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Abstract: The majority of soft pneumatic actuators for rehabilitation exercises have been designed
for adult users. Specifically, there is a paucity of soft rehabilitative devices designed for infants with
upper and lower limb motor disabilities. We present a low-profile vacuum-powered artificial muscle
(LP-VPAM) with dimensions suitable for infants. The actuator produced a maximum force of 26 N at
vacuum pressures of —40 kPa. When implemented in an experimental model of an infant leg in an
antagonistic-agonist configuration to measure resultant knee flexion, the actuator generated knee
flexion angles of 43° and 61° in the prone and side-lying position, respectively.

Keywords: pneumatic artificial muscles; infant rehabilitation; vacuum-powered actuators

1. Introduction

Almost 14% of the population in the US suffers from a motor disability such as
quadriplegia, which prevents them from performing activities of daily living [1] and leaves
them dependent on family members or assistive devices such as wheelchairs. There are
multiple reports of assistive devices for adults affected by motor disability in the upper
and lower limbs [2—4], but there has been less focus on devices intended for children and
infants with motor disabilities. Specifically, for lower limb rehabilitation in infants less than
a year old, there is a lack of devices designed specifically for stimulating leg movements,
which is important for early motor development [5,6].

Continuous exploration and trial and error experiences are important contributors
to the acquisition of gross motor function [7]. For example, infants typically explore early
movement such as spontaneous kicking, stepping, and crawling before developing the
ability to walk. Previous work concludes that mature locomotor movement is dependent on
preceding alternating movement such as flexion and extension of the lower limb joints [8,9].
From these findings, it can be concluded that passively training and preserving early move-
ments such as kicking and stepping in infants with motor dysfunction can be beneficial for
the development of typical locomotor skills in later life. Existing work has supported this
logic in the development of wearable lower-leg active devices for infants [10].

One condition that can benefit from the strategy of infant passive leg rehabilitation is
myelomeningocele (MMC), a neural tube defect involving incomplete development of the
spinal canal, leading to a protruding sac containing the spinal cord, cerebrospinal fluid, and
meninges. Due to neural damage, infants with MMC suffer loss of motor function in the
lower limbs. As a consequence, in their adulthood, they are dependent on assistive devices
including orthoses, wheelchairs, crutches, and walkers to mobilize [11]. In the USA, the

Micromachines 2021, 12, 971. https:/ /doi.org/10.3390/mi12080971

https://www.mdpi.com/journal /micromachines


https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://orcid.org/0000-0001-5940-5617
https://orcid.org/0000-0001-5249-2383
https://orcid.org/0000-0002-8952-2993
https://doi.org/10.3390/mi12080971
https://doi.org/10.3390/mi12080971
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/mi12080971
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi12080971?type=check_update&version=1

Micromachines 2021, 12,971

20f19

incidence of MMC is approximately 1500 to 2000 infants per year [12]. Treatment of infants
with MMC involves a multidisciplinary approach and attempts to enable patients to reach
the maximum level of development possible, given the presence of a neurological lesion. It
includes passive mobilization of lower limbs, use of devices, and increased contact between
parent and child. The objective is to stimulate the development of healthy muscles to
decrease the likelihood of paralysis or paresis [13]. Rehabilitative treatment begins at birth
and continues throughout development.

Physical therapy consists of gentle passive exercises on the infant’s main joints and
includes stretches to improve the range of motion of the joint and muscle strength [14].
The application of such a device can be extended to infants with motor developmental
delays and other motor disabilities such as cerebral palsy (CP). Wearable and autonomous
robotic devices can assist with rehabilitation exercises and lower the associated cost and
barrier to rehabilitation, especially for families living in areas without easy access to health
professionals and physiotherapists. Currently available rehabilitative technology often
employs traditional rigid robotic exoskeletons [15-19] to supplement the motion of the
wearer. Commercially available state-of-the-art pediatric exoskeletons, like the ATLAS
2020 [20], can provide high support torques and large degrees of freedom but use rigid
parts and are heavy and bulky. Additionally, the ATLAS 2020 is only available for children
from 3-14 years of age.

To overcome these limitations with rigid exoskeletons, previous research has focused
on soft robotic exoskeletons and assistive suits, though there is still a paucity of research
on soft suits for infants. Soft robotics has potential in this context due to its lightweight,
low-cost, and conformable nature that can safely interface with humans. One of the earliest
soft actuators, the McKibben actuator, was designed for use in an active exoskeleton for
assisting the motion of paralyzed hands [21]. In the current literature, utilization of soft
robotic exoskeletons include gait assistance via ankle [3] and hip [2] support, as well as
hand motion support and rehabilitation via pneumatic actuators designed to match finger
motions [22,23]. For children above the age of three, active suits have been proposed
that are powered by soft actuators at the shoulder [24] and both shoulder and elbow [25].
An active ankle exoskeleton powered by pneumatic actuators has also been proposed
for pediatric use [10], and previous work has developed cable-driven robots to provide
external forces to children with CP as a method to improve gait [26]. There is limited work
on soft exoskeletons for infants in the range of 0-12 months of age, but proposed work
includes a soft passive upper-limb support suit [27], as well as an active sleeve for aiding
in exploratory leg motions [10].

A dominant actuation scheme in soft robotics is that of pneumatic actuators, which use
physical constraints around a soft pressurized bladder to perform complex motions [28].
This type of actuator has been thoroughly studied and has been shown to produce a variety
of motions, such as linear contraction [21,23,29-31], bending [23,32,33], torsion [23,31,34],
or complex multi-axis motion [23,31,35,36], making it an attractive option for the complex
motions required for rehabilitative suits.

Though the aforementioned soft exoskeleton work, and most of the work in the field
uses primarily positive pressure pneumatic actuators [5,6,28,37-39], interest in vacuum
powered artificial muscles (VPAMSs) has increased in recent years. Beyond being able to
perform the same variety of motions as positive pressure actuators [40—44], often at larger
contraction ratios [41,45], VPAMs are well-suited for wearable applications, as they can
be actuated in space-limited scenarios and may be safer than actuators driven by positive
pressure, as the negative pressure would be less likely to injure a wearer in case of rupture.
The space-limited capability is particularly accentuated in the case of a wearable device for
infants, given their small size as an end-user group.

One example of VPAMSs, referred to in previous work as bellows actuators, consist
of an inextensible polymeric skin over a series of rings that contract linearly and produce
large forces with high contraction ratios (=90%) [41,45]. Despite these benefits, these
actuators experience hysteresis and can require positive pressure to return to their original
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state. Yet another group of VPAMs is the Fluid-driven Origami Artificial Muscle (FOAM)
in which a zigzag skeleton structure is encased in a polymeric skin to produce large
contractions, from 50% to 90%, and operating pressures from 0-70 kPa [46]. This actuator
can be fabricated at small scales (7.3 mm X 20 mm x 60 mm), but its contraction and force
are hindered by unpredictable buckling or sliding of the skeleton inside the skin. Another
skeleton-skin system following a similar concept uses a magazine spring (a compression
spring of rectangular coil shape) to achieve a linear contraction ratio of 50% at a similar
operating pressure to the FOAM, while keeping a low cross-sectional profile [47]. One major
drawback for this actuator is the relatively complex fabrication method of the spring [47].

Given the clinical need for, and lack of existing work on, active lower-limb rehabili-
tative exoskeletons for infants, and given the unexplored benefits of VPAMs in wearable
technologies, we propose a low-profile vacuum-powered artificial muscle (LP-VPAM) for
use in the rehabilitation of infants of six months or younger. The actuator was inspired by
the bellows, FOAM, and magazine spring concepts: it consists of a low-profile FOAM-like
skeleton oriented in a manner similar to the magazine spring with a gap between the
skeleton and surrounding skin so that it mimics a bellows actuator early in its contrac-
tion. The design can be miniaturized (10 mm height profile) and operates at low vacuum
pressure magnitudes (<40 kPa) for increased safety. The zigzag skeleton oriented correctly
on the leg leverages the ease of fabrication of the FOAMs-style skeleton while allowing
for a large contraction despite the low-profile form, which would not be possible with a
bellows actuator, as is discussed in a later section. Additionally, we address the issues
of slippage and buckling of the skeleton associated with FOAMs by attaching the skin to
the end rectangular fittings of the skeleton. We demonstrate the actuator’s application
through the knee angle output in two specific stretches for babies on an infant leg model,
where the actuator drives knee flexion. In the first leg rehabilitation exercise, the leg model
is in simulated the prone position, and in the second, the leg model is in the simulated
side-lying position.

2. Materials and Methods
2.1. Vacuum Actuator Design

As explained above, our actuator was inspired by the Fluid-driven Origami Artificial
Muscle (FOAM) [46], magazine spring [47], and the bellows [41] concepts. In order to
adapt the actuator for our application, we considered the following criteria: size, operating
pressure, and range of motion. In rehabilitation exercises in infants, the volume of the actu-
ator is limited by the anthropometric measurements of the infants such as circumference
and length of the lower limbs. Thus, a low-profile actuator is suitable to avoid contact and
interference with the natural movements of the wearer, while the cross-sectional area (CSA)
should be large enough to generate sufficient force output. Furthermore, the operating
pressure of the actuator should be minimized in order to reduce risk of injury. Finally,
high levels of contraction are necessary to achieve the desired range of motion in the
rehabilitation exercises [41,46]. The range of motion of the knee angle of healthy infants
for a kicking motion is approximately 54 degrees [48], and this angle range was chosen as
the benchmark value for our actuator to reach when applied to a model infant leg. In the
physical therapy, the knee angle is the main output to validate the application of the VPAM.

The LP-VPAM is composed of three components: a zigzag structure or skeleton,
end fittings, and a skin. Though our actuator employs similar components to the FOAM
concept, we have attached the structure to the skin using end fittings to avoid sliding
of the structure inside the skin, which would diminish the output range of motion in
rehabilitation exercises. The relaxed and pressurized states of the actuator are shown in
Figure 1a,b respectively.
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(a) (b)

Figure 1. Our low-profile vacuum powered artificial muscle LP-VPAM with a load of 0.2 kg directly
powered by an electric vacuum pump (A = —40 kPa). Unactuated state (a) and actuated state (b).

The zigzag skeleton is a folding structure composed of V-shaped cells. A cell has one
compliant hinge that enables folding and acts as a compression spring. In contrast to other
artificial muscles that use 3D structures and vacuum pressure, a zigzag structure enables
flat actuators with a rectangular CSA, instead of employing a circular CSA and a tubular
skin that produces less force when its diameter is minimized to the same profile (or height
H as shown in Figure 2) as the LP-VPAM [41,45,49]. The thickness of the zigzag structure
(t as shown in Figure 2) was set to 0.8 mm with a maximum overall length (L) of 60 mm,
based on of the performance advantage of thinner walls and longer structures reported for
FOAM actuators [46]. Furthermore, the angle of the V-shape cell (20) was 18°.

Ls

C) (b) (c)

Figure 2. Image of assembled actuator with reference scale (a) and labels of geometrical parameters of actuator (b) and

zigzag skeleton (c).

In our experiments, we chose four geometrical variations for this actuator. Firstly, we
established from the 54° desired angle range that a minimum contraction of 30 mm was
necessary. This was extrapolated into a minimum number of four cells for an actuator. We
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then chose a six-cell option to provide a 50% increase in the theoretical contraction beyond
the required amount, expecting that our geometrical estimates would over-estimate the
actuator’s true contraction. Finally, to assess the trade-off between lower height (better
form-fitting) and lower output force (higher actuation pressure), we selected two values
for the skeleton height (H) of 5 and 10 mm. The four permutations of these dimensions and
the given actuator configurations are included in Table 1 below, where Wss is the skeleton
width, H is the skeleton height, Ls is the skeleton cell length, W is the actuator width, and
C is the number of cells.

Table 1. Configurations of the geometric parameters.

N° Cells C Ws (mm) H (mm) Ls (mm) W (mm)
4 30 5 10 38
6 30 5 10 38
4 30 10 10 38
6 30 10 10 38

2.2. Fabrication

The fabrication process consisted of three steps: (1) 3D printing the internal structure,
(2) fabricating the encapsulating skin, and (3) assembling the vacuum actuator. For rapid,
facile prototyping, we employed polyethylene film (PE, Policlick, Lima, Peru) for the skin
and built the structure with Filaflex (TPU filaments) and the end fittings with Polylactic
Acid (PLA, eSUN Industrial Co., Shenzhen, China) printing filaments using a FlashForge
Creator Pro 3D Printer. The end fittings are rectangular, rigid components that allow the
skeleton and skin to be hermetically attached to each end of the actuator with one end con-
nected to a pneumatic tube. In the second step, we marked the PE film (0.1 mm thickness)
to align the end fittings in the skin. Next, we put masking tape on the markings on the PE
film where the end fittings are subsequently attached using a fast-drying cyanoacrylate
adhesive to create an airtight seal. The masking tape acts as an intermediate material
between the end fittings and the skin, as the adhesive cannot directly adhere to the PE.
Finally, before the assembly of the actuator, the internal structure was attached to the end
fittings. The actuator was assembled by gluing each side of the end fittings to the tape in
the skin to avoid sliding of the structure inside the encapsulating skin during actuation.
At the end of the assembly, one longitudinal edge of the actuator was heat sealed to form
the encapsulating skin. A heat sealer (HD-300M-IR, China) was used with a sealing time
of 4 s working at 300 Watts. The assembled actuator and the geometrical parameters of
the actuator and zigzag skeleton are shown in Figure 2a—c, respectively, where W is the
width of the actuator, H is the height of the actuator, L is the length of the actuator (distance
between end fittings), W; is the skeleton width, L is the length of one actuator cell, 26 is
the angle of the V-shape cell, and t is the thickness of the skeleton.

2.3. Finite Element Modeling of the Structure

The actuator’s contractile force is defined by the vacuum pressure and resisted by
the skeleton’s restoring force. Before fabricating the chosen skeleton geometries, we
wanted to ensure it would have a low restoring force (i.e., low stiffness) relative to the
actuator’s output forces, allowing for lower operating pressures for the actuator. Towards
the end of predicting the skeleton’s low stiffness, we created a Finite Element Model (FEM)
of the skeleton structure on the software ABAQUS/CAE (Simulia, Dassault Systemes,
Providence, RI, USA). The model consisted of applying an axial displacement to one end of
the structure, while fixing the other end as is shown in Figure 3. We assumed the structure
displacement to be a pure linear contraction, thus, the translation and rotation in other
axes were constrained at both ends. A general contact boundary condition was applied to
the model with hard normal contact and frictionless tangential contact (as normal reaction
forces dominate this system). Though the FilaFlex is hyper-elastic, the low expected strains
(below 0.15) led us to assume a linear elastic material model with a Young’s modulus of
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38.9 MPa. This stiffness value was extracted from tensile tests (Instron 5944) of 3D-printed
strips, as described in the Supplementary Materials. The maximum strain in the FEM was
later confirmed to be below 0.05, confirming the validity of our linear elastic assumption.
The skeleton structure was modeled using linear hexahedral solid elements (C3D8R).

S, Mises

Axial displacement

<

+2.589x10~7

Figure 3. Schematic of the Finite Element Model setup of the skeleton, displaying stress concentrations for the uncontracted

(constant zero-stress) and fully contracted states.

2.4. Modelling Actuator Force Output

As the design section above describes, this actuator is centrally based on the FOAM
design [46], but because the width of the skeleton is smaller than that of the actuator as a
whole, the actuator operates in two phases: before the skin contacts the skeleton, it operates
as a bellows actuator [41], and once the skin begins to contact the skeleton, it transitions
into behaving like a FOAM actuator.

To simulate these two phases, and better predict the actuator’s force output and con-
traction numerically, we developed a model of the actuator using the virtual work principle,
following the process previously described [50]. Briefly, the actuator is approximated as
a 2D geometry and the volume loss over its contraction is geometrically extracted in a
numerical algorithm. The derivative of the volume loss throughout contraction is applied
to Equation (1) [50]:

M

ave 1
dh D

F—AcxPx<1—><

where A, is the actuator’s cross-sectional area, P is its actuating pressure, V; is the actu-
ator’s volume loss, h is the variable symbolizing contraction, and D is the characteristic
diameter, in this case, the width of the actuator (30 mm). This equation calculates the
actuator’s quasi-static force output for all given points through its contraction, called a
force-contraction profile (FCP).

Because of this actuator’s compound behavior, its volume loss curve was created by
the super-position of two volume curves. First, a model of a bellows actuator with a width
of 56 mm and a contact boundary 5.16 mm below the skin is built. This represents the
bellows behavior before the actuator contacts the top of the FOAM skeleton. Second, a
model of a FOAM with a characteristic diameter of 27.7 mm and a cell width of 9.3 mm is
built (the model assumes a zero-thickness skeleton). These two parallel models are shown
in Figure 4. The value of 9.3 mm comes from the total length of the actuator (56 mm)
divided by the number of zigzags in the skeleton (six). The volume loss from the FOAM
model is then multiplied by six to match the six cells and added to the volume loss from
the bellows actuator following Equation (2):

Vaso (1) = Vo () + 501) x 6. Vi 5 %)

where & is the variable representing the current point in the actuator’s contraction (the
actuator’s current length), and S(x) is a scaling factor calculated by dividing the current
length of skin contacting the boundary in the bellows model (L. in Figure 4) by the total
possible skin contact length for the bellows model (56 — 5.16 x 2 = 45.7 mm). The B
and F subscript apply to the separate bellows and FOAM models (Figure 4). This scaling
factor allows for a smooth superposition of the FOAM model volume loss onto the bellows
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model to assemble an approximate function of the actuator’s volume loss throughout its
contraction. The super-imposed volume loss is then used in Equation (1) above to generate
an FCP for the actuator.

Figure 4. Schematic of the two geometrically-based models for approximating the volume loss of the actuator throughout

its contraction, showing the bellows and FOAM models labeled with the B and F subscripts, respectively. The volume loss

from the FOAM model is multiplied by six and a scaling factor proportional to L.

Finally, once the model is calculated, a shifting and scaling factor are applied to
capture the system losses that are not included in the idealized model. The shift used
was 2% and the scaling factor followed the equation previously described [50]. Using a
Young’s modulus of 110 MPa and thickness of 0.1 mm for the skin (manufacturer values),
the magnitude scaling factor was 0.48.

2.5. Actuator Restoring Force Experiment

The virtual-work model of the actuator is idealized and does not include losses, such
as the nonlinear restoring force that the actuator produces as the skeleton and skin are
compressed. To supplement the idealized model, we performed a compression test on
the actuator without applying a vacuum to extract this restoring force. Though the FEA
described above approximates the restoring force, the presence of the skin and the nonlinear
effect at the end of the contraction necessitate experimental measurements.

The actuator was held on both ends with a 2 kN load cell on the mechanical tester, a
pre-tension of 1 mm was applied, and the actuator was compressed at 60 mm/min without
a vacuum. Importantly, the skin configuration in between the spaces of the skeleton’s
zigzag towards the end of the contraction (Figure S2) needs to be captured, as this is an
important contributor to the restoring force. To achieve this, a second set of experiments was
performed, where the —40 kPa actuation pressure was applied until 20 mm of contraction
was achieved, after which the actuator was subjected to atmospheric pressure. The force
output for the remainder of the contraction better captures the final resistance values for
the actuator, and these force curves were appended to the measurements from the first
set of experiments. The experiments were performed on two actuators (n = 2) with two
replicate experiments each.

2.6. Quasi-Static Characterization of the Actuator

To evaluate the virtual-work-based model of the actuator, the actuator’s FCP is mea-
sured using a mechanical tensile tester (Instron 5944). First, the actuator is held at both ends
at its full uncontracted length using a 2 kN load cell (Figure S1) and placed under 1 mm
of pre-tension, then —40 kPa is applied to the actuator using a manual vacuum pressure
regulator (IRV10-N07). The actuator is then allowed to contract at a rate of 60 mm /min for
a total displacement of 35 mm from the initial uncontracted length (after which point the
skeleton is fully collapsed) and the force output is extracted throughout the contraction.
This experiment used two actuators (n = 2) with two trials each.

To characterize the fixed force output of the actuator, we built a setup to measure the
contraction force composed of a force sensor (DFS-BTA, Vernier, OR, USA), a Lab Quest
Mini (LQ-MINI, Vernier, OR, USA), and a universal support that acts as a rigid frame. The
end fitting in the top of the actuator includes a linkage that enables the actuator to connect
to the force sensor, while the bottom of the actuator is attached to a metallic tweezer to
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hold it fixed at full length. To conduct the test, the vacuum pressure was applied as a ramp
from 0 to —40 kPa and it was repeated three times. This experimental setup can be seen in
Figure S3.

Furthermore, a different configuration was used to measure the maximum absolute
contraction of the actuators subjected to a load (Figure S4). The actuator was restrained
in a horizontal position using a 3D printed piece and connected to a pulley through an
inextensible Kevlar cable to which a load of 0.5 kg was mounted.

Additionally, the same configuration was employed in order to obtain the maximum
contraction produced by the actuator by varying the load. We tested different loads
from 0.1 kg to 0.5 kg in 0.05 kg increments. The maximum contraction was registered
when the applied vacuum pressure was —40 kPa. The experiment was repeated three
times and the data were extracted from videos in Tracker (Open Source Physics, Available
online: https://physlets.org/tracker/ (accessed on 10 May 2021)). This setup allowed us
to compare the stiffness of the actuators.

2.7. Dynamic Response of the Actuator

The actuator was clamped at one end such that it was oriented horizontally, and the
unconstrained end was attached to a 200 g mass through a string that passed through a
pulley that allowed the mass to hang freely, applying a constant tensile force to the actuator.
A step input of —20 kPa in pressure was applied to that actuator, and videos of the step
response were captured and processed in Tracker software to quantify the displacement of
the actuator’s free end. The components used for this test were a vacuum pump (AIRPO
D2028B) and a vacuum pressure regulator (ITV 0090) connected to an Arduino Mega. The
experiment was performed on four actuators (n = 4) and repeated three times per actuator.

2.8. Case Application in Rehabilitation Exercise

To demonstrate the capabilities of the actuator, a setup including a 3D-printed leg
model of a 6-month-old infant was built in order to carry out flexion and extension move-
ments of the knee joint, allowing pure flexion of the leg model. The purpose of the setup
was to measure the output knee angle of the leg model and evaluate whether the output
angle reached the desired output range (54 degrees). The anthropometric measurements
for a six month old infant were taken into account for the model leg dimensions and the
weight of the lower limbs were also incorporated [51,52]. At the ankle position, a 0.1 kg
mass was added representing the foot weight. The actuators are attached to the model leg
in the anterior and the posterior side of the thigh, through two anchor points per actuator.
One proximal anchor point is close to the hip, while the distal anchor point is close to the
ankle. The anchor points positions were chosen in order to reduce the required force for
the exercises. This experimental setup can be seen in Figure S5.

We tested the antagonist-agonist configuration of the actuators in two positions in-
spired by the rehabilitation exercises related to the knee joint. In both the prone and
side-lying positions, we evaluated the angle produced by the antagonist-agonist config-
uration in cycles of knee extension and flexion. For the rehabilitation exercises, VPAM
with six cells and a height of 10 mm was used for extension motion and the same actuator
with nine cells was employed for the flexion motion. A large actuator was chosen for the
second motion because in order to produce a high knee flexion angle for that motion, the
contraction had to be larger. The actuator was controlled by the vacuum pressure regulator
at —40 kPa and the experiment was repeated ten times.

3. Results
3.1. Finite Element Modeling Results

Figure 5 shows the relationship between the compression and the restoring force
obtained in the FEM. The results of all the skeleton configurations are ordered by number
of cells of the structure (C) and skeleton height (H). As shown, the restoring force increases
proportionally with the compression in our four permutations. When the compression
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achieves the maximum value set in the FEM model (e.g., 25 mm for C4 and 35 mm for
C6), the FEM values for peak force magnitudes are below 0.15 N in our four skeletons.
Details of the stiffness of the skeleton material are included in the Supplementary Materials
(Figure S6).

014

0.12-
_ C4H10
Z 0104 —C6 H10
S 0.08 4 — C6 H5
(@)
£
5 0.06 -
]
[0]
@ 504 -

0.02 4

o0+ 77—

0 5 10 15 20 25 30 35 40

Compression (mm)

Figure 5. Force over contractile displacement extracted from the skeleton Finite Element Modelling
of the four and six-cell skeletons with width of 30 mm as previously described, where C stands for
number of cells and H stands for skeleton height. A skeleton cell is defined as one V-shaped section
in the zigzag pattern of the skeleton. Skeletons were compressed to the point of self-contact at the
end of their compression.

3.2. Actuator Force-Contraction Profile

Figure 6 shows the results for the quasi-static FCP experiments performed on the
actuators averaged over all four trials. The data show that the trials were highly repeatable
as the standard deviation is approximately 0.4 N. The experiment is compared with the
virtual work model in its ideal form and after the subtraction of the restoring force from
the actuator restoring force experiments (averaged over all four trials). The maximum force
value is approximately at the beginning of the contraction, then, it gradually decreases. As
shown, the experimental force follows a similar behavior to the ideal model; however, the
force output decreases much faster after 15 mm of contraction.

3.3. Quasi-Static Characterization of the Actuator

The results of the fixed force output characterization are plotted in Figure 7; H is the
skeleton height and C is the number of cells. Note that there are small differences between
the actuators that have the same H, which might be produced by differences in fabrication,
and there is a break force gap between the actuators with H5 and H10, despite having
the same C. As the actuators with the same height have the same cross-sectional area, the
output force is the same.

From the second setup in the characterization, the contraction—pressure curve is
plotted in Figure 8, where the maximum contraction was approximately 19 mm for the
largest actuator (C6 H10). The results show that the low-profile vacuum-powered artificial
muscle LP-VPAM with C6 H10 might be suitable for the rehabilitation exercises in which
the load is less than 0.5 kg (Figure 8).
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Experimental Results
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Figure 6. Force-contraction profile of actuator from the average of experimentally measured results
(n = 2 actuators, two trials each) compared with the virtual-work based model after a scaling factor
of 0.48 and discarding the first 2% of the model’s contraction. The ideal model is as presented in

Equation (1), while the restoring force curve is the result of subtracting the experimental average of
the restoring force of the actuator (see Supplementary Materials) from the ideal model.
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Figure 7. Force versus actuation vacuum pressure magnitudes for actuators held fixed at uncontracted
length, where C stands for number of cells and H stands for skeleton height (in millimeters).
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Figure 8. Maximum contraction state versus actuation pressure for actuators with four and six
cells (C4 and C6) and heights of 5 and 10 mm (H5 and H10), supporting a 500 g mass. Maximum

contraction defined as total displacement from the initial actuator length before reaching equilibrium
due to the applied load.

In Figure 9, it can be seen that the force—contraction relationship is linear for all the
actuators. The actuators with the larger cross-sectional area (H10 mm) produce the larger
contraction for each load (Figure 9a,b). Given that the contraction is inversely related to
the axial displacement of each actuator, the negative of the slope for each actuator’s linear

fit line is the stiffness for that actuator. Those values are shown in Table 2.
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Figure 9. Force—displacement curve for actuators with varying number of cells and skeleton heights
(H) given an actuating pressure of —40 kPa. The curves for actuators with 4 cells are shown in (a) and
those with 6 cells in (b). The linear fit slopes of these curves were used to estimate a linear stiffness

for each actuator using Hooke’s law.

Table 2. Spring constant in N/m for each actuator, from a linear fit of the experimental data.

Four-Cell Six-Cell
30xH5 520
30xH10 700
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3.4. Dynamic Response of the Actuator

Figure 10 shows the dynamic response of the four actuators attached to the 200 g mass
after a step input of —20 kPa. The results of VPAMs with four-cell skeletons (C4) and with
six-cell skeletons (C6) are shown in Figure 10.

—— C4 H10
20 - —— C6 H10

Contraction (mm)
=
1

Time (s)

Figure 10. Dynamic response of actuator contraction. Displacement of unconstrained end of actuators
with 4 and 6 cells (C4 and C6) and heights of 5 and 10 mm (H5 and H10) over time, given a step
input of —20 kPa vacuum pressure. A 200 g mass hanging from a string passing through a pulley is
attached to the unconstrained end of the actuator, which is oriented horizontally.

3.5. Case Application in Rehabilitation Exercise

From the experimental results in the characterization and in the dynamic response,
we hypothesize the actuator (C6 H10) would be suitable to lift the leg or flex the knee
joint for rehabilitation exercises with infants in an agonist-antagonistic configuration. The
benefit of this configuration is that the agonist muscle actuator produces the extension
motion and it does not employ the antagonistic muscle actuator to return to its relaxed
state. Returning the infant’s leg to the resting position would require a significant output
force of the antagonistic muscle actuator. An example of the muscle configuration working
on the leg model is shown in Figure 11, where the agonist muscle produced knee extension
and the antagonistic muscle caused knee flexion.

The angle-time curve responses are shown in Figures 12 and 13 for prone and side
lying position, respectively. The angle is measured between the thigh and the lower leg.
At 90 degrees the knee is at a right angle and at 180 degrees the leg is fully extended. The
angle was approximately 119 degrees in the prone position for flexion. As shown, the
angle decreases abruptly by flexion and then it returns to its initial value by extension
(160 degrees). The data show that the experiment was highly repeatable for each cycle of
exercise (number of repetitions = 10), the standard deviation (SD) was two degrees in the
flexion motion and six degrees in the extension motion. Figure 13 shows a similar behavior
in the side lying position; however, the cycle of exercise starts with an extension motion
and finishes with a flexion motion. The measured angle increased abruptly, achieving a
maximum value of 151 degrees by extension and then decreased to 92° by flexion.
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t=0.00 s t=3.10 s t=3.80 s

Figure 11. Time series images of infant leg model to exemplify rehabilitation exercise under extension
(top three frames) and flexion (bottom three frames) as actuators are respectively contracted. Leg is
fixed sideways to represent infant lying on their side, the direction of gravity being into the page.

180

170 1

160 1=y

—_ - -
w B [$))
o o o
1 1 1

120

Knee Angle (Degrees)

110 +

100

90

0 2 4 6 8 10
Time (s)

Figure 12. Knee flexion angle over time from model leg experiment in the prone position, using
the C9 H10 actuator. The angle is measured between the thigh and lower leg, such that 90° would
represent the knee at a right angle and 180° represents the leg fully extended such that it is in a
straight configuration. The value shown is the mean with standard deviation for n = 10 cycles.
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Figure 13. Knee flexion angle over time from model leg experiment in the side-lying position using

the C6 H10 and C9 H10 actuators. The same angular nomenclature is used from the previous figure.
The value shown is the mean with standard deviation for n = 10 cycles.

4. Discussion
4.1. FEM of Different Skeleton Parameters

For all designs, the restoring force remains below the target threshold of 0.15 N. As
expected, the increased height of a skeleton (5 to 10 mm) causes an increase in stiffness
and thus higher restoring force resisting contraction. This will be relevant in the following
sections, as the taller height skeleton allows for a larger actuator cross-section and thus
larger output force, trading off with a larger restoring force. Increasing the number of
cells decreases the per-unit-distance stiffness of the actuator proportional to the ratio of
the number of cells, as expected given the dimension of a given cell does not change.
An assessment of the accuracy of these FEM results compared to experimental results
is included in the Supplementary Materials (Figure S7). Briefly, we find that the FEM
under-estimates the stiffness by half, possibly due to a combination of increased thickness
after printing, under-estimated material stiffness from testing, and anisotropy of 3D printed
skeleton fiber orientation.

4.2. Actuator Force-Contraction Profile

As Figure 6 shows, the force magnitudes and decreasing force trend agree with the
output of the actuator. The deviation in the shape of the FCP is improved somewhat with
the addition of the experimentally measured actuator returning force, as it captured the
nonlinear increasing restoring force that creates the characteristic drop in output force at
the end of the actuator’s contraction. However, the deviation in shape remained, which
may be in part due to the superposition approach to the model, as opposed to a single
geometrical approximation of the entire actuator (a functionality that is not included in the
current program, but which could be implemented in the future).

Considering the idealized nature of the model and rapid solution time, the information
contained in the estimated FCP is sufficient to help in the estimation of the system’s
initial output force (an error of only —15%), general force magnitudes, and approximate
maximum contraction.

One important point that this model demonstrates is the value of the skeleton in
this low-profile actuator design. If the actuator was built like a bellows actuator (no
skeleton), the short cross-sectional dimension of the actuator would dominate, and it
would have the output of a bellows actuator with a characteristic diameter of 10 mm and
ring spacing of 56 mm, meaning its total contraction would be limited to a maximum of
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10 mm with a highly variable force output (high at the beginning and low at the end of the
contraction) [41,50].

4.3. Characterization of the Actuator

In Figure 7, the force-pressure curves approximate a linear trend. As expected, the
maximum break force output registered was 26.4 N for the largest actuators. This behavior
is dominated by the CSA of the actuator, which is proportional to the output force according
to Equation (1). Additionally, increasing the number of cells (C) of the actuator had a minor
effect on the force output. LP-VPAM can be employed for rehabilitative treatment in babies,
since it can produce low force above the baby’s leg weight. The force output can be higher
than the required value, however it can be controlled as it is proposed in [50].

In comparison to other vacuum actuators in Table 3, the scaled force output from
our actuator is higher than FOAM actuators with a magazine spring [47]. Our design has
a low stiffness structure, translating to a lower operating pressure and a higher scaled
value. Scaled output force from FOAM actuator is slightly higher due to differences in
materials selected for the skin. Since the Bellow actuator is composed of rings without
an encapsulating skeleton, its scaled output force is higher. The LP-VPAM design can be
designed to produce higher force magnitudes. Furthermore, the C6 H10 VPAM achieved a
maximum contraction of 61%, which is comparable to other VPAMs.

Table 3. Comparison of our LP-VPAM with performance of similar VPAMs in the literature. Scaled
force output and percent contraction for the magazine spring, FOAM, and bellows actuators. Scaled
force output is calculated by dividing actuator force output by actuation pressure and cross-sectional
area, as seen in [41].

. Scaled Force Output Contraction
Reference Maximum Force (N) (N/(kPa.mm?)) %)
Magazine [47] 21 1.02 50
FOAM [46] 145 2.28 50
Bellows [41] 149 5.36 71
LP-VPAM 26.4 1.73 61

In Figure 8, the actuators demonstrate similar contraction for low vacuum pressures,
and diverge at higher vacuum pressures. This phenomenon might be explained by the
interaction between the skin and the skeleton. When the skin contacts the skeleton, it is
more difficult for the air to freely travel through the actuator. Similarly, a bellow type
vacuum pneumatic actuator has shown that self-intersection of the skin can limit its
stroke [39]. Furthermore, in some cases such as the C6 H5 and C4 H5 actuators, the
performance of the LP-VPAM is reduced due to out of plane bending. Non-linearities are
observed in Figure 9 due to the out-of-plane deformation with small (<0.1 kg) or large
(>0.5 kg) masses. For the range of forces tested, there is no clear trend in the stiffness
between actuators with the same number of cells, which may be due to a combination
of factors such as the globally nonlinear FCP of these actuators, as well as variations in
fabrication. However, the estimate that an increased number of cells leads to a decreased
stiffness from the FEA of the skeleton holds true for the fully assembled actuator as well.

4.4. Dynamic Response of the Actuator

As shown in Figure 10, the rise time for the actuators with smaller CSA was lower
than those with larger CSA. The decay time was less than 1 s for all designs. These results
can be explained by two factors. First, the restoring force during contraction is higher with
larger CSA skeletons, and thus more pressure is required to reach maximum contraction.
Second, the airflow may be limited inside the actuator. These results corroborate those
previously reported [45].

The spring force of the skeleton enables the actuators to return to their relaxed state
passively without requiring manual extension or positive pressure. The response time is
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mainly attributed to the skeleton as the rise and decay time is due to the compression and
extension of the zigzag structure. Rapid actuation times (=60 ms) have been reported [34]
when the actuator is entirely 3D printed with thermoplastic polyurethane. Flexible 3D
printed materials are a high-performance alternative for VPAMs.

4.5. Case Application in Rehabilitation Exercise

In Figure 12, the range of motion produced by the VPAM from flexion to extension
was 43 degrees (119-160°). When the model leg reaches its maximum flexion, the angular
velocity decreases, as seen by a decrease in the slope in the angle-time graph. This agrees
with the counter-torque provided by the leg’s weight, showing that, in this prone position,
the output force of the actuator should be greater than the weight of the lower leg and
foot to generate motion. Since gravity in this case helps return the model leg to its original
position, only the flexion C6 H10 actuator was used in this experiment.

The output range of motion was slightly below the target value (54° degrees), and
represents 80% of it. The VPAM achieved its maximum contraction throughout each
exercise, and since the change in length of the actuator is proportional to the output angle
in the model leg. It suggests that the actuator produces enough force and that the output
range of motion was limited by the actuator’s contraction. This can be addressed by
increasing the overall length of the actuator.

A limitation of the approach in prone position is that a rapid return of the leg to its
initial position might create a risk of injury for the infant due to the acceleration of the
lower leg. In this case, a step response during both contraction and relaxation would be
better replaced by a slow ramp to avoid injury, and further work is needed to establish the
ideal rates of contraction and relaxation.

On the other hand, the range of motion achieved was approximately 61 degrees
(90-151°) in the side-lying position (Figure 13). This output surpassed the target range of
motion (54 degrees) by 13 percent, which suggest the VPAM can be a suitable actuator for
rehabilitation exercises. In contrast to the output in the prone position, the range is higher,
since there is no resistance to the motion due to gravity or the weight of the model leg. The
risk of high acceleration remains, and the large velocities and accelerations can be seen
in the large slope magnitudes and sharp changes in slope in the transition from initial to
final angle in both Figures 12 and 13. This acceleration is halted by the parallel antagonistic
actuator, which prevents over-extension or flexion and generates more variability in the
transitions of the knee angle. A sinusoidal pressure input wave would be advantageous
in that it would not result in abrupt accelerations. Smooth curves are usually observed
in native joint flexion or extension and in exosuits for walking assistance [52,53]. These
results demonstrate that the desired angle range was achieved in side lying position, but
the output angle fell short by 20% in the prone position. A future study may include
analysis of the angular velocity to identify the appropriate pressure input for each exercise,
such as smooth curves.

There are remaining challenges that will be addressed before advancing along the
translational path to clinical use. First, the actuator cannot be used for long-term rehabilita-
tion due to growth of the infant resulting in modified force and length requirements. A
closed-loop force feedback would be beneficial for autonomous control of the actuators. If
successfully implemented, the system could reduce the workload of the physical therapist
for rehabilitation of infants. Soft sensors that accommodate the large strain of the actuator
could be implemented to monitor force. Finally, pathological muscle tone (hypo or hyper-
tonicity) in the infant could modify the force requirements for the actuators and necessitate
a redesign.

5. Conclusions

In this study, we fabricated a low-profile VPAM with a 3D printed skeleton and flexible
skin, with dimensions, contraction, and force generation suitable for actuating an infant leg.
We characterized the LP-VPAM for rehabilitation exercises in the model leg of a six-month-
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old infant. The LP-VPAM is suitable for this application since it produces a maximum
force of ~26 N at low vacuum pressure magnitudes (<—40 kPa) and can withstand weights
~0.3 kg, which renders it sufficient to move the leg. The actuator configuration was tested in
two different positions on a model infant leg—the prone and side-lying position—in order
to emulate common positions in which range of motion exercises would be performed
on an infant’s knee for myelomeningocele and other lower-limb mobility conditions. The
six-cell, 10 mm-height actuator applied to the model leg was able to reach and surpass the
target angle range of 54°, with a range of 61° in the side-lying position, showing clinical
relevance despite falling short of that target in the prone position due to the additional
weight of the leg. The LP-VPAM described in this work produces forces and contraction
percentages on a par with existing VPAMs, in addition to its low-profile and low actuator
pressure magnitudes. It therefore shows promise for application in rehabilitation exercises
in infants.

Future work in this project could include the development of a control scheme, a
wearable suit ergonomically tailored for babies, or a portable hardware kit that would
allow the platform to be used at home autonomously and safely for the early months of an
infant’s life, with a quality of care on a par with the presence of a healthcare professional.
Tests of this actuator with a more anatomically true model of an infant leg, with more
accurate tissue properties and joint degrees of freedom, would be an important next step
towards this greater device development goal.
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10.3390/mi12080971/s1, Figure S1: Experimental setup for force-contraction profile measurement
experiment on mechanical tester. Figure S2: Image of partially-contracted actuator under vacuum,
particularly to illustrate the small sections of actuator skin in between the skeleton gaps. Figure S3:
Experimental setup for measuring the fixed force output of the VPAMs. Figure S4: Experimental
setup for measuring the maximum absolute contraction of the actuators subjected to a load. Figure
S5: Experimental setup for the leg model with labels for VPAMs. Figure S6: Tensile testing of FilaFlex.
Figure S7: Experimental validation of the FEM. Video S1: Rehabilitation exercise from model leg
experiment in the side-lying position.
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