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Soft pneumatic artificial muscles are increasingly popular in the field of soft
robotics due to their light-weight, complex motions, and safe interfacing with
humans. In this paper, we present a Vacuum-Powered Artificial Muscle (VPAM)
with an adjustable operating length that offers adaptability throughout its use,
particularly in settings with variable workspaces. To achieve the adjustable
operating length, we designed the VPAM with a modular structure consisting
of cells that can be clipped in a collapsed state and unclipped as desired.
We then conducted a case study in infant physical therapy to demonstrate
the capabilities of our actuator. We developed a dynamic model of the device
and a model-informed open-loop control system, and validated their accuracy
in a simulated patient setup. Our results showed that the VPAM maintains its
performance as it grows. This is crucial in applications such as infant physical
therapy where the device must adapt to the growth of the patient during a 6-
month treatment regime without actuator replacement. The ability to adjust the
length of the VPAM on demand offers a significant advantage over traditional
fixed-length actuators, making it a promising solution for soft robotics. This
actuator has potential for various applications that can leverage on demand
expansion and shrinking, including exoskeletons, wearable devices, medical
robots, and exploration robots.
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1 Introduction

Exoskeletons and wearable devices for physiotherapeutic applications of many
varieties are well described in literature, though most currently available exoskeletons
for lower-limb physical therapy consist of rigid materials and rigid actuation schemes
such as DC motors, gear boxes (Sancho-Pérez et al., 2016; Wu et al., 2016; Narayan
and Kumar Dwivedy, 2021), cable transmission mechanisms (Asbeck et al., 2015;
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Ding et al., 2018; Di Natali et al., 2020; Wang et al., 2022), and
bar mechanisms (Chaparro-Rico et al., 2015). These types of
exoskeletons and mechanisms provide high forces, repeatable
assistance and good structural support, but have drawbacks in
patient comfort and safety due to heavy, rigid components that
pose risks for pinching and other forms of mechanical injury. To
overcome these risks, exoskeletons with fully soft structures have
been described (Polygerinos et al., 2015; Sridar et al., 2017; Nguyen
and Zhang, 2020).

Within the sub-field of wearable devices for physical
rehabilitation of infants, soft or conformable materials present
an alternative to rigid exoskeletons (Goldfield et al., 2012). Such
devices can be passive (Sargent et al., 2015; Lobo et al., 2016;),
which limits their use to supports or resistance bands, while
others use soft actuation (Goldfield et al., 2012; Park et al., 2014;
Subramanyam et al., 2015; Kokkoni et al., 2020). The use of soft
robotic systems for physiotherapy exoskeletons in infants is
desirable, as they reduce the risk of injury, are lightweight and
inexpensive, and conform well to the body of the wearer. Despite
the variety of soft platforms for infant rehabilitation, none address
the key issue of rapid patient growth, requiring new devices to be
designed as patients grow. This work attempts to address this key
limitation in soft exoskeletons for infant physiotherapy by presenting
a length-adjustable soft robotic actuator that easily adjusts to grow
with patients.

The key components of a soft robotic exoskeleton are soft or
flexible actuators, also called artificial muscles (AMs). There is a
variety of AMs in the literature, with one of the most popular
forms being Pneumatic Artificial Muscles (PAMs), which consist
of a bladder that is pressurized pneumatically, leading to various
types ofmotion.Themost commonmotion produced by an artificial
muscle is contraction with ratios of 35% and 60% for elastomeric
soft actuators and membrane-based soft actuators respectively
(Chou and Hannaford, 1996; Niiyama et al., 2014; Rus and Tolley,
2015; Hawkes et al., 2016; Drotman et al., 2019; Yang et al., 2019;
Zhu et al., 2019). Other examples of AMs produce bending
motion using asymmetric configurations (Galloway et al., 2013;
Mosadegh et al., 2014; Khin et al., 2017; Sridar et al., 2017) and
twistingmotion throughhelical fiber reinforcement (Galloway et al.,
2013; Khin et al., 2017).

In comparison to PAMs that are actuated with positive
pressure, Vacuum Pneumatic Artificial Muscles (VPAMs) use
negative pressure. Some attractive features of VPAMs are the ability
to work in space-limited scenarios, high force to weight ratio,
and high speed. VPAMs are also safer than positive pressure
PAMs as wearable actuators, as their negative pressure means
they do not explode upon failure. VPAMs perform a variety of
motions such as bending (Li et al., 2017; Usevitch et al., 2018) and
twisting (Jiao et al., 2019; Jiao et al., 2021). Linear contraction can
be generated using design features including buckling elastomeric
structures (Yang et al., 2016; Yang et al., 2017), foldable structures
(Zhang et al., 2021), equidistant rings (Felt et al., 2018; Lee and
Rodrigue, 2018; Usevitch et al., 2018; Li et al., 2019), internal
origami skeleton (Li et al., 2017; Mendoza et al., 2021), springs
(Kulasekera et al., 2020; Kulasekera et al., 2021) and deployable
structures (Yu et al., 2021).

In general, there are twomain configurations inVPAMs: Bellows
Vacuum actuators (BVAs) and Fluid-driven Origami Artificial
Muscles (FOAMs). BVAs offer high forces (≈70 N) and high
contraction ratios (≈90%) using an inextensible but flexible skin
with a tubular shape with internal rings spaced evenly (Felt et al.,
2018; Lee and Rodrigue, 2018). Their performance is hindered
as compression of the membrane is unpredictable, and leads to
non-uniform contraction and high hysteresis. FOAMs offer large
contraction ratios up to 90% by encapsulating a zigzag skeleton
in a skin (Li et al., 2017). Replacing the skeleton for a spring or
a deployable structure leads to contraction ratios under 40% and
80%, respectively (Kulasekera et al., 2020; Yu et al., 2021).Our group
previously reported a low-profileVPAMbased onBVAs and FOAMs
that was designed for rehabilitation of infants less than 3 months of
age and produced a maximum force of 26 N (Mendoza et al., 2021).

Although significant progress has been achieved in AMs, there
remains a scientific challenge to develop AMs capable of adapting to
a patient’s body in a wearable setting, particularly in growing infants.
For our particular technological design challenge, we chose to focus
on infantswithmotor paralysis in the lower limbs, in conditions such
as cerebral palsy and myelomeningocele. For lower-limb paralysis
in infants, a key form of physiotherapy is Range of Motion (ROM)
exercises, which consist of the active bending of the joints in their
full range of motion (usually by a caretaker or health professional)
to ensure a preservation of joint mobility as the child’s limbs
develop (Seattle Children’s, 2018). In the case of myelomeningocele,
infants suffer from paralysis, and for the first 6 months of life
ROM exercises are the primary form of physiotherapy, after which
other forms of physiotherapy are introduced (Tappit-Emas, 2008).
In this work, we focus on the ROM exercise of the knee joint,
which is performed in the prone position and requires a large
range of motion, as well as a smooth motion trajectory for patient
safety (Seattle Children’s, 2018). With these parameters in mind, we
chose the BVA due to its high contraction ratio as a VPAM. In
comparison to rigid mechanisms and conventional PAMs, the BVA
offers a variety of safety benefits, as it cannot exceed its maximum
contraction, remains equally deformable throughout its actuation
states, and as previously mentioned, does not suffer the explosion
risk that positive-pressure actuators do. On top of greater safety,
the light and soft materials used, allow for a portable assembly
that is more comfortable for the wearer than the existing rigid
approaches. Finally, the modularized form factor of the BVA lends
itself to our adjustable length design, as will be explained in later
sections.

In this work, we report a single BVA capable of adjustable
functional lengths and present a case study of its application for
ROM knee joint exercises for 0-to-6 month-old infants. We first
describe the design in further detail and characterize the actuator
at various length states. Additionally, we present a dynamic model
and an open-loop control approach developed to predict a suitable
actuator pressure input to achieve a target knee motion. Finally, we
validate the model through a set of experiments on a model leg. We
find that the clipping BVA functionality allows the same actuator to
be used on a growing simulated patient, and that ourmodel is able to
predict the desired leg motion in an open-loop fashion, accounting
for the change in BVA length.
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FIGURE 1
Working principle for the BVA presented in this work, including (A) Assembly view of the actuator with labelled components, and (B) A concept drawing
of how the same actuator can be used on a growing patient by unclipping cells over time. A fabric sleeve would be placed around the actuator (See
Supplementary Material).

2 Materials and methods

2.1 Working principle and design
requirements

The BVA presented here is a low-profile soft artificial muscle
composed by evenly spaced cells with a rectangular cross-sectional
area. Our BVA consists of five components: a flexible membrane or
skin, internal rings, external rings, and anchoring clips (Figure 1A).
Standard BVA designs often include solely internal rings, evenly-
spaced to create a chain of contractile cells which can be tuned
based on cell spacing (Felt et al., 2018; Gollob et al., 2021). The key
unique features of our design are its functional external rings and
clips, which allow this design to be length-adjustable, by clipping or
unclipping actuator cells (Figure 1B).The internal rings still provide
necessary support for the skin, but the external rings envelop the
internal rings from outside the skin (See Supplementary Material
for fabrication details). The clipping concept works by sliding the
clips in grooves placed on the external rings, thus attaching two
neighboring rings and in essence deactivating the clipped cell. More
cells can be clipped at once with a clip that spans the length of
multiple rings.

The clipping mechanism allows a BVA to adjust its contractile
length. A BVA can have clipped cells to work in a scenario
with limited space and unclip cells to lengthen and produce a
higher absolute contraction. This feature can offer an advantage
over fixed-length soft robots in terms of reusability. In our

case study, we demonstrate this with an active length range
of 30 mm–40 mm (2–3 unclipped cells) on a growing patient
model (Figure 1B; Supplementary Video S1), though this concept
can be extended to BVAs of arbitrary length and cross-sectional
area.

For our case study of infants with myelomeningocele from
0 to 6 months of age, we worked with clinicians to define
the requirements for the knee exercise such as the time for
leg flexion-relaxation, the ROM, and a desired trajectory (see
Supplementary Table S4; Supplementary Material). A key detail,
which led us to select a sinusoidal trajectory was the desire
for smooth and continuous motion, without sharp acceleration.
Considering this information, we designed the BVA with a
rectangular cross-sectional area for its low profile and greater
rotational stability.The required actuator length for each month was
calculated based on biometric data on infant limb dimensions (Sun
and Jensen, 1994), as well as a theoretical range ofmotion and output
force magnitude requirements, informed by an existing generalized
model of bellows actuators (Gollob et al., 2021).

As for the design of the interface with the patient, we consulted
with our clinical collaborators again to define the anchoring
locations for the actuator across the knee joint, anchoring near
the end of the calf and the base of the thigh, near hips (see
Supplementary Table S4; Supplementary Material). This was also
informed by the lever arm concept and our quasi-static model,
would allow the contractile actuator to produce low forces (<8 N) for
the exercise (see Supplementary Section S1.4), increasing overall
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FIGURE 2
Schematic of the workflow for running the Back-Solver model, including the FCP (the hysteretic FCP shape and the final fitted FCP using the lower part
of the hysteretic curve), and the target trajectory as the input formats of the model, as well as the open-loop pressure input as the output formats of
the model. Fact, xact, and Pact stand for actuator force, contraction, and pressure respectively.

assembly safety. The Supplementary Video S1 shows a mock-up
version of this design for visualization purposes. We note that
despite this lower force, there may still be loads off of the flexion-
extension axis of the knee joint, which would present a risk of injury
for the patient and would be addressed in future versions of the
design, likely throughmore robust anchor design and support added
to the knee joint to prevent off-axis bending.

2.2 Model-based open-loop control of
actuator

2.2.1 Dynamic model of the leg
As a prelude to the Back-Solver model in the next section,

a dynamic leg model was developed. It represents the lower leg
bending at the knee and is composed of a pinned rotatingmass and a
rotational damping element to as a lumped loss factor. A contractile
actuator is attached across the knee joint, with anchoring locations
along where the calf and thigh would be, as explained above. The
actuator outputs a nonlinear tensile force calculated from its current
length and pressure, based on an empirically-derived function,
and that force is converted to a torque trigonometrically. After
formulation, the dynamic model was validated through dynamic
experiments to ensure it accurately represented the system for our
purposes (see Supplementary Section S1.6).

The greatest challenge for model accuracy is the proper
characterization of the actuator’s output force, as it is known
from previous work that force is non-linear with regards to
actuator contraction, while being linearly proportional to pressure
(Felt et al., 2018; Gollob et al., 2021). This nonlinear relationship
between output force and actuator displacement is referred to
as the Force-Contraction Profile (FCP). Though previous work
has also demonstrated a method for predicting the nonlinear

FCP of an actuator from its geometry (Gollob et al., 2021), our
application proved incompatible with actuator modelling given the
variability in actuator construction, small inaccuracies in actuator
measurements, and the overall sensitivity of the system to errors
in force output (given its open-loop operation). Rather, the output
force-contraction for the actuator was derived empirically.

This process, further detailed in the Experimental Methods
Section (2.3.4) and depicted in Figure 2, involves extracting an
implicit actuator output force curve given the measured leg motion
in an experimental setup of the knee-flexion exercise.This empirical
approach to FCP derivation has a few benefits for on-site use in
a clinical setting over a model-based or other direct measurement
approaches. Firstly, it requires no additional equipment from the
user other than the sensors that would already be present in the
system (IMUand pressure sensor), unlike a force-basedmethod that
would require a mechanical testing setup. Secondly, this method is
specific to the assembly, and so can absorb some of the discrepancy
between the model’s assumptions and the reality about system
parameters. Finally, the actuator’s performance may change over
time, and this approach can be quickly repeated to update themodel.

2.2.2 The back-solver system model
In a physiotherapy setting, it is desirable to control the angular

ranges and frequencies of joint motion. Further, smooth motion
lends itself to patient safety. Toward this end, we created a Back-
Solver model. While the dynamic model uses an input pressure
curve to predict a leg trajectory, the Back-Solver uses dynamic
equations to convert a desired leg trajectory into a requisite pressure
input.This open-loop pressure input approach reduces the technical
and equipment requirements for the platform in an end-user
operated context, while ensuring safe and accurate leg motion.
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First, the desired trajectory (θ) is numerically derived twice to
find the angular velocity (ω) and angular acceleration (α) over time.
For each time point, the net torque in the system (Tnet) is calculated
using the angular acceleration (Eq. 1), the damping torque (Tdamp)
using the angular acceleration (Eq. 2), and the torque due to the force
of gravity (Tgravity) using the leg angle (Eq. 3).Themoment of inertia
(I) is calculated by treating the leg as a point mass at the foot and one
at the lower leg’s center of gravity, while the damping coefficient (c) is
generated empirically by adjusting the dynamicmodel step response
to match that of calibration step-input experiments. In Eq. 3, g is the
acceleration due to gravity,m f andml are the masses of the foot and
lower leg respectively, lll is the length of the lower leg and fll is center
of mass location for the lower leg as a percentage of segment length
taken from the knee joint (∼43%, see Supplementary Material).
The requisite actuator torque (Tact) is then solved based on Eq. 4
and finally compared to a Torque-Theta profile (TTP), a mapping
of the actuator’s FCP from a force-length to a torque-angle space
(see Supplementary Information). The Tact at each time point is
converted into a pressure (Pact) by dividing by the TTP value, based
on the linear relationship between force output and pressure (Eq. 5).

Tnet = I α (1)

Tdamp = c ω (2)

Tgravity = −g (lllm f + (lll fll)ml) cos (θ) (3)

Tact = Tnet − (Tdamp +Tgravity) (4)

Pact(t) =
Tact

TTP(θ(t))
(5)

Figure 2 depicts the workflow of this approach, combining the
FCP from the quasi-static characterization process with a target
angular trajectory to solve for a pressure input curve for the
regulator.

2.3 Experimental methods

2.3.1 Quasi-static testing using various clippings
configurations

To characterize the BVA and evaluate the effect of the clipping
mechanism on its output force and contraction, we performed
a force-contraction experiment using a custom-made tensile test
setup. An eight-cell BVA was built with a cross-section of 30 ×
15 mm, with a distance of 15 mm between rings. The BVA was
attached by thread to a load cell (SEN-14729, SparkFun Electronics)
on one end and a pulley controlled by a stepper motor in the other
end. To obtain the FCP, we loaded the actuator with a 5N pretension
force using the stepper motor and load cell feedback, then applied
a constant −20 kPa using a vacuum pressure regulator (IRV10A-
C06LZN, SMC Pneumatics Inc.). The actuator was allowed to
contract at a rate of 100 mm/min, controlled by the stepper motor,
and the output force over time was recorded. The experiment was
repeated in four configurations (zero, one, three, and five clipped
cells) and three times for each configuration (n = 3).

2.3.2 Proxy infant leg platform
A testing platform was designed as a proxy for a baby leg,

as seen in Figure 3B and Supplementary Figure S4, so that the
BVA could be tested in a variety of configurations corresponding
to various infant ages [(Sun and Jensen, 1994; Wells et al., 2002),
see Supplementary Table S2]. The leg proxy consists of two rigid
sections connected by a pinned joint, representing the thigh and
lower leg, as well as weights with adjustable positions to allow the
mass and center of gravity of the leg to be changed depending
on the simulated age of the infant (See Supplementary Table S3).
Anchor points allow the actuator to be attached to the proxy leg,
close to the hip and ankle locations. The anchors can be adjusted to
allow different anchoring positions, different simulated leg lengths,
and different infant legs. A prismatic joint was used to simplify the
knee joint, despite its off-axis degrees of freedom, because flexion-
extension was the focus of the study. Previous work has similarly
simplified biological joints (Russo et al., 2021), though asmentioned
in Section 2.1, future work will involve ensuring off-axis loads are
safely constrained. Please refer to Supplementary Material formore
details on the proxy leg design.

2.3.3 Simulated leg growth experiment
To validate the actuator’s growing capacity for our specific

case study, we tested the proxy leg with a sinusoidal pressure
input curve. A single BVA performed the knee flexion-extension
exercise in the infant model leg at 0, 3 and 6 months of age,
defined in Supplementary Table S2. One cell was clipped for the
0-month configuration, while no cells were clipped for the 3 and
6 months scenarios.The setup was composed of a one stage vacuum
pump (RS-2) that applies negative pressure to a vacuum chamber
and an electronic vacuum pressure regulator (ITV0090-3MS, SMC
Pneumatics Inc.). The pressure of the AM is set through the
electronic regulator, and a vacuum pressure sensor (MPXV4115V)
was connected in series to measure pressure near the BVA. In the
infant leg model, the BVA is mounted through Kevlar thread as it
is shown in Supplementary Figure S4. Finally, the input pressure
curve is transmitted through a DAC (MCP4725) to the pressure
regulator and the leg angle is recorded by video. The angle data
was extracted in a video processing software (Tracker, Open Source
Physics). For each month configuration, the knee flexion-extension
exercise was repeated ten times (n = 10).

2.3.4 Quasi-static actuator characterization for
dynamic model

This section describes the experimental approach used to
empirically derive the actuator’s FCP, to be used in the Dynamic
Model described in Section 2.2.1. First, the actuator in the leg
assembly was given a slow sinusoidal input pressure with a period
of 60 s, allowing a full range of angular motion (in our case,
10–70deg, 0–9.5 kPa). The regulator output pressure and leg angle
were measured over time, leg angle measured using an Inertial
Measurement Unit (Adafruit BNO055). Secondly, the dynamic
model used the angle data to solve for both the actuator length
(based on geometry) and actuator force (based on required torque)
over time. The force-time curve was then scaled by the input
pressure curve using the linear scaling relationship between output
force and actuator pressure (Gollob et al., 2021). Using these scaled
force-time and contraction-time curves, the model can solve for
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FIGURE 3
(A) A comparison of the force-contraction profiles for various clipping
configurations at a constant pressure with a length-based scaling. (B)
Schematic of the BVA on the infant leg model in the prone position
indicating the actuator anchor positions (d1 and d2) as well as the
forces involved in knee flexion-extension (weight of the foot W f ,
weight of the leg Wl and the actuator force Fact). The output leg angle
is measured from an initially flexed position. (C) Results of the growth
validation experiment. For 0, 3 and 6 months, the leg configuration
and actuator anchor positions were adjusted to match the
anthropomorphic data for infants of that age, and the corresponding
actuator clipping was used. A step input of the same negative pressure
was applied for the 0, 3 and 6 months configurations and the leg angle
θ was measured.

the force-contraction curve for the actuator—multiple cycles of
this quasi-static experiment were performed to create a consistent
representation of the actuator FCP.

Hysteresis affected the trajectory.The final step is to fit a curve to
this data to create a force-contraction curve that the dynamic model
can reference. Because the model does not capture hysteresis and

because the most significant target is the maximum angle reached,
we fit the model FCP to the contraction section of the hysteresis
curve, as this is the force that dictates the stopping point of the
contraction before lowering the leg.The experimental FCP data with
hysteresis and the fit FCP curve can be seen in Figure 2.

2.3.5 Experimental testing for back-solver
experimental validation

To validate the back-solver’s ability to produce an open-loop
pressure input curve, the proxy leg model was set to patient
parameters for a 3-month old infant, and a variety of desired
sinusoidal knee angle trajectories were tested, with BVA pressure
inputs solved from the back-solver. A pneumatic system with
controllable pressure was set up, with a digital vacuum regulator
(ITV 2091-21N2BS5, SMC Pneumatics Inc.) able to produce input
pressure curves as commanded by an Arduino Mega, which also
read the sensor outputs from a pressure sensor (MPXV4115V) and
an orientation sensor (Adafruit BNO055). The regulator input was
connected to a constant pressure source comprised on a manual
pressure regulator (IRV10A-C06LZN, SMC Pneumatics Inc.) set to
−50 kPa, which was connected to a vacuum chamber set to a lower
pressure via a vacuum pump (RS-2, HBS).

3 Results

3.1 Quasi-static test using various clippings
configurations

We conducted a quasi-static test to compare the force-
contraction profile of the BVA using the clipping mechanism.
Figure 3A shows a comparison of the BVA output force-contraction
profile for varying clipped states, three trials each at an input
pressure of −20 kPa. Contraction is calculated as the contracted
distance over the full contractile length of the actuator. As we
would expect from a VPAM, we observe a non-linear trend, with
a larger output force earlier in the contraction. The maximum
output force on the unclipped BVA was 25.6 ± 1.2 N. A non-
significant difference appeared in the maximum output force of
the unclipped VPAM and each of the clipped configurations.
Discrepancies between an unclipped VPAM and a clipped VPAM
are likely due to slight differences in the arrangement of the rings
in the fabrication, and the crumpled and compressed skin in
the clipped cell (see Supplementary Material). Most importantly,
various clipping configurations didn’t affect the output FCP of the
BVA.

3.2 Simulated leg growth experiment

Figure 3C shows the results of our simulated leg growth
experiment, where the leg proxy geometry andmasses were adjusted
to simulate infant growth. The model represents an infant’s leg,
from below the hip, in the prone (face-down) configuration used by
physicians for passive knee ROM exercises (Passo, 1974).

We defined a benchmark value of 54° for our BVAwhen actuated
in the infant leg model, based on the ROM of the knee for a kicking
motion of healthy infants at 3 months of age (Sargent et al., 2015).
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FIGURE 4
Experimental validation of the Back-Solver model applied to an unclipped actuator, given a variety of target sinusoidal angular trajectories: (A) a baseline
trajectory with a 6 s period, (B) a 4 s period trajectory of the same magnitude, and (C, D) two 6 s period trajectories with different target angle values.

The BVA produced a knee angle of 60.66° ± 0.6° at 0 months
of age, 65.40° ± 0.6° at 3 months of age, and 62.54° ± 0.6° at
6 months of age. Experimental measurements on the infant leg
model surpassed our target range of motion by ∼13%. Differences
between experimental results in each month are likely due to slight
discrepancies in BVA assembly (e.g., ringmisalignment) and sealing
process issues (see Supplementary Material). The membrane can
affect the output contractile length as it can become folded between
two rings in pattern that allows easier contraction.The output angle
in the experimental results is proportional to contraction of the BVA.
Therefore, as expected, when one cell was clipped the maximum
knee angle decreased due to the reduction in the total contractile
length of the BVA. Our experimental values of ROM for therapy
exercises fall within reported values (Mendoza et al., 2021).

In addition to the angular range of flexion, the speed of the
ROM exercise is relevant. The peak angular velocity obtained from
our experiments was greater than 55 °.s−1 for knee flexion. These
results indicate that the BVA can produce the knee flexion-extension
exercises in less than the required time of 3 s (according to clinical
collaborators), and the operation window scan be tuned to ensure
the patient’s safety.

3.3 Back-solver experimental validation

To assess the performance of our model as an approach to
open-loop control of the leg, we derived pressure inputs curves for
different sinusoidal target trajectories and compared how closely the
experimental trajectory matched the target, as seen in Figure 4.

This open-loop input can closely follow the shape and angular
magnitudes for different sinusoidal targets, ensuring a smooth
flexion and extension motion that is a key safety design parameter
for our physiotherapy platform. The experiment tends to over-
predict the minimum angle of the trajectory, a result that can be
explained well by the actuator’s hysteresis mentioned before. Given
that our model does not capture the increase in actuator force
output after contraction, it over-estimates the required pressure in
the lowering of the leg. We believe that the result of this over-
estimation is the experimental minimum angle being above the
target minimum. Another possible source of discrepancy between
the target and experimental trajectory is the divergence of the
pressure regulator from following the prescribed target pressure
curve due to the regulator’s internal control scheme, as was observed
in experimental measurements (Supplementary Figure S8).

Finally, we demonstrated the ability of the same model to
predict pressure inputs when the actuator is clipped. We use the
same FCP derived from the quasi-static unclipped experiment,
while normalizing the x-axis by the new length of the actuator,
as the scaled FCP for a bellows actuator is not affected by the
number of cells (as seen in the results from Figure 3A). With
this scaled FCP, the same process is used as for the unclipped
modelling.

Figure 5 shows the performance of the model-generated
pressure curve, calculated for an unclipped actuator and an actuator
with two clipped cells out of eight. As with the unclipped case,
the open-loop curve can closely approximate the target shape and
maximum angles, thought the lower-angle is over-shot. This effect
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FIGURE 5
Experimental validation of Back-Solver model applied to a clipped actuator, comparing the performance between (A) an unclipped actuator and (B, C)
two different target trajectories for an actuator with two clipped cells.

is exacerbated when the minimum angle value is increased, and we
hypothesize this is due to the greater discrepancy in the hysteretic
profile in the middle range of the actuator’s contraction (as opposed
to the extremes of full contraction and extension), as is achieved
when a larger lower-angle is used.

Through this, we show that the Back-Solver model is able to
generate an open-loop curve for the systemwith angularmagnitudes
and shapes similar to the desired target trajectory, but that there
are some discrepancies, particularly in the over-shooting of the
minimum angle, most probably due to actuator hysteresis. For
a closer matching between target and experimental trajectories,
further work is needed to model the hysteretic behavior of the
actuator and develop a closed-loop nonlinear controller that can
produce a more controlled pressure output.

4 Discussion

In this paper we presented a concept for a BVA with a modular
layout that enables the adjustment of the actuator’s contractile
length through the clipping and releasing of cells, so that it can
adapt to a variable working space and target range of motion.
The FCP of the actuator was characterized at various clipped
states, demonstrating that the clipping of cells does not affect the
shape of the output FCP, while allowing for a tuned contractile
length. A case study was presented, inspired by physical therapy
in infants with myelomeningocele, who require regular range-of-
motion exercises of their paralyzed lower limbs during their early
development. We simulated the growing infant leg through a leg
proxy setup, and demonstrated the applicability of the BVA as a
wearable actuator for growing patients, with one actuator adapting
to changing contraction lengths and output force requirements over
6 months of a patient’s development. We present a dynamic model
that generates model-based open-loop pressure control curves to
move the system in a desired angle-time trajectory, with good
agreement in terms of shape and target angles. In our case study, this
control wouldmean successful exercise range ofmotion and smooth
motions for the patient, but further demonstrates the generalizable
predictability of this actuator formodelling in other applications.We
demonstrated that our BVA can perform successfully in our specific
case study in terms of range of motion and cycle time for the therapy
exercise, across different months.

There are some weaknesses in our current BVA design and
systems approach. On the actuator side, the skin material is
vulnerable to failure over multiple cycles, leading to an insufficient
life cycle. The clipping mechanism is currently a manual procedure,
which, though sufficient for a medical device application such
as this, could be made autonomous in the future for greater
applications in robotics and autonomous systems. For more
accurate control of leg motion, it is important to develop and
incorporate closed-loop control of the system, which might include
a model-based control approach that can better overcome the
nonlinearities in the force output of the BVA. A closed-loop
control would also be essential for patient safety in a wearable
application.

With improvements, the application space for our length-
adjustable BVA is vast. Looking beyond physical therapy
applications, the BVA can be used as a prismatic joint in graspers
of manipulators, as well as exploration robots that could adapt
to shifting workspace or actuation requirements. The clipping or
deactivating of sections could repair leaks in damaged actuators, or
even adapt actuator geometry based on repeated usage requirements
analogous to how biological muscles remodel with repeated
use.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Author contributions

SG was responsible for the modelling, open-loop control,
actuator design, infant leg proxy experimental platform hardware
setup, and some experiment execution. MM was responsible for
the fabrication techniques and design refinement, infant leg proxy
platform design and implementation, and experiment execution.
BK aided in actuator design, infant leg proxy platform, and
provided input in modelling. EC helped perform characterization
and infant leg proxy experiments. EV was responsible for high-level
technical guidance on all aspects of project, and provided clinical
contacts. ER was responsible for high-level technical guidance on

Frontiers in Robotics and AI 08 frontiersin.org

https://doi.org/10.3389/frobt.2023.1190387
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org


Gollob et al. 10.3389/frobt.2023.1190387

all aspects of project and provided expertise on medical device
design.

Funding

This work was supported by FONDECYT Peru under
contract No. 105-2021-FONDECYT Proyectos de Investigación
Aplicada y Desarrollo Tecnológico, as well as an MIT MISTI
(between MIT and UTEC to ER and EV), a National
Science Foundation (NSF) EFRI Grant (EFRI C3 SoRo:
functional-Domain Soft Robots Precisely Controlled by
Quantitative Dynamic Models and Data, Award #1935291) and
SG was funded by an NSF GRFP award (#1324585).

Acknowledgments

The authors acknowledge Dr. Segundo Cruz (INSNSB, Peru) for
his clinical input and expertise throughout the development of this
work, EmiliaMann for Figure 1 rendering and the fabrication of the
prototype wearable in the Supplementary Video, and acknowledge
our funding sources.

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be construed as a potential conflict of
interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary Material for this article can
be found online at: https://www.frontiersin.org/articles/
10.3389/frobt.2023.1190387/full#supplementary-material

References

Asbeck, A. T., De Rossi, S. M., Holt, K. G., and Walsh, C. J. (2015). A biologically
inspired soft exosuit for walking assistance. Int. J. Robotics Res. 34 (6), 744–762.
doi:10.1177/0278364914562476

Chaparro-Rico, B. D., Castillo-Castaneda, E., andMaldonado-Echegoyen, R. (2015).
“Design of a parallel mechanism for knee rehabilitation,” in Multibody mechatronic
systems. Editors M. Ceccarelli, and E. E. Hernández Martinez (Cham: Springer
International Publishing), 501–510.

Chou, C. P., and Hannaford, B. (1996). Measurement and modeling of McKibben
pneumatic artificial muscles. IEEE Trans. Robotics Automation 12, 90–102.
doi:10.1109/70.481753

Di Natali, C., Sadeghi, A., Mondini, A., Bottenberg, E., Hartigan, B., De Eyto, A., et al.
(2020). Pneumatic quasi-passive actuation for soft assistive lower limbs exoskeleton.
Front. Neurorobotics 14, 31. doi:10.3389/fnbot.2020.00031

Ding, Y., Kim, M., Kuindersma, S., and Walsh, C. J. (2018). Human-in-the-loop
optimization of hip assistance with a soft exosuit during walking. Sci. Robotics 3 (15),
eaar5438. doi:10.1126/SCIROBOTICS.AAR5438

Drotman, D., Ishida, M., Jadhav, S., and Tolley, M. T. (2019). Application-
driven design of soft, 3-d printed, pneumatic actuators with bellows.
IEEE/ASME Trans. Mechatronics 24 (1), 78–87. doi:10.1109/TMECH.2018.
2879299

Felt, W., Robertson, M. A., and Paik, J. (2018). “Modeling vacuum
bellows soft pneumatic actuators with optimal mechanical performance,”
in 2018 IEEE International Conference on Soft Robotics, Livorno,
Italy, 24-28 April 2018 (IEEE), 534–540. doi:10.1109/ROBOSOFT.2018.
8405381

Galloway, K. C., Polygerinos, P., Walsh, C. J., and Wood, R. J. (2013).
“Mechanically programmable bend radius for fiber-reinforced soft actuators,”
in 2013 16th International Conference on Advanced Robotics (ICAR),
Montevideo, Uruguay, 25-29 November 2013 (IEEE). doi:10.1109/ICAR.2013.
6766586

Goldfield, E. C., Park, Y. L., Chen, B. R., Hsu, W. H., Young, D., Wehner,
M., et al. (2012). Bio-inspired design of soft robotic assistive devices: The
interface of physics, biology, and behavior. Ecol. Psychol. 24 (4), 300–327.
doi:10.1080/10407413.2012.726179

Gollob, S. D., Park, C., Koo, B. H. B., and Roche, E. T. (2021). A modular
geometrical framework formodelling the force-contraction profile of vacuum-powered
soft actuators. Front. Robotics AI 8, 1–14. doi:10.3389/frobt.2021.606938

Hawkes, E. W., Christensen, D. L., and Okamura, A. M. (2016). Design and
implementation of a 300% strain soft artificial muscle. Proc. - IEEE Int. Conf. Robotics
Automation 2016 (1), 4022–4029. doi:10.1109/ICRA.2016.7487592

Jiao, Z., Zhang, C., Ruan, J., Tang, W., Lin, Y., Zhu, P., et al. (2021). Re-foldable
origami-inspired bidirectional twisting of artificial muscles reproduces biological
motion. Cell. Rep. Phys. Sci. 2 (5), 100407. doi:10.1016/j.xcrp.2021.100407

Jiao, Z., Zhang,C.,Wang,W., Pan,M., Yang,H., andZou, J. (2019). Advanced artificial
muscle for flexible material-based reconfigurable soft robots. Adv. Sci. 6 (21), 1901371.
doi:10.1002/advs.201901371

Khin, P. M., Yap, H. K., Ang, M. H., and Yeow, C. H. (2017). Fabric-based actuator
modules for building soft pneumatic structures with high payload-to-weight ratio. IEEE
Int. Conf. Intelligent Robots Syst. 2017, 2744–2750. doi:10.1109/IROS.2017.8206102

Kokkoni, E., Liu, Z., and Karydis, K. (2020). Development of a soft robotic
wearable device to assist infant reaching. J. Eng. Sci. Med. Diagnostics Ther. 3 (2).
doi:10.1115/1.4046397

Kulasekera, A. L., Arumathanthri, R. B., Chathuranga, D. S., and Lalitharatne, T. D.
(2020). “A low-profile vacuum actuator: Towards a sit-to-stand assist exosuit,” in 2020
3rd IEEE International Conference on Soft Robotics, New Haven, CT, USA, 15 May
2020 - 15 July 2020 (IEEE), 110–115. doi:10.1109/ROBOSOFT48309.2020.9115999

Kulasekera, A. L., Arumathanthri, R. B., Chathuranga, D. S., Gopura, R., and
Lalitharatne, T. D. (2021). A thin-walled vacuum actuator (ThinVAc) and the
development of multi-filament actuators for soft robotic applications. Sensors Actuators
A Phys. 332, 113088. doi:10.1016/j.sna.2021.113088

Lee, J., and Rodrigue, H. (2018). Origami-based vacuumpneumatic artificial muscles
with large contraction ratios. Soft Robot. 00 (00), 109–117. doi:10.1089/soro.2018.0063

Li, S., Vogt, D. M., Bartlett, N. W., Rus, D., and Wood, R. J. (2019). Tension pistons:
Amplifying piston force using fluid‐induced tension in flexible materials. Adv. Funct.
Mater. 29 (30), 1901419. doi:10.1002/adfm.201901419

Li, S., Vogt, D. M., Rus, D., and Wood, R. J. (2017). Fluid-driven origami-
inspired artificial muscles. Proc. Natl. Acad. Sci. U. S. A. 114 (50), 13132–13137.
doi:10.1073/pnas.1713450114

Lobo, M. A., Koshy, J., Hall, M., and Erol, O. (2016). Playskin lift: Development
and initial testing of an exoskeletal garment to assist upper extremity. Phys. Ther. 96,
390–399. doi:10.2522/ptj.20140540

Mendoza, M. J., Gollob, S. D., Lavado, D., Koo, B. H. B., Cruz, S., Roche, E. T.,
et al. (2021). A vacuum-powered artificial muscle designed for infant rehabilitation.
Micromachines 12 (8), 971. doi:10.3390/mi12080971

Mosadegh, B., Polygerinos, P., Keplinger, C., Wennstedt, S., Shepherd, R. F., Gupta,
U., et al. (2014). Pneumatic networks for soft robotics that actuate rapidly. Adv. Funct.
Mater. 24 (15), 2163–2170. doi:10.1002/adfm.201303288

Narayan, J., and Kumar Dwivedy, S. (2021). Preliminary design and development
of a low-cost lower-limb exoskeleton system for paediatric rehabilitation. Proc.

Frontiers in Robotics and AI 09 frontiersin.org

https://doi.org/10.3389/frobt.2023.1190387
https://www.frontiersin.org/articles/10.3389/frobt.2023.1190387/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frobt.2023.1190387/full#supplementary-material
https://doi.org/10.1177/0278364914562476
https://doi.org/10.1109/70.481753
https://doi.org/10.3389/fnbot.2020.00031
https://doi.org/10.1126/SCIROBOTICS.AAR5438
https://doi.org/10.1109/TMECH.2018.2879299
https://doi.org/10.1109/TMECH.2018.2879299
https://doi.org/10.1109/ROBOSOFT.2018.8405381
https://doi.org/10.1109/ROBOSOFT.2018.8405381
https://doi.org/10.1109/ICAR.2013.6766586
https://doi.org/10.1109/ICAR.2013.6766586
https://doi.org/10.1080/10407413.2012.726179
https://doi.org/10.3389/frobt.2021.606938
https://doi.org/10.1109/ICRA.2016.7487592
https://doi.org/10.1016/j.xcrp.2021.100407
https://doi.org/10.1002/advs.201901371
https://doi.org/10.1109/IROS.2017.8206102
https://doi.org/10.1115/1.4046397
https://doi.org/10.1109/ROBOSOFT48309.2020.9115999
https://doi.org/10.1016/j.sna.2021.113088
https://doi.org/10.1089/soro.2018.0063
https://doi.org/10.1002/adfm.201901419
https://doi.org/10.1073/pnas.1713450114
https://doi.org/10.2522/ptj.20140540
https://doi.org/10.3390/mi12080971
https://doi.org/10.1002/adfm.201303288
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org


Gollob et al. 10.3389/frobt.2023.1190387

Institution Mech. Eng. Part H J. Eng. Med. 235 (5), 530–545. doi:10.1177/
0954411921994940

Nguyen, P. H., and Zhang, W. (2020). Design and computational modeling of
fabric soft pneumatic actuators for wearable assistive devices. Sci. Rep. 10 (1), 9638.
doi:10.1038/s41598-020-65003-2

Niiyama, R., Rus, D., and Kim, S. (2014). “Pouch Motors: Printable/inflatable soft
actuators for robotics,” in Proceedings - IEEE International Conference on Robotics
and Automation, Hong Kong, China, 31 May 2014 - 07 June 2014 (IEEE), 6332–6337.
doi:10.1109/ICRA.2014.6907793

Park, Y. L., Santos, J., Galloway, K. G., Goldfield, E. C., and Wood, R. J. (2014).
“A soft wearable robotic device for active knee motions using flat pneumatic
artificial muscles,” in Proceedings - IEEE International Conference on Robotics and
Automation, Hong Kong, China, 31 May 2014 - 07 June 2014 (IEEE), 4805–4810.
doi:10.1109/ICRA.2014.6907562

Passo, S. D. (1974). Positioning infants with myelomeningocele. Am. J. Nurs. 74 (9),
1658–1660. doi:10.2307/3423166

Polygerinos, P., Galloway, K. C., Savage, E., andHerman,M. (2015) ‘Soft robotic glove
for hand rehabilitation and task specific training,” in Proceedings - IEEE International
Conference on Robotics and Automation, Seattle, WA, USA, 26-30 May 2015 (IEEE),
2913–2919. doi:10.1109/ICRA.2015.7139597

Rus,D., andTolley,M. T. (2015).Design, fabrication and control of soft robots.Nature
521, 467–475. doi:10.1038/nature14543

Russo, M., Chaparro-Rico, B. D. M., Pavone, L., Pasqua, G., and Cafolla,
D. (2021). A bioinspired humanoid foot mechanism. Appl. Sci. 11 (4), 1686.
doi:10.3390/APP11041686

Sancho-Pérez, J., Pérez, M., García, E., Sanz-Merodio, D., Plaza, A., and Cestari, M.
(2016). Mechanical description of ATLAS 2020, a 10-DOF paediatric exoskeleton. Adv.
Coop. Robot. 2016, 814–822. doi:10.1142/9789813149137_0095

Sargent, B., Scholz, J., Reimann, H., Kubo, M., and Fetters, L. (2015). Development
of infant leg coordination: Exploiting passive torques. Infant Behav. Dev. 40, 108–121.
doi:10.1016/j.infbeh.2015.03.002

Seattle Children’s (2018). Myelomeningocele: Exercises for your baby. Seattle:
NCHPAD.

Sridar, S., Nguyen, P. H., Zhu, M., Lam, Q. P., and Polygerinos, P. (2017).
“Development of a soft-inflatable exosuit for knee rehabilitation,” in IEEE International
Conference on Intelligent Robots and Systems, Vancouver, BC, Canada, 24-28
September 2017 (IEEE), 3722–3727. doi:10.1109/IROS.2017.8206220

Subramanyam, K., Rogers, E., Kulesza,M., Holland, D., Gafford, J., Goldfield, E., et al.
(2015). Soft wearable orthotic device for assisting kicking motion in developmentally
delayed infants. J. Med. Devices 9 (3), 549. doi:10.1115/1.4030549

Sun, H., and Jensen, R. (1994). Body segment growth during infancy. J. Biomechanics
27 (3), 265–275. doi:10.1016/0021-9290(94)90003-5

Tappit-Emas, E. (2008). “Spina bifida,” in Pediatric physical therapy. 4th Edition
(Philadelphia: Lippincott Williams &Wilkins), 231–280.

Usevitch, N. S., Okamura, A. M., and Hawkes, E. W. (2018). “Apam: Antagonistic
pneumatic artificial muscle,” in 2018 IEEE International Conference on Robotics
and Automation (ICRA), Brisbane, QLD, Australia, 21-25 May 2018 (IEEE),
1539–1546.

Wang, Y. L., Wang, K. y., Chai, Y. j., Mo, Z. j., and Wang, K. c. (2022). Research
on mechanical optimization methods of cable-driven lower limb rehabilitation robot.
Robotica 40 (1), 154–169. doi:10.1017/S0263574721000448

Wells, J. P., Hyler-Both, D. L., Danley, T. D., andWallace, G. H. (2002). Biomechanics
of growth and development in the healthy human infant: A pilot study. J. Am. Osteopath
Assoc. 102 (6), 313–319.

Wu, J., Gao, J., Song, R., Li, Y., and Jiang, L. (2016). The design and
control of a 3DOF lower limb rehabilitation robot. Mechatronics 33, 13–22.
doi:10.1016/j.mechatronics.2015.11.010

Yang, D., Mohit, S., So, J. H., and Mosadegh, B. (2016). Buckling
pneumatic linear actuators inspired by muscle. Adv. Mater. Technol. 1, 31–33.
doi:10.1002/admt.201600055

Yang, D., Verma, M. S., Lossner, E., Stothers, D., and Whitesides, G. M. (2017).
Negative-pressure soft linear actuatorwith amechanical advantage.Adv.Mater. Technol.
2 (1), 1600164. doi:10.1002/admt.201600164

Yang, H. D., Greczek, B. T., and Asbeck, A. T. (2019). Modeling and analysis of a
high-displacement pneumatic artificial muscle with integrated sensing. Front. Robot.
AI 6, 136. doi:10.3389/frobt.2018.00136

Yu, B., Yang, J., Du, R., and Zhong, Y. (2021). A versatile pneumatic actuator based
on scissor mechanisms: Design, modeling, and experiments. IEEE Robotics Automation
Lett. 6 (2), 1288–1295. doi:10.1109/LRA.2021.3057286

Zhang, Z., Fan, W., Chen, G., Luo, J., Lu, Q., and Wang, H. (2021). A 3D printable
origami vacuum pneumatic artificial muscle with fast and powerful motion. IEEE Int.
Conf. Soft Robotics 2021, 551–554. doi:10.1109/RoboSoft51838.2021.9479194

Zhu, M., Do, T. N., and Hawkes, E. (2019). Fluidic fabric muscle sheets for wearable
and soft robotics. Soft Robot. 7, 179–197. doi:10.1089/soro.2019.0033

Frontiers in Robotics and AI 10 frontiersin.org

https://doi.org/10.3389/frobt.2023.1190387
https://doi.org/10.1177/0954411921994940
https://doi.org/10.1177/0954411921994940
https://doi.org/10.1038/s41598-020-65003-2
https://doi.org/10.1109/ICRA.2014.6907793
https://doi.org/10.1109/ICRA.2014.6907562
https://doi.org/10.2307/3423166
https://doi.org/10.1109/ICRA.2015.7139597
https://doi.org/10.1038/nature14543
https://doi.org/10.3390/APP11041686
https://doi.org/10.1142/9789813149137_0095
https://doi.org/10.1016/j.infbeh.2015.03.002
https://doi.org/10.1109/IROS.2017.8206220
https://doi.org/10.1115/1.4030549
https://doi.org/10.1016/0021-9290(94)90003-5
https://doi.org/10.1017/S0263574721000448
https://doi.org/10.1016/j.mechatronics.2015.11.010
https://doi.org/10.1002/admt.201600055
https://doi.org/10.1002/admt.201600164
https://doi.org/10.3389/frobt.2018.00136
https://doi.org/10.1109/LRA.2021.3057286
https://doi.org/10.1109/RoboSoft51838.2021.9479194
https://doi.org/10.1089/soro.2019.0033
https://www.frontiersin.org/journals/robotics-and-ai
https://www.frontiersin.org

