
only a small difference in magnitude. Any influence of co-
contractions of neighboring muscles cannot be excluded in
this dynamic setting, but appear to be consistent independent
on the position on the sensor. Thus the pressure sensor unit
appears to be more robust and invariant to its positioning on
the muscle offering a simple integration into an exoskeleton
shell and thus an easier donning for the user.

Another investigation point of the pilot study was con-
cerned with the inter-subject variability in sensor signals
whilst recording the muscle activation via EMG electrodes
or the muscle response via our pressure sensor unit. The
resulting activation-response delay is reflected in Figs. 7
and 8, similar as it has been observed for the quadriceps
by [23]. Independent of the position of the sensor, the peak of
the SMP appears slightly delayed to the electrical activation
and persists slightly longer eventually including a second
peak. In contrast to the electric potential sent to activate the
muscle, the muscular reaction is influenced by genetics and
preconditioning variances including the soft tissue between
the muscle and the pressure sensor unit [39], [40]. However,
the experiments suggest that the inter-subject variability with
our presented pressure sensor units is lower than expected
and shows consistency in shape and amplitude of the sensor
signals during ground-level walking, particularly during the
stance phase.

Limitations of our walking trials include unknown in-
fluences due to a change in circumference of the lower
leg and oscillations resulting from movement of the sensor
with respect to the skin. Co-contractions of other muscles
around the leg can lead to circumferential changes which
could potentially be interpreted as muscles forces by the
sensor unit. An elastic band included into the design of
the experimental sensor attachment aimed to minimize those
influences. At the same time, this allows the sensor unit to
move more freely with respect to the skin if impacted by

the heel strike, which might lead to the oscillations in the
beginning of the gait cycle in Figs. 7b and 7d. It is expected
that this should improve when the sensor is integrated into
the shell of an exoskeleton.

The effect of temperature changes on the behavior of
the sensor is not explored in this work. The barometric
measurement technique in the integrated sensors are based
on temperature changes. If the temperature inside the silicone
dome rises, the measured value may change. To account for
this, the sensor unit was initialized roughly 10 min after
donning, so that the silicone already adapted to the user’s
body temperature. Still, high exertion could potentially cause
the user to have higher skin temperatures. However, the
walking trials in our study were short and relaxed to reduce
such influences.

V. CONCLUSION

In this paper, we present a wearable, compact and low
profile sensor unit based on barometric pressure sensors for
robust interaction and muscle activity detection in wearable
applications such as exoskeletons, but also motion analysis.
A prototype was experimentally evaluated to explore both
its sensor characteristics and its performance based on data
collected in a pilot study. Results showed that the pressure
sensor unit can successfully measure a suitable range of
normal forces with an almost linear characteristic and pro-
vide a promising method to measure muscle activity during
dynamic motion with a rather low inter-subject variability.
Further research will focus on the relation between the
measurement systems for EMG and FMG in more detail,
focusing on muscle activity under loading strain in a setup
minimizing any influence of co-contraction. The presented
results will be validated in a larger scale and enhanced by
further activities of daily living. The invariance to positioning
the sensor unit on the muscle is an important property in its
target application of an exoskeleton interface shell, allowing
for a robust estimation of the muscle activity. This approach
could potentially be used as a basis of a multi-level control
approach for assistive exoskeletons, providing biofeedback
enabling the estimation of muscle state even above clothing
during activities of daily living.
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