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Abstract

In an attempt to reduce the requirements of the pneumatic source and possibly move to an unthetered setup, a
design improvement to the soft in atable actuator is presented in this paper. Current state of the art soft actuators
tend to be shaped as a solid pouch of air, while the newly proposed design is shaped as a hollow cylinder. The
newly proposed design consumes a lower volume of air for in ation, while achieving similar output forces in bending
applications. The increased performance per unit volume air is observed at all pressures tested and is supported
by a theoretical model. There is however a signi cant discrepancy between the results of the theoretical model and
the experimental results, which will require further research to prove the validity of the theoretical model. When
the actuator is axially loaded the results from the theoretical model match with the experimental results and no
improvement per unit volume is observed. It is hypothesised that an improvement will be found for a long and
slender design, however, this was not experimentally investigated.
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1 Introduction

Walking is one of the most important functions in daily life and is a complex cooperation of bones, muscles, sensory
receptors and the nerve system. When problems occur in one of these systems it can cause gait disorders, which can
be caused by a large variety of disorders. For patients su ering and/or recovering from neuromuscular disorders,
such as cerebral palsy (CP), stroke, amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS) walking becomes
problematic, if not impossible. This has devastating e ects on the quality of life of these individuals.

Robots that have a human operator can be divided into di erent categories. Serial robotic manipulators, which
interact with the operator at the end-e ector. Exoskeletons are robots that cover the anatomical joint(s) of the
operator and moves synchronously with these joints. To augment human mechanical e ort, wearable robotic
systems such as exoskeletons are used. These can either augment limps or replace lost limps. These systems have
great promise for applications in rehabilitation, medicine and even for physical enhancement of non-impaired users.
Many di erent kinds of exoskeletons and wearable robotics have been researched by research facilities. These can
be subdivided in a few di erent groups based on their function. Empowering robotic exoskeletons are robots that
enhance the strength of the human user while keeping the user in control. These robots map onto the existing
user anatomy. The second class are orthotic robots, which also maps onto the users anatomy, but this class rather
restores lost or weak functions to their original level, caused by a wide variety of diseases or neuromuscular disorders.
The last class are prosthetic robots, which replace the limbs rather than mapping onto existing anatomy [Pons,
2008].

These robotic solutions can be subdivided further by their actuation mechanism. A large variety of actuation
methods are available to achieve the mechanical e ort of the robots. Each of these di erent actuation methods have
their own advantages and disadvantages, which have to be weighed for the speci ¢ application in which the solution
will be implemented. Possible actuation methods include electric motors, pneumatic, hydraulic, electrohydraulic
transducers, electroactive polymers. Within these di erent categories subdivisions can be made between rigid and
soft actuators. Rigid actuators with respect to exoskeletons generally consist of a rigid frame which transfers the
forces from the actuation method to the user. Soft actuators are opposite of the rigid actuators, where they do not
have this rigid frame and are able to deform along with the body of the user. Both the rigid and soft actuators
have their own advantages and disadvantages.

Despite promising results in recent studies in the eld of wearable robots [Mooney et al., 2014, Malcolm et al.,
2013, Sup et al., 2009, Talaty et al., 2013, Farris et al., 2014], there are still some major limitations that hinder
the widespread usage of these systems [Caldwell et al., 1994]. The mass and rigidity of the actuation methods in
these wearable robots are among their main limitations. The rigidity results in more complex systems and can
also decrease user comfort. The rigid exoskeletons usually have xed axes of rotation and thus need to be aligned
carefully with the anatomical joints to not cause harm to the user.

1.1 Rigid actuators
1.1.1 Electric motors

Electric motors come in a wide variety of sizes, output force and actuation types. Many exoskeletons use this type
of actuation, due to it's high control precision, quick response and relatively large output forces. These actuators,
however, also tend to be relatively heavy, signi cantly reducing their power-to-mass ratio, which is one of the
most important characteristics for exoskeletons. High weight, especially located distally, signi cantly increases the
metabolic cost of the user [Barnett et al., 1993] [Sovero et al., 2017]. On top of the relatively high mass of these
actuators, they are also rigid and require precise alignment with the anatomical joints of the users, in order to not
harm the user during actuation. Furthermore, the rigidity tends to result in more complex systems and can also
decrease user comfort.

Exoskeletons relying on electric motors for actuation have several di erent methods of transferring the force from
the actuator to the joints of the user. These actuation methods include, direct drive, electro-hydraulic, cables [Pons,
2008]. These actuation methods each have their own advantages and disadvantages. The electro-hydraulic and
cable solution can also be categorized as soft or hybrid solutions, depending on the implementation. Usually these
systems use rigid interfaces with the user, while the remainder of the setup is soft and exible.

Direct drive relies on the straightforward transmission of the actuator onto the joint. The actuator can be rotary

or linear. An example of a direct drive actuation method would be positioning a rotary actuator in such a way
that the point of rotation aligns with the human elbow or knee. Since these joints are relatively simple they can
be actuated directly by the electric motor given that the alignment of the joint with the point of rotation is good.
This allows for a simple system to be created. The disadvantages of this actuation type become clear when the
complexity of the actuation increases [Pons, 2008]. When, for instance, the shoulder joint is actuated using a
system like this, a highly complex system will need to be designed to enable actuation of the di erent degrees of



freedom (DoFs). This most likely results in a bulky and heavy system which is not desired [Gao et al., 2023]. On
top of the complex and heavy system, the mass is located on the joint, which results in further challenges when it
comes to control, as well as the increased metabolic costs. The system shown in Figure 1 already made a bunch of
optimizations to reduce the complexity and adverse e ect of the high mass, such as moving the actuator distally,
using carbon ber to reduce mass and using a cable setup instead of direct drive.

Figure 1: State of the art active shoulder exoskeleton [Gao et al., 2023]

Electro-hydraulic actuation is a combination actuation method, which combines an electrical motor with a hydraulic
transmission system. An example of this can be found in [Bechet and Ohnishi, 2014]. This speci ¢ system would
be best categorized as a hybrid solution, since the hydraulic tube can be considered soft, while the syringes are
rigid and thus the actuator cannot be de ned as fully soft. This actuation method relies on an electromagnetic
motor to provide the force/actuation of the system. The force from the distally located motor is transferred to

the target joint by the use of syringes lled with water. One syringe is located near the actuator and the other

is located at the target joint. The syringes are connected using a tube lled with water. The main advantages of

a system like this are the ability to position the motor distally, which can signi cantly reduce the metabolic cost

for the user. Additionally, the system can provide both pushing and pulling motions, achieve high accuracy, and
deliver force quickly.

Cable systems are somewhat similar to the previously mentioned electro-hydraulic actuation system. The actuator
can be located distally and the force from the actuator is transferred to the target joint using a cable system.
One of the advantages of the cable systems is the ability to have low friction forces and zero backlash, as long
as the cables are tensioned [Pehlivan et al., 2013]. Cable system also can be designed to have speed reduction,
which in turn can decrease the weight of the entire system. One of the main disadvantages of cable systems is that
they are unable to handle compression forces. To overcome this shortcoming, most systems are designed with an
antagonistic force to control the joint. The cable transmission can be even further subdivided into categories based
on the type of cable used, which can be seen in Figure 2. These each have their own advantages and disadvantages
with respect to friction, backlash, e ciency, controllability, etc. [Sanjuan et al., 2020]. The cable system actuator

can be classi ed as rigid, hybrid or fully soft depending on the exact solution used. If Bowden cables are used,
the system can classi ed as fully soft since the system can deform along with the user, albeit with some resistance.
If however motorized reel to anchor point transmissions are used the system might get classi ed as rigid due to
rigid frame elements used, to which the cables are attached. The exact classi cation is not of importance, but it
should be remembered that these systems have their own advantages and disadvantages and these tend to show
similarities with other actuator solutions within the same classi cation.



Figure 2: Overview of di erent actuation and transmission systems [Sanjuan et al., 2020]

1.2 Soft actuators

Soft actuators generally are lightweight, able to deform along with the body and relatively cheap, which tackle some
of the main limitation of rigid actuators; however, they also have some disadvantages of their own. A wide variety
of physical mechanisms have been used to provide the deformation in the soft materials, including, pneumatic
in ation, combustion and electrostatic force. Each of these techniques has their own upsides and downsides with
respect to force, displacement, speed, auxiliary equipment requirements and reliability [Rich et al., 2018], [El-Atab
et al., 2020]. They also provide a comprehensive overview of untethered soft robots, which shows only a very small
number of attempts at untethered soft pneumatic actuators. In Figure 3 a comprehensive overview can be seen of
many di erent classes of soft actuators. In Figure 4, the soft actuators discussed in this paper can be seen.



Figure 3: Overview of soft actuator types. [El-Atab et al., 2020]



(a) Combustion actuator [Shepherd (b) Combustion actuator [Bartlett (c) Combustion actuator [Loepfe et al.,

et al., 2013] et al., 2015] 2015]

(d) HASEL actuator for gripping ob- (e) Contracting HASEL actuator [Kel- (f) Dierent categories of Pneumatic

jects [Acome et al., 2018] laris et al., 2018] Arti cial Muscles (PAM) [Daerden,
1999]

(g) Pneumatic actuator enhanced with (h) Antagonistic reverse PAM (rPAM) (i) SR-AFO, a state of the art plan-

rigid paddles to reduce actuator vol- setup [Skorina et al., 2018] tar exion assistance pneumatic actu-

ume [Sridar et al., 2020] ator [Thalman et al., 2020]

Figure 4: Schematic overview soft actuators

1.2.1 Pneumatic actuators

Pneumatic actuators are an alternative to the pneumatic/hydraulic cylinders and motors for the generation of
actuation. Pneumatic actuators, as the name suggests, rely on gasses to generate the forces for actuation. Air is
the gas of choice for almost all pneumatic actuators used in exoskeletons, because it is readily available. Pneumatic
actuators can also be subdivided in a few di erent categories based on actuation techniques. The pneumatic actua-
tors used for exoskeletons are soft pneumatic actuators, which mean they consist of soft materials that can deform
along with body. The di erent soft pneumatic actuators discern themselves by the way the pneumatic pressure
is used to achieve actuation, both in designed geometry as well as the way to achieve this pneumatic pressure.
The in ation of the prototype causes a change in geometry, which in turn can be used as actuation. The change



in geometry depends on the material used and the design of the actuator. Many di erent geometry changes can
be used to achieve actuation and animals have been used as inspiration for a lot of the soft pneumatic actuator
designs, some of the inspiration animals are elephant trunks, octopus tentacles and worms/snakes [Xavier et al.,
2022]. Some examples of pneumatic actuators can be seen in Figure 5. However, not all pneumatic actuators are
fully soft, depending on the actuation technique and the application, rigid connections with human joints might be
required. The main advantages of pneumatic actuators are its ability to deform along with body, the low weight and
adjustable impedance. This makes them highly suitable for applications with a lot of environmental uncertainty.
Pneumatic actuators also tend to be relatively cheap with the highest cost coming from the pneumatic source.
The di erent actuation methods of the soft pneumatic actuators each have their own upsides and downsides with
respect to speed, stroke and force. Generally, there exists a trade-o triangle between these factors, where a large
stroke either requires a signi cantly longer time to be achieved and/or results in a lower output force. Similarly,

a fast-moving actuator typically compromises either on the output force it can generate and/or the stroke it can
achieve. This is caused by the fact that force for these actuators is proportional to the pressure. When the volume
of the actuator increases, which is often necessary for larger strokes, it reduces the pressure that the actuator can
attain within a given time frame, assuming the same air supply.

Combustion actuators are a subcategory for pneumatic actuators where the volume change required for the geo-
metrical change is being generated by combustion [Rich et al., 2018], [El-Atab et al., 2020]. The big upside for
combustion actuators is that they are able to achieve this volume change very rapidly, however the supply for
combustion actuators is very limited. Where the number of in ation cycles is limited by the running out of the
combustion mechanism. Combustion actuators are capable of achieving rapid in ation; however, controlling this
in ation is often challenging and limited in terms of precision. This makes them unsuitable for usage in exoskele-
tons, on top of the risks of possibly harming the user. Furthermore, combustion based actuators also require a very
strong body in order to not be damaged by the combustion itself, which also limits the ability to be a soft actuator.
Examples of combustion based actuators are found in [Shepherd et al., 2013], [Bartlett et al., 2015], [Loepfe et al.,
2015].

Figure 5: Examples of in atable soft actuator designs. (a) Extension and contraction soft pneumatic actuators
(SPAs). (b) Bending SPAs. (c) Twisting and helical SPAs. (d) Bidirectional and omindirectional SPAs. [Xavier
et al., 2022]



1.2.2 Dielectric elastomers

Dielectric elastomer actuators work based on the Coulomb force of two exible electrodes with a deformable
membrane between them. These actuators are able to achieve large strains and high e ciencies. In addition, these
actuators have an exteremly fast response time and are cost-e ective in production, due to the use of inexpensive
materials. These actuators, however, are prone to failure due to the presence of high electric elds that travel across
them. This problem is solved with the introduction of a new variation of these actuators. Hydraulically ampli ed
self-healing electrostatic (HASEL) actuators, which combine these dielectric elastomer actuators with a hydraulic
solution between them. This allows for a variety of actuation modes. These actuators are able to self-heal after
dielectric breakdown, while being able to mimic human muscles. These actuators are able to lift more than 200
times their own weight [Acome et al., 2018], [Kellaris et al., 2018]. Possible applications for these actuators may
include exoskeletons designed for muscle activation that require lower forces, such as nger movements, considering
that the output force of these actuators is relatively low.

1.2.3 Other soft actuators

Many other possible methods of actuation are available for soft actuators, which include but are not limited to,
piezoelectric-based actuators, magnetically responsive actuators, shape memory alloys, shape memory polymers,
liquid crystal elastomers, synthetic hydrogels, visible-light-driven actuators, near IR-driven actuators [El-Atab

et al., 2020]. However, all of these actuator types have some major limitations, which is why they have not been
implemented for exoskeleton designs yet. These include very low output forces, extremely slow actuation times, up
to minutes and relatively small strains.

1.3 Soft vs rigid actuators

Soft actuators have a have a variety of advantages with respect to their rigid counterparts. Where rigid robots
consist of rigid links connected together by rigid or elastic joints, recent soft actuator solutions consist of soft bodies
that are expected to change their e ective sti ness in order to provide actuation or compliance. When designing
robots/exoskeletons, compromises have to be made between weight, size, cost, speed and complexity among others.
This is highly dependent on the application of the robotic solution. When designing an exoskeleton it is very
important to minimize the weight while being able to achieve su cient speeds for usage. The size of the actuator
is determined by the speci ¢ application requirements, but the objective is to achieve actuation using a low-pro le
actuation method. To provide control in a system with signi cant uncertainty resulting from interactions with both

the environment and the user, it is crucial to limit complexity. As mentioned at the start, there have been some
promising results in eld of wearable exoskeletons recently, but these still have some limitations. This is where
soft actuation methods have some very notable advantages with respect to their rigid counterparts. Soft actuators
and soft exoskeletons are much lower in weight due to the lightweight compliant materials used to produce them.
Having a high weight, especially located distally signi cantly increases the metabolic cost of the user [Barnett
et al., 1993] [Sovero et al., 2017]. However, soft actuators do not fully solve this problem either, as they typically
still require a heavy power source to provide the actuation to the soft actuator. The upside is that this weight can
be located in a strategically chosen location on the users body, usually around the torso, to signi cantly reduce
the impact of this added weight.

Due to the rigidity of rigid exoskeletons they require precise alignment with the joints of the user and they also
require highly advanced control solutions to be able to deal with environmental uncertainty. This is one of the
major advantages of soft actuators with respect to their rigid counterparts. Soft actuators/exoskeletons try to use
the existing human geometry for structure. This approach o ers the advantage of not only signi cantly reducing
the weight of the solution but also enabling better handling of uncertainty. Due to the soft nature of these actuators
they also should have very limited impact on the users locomotion in the "o "-state, where the soft actuator will
just deform along with the body.

Speed and output force is where rigid actuators tend to outperform their soft counterparts. Rigid actuators are
able to provide much higher output forces and are able to provide these forces at very high speeds. If however the
power to weight ratio is considered this changes signi cantly, as can be seen in Table 1 [Alici, 2018]. It should be
noted that while the maximum operation frequency mentioned here may be achievable for small actuators, when a
pneumatic actuator is used in an exoskeleton, this frequency may be further reduced due to the larger volumes of
air required. The speed o rigid actuators tends to be higher than that of their soft counterparts, especially when
larger strokes/forces are required.

The cost of soft actuator tends to be signi cantly lower than that of their rigid counterparts, due to a combination

of reasons. The main reason for the cost di erence between rigid and soft actuators comes from the materials used
to produce the actuator. Where the rigid components and actuators tend to generally be relatively expensive,



soft actuators like pneumatic actuators can be produced from cheap materials like fabric in combination with an
air-tight material like a polymer. On top of this, rigid actuators require precise alignment and signi cantly higher
levels of accuracy compared to their soft counterparts. This further contributes to the price di erence between
the various types of actuators. Furthermore, the production of small sample sizes of soft actuators is generally a
lot cheaper than their rigid counterparts as well, due to the ease at which the materials can be handled. This is
further enhanced by the rapidly developing 3D printing space, which allows for much more intricate soft actuator
designs to be produced, at low cost.

Rigid actuators however also have some advantages compared to their soft counterparts. Rigid actuators tend to
be able to achieve much higher output forces per volume of space available, which can be limited in applications
like exoskeletons, where bulkiness reduces user comfort. As mentioned previously rigid actuators tend to be able
to achieve signi cantly faster actuation times, especially when a high accuracy is required for the task. While
soft actuators are good at adapting to unknown environments, they are also prone to non-linearities and other
uncertainties, which can make controlling these actuators di cult, especially when high accuracies are necessary.

Table 1: A comparison of typical robotic actuators with the human muscle with approximate values. Speci c power

is the power per unit of weight, max is the maximum force applied by the actuator per unit area (i.e. maximum
actuation stress), " max is the maximum actuation strain. Maximum stress and maximum strain are valid for linear
actuators. E is the actuator modulus of elasticity. E ciency is the mechanical e ciency. fmax IS the maximum
operation frequency. The indexes without a numerical value depend on too many operation and design parameters.
Therefore, they are left blank. [Alici, 2018]

Actuator type  "max max (MPa) E(MPa) [W=kq] Eciency fmax
Muscle 0.3-04 0.1-04 5-20 50-284 0.2-0.4 50-500
DC Motors 0.4 0.1 { 100 0.6-0.9 -
Pneumatic 0.1-1 0.5-0.9 50-90 4000 0.4-0.5 50-300
Hydraulic 0.1-1 20-70 2-3 10° 1600-2000 0.9-0.98 50-300

1.4 Pneumatic actuators

Pneumatic actuators are the most used type of soft actuator in wearable robotics applications, due to the high
output force, low cost, low weight, compactness, its inherent compliance and large possible strokes [Rich et al.,
2018]. The pneumatic actuation of this actuator type can be achieved by a variety of di erent source methods.
These sources have their own up- and downsides, however the behaviour of the pneumatic actuator is also highly
reliant on the design of the actuator itself. Pneumatic actuators work by the change in pressure inside the actuator
which results in strain. By limiting the strain in certain directions, speci ¢ movements can be created. Pneumatic
actuators are able to achieve a large variety of di erent shapes, which allows for a large variety of actuation modes.
Pneumatic actuators are able to extend, rotate, twist, bend or any combination of the above, which allows them
to take most con gurations in a 3D space.

The output force of pneumatic actuators is proportional to the pressure inside the actuator, thus increasing the
pressure inside the actuator allows the actuator to output larger forces. For exoskeleton applications, being able
to output a force as large as possible is preferred. The ability to generate large forces from an actuator typically
enables the actuator to be scaled down in size while still achieving similar force output levels as a less powerful
actuator. This scaling-down is often preferred in order to reduce size and weight, which would result in less inter-
ference with the natural gait of the user.

The pressure inside a pneumatic actuator cannot be arbitrarily scaled up, as doing so would introduce the risk of
explosions and other failure issues. This problem can be o set by designing the pneumatic actuator with materials
such that the pressure can be increased without the material rupturing. Choosing materials that are able to with-
stand larger forces generally also means that strain gets more limited as well, which might not be preferred.

3D printing of soft actuators is becoming a more and more prevalent solution of creating these actuators, as it
allows for cheap and fast production. The big downside of 3D printed actuators is that the material tends to have
a very low tensile strength which causes the actuators to break very easily [Decker, 2015]. The desired behaviour
would be a high tensile strength while still being exible as to not disrupt the natural gait in the de ated state.

By limiting the strain in pneumatic actuators, a variety of actuation shapes can be achieved. This strain limiting
behaviour is generally introduced by material properties and/or smart geometrical design choices. Soft actuators
used for exoskeletons tend to perform relatively basic movement tasks, like linear extension/contraction and bend-
ing/extension. Some examples of soft pneumatic actuators used in exoskeleton applications include, pneumatic
arti cial muscle (PAM), reverse PAM (rPAM) and also other solutions like, soft robotic ankle-foot orthosis (SR-



AFO). All these actuators are linear extension/contraction based. PAM actuators include McKibben actuators,
Shadow Air Muscle (SAM), Fluidic Muscle [Sarosi and Gyergy, 2015]. These actuators are discerned from each
other based on their connection, as described by Daerden in [Daerden, 1999]. The actuators consist of two main
parts, a exible membrane and a load carrying element. The exible membrane is used to contain the gas, while
the load carrying element limits the strain in order to achieve larger forces. When these actuators are in ated they
expand in radial direction. This expansion in combination with the load carrying element causes the actuator to
contract in the longitudinal direction. The three actuators types as discerned by Daerden in [Daerden, 1999], are
braided, netted and embedded. Braided muscles include the McKibben actuator, which is a cylindrical braided
muscle, that has both the inner membrane tube as well as its surrounding sleeve connected to it's endpoints.
These actuators su er from hysteresis and have a certain threshold pressure which has to be achieved before radial
expansion is started. These characteristics are dependent on the materials used as well as the angle at which the
bers are woven around the cylinder. Furthermore, the actuator also su ers from friction, both between bers
and with the inner sleeve, which leads to a decrease in e ciency. Another drawback of McKibben actuators is it's
inability to provide contraction forces. To solve this problem an antagonistic muscles setup can be used.

Netted muscles discern themselves from braided muscles by the density of the mesh network around the membrane.
Due to the low mesh density of the netted design, the actuator membrane material has to have limited strain. If
the straining of the membrane material is easy, the operating pressure while be signi cantly reduced, thus lowering
output forces. The main advantage of this type of actuator is it's ability to keep a near constant surface area and
have almost no friction. This results in a higher output force and very low hysteresis.

The third type of actuator mentioned are the embedded muscles. These type of muscles have its load carrying
structure embedded into the membrane. Di erent designs exist for this type of actuator, which include designs
where bers are embedded into the membrane material. The advantage of this is the very low hysteresis and low
initial pressure requirement. The bers have a high sti ness in one direction while having a low sti ness in the
others. The big disadvantage of this design is the low radial sti ness, which allows this actuator to only be operated
at relatively low pressures.

A di erent category of linear pneumatic actuators are reverse PAM's (rPAM's), which as the name suggest operate
opposite of the previously mentioned PAM's. These actuators provide extension forces upon in ation. This is
achieved by constraining the actuator in radial direction, by means of pre-straining the actuator. An example
of a rPAM can be found in [Skorina et al., 2018], which consists of a silicone rubber that is radially constrained
by symmetrical double-helix threading. When this actuator is pressurized the stresses from the pre-straining are
released resulting in axial expansion. The big advantage of this type of design is the much easier modeling and
control compared to McKibben actuators, as well as having only very limited radial expansion.

A recently developed pneumatic actuator is the SR-AFO [Thalman et al., 2020], which aids the user in plantar
exion. This research shows a very promising application of a soft actuator for rehabilitation. This actuator con-
sists of a series of connected chambers, which are in ated from a single connection point. When the actuator is
pressurized each of the chambers changes it shape from a at rectangle to a cylindrical shape, as this optimizes the
volume to surface area ratio. This change in shape shortens the length of the actuator, which results in a pulling
force. The SR-AFO is very similar to the previously described PAM's where it consists of a layer which contains
the air, while the other layer limits the strain. The strain limiting layer allows signi cantly larger pressures to be
used than when this actuator would consist of only a membrane material.

Another promising research performed recently is the IAC by Sridar et al. [Sridar et al., 2020]. This research
also presents an in atable soft actuator, which consist of a strain limiting layer and a membrane like middle layer
to contain the air. The strain limiting layer is a fabric (Nylon 40D), while the membrane layer consists of two
sheets of thermoplastic polyurethane (TPU) with it's edges molten together. This research improves this very
basic actuator design by implementing 3D printed paddles, which signi cantly reduces the required volume to be
in ated to achieve a similar stroke.

Attempts have been made at developing a portable solution for generating high ow rates and pressures required
for tasks like fast-paced walking or running. The use of pneumatic systems in wearable applications like this, are
still hard to achieve due to these high requirements, while also being low weight. An attempt to create a faster
ow rate pneumatic source has also been made by Sridar et al. in [Sridar et al., 2020]. While the results of this
research are very promising, there is still room for improvement.

There are several options available to increase the e ectiveness of these actuators. The goal is to increase the
output force of the actuators without increasing the weight of the system, while keeping in mind that weight added

at certain locations is more problematic than at other locations. For pneumatic actuators this can be achieved by
increasing the operating pressure or improving the design of the actuator. Increasing the operating pressure does
not come without risks. While increasing the operating pressure was for instance achieved by applying a strain
limiting layer to the in atable membrane, this option is only available in a limited range. On top of that, increasing

the operating pressure will also require a more powerful source, which generally increases the weight of the system,



which is not desired. Design improvements can be made to increase the output force of the actuator, while keeping
air volume consumed constant. This would allow for a less powerful pneumatic source to be used, which in turn
decreases the weight of the system. If the same source would be used, larger supporting forces to the user would
be possible. The preference between these two depends on the exact application of the actuator.

This paper introduces a novel design aimed at achieving equivalent force output while consuming signi cantly less
air. This would allow for a less powerful pneumatic source to be used, which could potentially lead to a fully
unthethered setup. The novel proposed design can be used as a building block for future soft pneumatic actuator
designs, using low-cost, light-weight materials. The new design can also be combined with other state of the art
research like presented by [Sridar et al., 2020], where the soft in atable pouch from this research can be enhanced
with the 3D printed paddles presented in the aforementioned paper.
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2 Proposed concept

In many previous designs for soft in atable actuators including the one mentioned in the 1 Introduction by Sridar

et al. [Sridar et al., 2020] the in atable actuator consists of an airtight material surrounded by a strain limiting
sleeve. A schematic example of a soft in atable actuator application can be seen in Figure 6a, where the in ation
of the actuator results in the extension of the knee. The strain limiting sleeve allows the in atable actuator to
take the shape of the strain limiting layer whenever it is pressurized, which is a similar concept to a soccer ball.
This is used to provide the work done by the actuator. Since the work done to in ate the actuator is directly
proportional to the volume of the actuator, reducing the volume of air required to in ate the soft actuator allows

for faster in ation and reduction of the energy required. Being able to achieve this reduction in volume while
maintaining similar levels of output force can signi cantly reduce the energy required and in turn reduce the size
of the pneumatic source.

The proposed design change to achieve this reduction in air consumption is to use a hollow cylinder instead of a
solid cylindrical pouch, which is schematically shown in Figure 6b. In this image the original design requires the
in ation of the entire cylinder. In the proposed concept the red area would be removed and thus only the outside
area would have to be in ated, signi cantly reducing in ation volume. It should be noted that the previously used
soft in atable actuator designs are not necessarily shaped as a cylinder, but rather as a pouch with at sides, of
which an example can be seen in Figure 7a and 7b. In this research paper both designs are shaped in a cylindrical
shape instead, to allow for easier testing and a better comparison. The hypothesis is that the proposed design is
able to achieve output forces similar to those of the original solid cylinder design, while signi cantly reducing the
volume of air consumed during in ation.
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(a) lllustration of force and torque relationship in the exosuit. (1) The knee-sleeve. (2) The in atable actuators. (3) The
hook and loop straps. (A): User in mid-swing gait phase and start of actuator in ation. (B): User at the end of the swing
gait phase and completely in ated actuators. [Sridar et al., 2017]

(b) Schematic example of volume reduction hollow cylinder compared to solid cylinder. Red volume
is removed in hollow cylinder design

Figure 6: Soft in atable actuator application and proposed design improvement
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(a) Example of previous solid cylinder design (b) Example of previous solid cylinder design after in ation

Figure 7: Examples of solid pouch in atable actuators

2.1 Theoretical calculations

To support the claims of the improved e ective strength of the newly proposed hollow cylinder design, theoretical
calculations are performed as well as experimental tests on the produced prototypes. When a cylinder is subjected
to an axial load the behaviour can be determined by two dierent e ects. The prototype will be dominated
by compressive failure if the designed prototype is short and relatively wide. If the produced prototype is long
and slender the behaviour will be dominated by the buckling behaviour and if the prototype cannot be classi ed
as either, the behaviour will be determined by a combination of the two. Furthermore, it is expected that the
behaviour of the prototypes in a bending test can be approximated by the Timoshenko beam equations, if beam is
relatively short and wide, while the solution can be simpli ed to the Euler-Bernoulli beam equation if the beams
are long and slender. The Timoshenko beam model is only applicable for solid materials and an adaptation to this
model should be used instead when in atables are considered [Le van and Wielgosz, 2005], [Nguyen et al., 2015].

2.1.1 Buckling behaviour

The maximum buckling load can be approximated using Euler's formula for long slender columns, however if the
beam is not long and slender, the critical compression load will determine the failure instead. A visual representation

of the proposed design can be found in Figure 6b. In this image the entire cylinder, including the red part, will

be in atable for the solid cylinder design. The hollow cylinder design will consist only of the white part, where

the red part is removed from solid cylinder. Both designs will have identical dimensions, with the only distinction
being the removal of the central portion of the cylinder. This modi cation reduces the volume necessary to reach

in ation.

To evaluate if the prototypes are classi ed as long and slender beams, the slenderness ratio is used. The slenderness
ratio is calculated according to,

= _ 1)

where, k is the radius of gyration and | is the e ective length of the beam. The e ective length of the beam can
be found using,

| = LK (2

where, L is the unsupported length of the beam, andK is the column e ective length factor, which can be found
according to,

" K =1:0 for both ends hinged
" K =0:5 for both ends xed
K =0:7 for one end xed and the other hinged

K =2:0 for one end xed and one free to move laterally
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For the tests performed on the prototypes, both ends can be considered xed, which would result in a e ective
length of the beam of 9 cm, because the cylinders unsupported length is 18 cm. The radius of gyration for the solid
cylinder can be found using,

T
wherel is the second moment of area and\ is the area of the cylinder. Equation 1-3 are found in [Hibbeler, 2014].
The second moment of area for a cylinder can be found according to,

I = Z(rgut ri?]) 4)

where rqy is the outer radius of the cylinder, while ri, is the inner radius of the cylinder, which are 45cm and
2:5cm, respectively for the hollow cylinder. For a solid cylinder the inner radius is equal to 0, which removes this
term from the equation. The area of the cylinder can be found by,

A= (5 rh): (5)

The e ective length is equal for both designs, since both cylinder have the same length and method of support,
which is 9 cm. The radius of gyration is however di erent for the di erent designs. For the solid cylinder the second
moment of area is 3221 cnt*, while for the hollow cylinder the second moment of area is 294 cn*. The area for
the solid cylinder is 636 cn? while the hollow cylinder has an area of 44 cn?. This results in a respective radius
of gyration of 2:3cm and 26 cm. Substituting the found values into equation 1, results in a slenderness ratio of 4
and 35, for the solid cylinder and the hollow cylinder respectively. These very low slenderness ratio's show that
the major contributor to the failing mechanism will be the compressive failure, whereas if the slenderness ratio
would have been high, the contribution would have been mostly due to the buckling behaviour.

If a di erent prototype is designed to achieve a long and slender behavior, where buckling becomes the primary
failure mode, Euler's formula can be utilized to estimate the maximum force at which buckling occurs. Euler's
formula requires the beam to be long, slender and assumes perfect axial loading, which leads to:

2E|

= oy ©)

where F is the maximum force, E the modulus of elasticity, | the smallest second moment of area of the cross
section of the column, L the unsupported length of the column andK the column e ective length factor that
depends on the boundary conditions of the column. From this formula it can be seen that the di erence between
the two proposed designs should come from thé term. The second moment of area of the cylinder is found
according to equation 4. Since both cylinders have the same length, same support and are made using almost the
same materials this should leave only the area moment of inertia as the variable between the di erent designs in an
ideal situation. This would mean that the second moment of area can be optimized for any design given a certain
area. For a circular shape this optimal shape would be an in nitely large diameter, with in in nitely thin wall.
This is however not optimal for practical reasons, which include wall buckling and no longer being a slender beam.
However, when keeping the outer radius xed and by changing the inner radius it can be shown that the force
carried by the center material is much less than the force carried by the outside material. A visual representation
of the change of inner radius can be seen in Figure 8.
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Figure 8: Design intend of hollow cylinder

The inner radius can be expressed as a function of and the outer radius ro,; according to
Fin = Xf oyt (7
Substituting this equation into the equation 4, gives the following relation for the second moment of area,

| =
4

(8)

in which x is between 0 and 1. Sinc« is raised to the 4th power, it can be noticed that the major buckling strength
is provided by the outer most material, sincex* has a rapidly increasing value as it approaches 1. As an example
it can be shown that while a fourth of the mass is located in the region forx = 0:5,

A=r2,1 x®)=r2,(1 025)=0:75r2, (9)

it only accounts for 1  0:5* = 6:25% of the second moment of area,

rec@ x%) _ ri,(@@ 00625) 0:9375r &,
4 - 4 - 4 '

With the insight that only a very small portion of the strength is generated by the center of the cylinder, it shows
that the strength per unit air consumed can be greatly increased by removing the center portion of the design. It
should however be noted that this is only the case for long and slender beams and not for the low slenderness ratio
of the tested prototypes. If the outer radius is xed the maximum theoretical improvement that can be gained is

a factor of 2 as can be shown by,

Iy A, fa@ XD 2 g g2y e
In_ - ‘}1 _ ' out 5 - I |lim=2: (11)
|s As r%m r out 1 X2 xt 1

In this equation x is the inner radius of the cylinder, while r; is the outer radius of the cylinder. The subscripts
n and s represent the hollow and solid cylinder, respectively.

2.1.2 Compressive failure

The main failure mode will be caused by the compressive strength of the prototypes, which is highly dependent on
the pressure inside the prototypes. The stress relation is given according to,

F
— 12

A (12)
where, is the stress and has the dimension of pressurd; is the applied force, A is the cross-sectional area,
which is a function of the force, but is generally taken as the initial area. Assuming that the textile sleeve and the
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balloons of the prototype have negligible compressive strength, leaves a force balance between the pressure inside
the prototype and the applied force. The value for the force can be approximated using a simpli ed approach to
the problem in combination with Boyle's law,

Pi1Vi = Po\s: (13)

Boyle's law describes the relation between the pressure inside a container and the volume, whePeand V denote
the pressure and the volume respectively, while the 1 and 2 denote two di erent con gurations. The initial volume
and the volume in state 2 can be found according to,

V=A(L d); (14)

where A is the cross-sectional areal is the initial length of the cylinder, while d is the displacement applied to
the cylinder in the axial direction.

When the volume of the container increases, this will be accompanied by a decrease in pressure and vice versa,
assuming the temperature is constant. The results from the experimental tests can be validated using equation 13
in combination with equation 12 and the insight that there should be a force balance between the pressure inside
the prototype and the external force applied to the prototype.

2.1.3 Bending sti ness

The bending sti ness of a cylinder is also highly dependent on the second moment of area, similar to how long
and slender beams are dependent on the second moment of area. Similarly, most of the load carrying capability is
achieved by the outer material. The bending of the beam, which is clamped and has a point load on the free end,
can be approximated using Timoshenko beam theory, which states that

d? d
p(x) = v El ax
(15)
dw_  1.d _d
dx AG dx dx
and can be rewritten to,
M(x)= EI dd(x);
X (16)

d dw p(x)

_dx dx G+ GA '’

whereE is the elastic modulus,l the second moment of area, (x) is a function that describes the angle of rotation
of the normal with respect to the mid-surface of the beam,M (x) is the bending moment for a imaginary small
section located atx, w is the displacement in the z-direction, p(x) is a distributed load, is a shear coe cient,
which is dependent on the geometry of the cross-sectior is the cross sectional area and is the shear modulus.
The shear coe cient for the Timoshenko beam can be found using [Hutchinson, 2000], where the shear coe cient
for a circular cross-section is described according to,

_ 6 a2+ 21+ )2 17
C 7at+34a2P + 7T+ (12a% +48a22 + 12b4) + 2 (4a* + 16a2k? + 4 1) (47

wherea is the inner radius of the cylinder, bthe outer radius and the Poisson ratio. The formula found in [Stephen,
1980],

B 6 m2+1 2(v+1)? _
T v (I2mé+48m2+12)+37 m2+7mA+ v2 (AmA+16m2+4)+7 "’

(18)

is very similar formula to the one found in [Hutchinson, 2000] however this formula uses the ratio between the
inner and outer radius, which ism and is de ned as £. Equation 18 seems to be the correct de nition for the
shear coe cient as this value is limited at approximately [0:5; 1], for a value of between [Q0:5]. The value
found in equation 17 is dependent on size of the cross-section rather than the ratio between the two. Furthermore,
equation 17 is dependent on the units used foa and b, which seems illogical for a dimensionless number. Combining
the equations in equation 16 together (given a homogeneous beam of constant cross-section) can be used to show
the large similarity to the Euler-Bernoulli equation, which leads to,
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d'w El d?p.

Bl aa = PX) g axe
d*w (19)
El W = p(x)

where the rst equation is the Timoshenko beam equation and the second equation the Euler-bernoulli beam
equation. The two equations are very similar with the di erence being that the Timoshenko beam equation has
an added second order term which accounts for the shear deformation. When the slenderness ratio of the beam
increases, the in uence of the second term decreases to the point where for long slender beams both equations
approximate the same solution.

An analysis can be done using equation 16 to show the in uence of the di erent parameters on the de ection and
thus the bending sti ness of a beam. For the example a cantilever beam is used, which is clamped on the left hand
side and has a free end on the right hand side, which is subjected to a point load. Furthermore, the positive
direction is to the right, thus from the clamped end towards the free end andz is pointing upwards. A free body
diagram has been created for this problem to nd the equilibrium conditions for a in nitesimally small portion of

the beam, which can be seen in Figure 9.

Figure 9: Free body diagram for cantilever beam

From the free body diagram equilibrium equations can be found,

M(x)= P(L x);

(20)
Q(x) = P;
as well as boundary conditions due to the clamped side,
dw(0) _ o
dx 0)=0; (21)
w(0)=0:

Using the rst equilibrium equation and the rst equation from 16 a di erential equation for equilibrium is found,

d _ _ .
El 5 =M()=P(L x): (22)
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This equation can be integrated and subsequently solved using the rst boundary condition,

Px(2L x)
2

OP(2L 0)

ElI (x)= 5

+C;! EI (x=0)=0= +Cy! Cy=0: (23)
With the rst equation solved the second equation from 16 can be solved as well, by integrating and rewriting it
to give,

z
p

dw (X) =01 W Q) (24)

x WG dx  GA
Substituting in the solution for  (x) and the equilibrium equation for Q(x), which leads to,

dw _ P Px(2L  x) W(x) = Px Px?(BL x)
dx  GA 2EI ' T GA 6E|

+ Cy: (25)

Now applying the boundary condition that w(x) = O gives the equation for the displacement of a beam according
to Timoshenko,

OP OP@EL Xx)

= = | =0
W(X O) GA 6E] +C,! Cy,=0; (26)
W(x) = Px Px?(BL x).
~ GA 6EI '

Using the equation for displacement it can be shown that for two prototypes which have the same material properties
and boundary conditions the equation can be reduced to,
Cs Cq4,

wi) = 2 (27)
where C3 and C4 are constants which represent the material properties and the boundary conditions. In this
equation it can quickly be noticed that the only terms left are the geometry dependent terms. All of the geometry
dependent terms are in the denominator, which means that for an increase in any of the geometry dependent
parameters a decrease in de ection can be expected. This decrease in de ection means that the bending sti ness
of the prototype is higher and is thus able to provide larger forces in an actuator design. The design challenge is to
create a prototype with a maximized area, shear coe cient and second moment of area. However, increasing the
area for this purpose also directly increase the amount of air consumed by the prototype and is thus not advised as
the optimization problem is to have the highest sti ness per volume air consumed, which is directly proportional
to the surface area. The shear coe cient can be found according to equation 18. The maximum and minimum
values for can be determined. This can be visualized by creating a surface plot of the function, with on the one
axis m and on the other axis . This graph can be seen in Figure 10.

18



Figure 10: 3D surface plot of the shear coe cient as function of and m

From this graph it can be seen that the highest value for is always achieved for highest values of and for
the lowest value of m. This means that highest bending sti ness is achieved when cylinder is solid, which both
optimizes the surface area as well as the shear coe cient. Having the highest value for both the surface area and
the shear coe cient requires a higher volume as well, this means that even though the sti ness is increased, the
strength per volume consumed does not have to be higher.

The second term in equation 27 only depends on the second moment of area and a constant which entails all the
material properties and boundary conditions. This term is also inversely proportional to the displacement, meaning
that an increase in the second moment of area would results in a decrease in displacement. Similarly to how the
buckling strength is increased by increasing the second moment of area, the bending sti ness is increased when
the second moment of area is increased. This means that a similar conclusion can be drawn as before, which is
that the optimal geometric con guration is a in nitesimally thin wall, which achieves the highest ratio of /'\— and
thus the highest bending sti ness per unit air consumed by the prototype. In practice this will not be the optimal
con guration due to other e ects that will become dominant when the wall thickness decreases too far.

In equation 26, the rst term only has a small impact on the overall deformation if the beam is long and slender. If
the beam is short and relatively thick, like the produced prototype this term has a signi cant impact on the nal
solution. When the beam becomes longer and more slender the solution approximates the solution from the well
known Euler-Bernoulli beam equation and this term can be neglected.

The equations used above are however only valid for solid materials. For in atables the equation changes slightly to
include terms which account for the internal pressure and also include the pressure dependency of the materials. The
pressure dependency of the materials is however ignored for now. Both cylinder designs are created from the same
material and the exact material properties are hard to determine. The equation which describes the displacement
of an in atable beam can be found in [Le van and Wielgosz, 2005], [Le van and Wielgosz, 2006], [Nguyen et al.,
2015] and is also shown below, albeit with the variables changed to match the previous used variables.

P x P Lox2  x3

W= TGS, (E+FeS)le 2 6

(28)

whereF, is the force due to the internal pressure S is the cross-sectional area of the walls, while the other variables
are the same as before. The subscripf denotes the reference geometries, which are pressure dependent. However,
as mentioned before, this pressure dependency is ignored for now. This equation shows very large similarities
to the previously mentioned Timoshenko beam equations 26. The dierence is the added pressure term in the

19



denominators. Furthermore the cross-sectional area changes as well as the second moment of area, since these are
based on the wall thickness here, rather than full geometry. The force=, is the force applied to the end of the
cylinder due to pressure inside, which can be de ned as,

Fp = pAo; (29)

where p is the internal pressure andA, is the cross-sectional area, similar as was used for the Timoshenko beam,
which also includes the in ated part. The addition of the pressure dependent terms changes the equation such that
the pressure dependent terms can be interpreted as changing the material properties. An increase in the pressure
can be interpreted as an increase in the bending and shear sti ness of the beam.
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3 Methodology

In the previous section di erent theoretical calculations have been performed, which will be modelled for the created
prototypes in upcoming sections. These models will be compared with the results from the created prototypes.
Multiple di erent prototypes with di erent production strategies have been explored to try and achieve the designed
volume reduction without reducing the output force of the prototype. The explored production methods mostly
serve as a prove of concept and better production methods can be explored if the hypothesis of this paper is
con rmed.

After choosing a suitable production method for the prototypes, each of the produced prototypes of the cylinders
are subjected to an axial load test with the same test settings. The performed tests are continued until either the
maximum load, maximum displacement or buckling is achieved. Buckling is a sudden change in shape caused by
reaching a critical load level, when the load is increased gradually. Loading beyond the point of buckling can cause
the complete loss of being able to carry the load, which is why the test was ended shortly after reaching the point
of buckling.

Furthermore, actuation speed tests are conducted to show the achieved increase in in ation speed by the geometrical
change proposed. During this test the time to reach in ation of the di erent prototypes is compared to show the
bene t of the reduced volume of the proposed design changes.

Lastly, bending tests are performed on the produced prototypes as well to characterize the bending strength of
the original solid cylinder design as well as the newly proposed hollow cylinder design. The results from all these
tests will also be compared to the theoretical models. Comparing these results should show the validity of the
models, help locate potential issues in the test setup and nd possible further improvements that can be made to
the prototypes for even better results.

3.1 Prototype designs

Di erent designs and production methods have been explored to produce a representative prototype. All of the
proposed prototypes consist of a strain limiting layer in the form of a woven fabric in combination with a airtight
material inside to form the air pocket.

The rst prototype design was created using a cylinder with a woven double walled design, where the cylinder was
woven using small ribbons, as can be seen in Figure 11. Figure 11b shows the concept for a woven cylinder design,
where the yellow ribbons would be double walled to allow the air pocket to be inserted in between the two walls. In
Figure 11c the achieved prototype can be seen, where the downwards ribbons are double walled. Figure 11a shows
a schematic overview for the design. This design however, does not achieve the wanted behaviour since there are
still areas where the air pocket can in ate without any strain limiting, this is most clearly seen in the last section

cut from the schematic overview. All the places on the yellow double walled ribbon where no red ribbon is present
allows for the air bladder to expand unrestricted. During in ation of the air pockets they would only have been
supported partially by the ribbons in the radial direction. This is due to the nature in which weaving is used, even

in a double weaving design. The non supported parts would have been able to in ate too easily and the strains
from the air pockets would have been too high, causing ruptures/explosions of the material of the air pockets,
especially at higher pressures. Furthermore, if this problem could have been solved, a similar problem would still
remain where there are small gaps between each of the rows of the woven ribbons, where the air pocket would be
able to achieve higher strains, which would once again result in ruptures and explosions.
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(a) Schematic overview of woven cylinder design concept. (A) Front view of ribbons, (B) Side view of ribbons, where the
white area inside the yellow ribbon is hollow.

(b) Concept design for a woven hollow cylinder (c) Prototype design for a woven double walled hollow cylin-
der

Figure 11: Woven hollow cylinder design concept

The next proposed design was using a waterproof fabric impregnated with thermoplastic polyurethane (TPU). This
design process consisted of cutting two sheets of the impregnated fabric with the same dimensions, consecutively
melting the two sheets on top of each other, using a heat press, with a sheet of baking paper with a certain pattern
between them. The baking paper sheet prevents the melting together of the TPU at the places where the baking
paper is located. This method has been used in multiple previous studies as well [Thalman et al., 2019], [Natividad
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et al., 2017]. A schematic overview of the design can be seen in Figure 12a. This method allows for making a at
airtight sheet with pockets that can be lled with air. When air is pumped into the designed pouch, each of the
pockets takes a circular shape because a circle has the best area to circumference ratio. When the two ends of
the sheet are molten together as well, the sheet now forms a cylinder with in atable walls, of which an schematic
drawing can be seen in Figure 12b. The problem with this design is that the material ruptures relatively easily at
the edge of the molten lines when it is in ated, as well as the delamination of the sheets. A schematic overview
of the weak points in the design can be seen in Figure 12c. These two problems together make that the cylinder
fails at relatively low pressures. The performance of this design was improved by increasing the wall thickness
between each of the cylindrical air pockets. The increased wall thickness solved the problem of the delamination
of the sheets, however the rupture which occurred at the edge of the melting line between each of the pockets still
remained. A visual representation of the achieved design can be seen in Figure 13.
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(a) Schematic overview of TPU impregnated fabric hollow cylinder design

(b) Schematic over of TPU impregnated fabric hollow cylin- (c) Red lines mark the weak points in the design
der

Figure 12: Schematic overview of hollow cylinder created using a heat press and the TPU impregnated fab%%



(a) Prototype design using a heat press. (A) The (b) Prototype design using an impulse sealer. (A)
outline formed by the baking paper sheet of non Weld lines formed by the impulse sealer. (B) The
melted material. (B) Area inside the red lines is  brown line is the baking paper which is used to cre-
the shape of the baking paper. ate interconnections of the created chambers.

Figure 13: Prototype design fabric impregnated with TPU

A similar design was created using an impulse sealer, the PFS-400, which is normally used to seal plastic bags. The
created prototype can be seen in Figure 13b. The red lines in this image represent the seal lines which were created
using the impulse sealer, whereas the much thicker brown line represents the small strip of baking paper which is
between the two sheets of the fabric. The piece of baking paper allows the di erent pockets to be in ated using a
single in ation point on the prototype. Using this impulse sealer instead of having to cut the entire shape out of
baking paper saved a considerable amount of time, but at the same time this also reduced the overall strength of
the design, making the problem of rupture and delamination even more prevalent.

The next that was created is a cylinder from textile using sewing and lling the void of this cylinder using balloons

as air pockets. Using a relatively thick textile, a very strong cylinder can be created, but this also increases the
sti ness when the balloons are not in ated. In general, soft pneumatic actuators aim to have the sti ness of the
non in ated actuator to be as low as possible, while the sti ness should be as high as possible in the in ated
state. To quantify this a bit more, most designs compare the non-in ated sti ness with the sti ness in the in ated
state and use di erence between these as a measurement of how well the design performs. This means that the
lowest possible non-in ated sti ness or the highest in ated sti ness are not necessarily the best, if the di erence
between the in ated and de ated state for this design would be low. If this design were to be implemented in an
application, a suitable textile should be selected, which can withstand the forces in the in ated state, while keeping
the sti ness as low as possible in the non in ated state. This is however highly dependent on the application of
the soft actuator.
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3.2 Design of the textile sleeve

To be able to create a prototype using a textile cylinder with balloons for air pockets, a fabrication method would
have to be designed. Creating a hollow cylinder using sewing is much more di cult than creating a solid cylindrical
pouch. The design from the rst mentioned prototype was used as inspiration for this prototype, where hollow
shafts had to be created in which the balloon can be inserted. The strain had to be limited in all directions by the
textile or some other method to avoid rupture. This was achieved by using two sheets of textile sewed in a pattern,
which can be seen in Figure 14a. The pattern starts with the part of the inner wall of the chamber. The textile
has a folded part which forms the side wall of the chamber, thus allowing the textile to move to the other wall and
back down again, which is represented by the mountain like shape in the schematic overview. This is a repeating
pattern for as many air pockets as desired, which is ten for this speci c prototype, which can be seen in Figure 15a.
Note that the number of chambers in Figure 15a is larger than 10, because the picture is from an older design that
used a larger number of chambers. To create the prototype as seen in the gure, the other wall had to be attached
to the shape presented in Figure 14a. This is done by sewing over the blue and yellow dashed lines in the gure,
for the entire length of the cylinder. In each of the pockets shown, an air bladder will be inserted to allow for
in ation. In the initial design there was no di erence between the wall length on the inside and the outside of each
of the pockets, which results in each of the pockets being square. This results in a non circular shape when the two
ends of the sheet of chambers are sown together. Having a non circular shape results in problems during in ation,
because the inside of the hollow cylinder has a circumference which is too large. To overcome this problem the
lengths of the inner, side and outer walls of each of the pockets were scaled such that the nal shape is cylindrical
upon in ation. This was achieved by assuming that the inner and outer walls of the cylinder are two concentric
cylinders with di erent diameters when the air pockets are in ated. The out diameter of the cylinder was set to

9 cm, while the inner diameter was 5cm, leaving the side walls with a length of 2cm. Using the circumference of a
cylinder being d and the information that there are 10 chambers, results in the length of the walls being 57 cm
and 2:83 cm for the inside and outside respectively, which can be seen in Figure 15b.

(a) Schematic overview of the chamber design for the hollow (b) Schematic overview of the improved chamber design for
cylinder the hollow cylinder

Figure 14: Schematic overview of the design for the hollow cylinder. Both lines marked with (A) are a single sewing
line that connects both sheets. (B) Inner walls of hollow cylinder connecting the inner and outer cylinder. (C)
Sewing line used to form inner cylinder of the textile sleeve.
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(a) Side view of the hollow cylinder before attaching start (b) Side view of the improved chamber design for the hollow
and end together cylinder

Figure 15: Side views of the hollow cylinder design

3.3 Limiting strain in longitudinal direction

In order to limit the strain of the air pockets in the longitudinal direction, the top and bottom of the cylinder will
have to be closed o as well. There are several options available to do this, including sewing them closed, leaving
only a small hole for the air supply or creating some kind of disk that can be inserted and attached, with holes in it
for air supply tubes. The rst solution, sewing the top and bottom closed, seems to achieve the goal with relatively
low e ort and no extra parts. However, applying this simple strategy proved to be very di cult to achieve. The

rst problem that arose when trying to sow the top of the cylinder closed is that a small hole has to be left for the
air supply to the air pocket. The air supply to the air pocket is achieved by small tubes, which means that a hole
with the same diameter as the air tube has to be left open when sowing the top and bottom. This is hard to do
when sewing by hand, but it is achievable. The t between the hole and the tube however, has to be very tight,
otherwise the air pocket will try to push the tube out of the tting and try to expend through the hole as well.

If the balloon starts to expand out of the hole, the strain is no longer limited and the balloon will rupture. The
major upside of sewing the top and bottom of the cylinder closed with respect to creating a disk which is inserted,
is that the inserted disk will be solid and hard, which transforms the fully soft actuator into a hybrid soft actuator,
which might not be desired depending on application. For this research it was decided to still go for the cylindrical
disks on the top and bottom, because the goal of this research is to determine the characteristics of the new soft
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pneumatic actuator design. For this purpose having a hybrid soft actuator is ne. For speci ¢ applications and
even more so if the improved design is used in mass fabrication, the disks can be replaced by a sewing technique
or even an entirely di erent technique can be used. The sewing technique would be a lot easier to apply to mass
fabrication, since robotic sewing can achieve a much higher accuracy, making it a feasible solution. It would also
be cheaper in production than using the disks, which involves extra material costs and longer production times.
The chosen solution for closing the top and bottom of the cylinder are 3D printed disks, which can be inserted into
the textile sleeve and attached to the sleeve to prevent separation. The disks are designed using Solidworks and are
shown in Figure 16, for the exact dimensions, other views and the corresponding Solidworks les, see Appendix A.1.

(a) Bottom disk (b) Top disk, which has the air supply holes

Figure 16: Top and bottom closing disk for the hollow cylinder

For the disk of the hollow cylinder each of the upstanding parts are inserted into a chamber. The air supply tubes
are passed through the holes in each of the upstanding parts and come out the top of the disk where they are
attached to a 10 WAY PNEUMATIC UNI-FIT MANIFOLD, 10X6MM ™ | The 10 way manifold is also attached

to the pneumatic air source and the pressure gauge, which both use the 10mm ttings. The slits which can be
seen on the outside of each of the standers are there to increase the grip of the zip ties which are used to secure
the textile sleeve to the disks. This combination of zip ties and slits in the disks however, proved to not be secure
enough for higher pressures, which is why it was decided to add an additional constraint. Two hose clamps were
attached to each other, to form a larger diameter hose clamp, which in turn was attached between the zip ties. Two
hose clamps were used, because the correct size hose clamp was not available at the time the tests were performed.
The added hose clamp was able to be tightened with larger forces, allowing for a better connection between the
textile sleeve and the disk, leaving no movement. It does however have to be noted that some caution is to be used
when tightening the hose clamps, to prevent damage to the standers of the disk. The closing of the hose clamp
is able to provide forces larger than the standers are able to withstand, which would result in breakage of the 3D
printed disk, if the hose clamp is closed with too much force. Each of the standers are tapered allowing them to
be inserted more easily in each of the chambers of the textile sleeve. The textile sleeve is slit onto the disk until it
cannot be moved further upwards anymore, creating a tight hold between the disk and the textile sleeve. The gap
between each of the standers is de ned as being 2except for one gap which is double the width, 4. One of the
gaps is larger due to the production method used for the textile sleeve, which consists of rst creating each of the
chambers in a line, after which the 2 ends of the created sheet are sown together. The sowing together of the two
ends causes the point where they are joined together to be twice as thick as the walls of all the other chambers.
The holes for the air supply tubes are also tapered which serves the same purpose as the tapering of the standers,
namely to allow for easy insertion and subsequently a tight tting between the hole and the tube.

3.4 Design of air pockets

The sleeve of the cylinder has been designed, however the textile is not air tight, thus air bladders will have to be
designed that can be in ated. A few solutions will be proposed here, with each their advantages and disadvantages.
The rst proposed design is creating air bladders using two sheets of silicon rubber. The two sheets are xed together
with either of the two previously proposed techniques for the TPU material in Section 3.1, using either the heat
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press or the impulse sealer. Using the impulse sealer the air bladder can be created relatively fast by creating a
line weld on each of the four sides of the rectangular air bladder. One of the short sides will leave a small opening
for the air supply tubes, which is achieved by putting a small piece of baking paper between the two layers when
applying the line weld. This hole can be slightly smaller than the diameter of the tube, due to the highly elastic
properties of the silicon rubber. This design for the air bladder results in the same problems as for the prototype
design, where the weld lines are the weak points, which separate, creating leakages.

Using the heat press instead of the impulse sealer, it takes slightly longer to achieve a prototype, but it also o ers
a much stronger seal. The sides of the air bladder are no longer the weak point when being in ated. To be able
to supply air to the air bladder, a small piece of baking paper was also left on one of the short sides of the two
sheets, similar to the impulse sealer method. The achieved shape for the air bladder is very similar to a hot water
bottle. The air bladder can be seen in Figure 17, where the blue part on the left hand side, is part of the air
supply tube that is inserted into the air bladder. The designed air bladder seemed very promising, because it can
be created in any size that is preferred and can achieve high strains. However when the air bladder is in ated
inside the textile sleeve, the air bladder ruptured at relatively low pressures. The rupture of the air bladder tends
to always happen at the same spot on the air bladder, pointing to underlying problems with the design. The most
likely cause of the rupture of the air bladder is the high friction between the textile sleeve and the air bladder. The
relatively small area between the inner and outer wall of the textile sleeve, leaves little room for the air bladder
to move in. The air bladder rst expands radially causing very high friction between the textile sleeve and the air
bladder, subsequently when the pressure is increased further the air bladder tries to expend further towards the
outer most edges at the top and bottom of the cylindrical pocket. This expansion causes very high local strains,
due to the blocked movement, resulting in ruptures at the bottom of the air bladder. The shape of the air bladder
has a slight mismatch with the shape of the cylindrical pocket in which it is inserted because the pocket has the
same shape over the entire length, but the air bladder has a line shape at the top and bottom due to the welding.
A visual representation of the mis t between the cylindrical pocket and the air bladder can be seen in Figure 18.
For the gures it has to be noted that the mismatch between the air bladder and the textile sleeve is exaggerated.
Furthermore, it can be seen that the main mismatch will be around the very top and bottom of the chamber, due to
the weld lines that are located there. If the diameter of the air bladder is increased, the problem of the mismatched
shape in the radial direction will become much less noticeable due to lower required strains. A similar conclusion
might be formed for the longitudinal direction by increasing length of the air bladder. This was attempted by
pre-straining the air bladder and having the length be su ciently long. The mismatch problem was partly solved
by pre-straining the balloon, by having it attached at the top and bottom of the textile chamber, however the
rupture point moves from the bottom of the air bladder to the top near the air inlet. This is most likely caused by
the same underlying problem where the air bladder tries to match the shape of the textile chamber, which results
in high local strains causing rupture. This problem will remain due to the air inlet which is installed into the top
disk and the line weld at this same point on the air bladder, which limits the in uence from adding extra length
to the air bladder and the high local strain to Il the very edges will remain.
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Figure 17: Custom silicon air bladder

(a) Top view of a chamber, with the de ated air bladder in (b) Top view of a chamber, with the in ated air bladder in
red red

(c) Side view of a chamber, with the de ated air bladder in (d) Side view of a chamber, with the in ated air bladder in
red red

Figure 18: Schematic overview of a textile chamber and the air bladder in both in ated and de ated state
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A di erent air bladder was proposed to try and solve the previously experienced problems with high friction and
local strains. Creating air bladders from the textile impregnated TPU material should result in a much lower
friction between the textile sleeve and the air bladder, since the textile impregnated TPU has a smooth surface and
is far less sticky. The textile impregnated TPU air bladder however, has some limitations of its own, including small
strains and di culty getting an airtight t with the air supply tube. The low strains are not preferred, but should

not pose any problems during in ation and usage of the prototype. The downside of only allowing small strains is
that the designed air bladder should very closely match the shape of the textile chamber or should even be slightly
larger since the strain is still limited by the textile chamber. This might however cause some rimpling of the air
bladder, with unknown consequences. It is however expected that this rimpling will not result in any noticeable
e ects. The leakage of the textile impregnated TPU air bladder is located at the connection point between the
air supply tube and the inlet of the air bladder. This is because the TPU material does not act elastic like the
silicon rubber air bladder which gets a tight t around the air inlet tube. This problem can be solved by using

a combination of rope with tape to get a tight ght around the air inlet tube. The air inlet tube itself is from a
soft plastic material which can be compressed relatively easily, but inserting a piece of a hard plastic tube inside,
allows for a tight t to be created between the air bladder inlet and the air supply tube, since the hard plastic tube
blocks the compression. With the air leakage problem solved, the problem with the limited strain still remains,
which can be solved partially by using a slightly larger air bladder than the textile chamber. This however still
leaves a challenge to Il the outer edges of the textile chamber, similar to the silicon air bladder, since the sides of
the air bladder are lines, whereas the textile chamber is shaped more like a circle. Even if this is solved by using a
larger length and diameter air bladder the problem at the top remains. The air inlet is ush with the disk, which
would mean that in order for this to work, the top of the air bladder should not in ate, but be compressed by the

in ated part below.

The problem with the previously proposed solution is their high friction and the mismatch between the shape of
the textile chamber and air bladder. To solve this problem condoms were proposed as a possible solution. Condoms
are able to achieve very high strain, they are lubed to reduce friction and their in ated shape is a close match
to a cylinder. The lube on the condoms however, did not solve the problem with the friction, since the lube is
absorbed by the textile and did not lower the friction between the condom and the textile chamber. The ability to
achieve high strains and the good match between the shapes still seemed promising. The achieved pressures with
the condom, were much higher than those with the previously proposed solution, however they were still relatively
low when the condom ruptured, at around 80kPa. The ruptures of the condom were once again located at the
extremities of the air bladder, namely the top and bottom. The rupture was most likely caused by the high friction
between the condom and the side walls, causing the condom to rupture when trying to match the shape of the
textile chamber. The local strains become very high when the condom is stuck to the wall and than at higher
pressures tries to match the shape of the textile chamber more closely.

Another proposed solution is to use party balloons as air bladders. The chosen balloons are Qualatex traditional
assortiment. The party balloons can be bought from various party stores or online, requiring no work to be
produced while being low cost. The balloons also require relatively low e ort to be attached to the air supply tube.
This was done by rst cutting o the very top of the balloon, because this part is slightly thicker and would cause
problems with insertion into the holes of the top disk of the cylinder. Next the air supply tube is inserted into
the balloon, which is attached similarly to how the TPU air bladder was attached, namely using a combination
of robe and tape. Also similar to the TPU air bladder, a hard plastic tube is inserted into the soft air supply
tube again to allow a secure attachment of the rope to the balloon, without closing the air supply tube due to the
compression. The downside of using the party balloons is that their behaviour is not consistent between balloons
and sometimes not even consistent between di erent in ation cycles of the same balloon. The rstin ation cycle of
the party balloon requires signi cantly higher pressures than consecutive in ation cycles, which is why the balloons
are in ated once before they are inserted into the textile sleeve. The non consistent behaviour of the balloons
should however have no in uence on the results of the tests, because the tests are quasi-static, with a given start
pressure, after which no further air is added.

The balloons also su ered from a similar problem the silicon rubber air bladders did, which is that they exploded
at relatively low pressures. This was most likely caused by the fact that the balloons are longer than the textile
chamber which means they are shoved into the chamber. This combined with the way the balloons in ate, most
likely caused them to rupture at low pressures. The balloons do not in ate evenly across the entire length of the
balloon, but instead, the in ation propagates along the length of the balloon from an initial spot, which is almost
always located at the beginning of the balloon. This once again led to a similar issue that a ected all the other
designs: the friction between the textile walls and the balloon remained relatively high. When combined with the
balloon's propagating behavior, it resulted in very high local strain, leading to ruptures. To address this problem,
a slight modi cation was made to the design, similar to the silicon rubber bladder, which is that the balloons were
pre-strained. This solution could also have been applied to the condom design, however the balloons are thicker
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