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ABSTRACT

Residual limb edema after amputation complicates rehabilitation and delays prosthetic fitting. This work presents a soft-robotic

compression device for edema management in residual upper and lower limbs following amputation. Helically wound
McKibben actuators (diameters of 5 and 8 mm; lengths of 50 and 100 cm) are embedded within a textile substrate and actuated
sequentially to emulate manual lymphatic drainage. A wearable control unit allows sequential actuation. The actuators achieve

strains of 26%—-28% at 1.5bar, with a maximum standard deviation of 0.60%, and deliver maximum forces ranging from 33 to

60 N. FEM simulations conducted on rigid cylindrical models representing limbs (8.5 and 15 cm diameter for arm and leg, respec-

tively) predict peak interface pressures of 33-48 kPa (arm) and 21-32kPa (leg), which are confirmed by benchtop experiments

(37-45kPa and 24-32 kPa for arm and leg, respectively). In vitro validation on high-fidelity residual limb simulators demonstrates
therapeutic interface pressures of 5-11 kPa (upper limb) and 6-13 kPa (lower limb), consistent with values reported in the literature.
These results demonstrate the system’s potential as a highly customizable and effective solution for postoperative edema manage-

ment, enabling personalized and at-home treatment.

1 | Introduction

In recent decades, soft wearable robots have gained growing
attention in rehabilitation research, finding applications across
awide range of therapeutic areas. Among these, mechanotherapy
(i-e., the application of mechanical stimuli on body tissues to
exert forces that treat musculoskeletal injury [1], or blood and
lymphatic disorders [2]) represents a particularly promising ave-
nue. This is attributable to the intrinsic compliance, flexibility,
and ability of soft robotic systems to conform safely to complex,
dynamic anatomical shapes. These characteristics facilitate the
precise, safe, and comfortable delivery of therapeutic forces,
enabling treatments that are both personalized and capable of
dynamic adaptation to patient-specific movements and physio-
logical variations, thereby optimizing therapeutic efficacy [3-5].

Within circulatory disorders addressed by mechanotherapy,
lymphedema is a chronic condition affecting an estimated 250
million people worldwide (3%-4% of the global population)
[6]. It can be classified as either primary, a rare congenital con-
dition, or secondary, which accounts for up to 90% of cases and is
typically caused by surgery, radiation, or trauma. Lymphedema is
characterized by the pathological accumulation of lymphatic
fluid in the interstitial space, which in severe cases can reach
volumes of several hundred milliliters to over 2L [7]. This
accumulation leads to progressive swelling, tissue fibrosis, skin
thickening, and a heightened risk of recurrent infections.
These complications can significantly impair mobility, limb func-
tion, and overall quality of life and in advanced stages may result
in irreversible tissue damage or elephantiasis [8].
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Traditional management of secondary lymphedema begins with an
intensive phase lasting 4-6 weeks, involving daily short-stretch
compression bandaging, structured exercise, and 1-h clinician-
delivered manual lymphatic drainage (MLD) sessions, typically
administered 3-5 times per week [9, 10]. Following this, patients
transition to the maintenance phase, intended for long-term con-
trol through self-management. This phase can extend for months to
years and involves continued use of custom-fitted graduated com-
pression garments during the day and compression bandages at
night, as well as therapeutic exercises. Conventional compression
bandages deliver constant, static pressures, while graduated-
pressure garments apply a decreasing gradient (typically 5-8 kPa
distally, tapering to 2-3 kPa proximally [5, 11, 12]) to optimize fluid
drainage toward the body’s core [13]. However, passive compres-
sion garments and bandages have several limitations, including
patient discomfort, challenges with independent donning and doff-
ing, and, most critically, the limitation of delivering only a contin-
uous, unchanging pressure over time. While this static compression
can assist in managing limb volume by increasing interstitial pres-
sure and facilitating passive venous and lymphatic return, it lacks
the ability to actively mobilize fluid or promote dynamic flow. In
contrast, clinician delivered MLD consists of gentle (~4kPa),
rhythmic pressure and sweeping motions from the distal toward
proximal regions, effectively driving interstitial fluid toward central
lymphatic pathways and achieving superior therapeutic outcomes
[14]. On the other hand, MLD relies on specialized personnel,
whose availability and accessibility may be limited for many
patients. In this regard, active compression systems that replicate
MLD dynamics offer a superior alternative to static garments by
providing programmable, dynamic compression therapy capable
of simulating rhythmic manual massage. These systems can be
precisely tailored to patient-specific needs, enabling consistent,
daily selfmanaged therapy, significantly reducing reliance on
clinician-administered interventions [5].

The literature describes various active compression systems for
circulatory disorders based on different soft actuation principles,
including shape memory alloys (SMA) [15], shape memory poly-
mers (SMPs) [16], and dielectric elastomer actuators (DEAs) [17].
However, pneumatic actuation remains the predominant
approach in both research prototypes and commercial products
(e.g., the Lympha Press system [18]), with pneumatic lymphatic
drainage already offered to some patients during the mainte-
nance phase of edema treatment [13]. Pneumatic actuators offer
advantages such as design flexibility, high power-to-weight ratios
(commonly exceeding 1 kW/kg for pneumatic artificial muscles
[19]) simple control architectures, as well as enhanced opera-
tional safety compared with SMAs (which require activation tem-
peratures around 90°C [20]), SMPs (which necessitate activation
voltages ranging from 50 to 200 V and localized heating to reach
transition temperatures between 40°C and 80°C [21]), and DEAs
(which operate at high voltages, typically in the 1-5kV range
[22]). Primary limitations of pneumatic actuators—such as mate-
rial fatigue, burst risk, the size and weight of control units—can
be addressed through comprehensive materials characterization
to ensure safe pressure operation, alongside the incorporation of
recent more lightweight and compact micropumps and valves,
which help reducing overall system size and weight. On the other
hand, compression devices are designed for relatively short,
home-based, or clinical treatment sessions, making extreme
miniaturization and ultra-lightweight components less critical

compared with other wearable robotics applications dedicated
to daily life activities.

Different multichambered pneumatic devices have been proposed
in the literature [23-25] many of which closely follow the archi-
tecture of commercially available intermittent pneumatic com-
pression (IPC) systems. These devices typically rely on air
bladders that, upon inflation, exert compression forces on the skin.
While they are easy to fabricate and scale, their flat, welded, or
bonded construction conforms poorly to limb geometries, often
resulting in uneven pressure distribution during actuation.
Their large internal effective volumes result in slow actuation
cycles (typically ~ 0.2 Hz), limiting system responsiveness, and
lowers the overall efficiency. Moreover, they generally produce rel-
atively low output forces, which can limit therapeutic effectiveness
in certain applications. An alternative approach was introduced by
Zhu et al. [26] using fluidic fabric muscle sheets (FFMS). This sys-
tem consists of multiple thin elastic tubes (about 1 cm in diameter
and 25 cm in length) wrapped entirely around the limb, enabling
better conformity to anatomical geometry compared to bladder
actuators and potentially providing more uniform interface pres-
sure. The reduced actuator dimensions favor rapid interface pres-
sure rises (exceeding 22 kPa at frequencies of 14 Hz and 160 kPa
inlet pressure), which facilitates transiently elevated venous veloc-
ity, a desirable effect in compression therapy [27]. However, unlike
conventional compression systems that apply interface pressure
when inflated, the FFMS mechanism operates inversely: it pro-
vides passive compression on the limb when not actuated, while
pressurization of the pneumatic actuators causes them to elongate,
thereby reducing the pressure exerted on the skin by loosening the
compression. Thus, compression is the default state, and actuation
temporarily releases it. This operating principle may pose potential
limitations, including reduced controllability and the need for
active actuation to maintain a pressure-free state, which necessi-
tates continuous system activation during donning or doffing of
the device.

In this context, this study presents a novel design employing soft
tubular actuators wrapped circumferentially around the limb, uti-
lizing McKibben-type actuators that contract upon pressurization,
exhibiting muscle-like behavior rather than elongation. This con-
figuration facilitates the active generation of compression forces
during actuation, thereby better aligning with the therapeutic
objective of dynamically modulating interface pressure. To the
best of our knowledge, no prior works have leveraged
McKibben actuators in this circumferential configuration for
wearable mechanotherapy. Driven by clinical and anatomical
requirements, this implementation necessitates actuators of con-
siderable length to ensure coverage of large residual-limb seg-
ments. To meet these requirements, McKibben actuators
incorporating in-house silicone tubes at lengths of 50 and
100 cm were developed and characterized. Indeed, while previous
studies have explored McKibben actuators at comparable lengths
to our designs, they have primarily employed either commercial
actuators (i.e., by FESTO Co. Ltd [28]) or commercial tubes as
inflatable chambers (Table 1). These solutions are typically made
from stiffer materials, which inherently limit design flexibility and
device adaptability, and necessitate higher actuation pressures. In
turn, such pressures require bulkier, heavier, and noisier control
units, often making the system unsuitable for wearable or portable
applications. To overcome these limitations and enable more
customizable, low-pressure actuation, we fabricated in-house
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TABLE 1 | Summary of the state of the art on the characterization of McKibben actuators with comparable lengths. The table highlights key

parameters such as actuator length and materials used, providing context and comparison with the present work.

Reference Length, cm Material P;,, bar
AKAGI et al. [29] Up to 50 FESTO Co. Ltd Up3
Morita et al. [30] 50 Nitrile rubber Up to 70
Uppalapati et al. [31] 50 Stretchable elastomer Up to 1.40
Kurumaya et al. [32] Up to 35 Silicone tube Up to 3.50
Mori et al. [33] 70 Rubber tube Up to 40
Mori et al. [34] 60 Rubber tube Up to 40

actuators using very soft, compliant material (i.e., Ecoflex 00-30
silicone, Shore 0030, Smoothon-, Inc., Macungie, PA, USA).

McKibben actuators are well-known for their high force-to-weight
ratio and good controllability compared with other soft pneumatic
actuators [19]. With a high technology readiness level (TRL) and
very good performance characteristics, they provide a solid foun-
dation for pursuing real-world applications in soft robotics [35].

The proposed solution was developed specifically for managing
postoperative edema in patients following limb amputation, as
compression bandages and MLD are the only available interven-
tions in this context. Although a few commercial devices are avail-
able [18], they typically feature a basic design, often limited to just
a few pneumatic bladders, are not widely known, and are very
rarely adopted in routine clinical practice. Edema management
typically begins around 3 weeks post-amputation and may con-
tinue for several weeks to months, until limb volume stabilizes
between 12 and 18 months post-amputation [36]. Post-amputation
edema is the major cause of residual limb volume fluctuations dur-
ing the early postoperative phase, with changes reaching up to
35%, that delay prosthetic fitting [36]. Thus, a solution capable
of promoting effective edema reabsorption while dynamically
adapting to these volume fluctuations is critical for timely rehabil-
itation and successful prosthetic integration, ultimately supporting
the patient’s reintegration into society [37, 38].

The proposed designstrategy is highly flexible, enabling easy cus-
tomization to suit individual patient anatomy and variations over
time, as well as therapeutic requirements. Owing to this flexibility,
although initially developed for post-amputation edema, the pro-
posed solution can be readily adapted for use in other lymphedema
treatment contexts. In this work, two wearable systems designed
and optimized for upper and lower residual limbs of standard sizes
are presented. The devices integrate long, in-house-fabricated
McKibben actuators embedded into a textile substrate and arranged
in a helical configuration around the limb. These actuators are con-
trolled via a custom unit that enables sequential inflation, effec-
tively replicating the behavior of MLD therapy. This innovative
approach aims to provide a practical, comfortable, and effective
mechanotherapy solution that can be adapted to individual patient
needs and used in everyday clinical and home settings.

2 | Results and Discussion
2.1 | Design Overview

An overview of the massage systems developed for treating post-
operative edema in individuals with limb amputation is shown in

Figure 1la. The system is a wearable soft robotic device built on a
textile substrate, into which McKibben pneumatic actuators are
embedded in a helical, sequential configuration. This layout
closely conforms to the natural shape of the limb, minimizing
gaps between actuators and thereby eliminating non-actuated
regions that could be prone to fluid stagnation, as recommended
by clinical experts. Two configurations were developed: one tai-
lored for the upper limb and one for the lower limb, each opti-
mized in terms of actuator number, size, and anchoring layout.
As a textile substrate, the devices employ off-the-shelf prosthetic
suspension sleeves, sized according to standard residual limb
dimensions. An adjustable hook-and-loop belt is integrated into
the sleeve to stabilize the device: it wraps around the waist for the
lower-limb version and under the contralateral shoulder for the
upper-limb version, ensuring consistent placement throughout
treatment. Additionally, oversized fabric loops along the sleeve
guide and stabilize actuator positioning while accommodating
radial expansion during inflation.

The final design strategy yields a highly customizable yet modu-
lar architecture that can be readily adapted to a range of limb
lengths, diameters, and soft tissue characteristics, while also
allowing for straightforward actuator replacement when needed.
The McKibben actuators were custom-fabricated in-house,
enabling a simple and cost-effective manufacturing process,
while ensuring a robust and reliable solution suitable for
repeated use. By varying the diameter (D) and length (L) of indi-
vidual actuators, it is possible to define localized compression
zones of different sizes and then different pressure distributions
along the limb (Figure 2). By combining multiple actuators, the
system can support a wide range of programmable activation
sequences, enabling multiple massage protocols tailored to spe-
cific therapeutic needs.

The actuators are driven by a compact wearable control unit
(Figure 1b) that regulates inflation and deflation patterns via a
pneumatic circuit composed of a micro diaphragm pump, sole-
noid valves, and pressure sensors. The control unit is housed in a
3D-printed enclosure (12 mm X 16 mm), designed for portability
and belt mounting. The control unit supports both battery-
powered and bench-top configurations. In its wearable version,
the full system weighs ~480 g for a configuration with one actuator,
with an additional 25 g for each extra actuator. For the treatment of
post-amputation edema, in alignment with recommendations from
clinical experts, an activation strategy was implemented that deliv-
ers localized, progressive compression along the residual limb, fol-
lowing a distal-to-proximal massage pattern (sequential protocol in
Figure 2). Specifically, each actuator inflates in sequence, holds
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(a) (b) Control unit
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FIGURE1 | (a)System overview of the wearable device for postoperative edema therapy in individuals with limb loss. The system consists of a textile
substrate integrated with sequentially arranged McKibben pneumatic actuators, configured in a helical pattern around the limb. (b) A compact control
unit, comprising an Arduino Nano, pressure sensors, valves, micropump, and connection tubing, regulates the inflation and deflation cycles of the
actuators to deliver targeted compression. (c) Analytical model of linear and wrapped McKibben actuators showing axial contraction under inlet pres-
sure in the linear configuration and radial compression around the limb in the wrapped configuration. L,, actuator resting length; D, actuator mean
diameter at rest; ao: braid angle at rest; p,, actuator inlet pressure; T, actuator axial force in the wrapped configuration; P, interface pressure; djimp,
average limb diameter, modeled as a cylinder.
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FIGURE 2 | Design space of the proposed wearable mechanotherapy device composed of McKibben pneumatic actuators. By varying the

diameter (D) and length (L) of individual actuators, and their number of turns (n), it is possible to modulate the resolution of each compression zone
and achieve different pressure distributions along the limb. Combining multiple actuators enables a range of programmable activation patterns, which in
turn support multiple massage protocols, including uniform (uniform, constant interface pressure), intermittent (timely activation of uniform, constant
pressure), peristaltic (wave-like sequential activation), sequential (each actuator deflates as the next inflates, from distal to proximal), and gradient
(higher interface pressure distally, decreasing proximally) compression. This modular and customizable configuration allows for targeted and
patient-specific therapeutic devices. Schematic of massage protocols was republished from [5] under the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/).
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pressure briefly, and then deflates as the next actuator activates.
Each full compression cycle is completed in less than 20s. This
approach is intended to promote interstitial fluid displacement
and support lymphatic drainage. At the same time, the firmware
remains fully configurable, allowing inflation/deflation timing
and sequence to be tailored to individual patient needs, thus pro-
viding a customized therapeutic solution.

Quantitative data on interface pressure targets for mechanother-
apy applications remain scarce and highly variable across the lit-
erature, with few studies specifically addressing the treatment of
post-amputation limb edema [19, 22]. Reported compression lev-
els delivered to residual limbs by pneumatic post-amputation
assist devices are around 40 mmHg (/5 kPa). However, pressure
targets are often context-dependent and influenced by the spe-
cific patient population. A commonly referenced upper limit
for safe compression in similar therapeutic settings is
60 mmHg (8 kPa) [5]. Due to the lack of systematic characteriza-
tion and limited quantitative guidance specific to post-
amputation edema management, we adopted this maximum
reported value as a clinically relevant and conservative target
in the design of our system. This approach ensures a safe starting
point for therapy, while preserving the flexibility to adjust to
lower pressure settings based on individual patient sensitivity
and therapeutic response.

A basic model was used to derive indicative requirements for the
forces and, in turn, for the actuator dimensions to achieve the
target interface pressure. We assumed the residual limb as a
cylindrical segment with an average diameter (djimp) of 8.5cm
for the upper limb [39] and 15cm for the lower limb [40]
(Figure 1c). The axial force (T') exerted by the McKibben actua-
tors to generate an interface pressure (P) is then calculated as:

_ PA _ Pdlimb Dn
T2 2

T ®

where A is the cross-sectional area of a generic limb segment,
modeled as a rectangle with width equal to the limb diameter
dyiimp and height [ =D n, corresponding to the axial length cov-
ered by a single McKibben actuator of diameter D wrapped n
times around the limb (Figure 1c). The standard force equation
for a McKibben actuator relates its initial mean diameter
(D), internal pressure (p,), initial braid angle (ap), and strain
(e) as [41]:

panD’ 2 2 }
=———1[3cos” ap(l—¢)°—1 2
4sin? o o(1=¢) &
Considering D as the average of the silicone tube’s inner diameter
and the actuator’s outer diameter (Figure 1c), approximating
T =F and solving for D yields:

_ 2P ndyp, sin? ag
T wp,[3cos? ap(1—¢)?—1]

3)

We adopted a braid angle a, of 29° and a strain ¢ of 0.25, consis-
tent with values reported in the literature [42, 43]. The internal
pressure p, was set to 1.5 bar, which corresponds to half of the
maximum pressure deliverable by the wearable micro-pump,
ensuring a safety margin, preserving component lifespan, and
reducing power consumption during operation. Assuming a

representative helical arrangement with n=2 turns, actuator
mean diameters of approximately 5 and 8 mm were estimated
for upper and lower limb configurations, respectively. We
selected n=2 as a compromise: with n=1, the design would
require many more actuators to cover the same surface area, each
with its own pneumatic line, fittings, valves, and electronic driv-
ers, and this would substantially increase system complexity,
weight, and the risk of air leakage, whereas with n =3 the dis-
cretization of pressure along the limb—especially in the upper
limb—would have already been partially lost. In consistency
with this configuration and the assumed limb circumferences,
we fabricated actuators in two lengths: 50 and 100cm,
respectively.

2.1.1 | McKibben Actuators

2.1.1.1 | Manufacturing. In the literature, the fabrication of
custom silicone tubes is typically carried out using either roll
coating [44] or molding techniques. However, roll coating
presents significant challenges in maintaining uniform thick-
ness, especially over extended lengths. Such non-uniformities
increase the risk of bubble formation, mechanical failure, and
asymmetric actuator behavior. For these reasons, the molding
technique was preferred, as it enables more precise control over
geometry, ensuring uniform wall thickness, structural integrity,
and reliable actuator performance (Figure 3 and Supplementary
Video 1). During fabrication, liquid silicone was injected into the
mold using syringes. The considerable back-pressure along the
full length of the cavity made the process challenging, so
additional injection sites were strategically integrated into the
mold to ensure full filling and eliminate trapped air. Based on
manufacturing trials aimed at optimizing the balance between
structural integrity, flexibility, and ease of fabrication, we
selected a 2 mm tube wall thickness for all silicone tubes. The
final mold was fabricated using Delrin, a material selected for
its ability to prevent silicone adhesion, thereby facilitating
demolding. Commercial braided sleeves were thermoformed to
reduce the initial braid angle (@), aiming for values around
29°, and then assembled on silicone tubes using 3D-printed
end fittings and commercial clamps. A digital microscope
(HRX-01, Hirox USA Inc.) was used to acquire high-resolution
images of the braided sleeves and to determine the initial resting
braid angle (@) in each actuator (Table 2). The angle was mea-
sured at three positions along each actuator (top, middle, and
bottom), and the average value was reported for each dimension.
Table 2 shows that the 8 mm-diameter, 50 cm-long actuators
exhibited higher mean braid angles (35.65 + 5.8°) compared with
the other configurations. This larger deviation is likely attribut-
able to fabrication-related variability, particularly during the
thermoforming process in which the sleeve is stretched and
subsequently fixed onto the silicone tube.

2.1.1.2 | Characterization Tests in the Linear
Configuration. Strain-pressure, isotonic, and isobaric tests
were performed to systematically assess the performance of
the actuators in a linear configuration using an Instron testing
machine. The experimental setup included an air compressor
(model JUNIOR 30, ABAC), an electronic proportional microre-
gulator (Series K8P, Camozzi Group S.p.A., Milano, IT), and a
digital pressure sensor (Series SWCN, Camozzi Group S.p.A.,
Milano, IT). All tests were repeated five times for each
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FIGURE 3 | Fabrication components and final prototypes of McKibben actuators in different dimensions. The image shows the Delrin mold used to
fabricate custom silicone tubes, four silicone tubes (diameters of 5 and 8 mm, each produced in 50 and 100 cm lengths), and the corresponding assembled
McKibben actuators. Actuators were completed using thermoformed braided sleeves, 3D-printed end fittings, and commercial clamps to ensure secure

sealing and consistent performance.

TABLE 2 | Average initial braid angle (ao) for actuators with different dimensions. Each value corresponds to the mean and standard deviation of
angles measured at three locations along the actuator body. Mean diameter (D), inner diameter (Dy,), and total actuator length (L) are reported, along
with the number of actuators tested (V). All actuators are fabricated using silicone tubes with a wall thickness of 2 mm.

D, mm D;,,, mm L,cm N° Angle, deg
5 3 50 3 29.76 £ 4.6
5 3 100 3 29.08 £6.0
8 6 50 3 35.65£5.8
8 6 100 3 29.10 £5.5

McKibben actuator, with three actuators tested per configura-
tion. Strain-pressure characterization was performed using a
quasi-static cyclic protocol. Each McKibben actuator was fixed
at the upper end of an Instron testing machine and left free to
contract at the opposite end, then subjected to incremental pres-
sure steps. Pressure was manually increased in discrete steps of
0.1 bar, starting from 0 up to 1.5 bar, and then decreased back to
0 bar to complete a full cycle. At each pressure step, the actuator
was allowed to stabilize before its length was recorded. Axial
strain (¢) was calculated as e=IALI/L,, where AL =LyL.
Isometric tests involved increasing and subsequently decreasing
the inlet pressure from 0 to 1.5 bar, in 0.25 bar steps, while mea-
suring the output force under constant strain conditions.
Specifically, each actuator was held at predefined strain levels
(e), ranging from 0% to 25% of its resting length, in 5% incre-
ments. Cyclic isobaric tests were conducted by applying seven
fixed pressure levels (0 to 1.5 bar in 0.25 bar increments). At each
level, the actuator was stretched back to its initial resting length
(deformation rate: 60 mm/min), and the corresponding reaction
force was recorded using the Instron load cell.

The strain-pressure tests demonstrated that all actuators achieved
axial strains in the range of 26% to 28% at 1.5bar inlet pressure,
with a maximum standard deviation of 0.60% which reflects the
high consistency and repeatability of actuator behavior
(Figure 4b). Notably, longer actuators exhibited slightly higher
strain compared to their shorter counterparts. For instance, the

8 mm X 100 cm actuators reached a strain of 27.94 + 0.12%, while
the 8 mm x 50cm actuators showed a slightly lower strain of
27.05 £ 0.17%. The maximum standard deviations in strain were
0.60% for the 100 cm actuators and 0.38% for the 50 cm ones. A
similar trend was observed for the 5mm variants, where the
100cm actuators reached a strain of 27.44+0.10% and the
50 cm ones reached a strain of 26.19 + 0.18%. The maximum stan-
dard deviations in strain were 0.29% for the 100 cm actuators and
0.57% for the 50 cm ones. This difference in the performance of
50 cm versus 100 cm long actuators can be attributed to the initial
braid angle () of their sleeve and to the fact that, in longer actua-
tors, the end fittings account for a smaller relative proportion of the
overall length, thus having a less significant influence compared
with shorter McKibben actuators [34].

Additionally, hysteresis remained relatively low across all config-
urations. The highest average hysteresis was observed in the
5mm X 50 cm actuator (3.34%), while the lowest occurred in
the 8 mm x 50 cm actuator (1.90%), which also had the highest
initial braid angle. For the 100 cm-long actuators, comparable
values were recorded: 2.94% for the 5mm diameter and 2.65%
for the 8 mm diameter. These results suggest that the observed
energy losses could be influenced by the actuator’s geometry.
However, given the small hysteresis values, it is more plausible
that the main source of variation arises from fabrication-related
variability.
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FIGURE4 | Schematics (a)and results (b and c) of strain-pressure and isometric tests. (b) The strain-pressure plot shows actuator strain as a function
of inlet pressure. (c) The isometric plots display actuator output force as a function of inlet pressure at fixed strain levels (0%, 5%, 10%, 15%, 20%, and 25%)
for actuators with 5 mm diameter (left), with lengths of 50 cm (top) and 100 cm (bottom) and actuators with 8 mm diameter (right), with lengths of 50 cm

(top) and 100 cm (bottom).

Isometric testing showed that 5 mm diameter actuators with lengths
of 50 and 100 cm produced mean maximum forces of 33.09 + 0.81 N
and 33.23 = 0.19 N, respectively, at 1.5 bar and 0% strain (Figure 4c).
The maximum standard deviation in force was 0.81 N for the 50 cm
actuators and 0.35 N for the 100 cm ones. Actuators with an 8 mm

diameter generated 54.08 N = 0.13 N (50 cm) and 59.76 N = 0.09 N
(100 cm). The maximum standard deviation in force was 0.22 N for
the 50 cm actuators and 0.38 N for the 100 cm ones. As expected
from Equation (2), an increase in the diameter D leads to higher
force output, due to the quadratic dependence of the output force
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on D. The small discrepancy in force between the two 8 mm actua-
tors is likely attributable to differences in the braid angle
a. Specifically, a lower «q increases cos , (thus raising the numer-
ator of the force equation) and decreases sin «, (reducing the
denominator), resulting in a larger overall force. At the same time,
using Equation (2) to estimate the output forces results in signifi-
cantly lower theoretical values compared to the measured ones,
likely due to model simplifications.

Isobaric testing at 1.5bar inlet pressure showed that actuators
with 5mm diameter produced mean maximum forces of

33.30£0.69N (50cm) and 35.88+3.18 N (100 cm) (Figure 5).
The maximum standard deviations in force were 1.28 N for
the 50 cm actuators and 3.23 N for the 100 cm ones. The 8 mm
diameter actuators generated mean maximum forces of
55.85+8.24N (50cm) and 61.32+6.43N (100cm) at 1.5bar.
The maximum standard deviation in force was 8.24 N for the
50 cm actuators and 6.43 N for the 100 cm ones. The force outputs
closely match those obtained from the isometric tests; however,
the isobaric protocol showed greater cycle to cycle variability,
likely due to the dynamic variation in actuator length throughout
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Testing schematic and results of the isobaric tests. The plots show actuator output force as a function of strain levels at fixed inlet

pressure (0.25, 0.5, 0.75, 1, 1.25, and 1.5 bar) for actuators with 5 mm diameter (left), with lengths of 50 cm (top) and 100 cm (bottom), and actuators
with 8 mm diameter (right), with lengths of 50 cm (top) and 100 cm (bottom).
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the cycles and the more pronounced effect of the silicone tubes’
hyperelastic behavior.

2.1.1.3 | FEM Simulations. After completing the full charac-
terization of the actuators in a linear configuration, nonlinear finite
element method (FEM) simulations were conducted using Abaqus
CAE/Explicit (Dassault Systémes, Vélizy-Villacoublay, France) to
evaluate actuator performance in their final helical configuration.
These simulations were developed to overcome the limitations of
the initial analytical model, which, despite its simplifications, was
useful for providing first-order estimates of actuator dimensions
and guiding the design space exploration. To model the behavior
of the actuators while avoiding the complexity and high computa-
tional cost associated with fluid-structure interaction models or
explicit meshing of the braid architecture, we adopted a simplified
equivalent thermal loading approach, as described in [45]. This
modeling strategy provides a computationally efficient alternative,
while still capturing the anisotropic contraction and axial shorten-
ing characteristic of McKibben actuators, making it a particularly
suitable solution for simulating the actuators in the target helical
wrapping configuration. To achieve an accurate representation of
the actuator behavior, orthotropic thermal expansion coefficients
were introduced to ensure proper longitudinal contraction and
radial expansion, thereby effectively replicating the experimentally
observed mechanical response to internal pressurization through
temperature control. To estimate the maximum interface pressure
exerted during operation, the actuators were modeled as solid
cylindrical tubes wrapped around cylinders with diameters of
8.5 and 15 cm, representing the geometries of the upper and lower
limbs, respectively.

Specifically, 50 cm-long actuators with diameters of 5 and 8 mm
were wrapped around the arm cylinder (8.5 cm), while 100 cm-long
actuators with the same diameters were wrapped around the leg
cylinder (15 cm). Although the 8 and 5 mm actuators were origi-
nally intended for leg and arm applications respectively, both were
tested in each configuration to enable a more comprehensive char-
acterization and to assess scalability and performance consistency
across different limb sizes. Each actuator was modeled as a solid
helical cylinder wrapped around the limb-representative cylinders,
which were themselves modeled as discretely rigid hollow cylin-
ders (to reduce computational cost while still enabling extraction
of the actuator-surface contact pressure). The actuators were
assigned with isotropic properties matching Ecoflex 00-30 (elastic
modulus 0.125 MPa [46]). In addition, three distinct thermal coef-
ficients were imposed: ex and ey were set to 50% to capture the
actuator’s radial expansion, while ez was set to 25% to reproduce
its axial contraction. All coefficient values were derived from exper-
imental measurements obtained at the maximum pressure of

1.5bar. All three coefficients were defined as functions of a pre-
scribed temperature increase of 1°C, which was used as an equiva-
lent representation of the experimentally observed internal
pressurization and applied as a “Load”. This increase is defined
as a function of time, thereby enabling a temporal analysis of
the contraction, and allowing its evolution to be assessed every
instant.

The mesh comprised linear tetrahedral elements (C3D4 type)
with a characteristic length of 1 mm. The rigid cylinder and both
actuator ends were fixed in space in all three rotations and trans-
lations, with a fixed constraint (6 degrees of freedom). A general
contact interaction was defined between the outer surface of the
actuator and the surface of the cylinder.

A dynamic explicit analysis was run over 1s with a minimum
time increment of 10™*s.

Simulations results were analyzed in terms of contact pressure
between the actuators and cylinder surfaces (Supplementary
Video 2). The values were extracted at the point of maximum
actuator contraction. For each simulation, the maximum inter-
face pressure and the mean interface pressure were obtained
(Table 3). The simulations results show that the mean contact
pressures are substantially lower than the corresponding peak
pressures. This discrepancy can be attributed to the heteroge-
neous nature of the actuator-cylinder interface, as well as to
the limited ability of the model to accurately capture contact
behavior during deformation: localized regions of poor contact
produce very low-pressure readings that pull down the overall
average. At the same time, in areas where proper contact was
modeled, the predicted peak pressure values showed good
agreement with experimental measurements, as confirmed
in subsequent testing. Indeed, experimental validation was
then performed under the same conditions used in the
simulations.

2.1.1.4 | Characterization Tests in the Helical
Configuration. The actuators were wrapped in two full turns
(n=2) around two 3D-printed rigid cylinders, with diameters of
8.5 and 15 cm, corresponding to the upper- and lower-limb con-
figurations, respectively. TekScan pressure sensors (9833E pres-
sure sensors of the F-Socket System, Tekscan Inc., Boston, MA)
were positioned at the actuator-cylinder interface to acquire con-
tact pressure data throughout three consecutive inflation trials
(Figure 6). During each trial, the actuators’ internal pressure
was increased in 0.25bar increments at 10s intervals, from 0
up to 1.5 bar and the relationship between inlet actuator pressure
and interface pressure was plotted (Figure 6). Actuators measur-
ing 50 cm in length (with diameters of 5 and 8 mm) were tested
on the cylinder representing the upper limb, while 100 cm long

TABLE 3 | Simulation results showing the peak and mean interface pressures generated by a single actuator wrapped twice around a rigid cylinder

representing the dimensions of the upper and lower limbs.

Rigid cylinder Actuator diameter,

Actuator length, Max interface pressure, Mean interface pressure,

diameter, cm mm cm kPa kPa
8.5 5 50 338 23.3
8.5 8 50 48.3 335
15 5 100 21.2 8.6

15 8 100 31.9 15.8
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FIGURE 6 | Experimental setup (top) and representative results (bottom) of the McKibben actuator characterization tests in the final helical

configuration wrapped around rigid cylindrical limb models: (a) lower-limb cylinder and (b) upper-limb cylinder.

actuators with the same diameters were tested on the cylinder
representing the lower limb.

Results showed that 50 cm-length actuators wrapped around
the 8.5 cm diameter cylinder produced mean interface pressures
of 37.28 £ 0.29 kPa (5 mm diameter) and 45.16 = 0.35 kPa (8 mm
diameter), with maximum standard deviation across the entire
test of 0.34 and 0.46 kPa, respectively. In contrast 100 cm-long
actuators, wrapped around the 15cm diameter cylinder
produced mean interface pressure of 24.40 +0.23kPa (5 mm
diameter) and 31.74 £0.13kPa (8 mm diameter), exhibiting
maximum standard deviations of 0.28 and 0.39 kPa, respec-
tively. Although actuators of the same diameter but different
length generate very similar maximum forces in the linear con-
figuration (Figures 4 and 5), the helical-configuration measure-
ments revealed differences in interface pressure, due to
variations in contact area. As expected, distributing the same
axial force over a smaller contact area resulted in higher inter-
face pressures. This was observed with the 50 cm-long actuators
wrapped around the upper-limb cylinder, compared to the actu-
ator of the same diameter but 100 cm in length wrapped around
the lower-limb cylinder.

The obtained experimental results are in good agreement
with the maximum interface pressure of FEM simulations, vali-
dating the accuracy of the modeling approach. Specifically, for
the 50 cm-long actuators wrapped around the upper-limb rigid
cylinder, experimental values of 37.28+0.29kPa and
45.16 £ 0.35kPa closely matched the simulated values of 33.8
and 48.3kPa for 5 and 8 mm diameters, respectively. Similarly,
for the 100cm-long actuators on the lower-limb cylinder,

measurements of 24.40 =0.23kPa and 31.74 £0.13kPa were
consistent with the predicted 21.2 and 31.9kPa for 5 and
8 mm diameters, respectively. The slightly lower values observed
in the FEM simulations may be attributed to idealized assump-
tions in material behavior and contact definitions, including fric-
tionless interfaces and uniform expansion.

Although these interface pressures exceed the target therapeu-
tic threshold of 8 kPa, it is important to note that these tests
were performed on rigid cylindrical substrates, which were
selected to enable repeatable and controlled characterization
of the maximum interface pressure capability of the actuators
in the final helical configuration. In realistic conditions, when
the actuators are applied to compliant, soft tissue substrates,
lower interface pressures are expected due to material deforma-
tion and load distribution, aligning more closely with clinical
requirements.

2.1.2 | Wearable Control Unit

The control unit of the system is a custom-built platform designed
around an Arduino Nano microcontroller (weight: 6 g) and can be
powered either by a lithium-ion battery (PICPALNB27, Panasonic,
weight: 220 g) for fully wearable operation or by an AC/DC trans-
former (IRM-60-12ST, MEAN WELL, weight: 206 g) for bench-
mounted use (Figure 1b). It incorporates a compact pneumatic
circuit centered on a DC brushless microdiaphragm pump
(NMP830.1.2KPDC-B4 HP, KNF DAC GmbH, max. operating
pressure, 3 bar g; flow rate, 9 1/min; weight 220 g) with an acoustic
silencer (KNF DAC GmbH, weight: 7 g).
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For each McKibben actuator, the unit integrates two miniature
solenoid valves, one 2/2 normally closed and one 3/2 normally
open (Series K8, Camozzi, weight: 7 g each), along with a pres-
sure sensor (MPX5700DP, NXP semiconductors, pressure range,
0-700 kPa; weight, 5 g) for continuous pressure monitoring and
enforcement of a 1.5 bar safety limit. A dedicated motor driver
module (HG7881, weight: 6 g) manages valve actuation. The
entire system is housed in a 3D-printed enclosure (dimensions:
12 x 16 X 6 cm”) featuring a rear mounting tab for attachment to
the belt harness of the device.

The microdiaphragm pump is connected to a custom pneumatic
manifold, with one outlet per actuator. Each outlet feeds a 2/2
valve whose output connects to a 3/2 valve; the remaining ports
of the 3/2 valve serve as the inlet and exhaust of the actuator.
During operation, the pump activates and the 2/2 valve corre-
sponding to the most distal actuator opens, allowing airflow
through the normally open port of the 3/2 valve into the
McKibben chamber, initiating inflation. Once the target pressure
is reached, the 2/2 valve closes, maintaining the actuator in its
contracted state. The 3/2 valve then vents the actuator through
its exhaust port. As the distal actuator deflates, the next actuator
in the proximal sequence inflates, continuing the sequential com-
pression cycle along the limb.

2.2 | In Vitro Validation

The final devices were validated in vitro using high-fidelity
upper- and lower-limb residual simulators, constructed from
soft materials that replicate the mechanical properties of
human soft tissue and equipped with internal fluidic chambers
designed to mimic postoperative edema conditions (Figure 7)
[47, 48]. Specifically, two mechanotherapy devices incorporat-

ing five McKibben actuators were developed for the
lower-limb simulator, and two mechanotherapy devices
incorporating three actuators were developed for the upper-
limb simulator. As in previous tests, both 8 and 5 mm diameter
actuators were evaluated in each configuration, using 50 cm
actuators for the upper limb and 100 cm for the lower limb,
to enable a more comprehensive characterization and assess
scalability and performance consistency across different limb
sizes. The operation of systems using 8 mm diameter, 100 cm
long actuators for the lower limb and 5 mm diameter, 50 cm
long actuators for the wupper limb is demonstrated in
Supplementary Video 3 (Figure 7). The control strategy was
informed by feedback from a focus group with clinical experts
and was designed to deliver a distal-to-proximal sequential
massage cycle over the residual limb, with each full cycle com-
pleted within 20s. Using the wearable control unit, the actua-
tors are pressurized in sequence: as one actuator begins to
deflate, the next inflates immediately, generating a continuous
wave of compression along the limb. This timed overlap
between deflation and inflation ensures smooth pressure
propagation, promoting interstitial fluid displacement and
enhancing lymphatic drainage, in line with therapeutic
recommendations.

During in vitro validation, the first test involved driving each
actuator at its maximum operating pressure of 1.5bar, while
interface pressures were continuously monitored using
Tekscan sensors placed between the textile sleeve and the simu-
lator surface, with the fluid chamber kept empty. All actuators in
the upper-limb device were activated during the massage
sequence. In contrast, in the lower-limb configuration, only
the three most proximal actuators were activated, corresponding
to the position of the embedded fluidic chamber in the upper sec-
tion of the leg simulator, consistent with the experimental setup
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FIGURE7 | Wearable soft robotic devices designed for mechanotherapy applications, fitted onto high-fidelity residual limb simulators representing

(a) transfemoral and (b) transhumeral amputations. The simulators replicate the mechanical properties and anatomical structure of bone, muscles

(Ecoflex 30 silicone), fat (Ecoflex Gel), and skin (Ecoflex 10), incorporating embedded fluidic chambers to simulate bodily fluid accumulation. On

the right, photographs show the actuation sequence with pressures applied to each actuator (highlighted by red boxes), illustrating the progressive

inflation cycles employed during in vitro validation to mimic therapeutic massage protocols.
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described later in the manuscript. Pressure data were acquired
over four cycles for each actuator, and the mean and standard
deviation across cycles were plotted. The pressure traces shown
in Figure 8 illustrate the sequential activation of the three actua-
tors for each cycle, with each deflation coinciding with the infla-
tion of the next.

These tests demonstrated that both devices achieved interface
pressures approaching or exceeding the commonly referenced
therapeutic target of up to 8 kPa reported in the literature.
As shown in Figure 8, the upper-limb wearable device gener-
ated interface pressures between 5 and 8 kPa when actuated
by 5mm X 50 cm actuators, aligning with the target, and pres-
sures of 9-11 kPa with 8 mm X 50 cm actuators, slightly exceed-
ing the typical therapeutic range. For the lower-limb device,
5mm X 100 cm actuators produced interface pressures of 6-
8 kPa, aligning with the target, while 8 mm X 100 cm actuators
reached pressures between 10 and 13 kPa, surpassing the
expected therapeutic levels. Slight differences in mean pressure
applied by different actuators of the same device can also be
attributed to the fact that the two simulators were fabricated
from scans of real residual limbs, replicating their natural shape
and thus exhibiting non-uniform circumferences and irregular
geometries, to which the Tekscan sensors cannot perfectly
conform.

From these experimental results, it is also possible to see that
each of the 50 cm modules completed an inflation-deflation cycle

in &3 s (5 mm) and 4 s (8 mm), while each of the 100 cm modules
required about 5s (5mm) and 7s (8 mm). Consequently,
sequencing three modules distally to proximally yields a full
massage cycle in under 20 s, meeting the cycle-time recommen-
dations of clinical specialists.

Subsequently, in vitro validation included tests in which the
simulators’ fluidic chambers were filled with 80 mL of colored
water for the lower-limb device and 10 mL for the upper-limb
device, to simulate interstitial fluid accumulation (Figure 9).
The tests employed 5 mm diameter, 50 cm long actuators for
the upper-limb system and 8 mm diameter, 100cm long
actuators for the lower-limb system. Each actuator was
sequentially driven at its maximum operating pressure of
1.5 bar, while interface pressures were continuously monitored
using Tekscan sensors. As shown in Supplementary Video 4,
in both cases, fluid was propelled from the distal to the
proximal end of the residual limb simulators, effectively
achieving the therapeutic goal of post-operative edema
massage therapy. The lower-limb device expelled 33.65mL
(corresponding to 42.06% of the 80mL injected) against
gravity in 7 cycles; the upper-limb device expelled 6.50 mL
(corresponding to 65% of the 10 mL injected) against gravity
in five cycles. Although fluid continued to be ejected beyond
these cycle counts, the flow rate decreased markedly, transi-
tioning from a continuous stream to a slow, intermittent
droplet release.
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FIGURE 8 | Mean interface pressure profiles over time recorded from three sequentially actuated McKibben actuators embedded in wearable mecha-

notherapy devices for (a) upper-limb and (b) lower-limb simulators. The left column shows results for actuators with 5 mm diameter, while the right column

presents data for 8 mm diameter actuators. Upper panels correspond to 50cm-long actuators, and lower panels to 100cm-long actuators.

Colored lines represent mean pressures for each actuator, with shaded areas indicating standard deviations over four cycles.
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FIGURE 9 | In vitro evaluation of wearable mechanotherapy devices on high-fidelity residual limb simulators representing (a) transfemoral and

(b) transhumeral amputations. The simulators’ embedded fluidic chambers were filled with colored water to mimic interstitial fluid accumulation.

Pressure-time profiles from three distinct actuators (highlighted with red, green, and blue boxes) demonstrate the sequential inflation cycles during

therapy. The expelled water is reported before (left) and after (right) actuation, indicating effective fluid displacement: 33.65 mL for transfemoral and

6.50 mL for transhumeral simulators after seven and five actuation cycles, respectively.

3 | Conclusion

In this work, we demonstrate that a wearable soft-robotic system
employing McKibben actuators integrated into a textile substrate
in a helical configuration can reliably generate the interface pres-
sures required for effective post-operative edema therapy in both
upper and lower residual limbs. For the upper-limb system, 50 cm
long actuators of 5 and 8 mm diameter were tested as actuation
units, while for the lower-limb device, the same diameters were
tested in 100 cm length. A wearable or portable control unit man-
ages distal-to-proximal inflation and deflation of the actuators,
delivering programmable massage patterns to the residual limb.

During linear characterization, McKibben actuators achieved
strains of 26%-28% at 1.5bar and output forces ranging from
33 to 60 N. When wrapped helically around rigid cylinders, both
FEM simulations and bench experiments produced closely
aligned interface pressure values: 33.8 and 48.3kPa (FEM) vs
37.28 £0.29kPa and 45.16 £0.35kPa (experiments) on an
8.5 cm diameter rigid cylinder representing residual arm dimen-
sions, using 5 and 8 mm diameter, 50cm long actuators,

respectively, and 21.2 and 31.9 kPa (FEM) vs 24.40 +£0.23 kPa
and 31.74 + 0.13 kPa (experiments) on a 15 cm diameter rigid cyl-
inder representing residual leg dimensions, using 5 and 8 mm
diameter, 100cm long actuators, respectively. These values
exceeded the 8 kPa upper limit found in clinical compression pro-
tocols, confirming the system’s capability to span the full thera-
peutic pressure range. Additionally, on high-fidelity residual
limb simulators, the actuators achieved interface pressures of
5-8kPa (5mm diameter, 50 cm length) and 9-11kPa (8 mm
diameter, 50 cm length) on the arm simulator, and 6-8 kPa
(5 mm diameter, 100 cm length) and 10-13 kPa (8 mm diameter,
100 cm length) on the leg simulator, well within the recom-
mended therapeutic range for post-amputation care and lymph-
edema management. In vitro tests further demonstrated that
sequential distal-to-proximal actuation effectively expelled fluid
against gravity from the simulators, replicating the core mechan-
ical action needed for lymphatic drainage. Notably, the system
operates at low input pressures (up to 1.5 bar), which enhances
both the energy efficiency and safety of the actuation compared
to systems relying on alternative actuation technologies (e.g.,
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SMAs [15], SMPs [16], or DEAs [17]) or high-pressure pneu-
matics drives.

Compared with conventional limb compression devices, typically
based on bonded or welded pneumatic bladders, our system shows
several key advantages in adaptability, dynamic response, and
interface pressure control. Existing bladder-based systems com-
monly employ two to four large chambers per limb, offering poor
conformity to complex, curved geometries and resulting in uneven
pressure distributions. Additionally, their multilayered construc-
tion and larger pneumatic volume result in slower response times
and increased bulk, which may compromise wearability and
clinical usability. By contrast, our textile-integrated McKibben
actuators provide localized, distributed compression and conform
naturally to limb contours. Furthermore, the smaller actuator
volume and higher mechanical efficiency reduce the required
air volume during pressurization, allowing full distal-to-proximal
actuation cycles to complete in under 20 s, significantly faster than
the 40-60 s cycles typical of commercial devices. This enables more
dynamic fluid mobilization and higher treatment frequency.

In comparison to other fluidic soft robotic technologies such as
fluidic fabric muscle sheets (FFMSs) [26], our system offers
greater control flexibility, more intuitive actuation dynamics,
and improved suitability for post-operative edema treatments.
In FFMSs, compression is exerted in the unpressurized (resting)
state, and pneumatic inflation passively relieves the pressure. In
contrast, our system applies compression only when actuated,
following a conventional therapeutic logic that mirrors manual
lymphatic drainage: compression is introduced via positive infla-
tion and removed by deflation. This allows for fine-grained, pro-
grammable control of pressure amplitude, timing, and location.

Future work will focus on the iterative refinement of both the
device architecture and its control system. To support configura-
tions requiring a greater number of actuators, and thus faster
deflation to maintain the distal-to-proximal sequence within
20s, the integrated vacuum capability of the micro-compressor
will be exploited. In such cases, a dedicated parallel vacuum line
could be added to the pneumatic circuit to further reduce defla-
tion time while preserving the intended actuation cycle duration.
In addition, integrating flexible pressure sensors into the textile
substrate will enable real-time closed-loop control of interface
pressure, allowing for further individualized, adaptive therapy.
To enhance user comfort and breathability, the device’s inner
textile layer will be lined with medical-grade polyurethane foam,
as recommended by orthopedic specialists. Ultimately, custom-fit
devices will be manufactured for amputee participants, and pilot
clinical studies will be conducted to rigorously evaluate safety,
comfort, and therapeutic efficacy for both upper- and lower-limb
applications. These developments aim to bridge the gap between
laboratory-stage soft robotics and deployable clinical tools. In
the long term, this system has the potential to offer a safe,
non-invasive, and home-compatible solution for managing
post-amputation edema and supporting functional rehabilitation.

4 | Experimental Section
4.1 | McKibben Actuators

Manufacturing: he mold’s 3D geometry for silicone tube
manufacturing was designed in SolidWorks (Dassault Systémes

Corp.) and comprised four components: two lateral halves, an upper
plate, and a lower plate. Owing to its size, the mold was machined
from a Delrin panel and assembled by interlocking the upper and
lower plates with the lateral halves. Cylindrical metal rods, match-
ing the desired internal diameter of the silicone chambers, were first
inserted into the assembled mold to form the chamber lumens
(Supplementary Video 1). The elastomeric tubes were cast from
Ecoflex 00-30 silicone (Shore 00-30, Smooth-on, Inc., Macungie,
PA, USA). Uncured silicone was prepared by mixing parts A and
B in a 1:1 weight ratio and then degassed under vacuum. No mold
release was required, as silicone does not adhere to Delrin, facilitat-
ing demolding. The silicone mixture was injected into the mold via
syringes. After full polymerization, the Delrin mold and metal rods
were removed to yield the silicone tubes. Because the mold length
was 50 cm, 100 cm actuators were produced modularly: two 50 cm
tubes were butt-joined using a small connector rod. The metal rod
was extracted by inflating the silicone tube, whose radial expansion
allowed the rod to slide out toward one end (see Supplementary
Video 1). Each tube was then over braided with a commercial sleeve
(Braided sleeving, MULTICOMP PRO). The braided sleeves exhibit
a woven structure composed of polymer monofilaments with a
nominal diameter of 0.22 mm. Each braid strand is formed by three
parallel monofilaments (Table 2). A total of 20 and 24 rhomboidal
unit cells is arranged along each circumference of the sleeves with
inner diameters of 8 and 10 mm, respectively. Sleeves with inner
diameters of 8 mm were used to cover silicone tubes with mean
diameters of 5 mm, while sleeves with inner diameters of 10 mm
were used to cover silicone tubes with mean diameters of 8 mm.
The braided sleeves were stretched and thermoformed using a heat
gun to ensure a tight fit around the inner silicone tube, while simul-
taneously reducing the braid angle and enhancing the actuator’s
contraction performance. The braided silicone chambers were
secured to 3D-printed resin end fittings (one featuring a pneumatic
inlet port and one without) using off-the-shelf clamps. End fittings
were printed in VeroUltra Black resin on a Stratasys J55 to ensure
airtightness. A threaded interface on each fitting allows attachment
to a custom mounting bracket, which in turn is clamped to an
Instron 5960 (Illinois Tool Works Inc.) for mechanical characteri-
zation tests in linear configuration.

4.2 | Wearable Control Unit

Acoustic silencer: the silencer reduces the pump’s noise level
from 58 dBA to 53 dBA. Measurements were taken using a sound
level meter (72 942, Multicomp Pro, USA) in an environment
with a background noise level of 42 dBA.
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