
IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 10, NO. 10, OCTOBER 2025 10761

Superelastic Tendon-Like Bowden Cables:
Advancing Assistive Exoskeletons

Gregorio Pisaneschi , José M. Catalán , Andrea Blanco , Nicola Sancisi , Nicolas García , Member, IEEE,
and Andrea Zucchelli

Abstract—This study introduces a novel Bowden cable (BC)
system for hand-assistive exoskeletons employing superelastic (SE)
shape memory alloy wires to address key limitations such as effi-
ciency and safety limitations. The unique properties of SE wires
enable a single-wire transmission, offering enhanced performance,
plus inherent self-sensing and self-limiting capabilities that provide
tendon-like overload protection. Experimental results obtained
with a setup simulating use conditions demonstrate the superior ef-
ficiency of SE wires, with 1/4 the friction of conventional steel cables.
In addition, a validated force-sensing capability, achieved by mon-
itoring electrical resistance, proves to accurately detect overloads
within 1% force error. This, along with the inherent passive force
self-limiting behaviour during simulated collisions, demonstrates
the ability of the SE BC to effectively mimic the protective function
of biological tendons. Therefore, this biomimetic innovation in soft
robotic transmission significantly improves safety and efficiency,
presenting a promising advancement for human-robot interaction
in assistive and rehabilitative robotics.

Index Terms—Soft robot materials and design, biomimetics,
tendon/wire mechanism, safety in HRI.

I. INTRODUCTION

A S THE incidence of hand disabilities resulting from ac-
cidents and diseases rises [1], the demand for assistive

technologies supporting activities of daily living (ADL) grows.
Hand disabilities greatly impact people’s independence and
quality of life, reducing their ability to carry out ADL. Most hand
exoskeletons exist for rehabilitation (e.g., Gloreha [2]), and few
are designed for assistance (e.g., Carbonhand [3]). Furthermore,
these devices require residual hand movement and are priced at
thousands of euros, leaving those with severe disabilities, such
as tetraplegia, with no options.

One promising area of research is soft robotics. Its ability
to mimic the complex motion of the musculoskeletal system
makes it a safer and more adaptable alternative to traditional rigid
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Fig. 1. Emerging trends in soft robotics.

robotics [4]. For instance, pneumatic hand-assistive exoskele-
tons (HAEs) offer lightweight and flexible solutions inspired by
biological systems [5]. However, they lack the precision of rigid
exoskeletons and require bulky external hardware, increasing
cost and discomfort [6]. Tendon-sheath actuators (TSAs) are a
practical alternative that provides precise control and lightweight
design. This enhances wearability and comfort, making TSAs
well-suited for HAEs used in ADL [1], [6]. For instance, the
Exo-Glove Poli II [7] employs Bowden cables (BCs) to mimic
human tendons within a soft structure. However, despite their
widespread use, conventional TSAs face challenges, such as
frictional losses, inefficient force transmission, and limited dura-
bility [8]. In addition, their inherent rigidity may pose safety risks
when interacting with the human body [9].

Soft robotics transmissions/actuators try to address these chal-
lenges through the main solutions summarised in Fig. 1. The
effectiveness of extrinsic solutions depends on the BC model
used in the control, and sensor placement can be challenging,
affecting force control if placed near the actuator or resulting
unpractical if placed near the end-effector [8], [24]. Embedded
solutions have drawbacks, such as reduced zero-motion force
bandwidth and increased control complexity, which may be
acceptable trade-offs [25]. However, variable stiffness actuators
(VSAs) and serial elastic actuators (SEAs) often require the
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Fig. 2. a) Scheme of the HAE system; b) HAE with SE wires, functional
evaluation with one tetraplegic volunteer.

integration of extra bulky and heavy mechanisms, thereby re-
ducing overall wearability. Intrinsic solutions, particularly those
using shape memory alloys (SMAs), face limited actuation
frequencies and stroke length challenges. Nanomaterials offer
another way to realise soft biomimetic actuators [26]; however,
current solutions are still being developed and far from being
implemented.

In collaboration with the Montecatone Rehabilitation Institute
Spinal Unit, this study stems from developing a low-cost, hybrid
rigid-soft HAE (Fig. 2) to restore independence in ADL of peo-
ple with tetraplegia. The HAE features rigid rings interconnected
by flexures on the hand back, designed to aid the extension and
to guide the flexion performed by a palmar tendon-driven sys-
tem. Qualitative tests highlighted the limitations of conventional
BC. The high friction, in particular, hindered proper gripping.
Moreover, potential failures due to cyclic loading, winding
curvature and friction (reducing efficiency by up to 90% [27])
compromise robot safety and performance [28]. To address these
limitations, we introduce a novel transmission using superelastic
(SE) SMA wire within BCs for HAE that can improve efficiency,
safety, and durability while minimising additional components.
Although superelasticity, allowing large reversible deformation
via martensitic transformation (MT), saw successful biomedical
use [29], SE BCs remain unexplored; prior works using SE
wires only as tendons proved inconclusive, because using a
stainless steel (SS) sheath led to premature wire failure [30],
[31]. In this study, a PTFE sheath was used, enabling the suc-
cessful implementation and characterisation of an SE-BC. A
custom setup for BC testing was used to compare SE wires and
standard SS cables performance under constant load cycling.
Furthermore, inspired by the musculoskeletal system, whose
Golgi tendon organs provide a protective lengthening reflex [32],
this study exploited the MT to mimic this mechanism and
tested the electrical resistance variation for overload detection.
Thus, the BC test setup was modified for electrical resistance
measurement and collision simulation to demonstrate, for the
first time, how the inherent force self-limiting mechanism and
the electrical resistance self-sensing capability of SE wires can
be used synergistically for force feedback control and overload
protection in BCs.

Fig. 3. Setups from literature for testing BCs in order of complexity from a)
to h); ps) setup used in the present study.

II. MATERIAL AND METHOD

The wire used in this research was a SE Nitinol (55.8% Ni by
wt., Ti balanced and Af −8 ◦C) with 0.2mm diameter (d) and
a light oxide surface. The cable used for comparison was a 1x7
strands SS cable with 0.2mm diameter. The intrinsic flexibility
of Nitinol allows it to function in BCs as a single wire. In contrast,
the high stiffness of SS requires a multi-strand configuration to
provide the necessary flexibility for a BC to bend. The lengths
of all the wires and cables used were 150mm. Tensile tests
were conducted on SE wires and SS cables on an Instron 5966
universal testing machine with a 10 kN load cell at a constant
speed of 50mm/min. SE wires were first cycled 100 times up
to 6% of deformation and then returned to a 1N (64MPa)
load. After the cycling, both the SE wire and the as-received SS
cable were subjected to a monotonic traction test until failure.

An overview of the literature was conducted to determine the
optimal setup for cyclically stressing wires/cables under various
loads, simulating BC operation in HAEs. Fig. 3 presents multiple
solutions from the literature, ranging from simple a) to complex
h). A common approach across these setups is to use a hanging
weight to apply constant force. The setup of Fig. 3(a) [33] tested
an actuated SMA and the pulling force T was estimated using
capstan’s formula:

T = Weμθ (1)

where W is the weight force, μ the kinetic friction and θ
the winding angle in radiants. Carlson et al. (Fig. 3(b) [34])
used a load cell to determine the cable efficiency (W/T ) under
quasi-static conditions, validating the use of (1) to winded BCs.
Villoslada et al. tested actuated SMA BCs measuring both force
and displacement (Fig. 3(c) [35]). In et al. tested SE wire with
a U-shaped metal sheath (Fig. 3(d) [30]), estimating friction.
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Fig. 4. a) setup for SE and SS efficiency tests, b) scheme of the connections,
c) modified setup for SE self-sensing tests.

Jeong et al. conducted a comprehensive study on the reliability
and durability of BCs (Fig. 3(e) [28]). Yin et al. validated colli-
sion detection in a rotative joint with an encoder (Fig. 3(g) [11]).
Chen et al. setup (Fig. 3(g) [27]) was used for characterising fric-
tion in small-scale BC. Goiriena et al. (Fig. 3(h) [36]) evaluated
both the force and displacement transmission efficiencies. While
simpler setups such as a), b) are limited to quasi-static testing for
material comparison and fatigue analysis, more complex setups
such as g), h) enable dynamic characterisation. In this study,
a compromise between these solutions was chosen (Fig. 3ps)
capable of replicating the real-world bending stress and cyclic
loading conditions of an HAE BC while measuring efficiency
and friction minimising the setup complexity.

The setup used in the present study is detailed in Fig. 4(a) with
a schematic of the connection shown in Fig. 4(b). It consisted of
a drum mounted on a MAXON DCX 22L 12V motor with a 21:1
planetary gear and an encoder. The motor was controlled by a
Maxon Escon 36/2 DC driver for speed control. A Phidget Inter-
faceKit was used as a digital input/output interface, and a Phidget
Bridge was used for load cell and SE wire voltage measurement.
The load cell (OMEGA LCM201-100N) was calibrated and had

Fig. 5. a) Tensile test of SE wire and SS cable. b) Young’s modulus and
transformational force over cycles of SE wire.

a linearity accuracy of ±1.0% of full-scale. A PC was used
for data logging and control. To mimic a BC, a PTFE sleeve
(0.7mm inner diameter, 0.25mm wall thickness) was wrapped
360◦ around a cylinder of 20mm diameter (D/d = 100 [37]).
Two end-stops, snap-action switches, triggered the motor rever-
sal for cycling, allowing a stroke of 54mm.

A. Mechanical Efficiency Tests Method

For each test, a new SE and SS cable and PTFE sleeve were
installed Fig. 4(a). Three load conditions were tested using
weights of 0.5 kg, 1.0 kg, and 1.5 kg, denoted here as load
case “05”, “10”, and “15”. Three tests were conducted for each
material and load condition. Each test consisted of 100 load
cycles performed at a constant speed of 10mm/s (equal to
that required by the HAE). The motor controller was configured
with acceleration ramps of 0.04 sec to avoid stressing the BC
or pushing the end-stop. The direction of motion was automat-
ically reversed when the mechanism triggered the end-stops. A
Python script controlled the system and recorded force data at a
100Hz sampling frequency. The raw signal was processed with
a Butterworth low-pass filter at a 2Hz cutoff to reduce noise.
For each cycle, transmission efficiency was calculated as the
ratio of the weight force (W ) to the average measured pulling
force (T ). The kinetic friction was subsequently calculated
using (1).

B. Electro-Mechanical Testing Method

To validate the SE wire’s self-sensing capabilities, the ex-
perimental setup was modified. An electronic measurement
circuit (Fig. 4(c) measured the voltage drop across the SE wire
(2.2mV to 5mV ). To ensure a stable connection, the circuit
leads were welded to the wire’s crimps. In the preliminary
experiment, a procedure was performed to correlate resistance
to force. A 1.0 kg weight was lifted until blocked by a hard
stop, simulating a collision. The force sensor’s reading was
monitored, and the motor direction was reversed when the force
exceeded a 19N threshold. The wire’s electrical resistance was
recorded simultaneously throughout this process to establish
a clear force-resistance relationship (8(b)). In the validation
experiment, a resistance threshold corresponding to the desired
force limit was set. th a simple control: the resistance from the
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Fig. 6. Results of cyclic testing of SS cable and SE wire. a) force vs time for all cycles (the higher the cycle number, the lighter the line colour). b) maximum
and minimum force over cycles. The green dotted line represents the weight force.

Fig. 7. Micrographs of SS cables and SE wires after cycling.

measurement circuit was continuously monitored, and when the
value exceeded the set threshold, a command to reverse the motor
direction was sent. The resulting force was recorded throughout
this process to assess the accuracy of this proof-of-concept
overload detection method.

III. RESULTS AND DISCUSSION

Fig. 5(a) shows the SE wire’s tensile test result. In the first
cycle (1), nucleation of stress-induced martensite bands asso-
ciated with the force drop can be observed [38]. After 100
cycles, the mechanical response stabilised: in Fig. 5(b) it can
be observed that both Young’s modulus (E) and the transfor-
mation force measured @6 mm (Ft) decreased progressively
due to the training effect [38]. Final values of E and Ft are
52GPa and 13N (405MPa). The ultimate tensile strength
was 38, 5N (1235MPa) at 19.5mm (13% deformation). The
SS cable tensile test (black line in Fig. 5(a)) results showed a
stiffer behaviour with a tensile force at break of 85N , with a
displacement of 3mm.

TABLE I
SS CABLES AND SE WIRE CYCLING TEST RESULTS

A. Mechanical Efficiency Tests Results and Discussion

Fig. 6(a) presents force-time graphs from one of the cycling
tests for each load case. Each cycle was obtained by inverting
the time as the motor reverses direction, with overlapping lines
representing successive cycles (the higher the cycle number, the
lighter the line colour). The SE performed better than the SS
in each load case, exhibiting lower pulling forces and smaller
hysteresis. The SE performance improved over the cycles and
with higher loads, whereas the opposite occurred for SS. Specif-
ically, in the SE experiments, the pulling force was lower at the
beginning of the cycle and progressively increased. Additionally,
it decreased with cycling for SE-05 and SE-10, whereas it re-
mained stable for SE-15. In contrast, the pulling force increased
over the cycles for the SS experiments, with a more significant
growth in the initial force observed for SS-10 and SS-15.

In Table I, the average values over cycling of efficiency and
friction during pulling, from equation (1), are reported. The SE
wire demonstrated higher efficiency and lower friction across
all experiments. In addition, in Tab.I the trendline of the work
over the cycle is reported, showing lower values with decreasing
trends for the SE in contrast to the higher values and the increas-
ing trend of SS. Fig. 7 shows SEM images of the SS cable and
SE wires after 100 cycles for all load cases. It can be observed
that the SE wires remained clean in the 05 and 10 load cases.
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Fig. 8. Results from the experiment with force threshold: a) force and electrical resistance over time, b) force vs resistance. Results from the experiment with
resistance threshold: c) values at motor inversion after reaching the threshold (black dots).

In load case 15, partial adhesion of PTFE and the appearance of
wrinkles, possibly caused by high deformation, can be observed.
The adhered PTFE could explain the slight decrease in friction
for SE-15. In contrast, the SS cable exhibited an increasing
accumulation of PTFE debris with higher loads. This is likely
due to strand-induced abrasion and twisting of the cable, which
intensified with greater hysteresis, resulting in increased SS
cable friction that can lead to PTFE tube delamination [7].

The present study found a ten-fold lower friction for an SE
wire with a PTFE sheath versus a metal one [30], consistent
with the known friction reduction provided by PTFE housing
compared to metal [34]. Moreover, although lower stiffness typ-
ically increases friction [27], the less rigid SE wires prove more
efficient than SS wires due to their smoother surfaces. Finally,
although low-friction polymer coatings can reduce friction of SS
cables by 40% [34], it would still be higher than that of SE wires,
and the durability of the coatings is uncertain. Interestingly,
higher loads seem to improve the efficiency of SE wires in BCs.

B. Electro-Mechanical Tests Results and Discussion

Fig. 8(a), (b) present results from cyclic pulling tests per-
formed using force threshold control, with cycle progression
indicated by the progressively lighter line shading. Fig. 8(a),
which plots force and electrical resistance against time, effec-
tively demonstrates the system’s self-limiting behaviour upon
impacting the hard stop. After an initial rapid rise, the force
distinctly plateaus near 14N for a significant duration of time.
During this plateau phase, the resistance increases linearly due
to the wire stretching [39]. After this plateau, the force shows a
linear increase, exceeding the 19N experimental threshold (de-
lay probably caused by inertia and control system promptness),
which is accompanied by a concurrent and steeper linear rise in
resistance. The force-resistance relationship (Fig. 8(b)) clearly
shows two distinct operational regimes after the initial contact,
highlighting the potential for using resistance measurements to
infer force levels during and after MT in BC. Fig. 8(c) presents
the experiment’s results with the resistance threshold 4.83 Ω
(corresponding to 19N ). It reports the force and resistance
values recorded at motor reversal, along with the target value
(red square) and the average of these measured endpoints (blue
triangle). These endpoints exhibit high precision, clustering

around the average value with a standard deviation of 0.005 Ω
for resistance and 0.118N for force. Accuracy is also good,
indicated by the minor offset between the average endpoint and
the target: +0.022 Ω higher in resistance and +0.27N higher
in force, potentially due to the system lag effects observed
previously. The combination of high precision and accuracy
demonstrates that the resistance threshold provides an effective
and reliable method for overload detection.

IV. FINDINGS

Efficiency. The high strength and flexibility of SE wires enable
a single-wire configuration with a smoother surface, resulting
in significantly lower friction and nearly double the efficiency
compared to SS cables, whose multi-strand leads to high friction
and sheath wear [7]. The use of SE BCs could result in more
efficient assistive devices that require less energy to operate.

Self-Sensing. Electrical resistance measurements in SE wires
can be used for strain sensing [40] and, as demonstrated in this
study, to detect MTs and overloads with less than 1% of error
of full scale. This inherent self-sensing capability eliminates the
need for external sensors, simplifying the design and reducing
the bulk of soft, wearable structures.

Safety. SE wires’ inherent self-limiting force behaviour pro-
vides a crucial safety mechanism. Upon reaching a certain force
threshold, the force plateaus, and an abrupt change in resistance
occurs. This phenomenon can trigger deactivation, rapidly re-
ducing the force to a safer level and preventing potential damage
or injury.

Applicability. The SE BC was integrated into the HAE pro-
totype as a mechanical component for preliminary tests in-lab
(supplementary video) and with one tetraplegic volunteer (Fig.
2(b)). In these qualitative assessments, the SE BC enabled more
effective gripping compared to the SS cable. However, clinical
trials with quantitative metrics are required for a full validation
of the HAE full functionality.

V. CONCLUSION

This study provides compelling evidence for the signifi-
cant advantages of using superelastic (SE) Nitinol wires in
Bowden cable (BC) assistive devices. By outperforming
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traditional stainless-steel cables in efficiency and friction reduc-
tion, SE wires enable the development of more responsive and
energy-efficient systems. Furthermore, the study successfully
demonstrated the use of electrical resistance changes in SE
wires for self-sensing, enabling the detection of collisions and
eliminating the need for external sensors. Finally, by mimick-
ing the protective functions of the human tendon, SE wires’
inherent self-limiting force behaviour can contribute to creating
more compliant and safe exoskeletons. Integrating SE BCs can
revolutionise assistive devices, improving the quality of life and
independence for individuals with disabilities. While this study
validates the self-limiting concept under controlled, quasi-static
conditions, future work must test the system’s effectiveness and
response time in more dynamic, unpredictable scenarios, such
as abrupt impacts, to fully assess its potential for creating safer
assistive devices.
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