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Abstract
In many robotic applications, such as humanoids, wearable robots or supernumerary limbs, there
is a growing shift from rigid, traditional mechanisms toward softer, more compliant systems. This
trend is driven by the need for safer physical human–robot interaction and the ability to oper-
ate in unstructured environments. In this work, we present a hybrid approach to controlling a
single-degree-of-freedom robotic joint that combines a rigid frame with soft pneumatic actua-
tors to enable both precise and versatile interaction. The joint is bioinspired, as it is powered by
a couple of actuators mounted in an antagonist configuration, such as the human elbow. A key
innovation is the design of pneumatic artificial muscles using thermoplastic polyurethane, which
achieve high isometric force (400 N at 240 kPa), significant stretchability (80 mm), and low den-
sity (0.3gcm−3), making them competitive with state-of-the-art alternatives. Two model-free
controllers were developed to independently regulate joint position and stiffness. Angle control
achieved high precision (<2◦ RMSE) with minimal overshoot (<1%) and fast response (rise time
<1.3 s). Stiffness control modulated joint compliance across a range of 0.054–0.076 Nmdeg−1,
with the expected trade-off of reduced workspace. A final proof-of-concept demonstrated the con-
current use of both controllers to modulate the joint’s dynamic behavior in response to external
disturbances. While future work will address multi-DOF coordination and wearable integration,
this study represents a foundational step toward safe, adaptable robotic actuation through the
combination of rigid structures and soft actuation.

1. Introduction

Over the past decade, robotics has witnessed a
growing shift toward integrating soft and compli-
ant elements into traditionally rigid mechanisms.
This trend is driven by two primary motivations:
(1) enabling safe physical interaction with humans
and unstructured environments, and (2) expand-
ing robots capabilities to perform tasks that demand
adaptability and lightweight design [1, 2]. In par-
ticular, hybrid architectures where a rigid skeleton
provides structural support and kinematic accuracy,
while soft actuators supply compliance and safety,
have emerged as a promising solution for applications

ranging from wearable assistive devices to collabora-
tive manipulators [3–5].

A canonical demonstration of this hybrid concept
is the control of a single-degree-of-freedom (1-DOF)
joint that can modulate both position and stiffness,
two fundamental properties that dictate how a robot
interacts with external loads or human users [6].
Precise angular positioning is critical for tasks that
require accuracy (e.g. pick-and-place, alignment),
whereas tunable stiffness enables the robot to absorb
impacts, adapt to variable loads, and maintain stabil-
ity during physical contact. In fully rigid joints, stiff-
ness is effectively infinite, which can lead to dangerous
impacts or limited adaptability; conversely, in fully
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soft joints, accurate positioning and high bandwidth
control are challenging due to nonlinearities and low
actuation bandwidth [7].

To address these trade-offs, antagonistic pneu-
matic artificial muscles (PAMs), notably McKibben-
type actuators, have long been studied for simultane-
ous position and stiffness control [8–16]. In such a
scheme, two antagonistic PAMs attach to either side
of a revolute joint. By regulating the internal pres-
sures of the ‘agonist’ and ‘antagonist’ muscles, one
can achieve both a desired joint angle (through net
torque) and a desired joint stiffness (through co-
contraction. However, most prior implementations
rely on model-based control strategies, such as slid-
ing mode control [8, 10], adaptive computed-torque
control [9, 11], model predictive control [10], which
require accurate actuator and jointmodels and exten-
sive calibration. Such requirements often limit prac-
tical deployment, especially in the case of wearable
systems where cost, size, and setup time must be
minimized.

Furthermore, traditional PAMs typically use a
latex or silicone bladder encased in a braided mesh
[17, 18]. While effective, these bladders exhibit lim-
ited back-stretchability (i.e. passive elongation) when
vented, resulting in reduced range of motion (ROM)
and added hysteresis [19]. Moreover, thicker or stiffer
bladders have been shown to reduce free contrac-
tion and increase dead-band pressures [20, 21]. There
exists a multitude of versions of McKibben actua-
tors in literature [17, 22]. However, to the authors’
knowledge, only Roche et al [23] used thermoplas-
tic polyurethane (TPU) for the internal bladder of
their PAMs to create direct cardiac compressor actua-
tors. However, they thermoformed the bladder with
3D printed molds before the heat-sealing process.
While this process created a non-flat predetermined
geometry for the bladder, it also altered the elastic
characteristics of the material, impacting its perfor-
mance. Conversely, in this work, we only heat-sealed
flat TPU layers while protecting the air chamber by
using an aluminum frame to better distribute the
heat, in order to preserve the intrinsic elasticity and
back stretchability of the base material. While we do
not perform a full in house comparison against alter-
native bladder materials, our characterization high-
lights how this simple fabrication process, combined
with TPU’s stretchability, yields PAMs that can both
actively contract under pressure and passively elon-
gate when vented, enabling antagonistic operation
with large joint ROM. Noticeably, Tanaka et al also
targeted the problem of poor back stretchability in
PAMs by adding a stretchable silicone tube in series to
the McKibben actuator, obtaining elongation perfor-
mance comparable to our actuator but at the cost of
a longer (13% additional) overall length and reduced
compactness. Other recent works have achieved pas-
sive extensibility by modifying the mesh architec-
ture around an already elastic bladder, for example

by tailoring the braid geometry or adding compli-
ant segments in the sleeve [24, 25]. In contrast, our
approach leverages the intrinsic stretchability of the
TPU bladder itself, without introducing additional
series elements or specialized mesh modifications,
which simplifies fabrication and preserves a compact
form factor.

In this work, we propose a bioinspired hybrid
1 DOF robotic joint that integrates a lightweight
3D printed rigid structure [26, 27] with antago-
nistic McKibben type PAMs fabricated from heat
sealed TPU sheets. The joint is conceived as a build-
ing block for future supernumerary and wearable
robotics applications, where compactness, back driv-
ability, and safe physical interaction are critical. At the
actuator level, we introduce a simple manufacturing
process for TPU based PAMs that preserves the high
stretchability of thematerial and yields high isometric
forces at low pressure (up to 400 N at 240 kPa) with
low density, comparable or superior to state of the
art McKibben like muscles of similar size. At the joint
level, we implement two independentmodel free con-
trollers using only on–off solenoid valves: a bang bang
angle controller and a discrete level stiffness controller
based on antagonist pressure, which can operate sep-
arately or concurrently. We experimentally character-
ize the mechanical performance of the PAMs, quan-
tify angle tracking accuracy and bandwidth, and map
the reachable workspace as a function of commanded
stiffness, culminating in a proof of concept demon-
stration of simultaneous angle and stiffness mod-
ulation under external perturbations. In this final
experiment, the disturbance is intentionally applied
by a human operator in direct physical contact with
the joint, providing a preliminary demonstration of
safe human–robot physical interaction enabled by the
hybrid compliant architecture. Together, these results
suggest that low cost TPU based PAMs combined
with simple antagonistic control can enable practical
hybrid joints for safer human–robot interactionwith-
out resorting to complex models or high end fluidic
hardware.

2. Materials andmethods

2.1. PAMmanufacturing and characterization
A 200 µm film of TPU was used to manufacture the
bladder of the PAMs (FT1029, Novotex, Italy; 465
kg cm−2 tensile strength; 1.12 g cm−3 density), see
figure 1(A). First, the film was laser cut. Two cut
samples were then heat-pressed with heat-resistant
paper placed between them to form an air cham-
ber. Importantly, the internal air chamber was cut
with semicircular ends and straight lateral edges, so
that the pressurized region inflates to an approxi-
mately circular cross section while being sealed along
a single continuous perimeter, which mitigates local
stress concentrations and air leakage risk compared
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Figure 1. TPU-based McKibben actuators: manufacturing, mechanical characterization and comparison with state of the art. (A)
Illustration of manufacturing process of the TPU-based McKibben actuator, consisting of a heat press step, followed by manual
assembly. Total manufacturing time below 10 min. (B) Contraction ratio as a function of pressure was maximum 28.0%± 1.1%
at 175 kPa, reducing the PAM by 7.84 cm (30 cm vented length). Mean values (black lines) and standard deviations (gray shaded
areas) from 3 measures per actuator, for 5 different actuators. (C) Isometric pulling force at different pressures, as measured by
using a universal testing machine. We observed a small hysteresis and a remarkable max force of 198.4± 6.1 N at 175 kPa. Mean
values (black lines) and standard deviations (gray shaded areas) from 3 measures per actuator, for 5 different actuators. (D)
Back-stretchability as the PAM elongation, when vented (thus 0 kPa), as a function of force input by a universal testing machine.
The acutator achieved 80 mm of stretch at 175.6± 27.8 N of traction. Mean values (black lines) and standard deviations (gray
shaded areas) from 3 measures per actuator, for 5 different actuators. (E) Fatigue test over 2500 consecutive inflation-venting
cycles (single actuator, inflation from 10 kPa to≈ 100kPa, venting back to 10 kPa) lifting a 1 kg load. The pressure was manu-
ally set to achieve sufficient contraction to lift the load a few centimeters off the floor. The actuator showed neither breakage nor
visible damage. The initial maximum contraction ratio and stroke length were preserved at the end of the test. The standard devi-
ation among cycles is mostly due to the allowed dead-zone in the pressure control (±7 kPa). (F) TPU-based PAM characteristics
compared to state-of-the-art solutions. Our low-density actuator can provide high forces at low pressures, with standard contrac-
tion ratio (approximately 30%), exploiting the peculiar characteristics of the TPU bladder (e.g. higher stretchability than nylon,
polyethylene, polyester, or rubber). For matter of readability, we did not include non-McKibben-like PAMs in this comparison,
such as vacuum PAM, peano muscle—flat PAMs, pouch-bellow motors. For an extended comparison, please refer to [17]. Only
actuators with outer diameters between 10 and 25 mm and comparable free length were included to ensure a fair comparison in
terms of size. (G) Compared to the best performing PAMs (illustrations adapted from [28, 29]), the characteristics of our PAM
make it particularly well-suited for a bio-inspired robotic joint, with the potential for future fully wearable designs. For each
feature (e.g. force), percentages were computed with respect to the maximum values among all PAMs in panel (F).

to a purely rectangular chamber. An aluminum frame
(10 mm thickness), shaped as the negative of the air
chamber, was used to control the transfer of heat to
only the edges of the actuator and was removed at the
end of the process. The heat press was set to 157 ◦C

for a duration of 55 s. The bladder was then assem-
bled with a plastic mesh (PET, braid angle 19◦, RS
Pro,USA), and an air hosewas sealed to one end of the
PAM. Finally, we constrained the two ends of the PAM
with nylon ties. The resulting PAM measured 30 cm
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in length, with a diameter of 17.8 mm when inflated
at 175 kPa, weighing 21.3 g including the fittings. The
manufacture time was less than 10 min.

To characterize the actuator, we performed a
series of measurements: (1) the isometric pulling
force, (2) the back-stretchability (elongation when
vented, thus at 0 kPa), and (3) the contraction ratio
(CR), using a universal testing machine (Instron
5965, 1 kN load cell, Instron Corporation, USA) and
a linear meter. In addition, (4) the robustness of the
actuator was evaluated through a loaded fatigue test
with a 1 kg mass for 2500 cycles. For all measure-
ments except the fatigue test, five different actuators
were fabricated with the same procedure and then
tested, with each measurement repeated three times
per actuator (15 measurements in total), across a
pressure range of 0–175 kPa in steps of 15 kPa. This
allowed us to indirectly assessmanufacturing repeata-
bility through the range of standard deviation across
these samples. For the fatigue test, a single actuator
was cyclically pressurized between 10 and 100 kPa,
without pause between cycles, while monitoring the
load displacement before and after the test, as well as
any possible leakage or damage after the test.

We also compared our quantitative results with
the classical Chou–Hannaford style geometric model
for static behavior of McKibben-type PAMs [18]. For
this model, the axial force F depends on the inter-
nal pressure p, the initial diameter d0, and the braid
angle θ:

F(p,ε) =
πd20
4

p
(
3cos2 θ (ε)− 1

)
where θ is a function of the current muscle length
L(ε), which can be related to the initial length L0 and
axial strain ε as

cosθ (ε) =
L(ε)

nπd0
=

L0 (1− ε)

nπd0
,

with n the number of fiber turns.

2.2. Robotic joint architecture
Two assembled PAMs were mounted in an agonist-
antagonist scheme to control the 3D-printed 1-DOF
robotic joint, see figure 2. The PAMs were connected
to the joint by means of two inextensible cables
(Spectra, USA; 0.68 mm; 160 lb). The system also
included: an external air compressor with an air tank
(AG320, Airgoo, The Netherlands), a controller with
a custommanifold connected to four on-off solenoid
valves (V2 model 14, Parker Corporation, USA) and
electronics, including a microcontroller (Feather M0
basic proto, Adafruit Industries, USA), two pressure
sensors (ABPDANV060, Honeywell International,
USA), a 1000 N load cell (FX29, TE Connectivity,
Switzerland), and an encoder (AS5048B, AMS
OSRAM, Germany). The sensors were used, respec-
tively, for measuring the pressure within the two
PAMs, to characterize the stiffness of the joint, and

to measure its orientation. The microcontroller ran a
firmware based on C++ at 100 Hz, and commands
were entered by the user through a Python-based
graphical user interface.

The basic working principle is shown in figure 2.
By inflating one of the two PAMs, the joint rotated
clockwise or counterclockwise, depending on the
pulling actuator. If both were inflated, the joint was
controlled simultaneously in angle and stiffness, with
the agonist primarily targeting angle control and
the antagonist primarily targeting stiffness control.
The actuators were controlled independently and
their geometric characteristics (30 cm when vented,
approximately 30% of CR at maximum pressure), as
well as the maximum pressure (175 kPa) were cho-
sen to allow 90◦ of rotation for the joint, given the
radius of the pulley (2.5 cm). The cables required a
minimum pretensioning pressure to tighten against
the pulley and initiate movement of the joint. In our
prototype, this pretension was set manually by knot-
ting the cables to the pulley, which introduced small
variations in initial cable length and wrap between
setups. As a result, the exact pressure needed to take
up slack and generate motion could change slightly,
and was therefore calibrated as needed at the begin-
ning of each test.No significant plastic deformation of
the PAMs was observed over the tested range; rather,
the variability was dominated by the manual cable
attachment and routing.

2.3. Automatic control and testing protocol
The control strategy is depicted in figure 3. A and
an overview of the control code is provided in
algorithm 1. Two independent closed-loop controls
were implemented to track the desired values of angu-
lar position or joint stiffness. The angle control was
implemented as a simple bang-bang control with an
acceptable error range of ±1◦ around the reference
angle. In case of simultaneous angle/stiffness control,
full priority was given to angle control (when large
angle error: full agonist inflation, antagonist vent;
else: stiffness acting as pmin/pmax bounds on antag-
onist), as the interaction between inflating agonist-
antagonist PAMs influenced both angle and stiffness,
to some extent. Consequently, stiffness was regulated
within discrete levels following a preliminary char-
acterization study. Six stiffness levels (plus a zero-
stiffness level, which is stiffness not actively con-
trolled) were manually chosen. The levels were cor-
responding to the following pressure values for the
antagonist actuator: 70, 90, 110, 130, 150, and 175
kPa. With this implementation, the stiffness control
acted as a saturation (both upper and lower bounds)
to the pressure value to maintain the predefined stiff-
ness level. If angle control was turned off, stiffness
control also integrated a closed-loop pressure con-
trol, again functioning as a bang-bang control with
hysteresis and acceptable set error range of ±7 kPa.
Due to the pretensioning of the cables (approximately
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Figure 2. The bioinspired hybrid robotic joint designed in this work. (A) Illustration of the working principle. The microcon-
troller can regulate angular position and/or stiffness of the second link of the joint, by modulating the pressure within the PAMs
mounted in a bio-inspired agonist-antagonist configuration. (B) Picture of the real device with the 3D printed links and the
TPU-based PAMs. An encoder was used to measure the rotation angle of link2 with respect to link1.

Figure 3. Control scheme and testing protocol. (A)
Automatic control strategies implemented on the robotic
joint. The angle control (in light blue) was implemented
as a bang-bang control with hysteresis on the agonist
PAM, with an acceptable error range of±1◦. The stiffness
control, instead, acted as a saturation (upper and lower
bounds) to the current value of pressure of the antagonist
PAM to maintain a predefined level of stiffness (in light
orange). (B) Testing protocol. Four main testing phases
included the characterization of the PAM, the validation
of the single control strategies (angle and stiffness), and
finally a proof-of-concept of the simultaneous control.

60 kPa), the pressure never dropped to zero once
inflated, unless manually commanded. The hystere-
sis thresholds for both position and pressure were
selected empirically by iteratively testing different val-
ues and minimizing oscillations and overshoot.

With this control strategy, the robotic joint was
tested in its different features (see figure 3(B)).

1) Angle control performance (with zero-stiffness
level). For this test, we used the angular position
control closed-loop only, and we set the stiffness

control to level 0 (control off).Wemeasured: i) the
step-response of the system for a given angle step

(40◦ from a vented condition, 5 repetitions); ii) the

tracking of a staircase profile (both ascending and
descending conditions, 5◦ step, from 0 to 30◦); iii)
the tracking of a sinusoidal profile (amplitude 60◦,

period 8 s).

2) Stiffness characterization (with no angle control).
We empirically evaluated the stiffness of the sys-

tem by measuring the torque required to achieve
a fixed angular displacement (20◦) at the different
predetermined pressure levels. Angle control was

turned off during this test. The test involved two
steps, repeated five times per pressure level: first,
the pressure control was set to track one of the stiff-
ness levels, then the robot wasmanually pushed on
a load cell mounted on the robot link2 to reach the

required displacement.

3) Reachable workspace at different stiffness levels.
We assessed the reachable workspace at the differ-
ent stiffness levels (i.e. with the antagonist actuator
set to 70, 90, 110, 130, 150, and 175 kPa), expecting
a reduction of ROMas stiffness levels increased. To
perform this assessment, we turned on the stiffness
control at each of the stiffness levels and manually
inflated the agonist PAM until the range of pres-
sure on the antagonist was exceeded (thus violating
the stiffness level). The angle at which the pressure
violation occurred was recorded as the limit ROM.

5
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Algorithm 1. Simultaneous position and stiffness control—pseudocode.

Require: Desired angle θref, desired stiffness level Sdes ∈ {0, . . . ,6}, angle tolerance∆θ (e.g.±1◦), angle priority threshold∆θfast
(ideally>∆θ, e.g. 10◦), pressure tolerance∆p (e.g.±7 kPa)

1:While control_enabled do

2: θ, pago, pant← ReadSensors() ▷read sensors

3: [pmin, pmax]← Stiff2Press(Sdes) ▷lookup stiffness level→ pressure range

4: eθ ← (θref− θ) ▷compute angle error

5: if eθ > 0 then ▷set agonist_antagonist PAM

6: agonist← PAM_1; antagonist← PAM_2

7: else

8: agonist← PAM_2; antagonist← PAM_1

9: end if

10: if |eθ|>∆θfast then ▷large error: angle control has full priority

11: INFLATE(agonist)

12: VENT(antagonist)

13: else if |eθ|>∆θ then ▷medium error: angle control with stiffness-aware antagonist

14: INFLATE(agonist)

15: if STIFFNESS_CONTROL() then

16: if pant > (pmax +∆p) then

17: VENT(antagonist) ▷reduce stiffness while moving

18: else

19: SEAL(antagonist) ▷avoid over-venting

20: end if

21: else

22: VENT(antagonist) ▷stiffness off: fast motion

23: end if

24: else ▷angle error within deadband

25: SEAL(agonist)

26: if STIFFNESS_CONTROL() then

27: if pant < (pmin−∆p)then

28: INFLATE(antagonist) ▷increase stiffness

29: else ifpant > (pmax +∆p) then

30: VENT(antagoni) ▷decrease stiffness

31: else

32: SEAL(antagonist) ▷ stiffness within desired range

33: end if

34: else

35: SEAL(antagonist)

36: end if

37: end if

38: end while

4) Simultaneous angle-stiffness control proof-of-
concept. As a proof-of-concept, we demonstrated
the capabilities of simultaneously controlling angle
and stiffness with our combined strategy by show-
ing performance of the robot in tracking a desired
angle at different stiffness levels. After setting both
controls on, the robot was manually perturbed by
an operator to reach a set disturbance angle error,
and the operator’s input force was recorded by a
load cell mounted on the robot link2. The input
force was expected to reduce with the stiffness lev-
els. At the end of the test, the angle control was
turned off to show the importance of the angle
control in maintaining the desired angle.

3. Results

3.1. PAMsmechanical characterization
Figure 1 shows the outcomes of the mechanical char-
acterization of the TPU-based PAMs. On average,
the custom PAMs achieved a CR of 28.0% ± 1.1%
(approximately 8 cm) and an isometric force of 198.4
± 6.1 N at 175 kPa.When vented, the PAMs stretched
up to 80.0 mm, providing a traction force of 175.6
± 27.8 N. 80 mm was set as a design parameter to
achieve 90 degrees of joint rotation in the antago-
nistic configuration, such that the back stretchability
of the vented PAM directly accommodates the cable
excursion required for the full joint ROM without

6
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Figure 4. Angle control validation. (A) Step response (40◦ angle step). We measured 0.003% overshoot, less than 1 s of rise
time and approximately 1.3 s of settling time. Data are averaged over 5 repetitions (shaded area is the standard deviation). (B)
Staircase profile tracking (5◦ steps, 0–30◦ range). We measured an RMSE= 1.23◦. (C) Sine profile tracking (60◦ amplitude, 8 s
period). We measured an RMSE= 1.72◦. RMSE= root mean squared error.

requiring additional elastic elements or longer actu-
ators. Interestingly, when tested to their limit, the
PAMs consistently began to leak air above 240 kPa,
achieving a remarkable isometric maximum force of
400N at this pressure level. In our current prototypes,
this leakage is attributed to limitations of the man-
ual heat sealing process and local stress concentra-
tions near the sealed edges and fittings, rather than
to an intrinsic failure of the TPU film. Variations
in alignment and pressure distribution during seal-
ing can introduce weak spots that become critical
when the internal pressure exceeds approximately
240 kPa. However, this value is higher than reported
isometric forces for several McKibben like PAMs of
comparable size operated at similar or higher pres-
sures, and is especially relevant when combined with
the low density of our actuators (see figures 1(F)
and (G)). Finally, the measured CR and isometric
force as a function of pressure (figures 1(B) and (C))
follow the qualitative trends predicted by the geo-
metric McKibben model introduced in section 2.1,
with increasing pressure leading to both higher
axial force and larger contraction up to the design
limit.

3.2. Angle control performance
In figure 4, the results of the angle control validation
are shown. The control demonstrated good and fast
accuracy, with negligible overshoot, a settling time
within 1.3 s, and a rise time of less than 1 second
in the step response test (figure 4(A)). Additionally,
it achieved impressive root mean squared error
(RMSE) values of 1.23◦ for tracking a staircase profile
(figure 4(B)) and 1.72◦ for a slow sinusoidal profile
(0.125 Hz, figure 4(C)). Video of these tests (Video
S1, S2) are available in supplementary material.

3.3. Stiffness characterization
Figure 5 shows the characterization of the stiffness
control. In particular, figure 5(A) shows the linear fit-
ting (R2 above 95%) of the raw measures of torques

by manually displacing the robotic joint by 20◦ at the
six predefined pressure levels. These measurements
were then used to compute the estimated stiffness lev-
els, as shown in figure 5(B), which ranged from 0.054
Nmdeg−1 to 0.076 Nmdeg−1.

3.4. Reachable workspace at the different stiffness
levels
Figure 5(C) shows the reachable workspace for dif-
ferent stiffness levels. As expected, increased stiff-
ness resulted in a reduced workspace, with the range
decreasing to less than 25◦ at the highest stiffness
value.

3.5. Simultaneous angle-stiffness control
proof-of-concept
Figure 6 demonstrates a proof-of-concept for simul-
taneous angle and stiffness control. After the preten-
sioning phase (A), the robot was set to stiffness con-
trol (level = 3) and angle control (angledes= 0) (B).
The operator then manually displaced the robot to
approximately 25◦, resulting in an input force of 11.7
N. Once the manual disturbance was removed, the
angle control recovered the displacement. In phase
(C), the robot’s stiffness was reduced (stiffness level=
1), resulting in a lower input force (7.6 N) to achieve
a similar displacement of 25◦. To confirm that the
angle recovery was not due to the robot’s stiffness, the
angle control was turned off while maintaining the
same stiffness level (D). As shown, no error recovery
occurred after a subsequent manual displacement of
approximately 25◦. A video of this test (Video S3) is
available in supplementary material.

4. Discussion

This study demonstrates a preliminary evaluation of
a bioinspired hybrid approach in designing a robotic
joint, combining a 3D-printed rigid structure with
soft pneumatic actuators to potentially facilitate safe
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Figure 5. Stiffness control characterization. (A) Linear fitting of the raw measures of torques when manually displacing the
robotic joint by 20◦, at the 6 predefined levels of pressure. Data is from the integrated load cell, and each test was repeated 5
times. (B) Computed stiffness level, ranging from 0.054 Nmdeg−1 to 0.076 Nmdeg−1, from data measured in (A) test. (C)
Reachable workspace when activating the different stiffness levels on the robot. As expected, increased stiffness caused reduced
workspace up to less than 25◦ at the stiffest value.

human–machine interaction. Although the robotic
module was mounted on a desktop during this study,
its main features (safe interaction, model-free con-
trol, back-stretchability) were designed for future
integration into wearable applications. Two inde-
pendent controllers were implemented and demon-
strated for position and stiffness control, both of
which can operate individually or concurrently. The
system achieved high accuracy in tracking angle pro-
files and maintaining set stiffness levels.

The novel TPU-based PAMs used for actuation
exhibited impressive performance. They achieved a
high isometric force of up to 400 N at 240 kPa, sig-
nificant stretching (up to 80 mm with under 200 N
of traction), minimal hysteresis, and a CR of 28%,
while maintaining a low density (0.3 g cm−3). The
onset of leakage above 240 kPa in our tests is best
interpreted as a limitation of the current, manually
executed fabrication process rather than a fundamen-
tal constraint of TPU based bladders. We anticipate
that more controlled sealing procedures (e.g. dedi-
cated tooling, optimized edge geometries) could fur-
ther increase the safe operating pressure. In addition,
reinforced TPU concepts, such as fiber embedded
films or external reinforcing layers, could extend the
usable pressure range by redistributing hoop stresses,
albeit with potential trade offs in back stretchability
and overall compliance that would need to be care-
fully characterized.

The performance of the TPU-based PAMs is com-
parable to or exceeds state-of-the-art McKibben-like
actuators. Notably, Festo’s actuators produce higher
maximum forces (DMSP-10: 630 N; DMSP-20: 1500
N; in both cases we considered product variants with
outer diameters in the 10–20 mm range, compa-
rable to our 17.8 mm PAM), but require 2.5–3.3

times higher pressure and are 4–10 times heavier.
The plated PAM (PPAM) by Villegas et al [15] also
offers higher force (up to 3 kN), but at a higher pres-
sure (25% more), greater weight (≈3 times more),
and requires almost 2 h for production compared
to less than 10 min for the TPU-based PAMs devel-
oped in this study. Nonetheless, the PPAM is made
of polyester, a material that is non stretchable, which
poses clear issue if used in an agonist-antagonist con-
figuration. Moreover, its higher density (≈10 times
more) along with a similar CR result in a generally
heavier actuator to achieve the same joint ROM (the
shortening of the wire will be similar at given length
of the PAMs). Naclerio et al [30] presented a brilliant
and lightweight silicone- and urethane-impregnated,
rip-stop nylon fabric-based fPAM that achieves over
100 N at 140 kPa. However, their material is likely less
stretchable than our TPU, and the reported density
is potentially underestimated, as it is based solely on
the balloon tube and excludes fittings (elsewhere, they
mention 50 g per side). Feng et al [31] demonstrated
a similar actuator based onwoven nylon sheets coated
with TPU, which achieved around 130 N at 150 kPa.
Nevertheless, the non-stretchable construction and
x-crossing mechanism introduce highly non-linear
behavior with high hysteresis. These considerations
underline the advantages of our solution given the
specific application of a bio-inspired robotic system,
such as the one presented here, but are intended to
illustrate the trade off between pressure, force, den-
sity, and fabrication complexity, rather than to claim
universal optimality across all actuator families.

It is important to note that our study does not
include a systematic, head to head experimental com-
parison between TPU bladders and alternative blad-
der materials or extensible mesh designs within the
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Figure 6. Demonstration of simultaneous angle and stiffness control. After the pretensioning (A), the effect of the angle control
is visible by the recovery of the angle error caused by the operator disturbance (B). The effect of the stiffness control is instead
visible by the reduction of the input force (−4.1 N) required to achieve the same displacement (≈25◦), after the stiffness level
was reduced (C). Finally, a confirmation of the combined effect of angle and stiffness is shown in (D). Here, the angle control is
turned off and, given the same displacement, the angle is not recovered anymore, despite the action of the stiffness control. This
further confirms that the angle recovery was mainly due to the angle control, while the stiffness control did modulate the robot
rigidity.

same geometry and test setup. The present work
instead focuses on characterizing the behavior of TPU
based PAMs fabricated via a simple heat sealing pro-
cess and demonstrating how their back stretchability
can be exploited in an antagonistic joint. Future work
will include direct comparative tests against PAMs
with non stretchable bladders or mesh based extensi-
bility to quantify more precisely which performance
aspects can be ascribed to TPU versus other design
choices.

From a bioinspired perspective, the antagonistic
arrangement of the TPU based PAMs and the ability
to modulate joint stiffness via co contraction parallel
the way biological flexor—extensor muscle pairs reg-
ulate both posture and impedance at human joints
such as the elbow. The precise angular positioning
was confirmed by tracking both a staircase and a
sinusoidal profile with minimal RMSE (below 2◦).
The model-free control approach employed is par-
ticularly suited for on-body applications, where the
complexity of model-based control (e.g. model pre-
dictive control) might be less feasible. The simplic-
ity of using on-off solenoid valves for control, com-
bined with the good accuracy in angle and stiffness
control, indicates a practical balance between cost
and performance. While the bang bang angle con-
troller achieved sub 2◦ RMSE with negligible over-
shoot for the tested trajectories, the present imple-
mentation was not designed to maximize bandwidth
and has not been systematically evaluated above 0.5
Hz (e.g. for faster, human like motion patterns). This
limits the applicability of the current joint to quasi

static or moderately dynamic tasks. Future work will
therefore focus on increasing the closed loop band-
width and may therefore include exploring adaptive
control strategies (such as gain scheduling or switch-
ing between different control policies) better suited
to tracking highly dynamic trajectories while pre-
serving the simplicity and robustness of the overall
architecture.

Stiffness control characterization confirmed that
the robot can achieve a range of stiffness values, from
0.054 Nmdeg−1 to 0.076 Nmdeg−1, with a corre-
sponding decrease in reachable workspace as stiff-
ness increased. This result aligns with expectations,
demonstrating that the robot’s design allows for effec-
tive stiffnessmodulation. The reduction inworkspace
with increasing stiffness levels underscores the trade-
off between control authority and ROM, which must
be carefully managed in practical applications and
may be a limitation of the current architecture.

The showcased simultaneous angle and stiff-
ness control capability represents a preliminary, yet
promising, advancement in the versatility of the con-
troller. However, beyond being limited to a benchtop
version, this implementation was restricted to pla-
nar motion, controlling only a single degree of free-
dom. Extending this capability to more complex 3D
movements and multiple degrees of freedom remains
a significant challenge that must be addressed in the
near future, representing a major roadblock to the
realization of this technology for supporting robotic
applications in real-world. Exploring adaptive control
strategies and incorporating feedback mechanisms
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to dynamically adjust to varying conditions (e.g.
payload changes) will further improve functional-
ity. Future wearable/supernumerary robotic embod-
iments could retain the rigid 3D-printed frame for
precise kinematics in structured tasks (e.g. elbow
support) or transition to a flexible textile/compos-
ite frame for conformability to the body during
dynamic motion. Moreover, portability challenges,
such as tethering to an external compressor, could be
addressed via miniaturized on-body pumps/regula-
tors and wireless control, leveraging the low-pressure
operation (<240 kPa) and simple on-off valving of
our design. User-specific factors like joint alignment,
maximum ROM (which scales linearly by increas-
ing PAM length), don/doff time, and long-term com-
fort would also require iterative prototyping and
human trials, potentially enabling assistive applica-
tions while prioritizing safety through inherent com-
pliance. Overall, this research contributes to advanc-
ing the field of robotics by demonstrating a viable
approach to integrating rigid and soft components for
versatile and effective human–robot interaction.
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