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Abstract— This paper presents the design, implementation,
and validation of a novel sensorized forearm cuff with actuated
tensioning for wearable robots. Existing attachment interfaces
require the user or operator to manually tighten straps without
real-time quantitative feedback. The proposed cuff addresses
the challenge of accurate measurement and modulation of
interface pressure, which is critical for improving the trade-off
between performance and wearability during physical human-
robot interaction. The cuff features a hybrid rigid-soft design
incorporating force-sensing resistors (FSRs) at six angular
locations for distributed pressure measurement, along with an
actuated cable mechanism for interface pressure control. The
quality of FSR measurement is improved with repeatable load-
ing through mechanical design and an automated calibration
protocol with a single-axis load cell. The cuff’s performance is
validated through benchtop experiments and a pilot human test,
demonstrating its ability to measure and modulate interface
pressure consistently across various tension levels. Results show
even distribution of interface pressure around the forearm, with
the potential to adapt to individual arm shapes and underlying
tissue properties. The cuff is well-suited to studying interface
pressure in a variety of wearable robotics applications with
the goal of achieving safe, comfortable, and effective physical
human-robot interaction.

I. INTRODUCTION

The field of wearable robotics has seen significant ad-
vancements in recent years, with upper-body wearable de-
vices showing particular promise in applications ranging
from rehabilitation and assistance to haptics and human aug-
mentation [1], [2], [3]. However, the optimization of physical
human-robot interaction in these devices remains a critical
challenge, especially in terms of balancing performance and
wearability [4]. A key factor in this optimization is the
management of interface pressure at the points where the
robot attaches to the human body [5].

The ergonomics of upper limb wearable robots is funda-
mentally tied to how well they interface with the human
body. This interface determines not only the comfort of the
user but also the efficacy of the human-robot coupling [6].
Despite its importance, there has been a notable lack of
methods for accurately measuring and actively controlling
interface pressure at attachment points. This gap in current
technology presents a significant obstacle to achieving wear-
able robot coupling that is both performant and wearable.
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Fig. 1: The proposed sensorized cuff implements force-
sensing resistors (FSRs) with an actuated tensioning mecha-
nism for measuring and modulating interface pressure.

The challenge lies in striking a delicate balance: if inter-
face pressure is too high, it can lead to user discomfort and
potential skin injuries, compromising safety [7]. Conversely,
if interface pressure is too low, while potentially more
comfortable, it can result in poor human-robot coupling.
This suboptimal coupling can manifest as kinematic mis-
alignment, imprecise tracking, and inefficient force transfer
between the wearable robot and the user [8], [9]. Thus, the
ability to accurately measure and actively control interface
pressure is crucial for assessing and optimizing the quality of
physical human-robot interaction. In real-world applications,
standard cuffs have manual straps which are adjusted by
the user or operator to a pressure level based on qualitative
feedback, and there is no way of knowing the true interface
pressure or modulating it on a fine level.

Recent literature has started to address this issue through
various means. Some researchers have explored actuated
tensioning mechanisms, employing pneumatic systems [10]
or cable routing designs [11]. However, these solutions often
lack the ability to measure distributed pressure across the
attachment interface in real time, a critical factor in properly
controlling the level of actuated tensioning. Approaches



for distributed pressure measurement have included opto-
electronic sensors embedded in silicone [12], force-sensing
resistors for strap tension measurement [13], and flexible sen-
sor arrays [14]. While these methods offer valuable insights,
they often increase production costs, are difficult to integrate
into existing systems, and lack methods for active modulation
of interface pressure.

To address these limitations, we propose the novel de-
sign of a sensorized forearm cuff with actuated tensioning
(Fig. 1). This innovative approach provides a robust and
precise tool for measuring and adjusting interface pressure
distribution. Our design incorporates force-sensing resistors
(FSRs) to measure interface pressure across six discretized
angular locations, which have been shown to have distinct
soft tissue properties in literature [15]. This choice of six
angular locations offers a balance between sufficient spatial
resolution and ease of implementation. The cuff features a
modular rigid-soft design, allowing for better conformity to
the user’s forearm shape and size.

The core conceptual contribution of this research lies in
utilizing interface pressure measurements to actively control
tension level, thereby optimizing the trade-off between per-
formance and wearability. Technically, our solution offers
two key innovations: 1) a distributed interface pressure
measurement system using FSR modules, and 2) an actuated
tensioning mechanism controlled by two motors to modulate
interface pressure.

This paper presents the design, implementation, and eval-
uation of our sensorized forearm cuff. We demonstrate its
effectiveness through benchtop and pilot human experiments,
characterizing distributed interface pressure under different
levels of actuated tensioning. This work provides a tool
for investigating interface pressure modulation in wearable
robots, working towards the optimization of performance and
wearability in human-robot interactions.

II. SENSORIZED ACTUATED CUFF DESIGN

The design features of the proposed forearm cuff are im-
plemented for distributed measurement of interface pressure,
which is actively modulated through an actuated tensioning
mechanism. A hybrid rigid-soft design improves the weara-
bility of the cuff, accommodating different forearm shapes
and sizes.

A. Interface Pressure Measurement

To measure interface pressure in the forearm cuff, we
implement force-sensing resistors (FSRs) which are low-
cost, low-profile, and easy to integrate. The forearm cuff is
comprised of six discrete FSR modules, five of which are
identical with the sixth FSR module designed to attach the
cuff to a testbed or wearable robot (Fig. 1). Detailed cross-
sections of an individual FSR module are shown in Fig. 2.
The FSR modules are specifically designed to capture and
transfer normal forces from the human-robot interface by
limiting the movement of the load-transmitting component.
This design guarantees precise and uniform force measure-
ments at each point of contact.
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Fig. 2: Design features highlighted for measuring interface
pressure with actuated tensioning. Each FSR is housed
between the (A) FSR module and the (B) force transmitter,
which in turn interfaces through the (C) foam plate and
(D) interface padding. The actuated tensioning mechanism is
implemented through (E) cable routing over a (F) roller pin
at each module. All six FSR modules are linked through (G)
compliant elastomeric connectors which realize the hybrid
rigid-soft cuff design.

Each FSR module includes the FSR module base and a
load transmitter with a puck feature for loading the FSR
surface. Both of these parts of the FSR modules are 3D
printed together without support material as interlocked
pieces by leveraging selective laser sintering (SLS) tech-
nology. The interlocked fabrication removes the need for
manual assembly, improves the tolerancing between both
pieces, and ensures that the FSR sensing surface is loaded
repeatably during use. A 3D printed plate press-fits into the
FSR module load transmitter, and foam padding applied to
this plate interfaces with the skin surface.

B. Actuated Tensioning Mechanism

An actuated tensioning mechanism is implemented with
cable routing to actively modulate the level of interface
pressure around the cuff. We have designed the cable to
route around the entire cuff, with both ends crossing across
the FSR grounding module and anchoring at opposite sides,
as shown in Fig. 6a. The tensioning system is designed to
actuate both ends simultaneously, ensuring even distribution
of cable tension around the circumference of the cuff. During
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Fig. 3: A schematic representation of the forearm cuff
human-robot interface. Rigid modules (orange) are connected
by compliant connectors of stiffness KConnector. The system
includes interface foam of stiffness KFoam. Applied cable ten-
sion force FTension acts across the cuff, while FFSR represents
the interface force measured by each sensor (green). The
FSR modules are numbered from 1 to 6.

prototyping, we found that tensioning from a single side led
to undesirable localized buckling, motivating our dual-sided
approach.

The tension routing is intentionally designed for one rigid
metal cable, which conforms better to the forearm’s shape
and distributes tensioning force repeatably with low friction.
With one cable routing channel as compared to multiple,
each FSR module has the freedom of movement to rotate
around the cable axis and conform to the local variation in
forearm contour along the longitudinal axis of the arm. We
also compared the use of a compliant versus rigid cable for
tensioning, opting for the latter due to repeatability and lower
friction around the roller pins. With a metal cable and a free-
rotating metal roller pin at the point of cable contact, the
friction in the actuated tensioning mechanism is minimized
and interface pressure is evenly distributed around the cuff.

C. Hybrid Rigid-Soft Cuff Design

The proposed cuff features a hybrid rigid-soft design,
where the rigid FSR modules are linked through compliant
connectors (Fig. 3). Maintaining a balance between the
rigidity and compliance of the connecting springs is impor-
tant to the cuff design. High rigidity reduces compression
and contour matching performance while overly compliant
connectors make donning difficult since the cuff does not
maintain its circular profile. A rigid housing for the FSRs is
necessary to maintain measurement integrity, but the ability
to properly match the shape of the forearm is an essential
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Fig. 4: Force-sensing resistors (FSRs) utilizing piezoresistive
material to convert applied force to electrical resistance. Cus-
tom printed circuit board (PCB) designed to accommodate
four FSRs each, implementing the necessary circuitry for
force measurement.

feature of the cuff design. Due to the modularity of the cuff,
we rapidly iterated on the compliant connector design and
material to improve the compression and contour matching
capabilities of the cuff. Our final design utilizes stereolithog-
raphy (SLA) 3D-printing to produce the connecting springs
out of 80A elastomeric flexible resin.

D. Cuff Mechatronics

The sensing solution presented in this paper uses FSRs
(FlexiForce A301, Tekscan) (Fig. 4a) [16]. These sensors are
designed to have a small form factor and are printed onto
thin, flexible plastic, making them compact and versatile.
However, the integration of FSRs is not trivial and has been
addressed in our previous works [5].

The cuff operates via a USB data acquisition device (NI
6356, National Instruments). Distributed interface force is
measured using FSRs, with signals conditioned by a custom
printed circuit board (Fig. 4b) and acquired through differen-
tial analog inputs. Each FSR’s potentiometer is tuned to map
voltage readings to a 0-10 Newton force range. To actuate
the tensioning mechanism, two stepper motors (Nema 17)
are operated through motor drivers (TB6600), programmed
to rotate together in opposing directions to tighten or loosen
the cuff.

III. EXPERIMENTS

Each FSR around the cuff is individually calibrated using a
custom testbed. The sensorized cuff with actuated tensioning
is also validated through two rounds of experiments, first on
a benchtop testbed and second with a pilot human experiment
that confirms the real-world performance of the cuff.

A. FSR Calibration

To improve FSR implementation for interface pressure
sensing, we have designed a calibration testbed, shown
in Fig. 5. This setup employs an actuated linear carriage
(Compact Series, PBC Linear) to apply cyclical loading up
to 10 Newtons, calibrating voltage readings to force for
each FSR module. The ground truth force measurement is
recorded through a single-axis load cell (LSB205, Futek)
with a USB amplifier (USB220, Futek). A data acquisition
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Fig. 5: The FSR calibration testbed, showing how a Futek
load cell interfaces with each FSR panel through the actuated
linear testbed. The controlled loading and unloading of
each FSR with a ground-truth measure for force is used to
calibrate the FSR voltage output.

module (NI 6356, National Instruments) is used to actuate
the linear carriage with real-time feedback from the load cell.

The calibration testbed grounds all six FSR modules
around the cuff and allows the base to be rotated, enabling
each FSR to be calibrated individually in a time-efficient
manner. During calibration, each FSR is pre-loaded close to
0 Newtons, and the linear carriage loads the FSR up to 10
Newtons with three repetitions. The recorded FSR voltage
output from three calibration trials is matched to load cell
force values, and a linear regression (Eq. 1) is applied to find
the calibration mapping [5].

FFSR = c0 + c1V (1)

B. Benchtop Validation of Actuated Tensioning

A benchtop testbed of the sensorized cuff with actuated
tensioning was implemented with a rigid cylinder as a proxy
for the human arm, shown in Fig. 6b. The goal of this testbed
is to validate that tightening the tensioning cable leads to an
increase in interface pressure that is evenly distributed around
the circumference of the cuff. By performing this benchtop
test without a human arm in the cuff, we can eliminate the
effects of non-circular arm shape and spatially varying soft
tissue properties around the arm circumference [15].

During the benchtop validation, the rigid cylinder is placed
inside the sensorized cuff and the tensioning mechanism is
actuated so that all panels make contact at a non-zero pre-
load. After reaching the starting baseline, the cuff tension
is actuated at a constant speed and three repetitions of
tensioning and loosening are performed.

C. Pilot Human Testing

The goal of this experiment is to verify the feasibility of
the approach with a human in the loop, namely to confirm
that the proposed cuff design makes proper contact with
the user’s forearm and that increasing levels of cuff tension
correspond with increasing amounts of interface pressure.
During this test, a single participant donned the sensorized
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Fig. 6: (a) The cross section of the full cuff highlights the ca-
ble routing mechanism used to evenly distribute the actuated
tensioning force around the arm. (b) The benchtop validation
testbed for the sensorized cuff implements a rigid cylinder
to test the effect of the actuated tensioning mechanism on
interface pressure.

cuff, with their forearm supported at the elbow and wrist, as
shown in Fig. 7.

IV. RESULTS

A. FSR Calibration

Results from the calibration for one FSR are shown in
Fig. 8. The plot shows the load cell force and raw FSR
voltage from three repetitions of loading and unloading. The
quality of each FSR’s calibration through a linear regression
is shown in Table I.

B. Benchtop Validation of Actuated Tensioning

The results from benchtop validation of the sensorized cuff
are shown in Fig. 9. The distributed interface forces from all
6 FSRs around the cuff are plotted versus the displacement of
the tensioning cable, which is calculated from the motor step

Forearm 
Cuff

Arm 
Supports

Fig. 7: In the experimental setup of the pilot human test,
the cuff is placed at the mid-forearm with the user grounded
at two arm supports. The motor fixture is mounted on an
optical breadboard.
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Fig. 8: Measured data from the FSR calibration is plotted
as ground truth load cell force versus raw voltage from the
FSR. A linear regression is used for the calibration.

TABLE I: FSR Calibration Regression Results

FSR # Constant (c0) Slope (c1) R-Squared
1 -4.03 8.01 0.9925
2 -4.09 8.22 0.9966
3 -3.39 6.83 0.9971
4 -3.72 7.81 0.9978
5 -4.40 8.85 0.9852
6 -3.77 7.97 0.9899

count and pulley radius. The plotted results show the average
of three repeated trials, confirming that under controlled
conditions without a human in the loop, the same level of
cable tensioning produces the same interface pressure. While
the three FSRs closest to the base of the cuff (FSRs 1, 2, and
6) are evenly loaded, the FSRs located further away from the
source of tensioning force see lower loading correlated with
their distance. The next closest locations are FSRs 3 and 5,
which are even with each other but lower than FSRs 1, 2,
and 6, and the furthest location at FSR 4 sees the lowest
level of loading.

C. Pilot Human Testing

The results from validating the sensorized cuff with an
actuated tensioning mechanism on a human user’s forearm
are shown in Fig. 10. The actuated tensioning was operated at
a slow pace to assume quasi-static conditions at the human-
robot interface, minimizing the effects of viscous properties
from human soft tissue [17].

V. DISCUSSION

The results of our experiments demonstrate the effective-
ness of our novel sensorized forearm cuff with actuated
tensioning in measuring and modulating interface pressure.
Our three-pronged approach - involving FSR calibration,
benchtop validation, and pilot human testing - provides a
comprehensive evaluation of the cuff’s performance. The
FSR calibration results show a strong linear relationship be-
tween measured voltage and applied force, enabling accurate
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Fig. 9: Distributed interface force measured across six FSRs
during actuated tensioning of the rigid cylinder in the bench-
top testbed, plotted against the level of cable displacement.
The interface loads across all six FSRs increase evenly as
the tensioning mechanism is actuated.

pressure measurements. The benchtop tests confirm the cuff’s
ability to evenly distribute tension and precisely control
interface pressure. Finally, the pilot human test validates the
cuff’s functionality in a real-world scenario, demonstrating
its capacity to conform to non-circular arm contours while
providing distributed pressure measurements.

A. FSR Calibration

Our goal was to implement an FSR calibration protocol for
improved sensor readings. The FSR calibration results (Fig. 8
and Table I) demonstrate the successful implementation of
the calibration testbed with a single-axis load cell. Consistent
with our previous findings [5], a linear relationship accurately
maps FSR voltage to interface force, validating the reliability
of our interface pressure measurements.

B. Benchtop Validation of Actuated Tensioning

The benchtop validation results in Fig. 9 demonstrate the
effective operation of the actuated tensioning mechanism
in precisely modulating interface pressure. We verified that
the hybrid rigid-soft cuff design ensures an even distribu-
tion of the tensioning load across the cuff’s circumference,
confirming its capacity of applying uniform interface pres-
sure. The slight variations observed in pressure distribution,
particularly for FSRs located distally from the tensioning
source, provide insights for future design iterations and
highlight the importance of considering force propagation
in cable-driven systems. Other sources of error can come
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Fig. 10: Distributed interface force measured across six
FSRs during actuated tensioning of the human forearm,
plotted against the level of cable displacement. Error bars
are standard deviation across three trials.

from FSR calibration or material variations in the compliant
connections within the hybrid rigid-soft cuff design.

C. Pilot Human Testing

Our pilot test validates the sensorized cuff’s functionality
on a human user, demonstrating that actuated tensioning
achieves distributed interface pressure around the arm at
various levels of cable tension (Fig. 10). On a macro-scale,
the cuff’s rigid-soft design conforms to the non-circular
forearm contour, achieving even pressure distribution around
the arm’s circumference. On a closer scale, the observed
local variations in loading around the cuff shed light on the
potential effect of soft tissue properties on interface pressure.
Notably, the consistently higher interface pressure at FSR 2
might be due to proximity to the ulna bone (Fig. 3), aligning
with previous findings [15] on varying forearm soft tissue
stiffness. This observation underscores the complexity of
human-robot interfaces and the need for adaptive systems
that can account for individual anatomical differences.

D. Limitations and Future Work

The proposed sensorized cuff design, while promising,
faces several challenges for real-world implementation in
upper-body exoskeletons. The current prototype’s dimen-
sions and mass are impractical for integration into wearable
systems. To address this, we plan to streamline the actuated
tensioning mechanism by using a single motor instead of
two, which should significantly reduce the size and weight
of the cuff system.

Furthermore, while we have successfully demonstrated the
feasibility of modulating interface pressure of a forearm
cuff, we have not yet investigated the cuff’s performance in
transmitting forces between human and robot. For instance,
the limited surface area of our current solution is likely
suboptimal for efficient force transmission. This limitation
highlights a crucial area for future research and development.

Additionally, the use of FSRs for interface pressure mea-
surement, while chosen as a low-cost and low-profile solu-
tion, still suffers from poor repeatability and accuracy. While
our design and calibration methods improve the quality of
measurement from FSRs, a better interface pressure sensing
solution would further improve the performance and imple-
mentation of the sensorized cuff, making it easier to use in
wearable robots without the need for regular calibrations.

While current limitations in size and sensor technology
present challenges for immediate real-world implementation,
this work lays a foundation for future developments in
ergonomic and adaptive wearable robotics. As we move
towards real-time control of interface pressure and further
miniaturization, we propose future studies aimed at improv-
ing the interface material and design to create a solution that
not only modulates pressure effectively but also facilitates
efficient and comfortable force transmission between the
human user and the robotic device.

Future work will investigate the added benefits of an actu-
ated tensioning cuff during physical human-robot interaction.
These studies will include comprehensive assessments of
force transmission efficiency and user comfort under various
loading conditions. By providing a means to measure and
actively control interface pressure, our work aims to enable
researchers and designers in the field of wearable robotics
to investigate optimal conditions for safe, ergonomic, and
effective human-robot interaction.

The implications of this work extend beyond the specific
context of forearm cuffs for differentiating between unsafe
and ergonomic interactions. The proposed design princi-
ples can be adapted to other areas of the body, allowing
researchers to measure and control attachment interface
pressure for both upper and lower-body wearable devices.

VI. CONCLUSIONS

The ergonomics of upper-body wearable robots refers to
how well they interface with the human body, balancing
performance and wearability. The challenge of optimizing
ergonomics is partly due to limited methods for measuring
and modulating interface pressure at the points of physical
human-robot attachment. To address these limitations, we
present the design, implementation and validation of a novel
sensorized forearm cuff with actuated tensioning as a robust
and precise tool for measuring and adjusting interface pres-
sure distribution. In conclusion, this contribution represents
a significant step towards understanding and optimizing the
physical attachment interface between humans and wearable
robots, working towards the development of more com-
fortable, effective, and user-friendly upper-body wearable
devices for the future.
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