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ABSTRACT

Wearable exosuits require flexible, linearly contractile, and lightweight actuators to
provide sufficient force to move the respective limb. This thesis presents the concept,
design, fabrication, experimental performance characterization, and numerical mod-
eling of two types of respectively thin and low-profile vacuum-driven, soft, linearly
contractile actuators. The proposed soft actuators are made of an inextensible yet flex-
ible thin-skinned pouch supported by a collapsible skeleton that orients the collapse of
the actuator in the longitudinal axis upon the evacuation of the air within the pouch.
The proposed novel soft, lightweight, contractile actuators are thin (ThinVAc) and low-
profile (LPVAc). Both these actuators are lightweight (ThinVAc: 0.75 g; LPVAc: 14
2), provide high maximum blocked forces (ThinVAc: 5.2 N; LPVAc: 39 N), provide
maximum stresses similar to that expected from biological muscles (ThinVAc: 184
kPa; LPVAc: 117 kPa) and have high force-to-weight ratios (ThinVAc: 477; LPVAc:
285). The ThinVAc can combine to create multifilament actuators for force scaling.
Combining 15 units of 500 mm ThinVAcs generates a maximum blocked force of 54
N (Max. stress: 62 kPa), 290 times the self-weight. The LPVAc integrates a position
sensor based on an inductive sensor allowing closed-loop control with minimal error at
0.25 Hz. Numerical models for the contraction and blocked force of mono- and multi-
filament actuators allow for predicting their behavior independent of external sensors.
The proposed actuators are tested in wearable applications to check their suitability.
The ThinVAc is integrated into a knee rehabilitation assist device, and the LPVAc is
incorporated into a novel mono-articular sit-to-stand transition (StSt) assist exosuit,
helping to reduce muscle activity by 45%. These actuators have the potential to be
integrated into a wide range of assistive devices and orthoses, such as knee or ankle
braces, exoskeletons, and prosthetics, to provide the necessary support for people with
mobility impairments.

Keywords: Linear soft actuators, contractile vacuum actuators, Exosuits, Soft robotics, Soft
sensors
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CHAPTER 1
INTRODUCTION

1.1 Introduction and motivation

Soft robotics is a novel and disruptive field of research in modern robotics [1]. Robotic
systems made of soft and compliant materials compared to their environment are clas-
sified as soft robotic systems [2]. Industries have traditionally favored rigid robots
made of steel, metal, and rigid plastics due to their accuracy, precision, and efficiency.
In contrast, soft robotics promise inherent safety and compliance with biological struc-
tures. With the recent interest in safer human-robot interactions and wearable technolo-
gies, where safety is emphasized over accuracy and power, soft robotics is poised to
replace conventional rigid systems [3].

A crucial part of any soft robotic system is the soft actuator. The effectiveness of a
soft robotic system relies heavily on the performance of its actuators. Recent research
presents a boom in soft actuator development over the last decade. Many materials
and actuation methods have been employed in developing modern soft actuators for
applications ranging from micro to macro-scale. Among these developments, we can
find the following standard features; shape-adaptability/compliance, back-drivability,
passive-force control, stress dispersion, gentle touch, low self-weight, and inherent
safety [4—6].

Diseases, trauma, obesity, and age can reduce a person’s mobility either temporar-
ily or permanently. In such cases, promoting continued attempts at independent mo-
tion is helpful in recovery/management [7]. Robotic systems have come to aid in such
applications in supplying mobility aid in activities of daily living (ADL) and robot-
assisted rehabilitation. Rigid exoskeleton-based wearable systems have been the pre-
ferred assistance solution in many assistive applications [8, 9]. These rigid systems
carry several drawbacks, such as deviations from natural motion, increased metabolic
cost due to the additional inertial loads, and subsequent axial misalignments leading
to wearer discomfort [10—12]. The soft exosuit is a solution to overcome these limi-
tations. An exosuit is a soft, wearable garment-based device that may be worn under
regular clothes and provides assistive or augmentative forces to the wearer’s limbs
[7, 13, 14]. Unlike rigid exoskeletons, which transmit torque across limb joints, the
exosuit aims to imitate muscular actuation by applying forces parallel to the muscles.

Soft exosuits hold great promise for improving wearable assistive solutions, with
a foremost advantage being their ability to feel and seem transparent to the wearer,
providing discretion, increased comfort, and ultimately prolonged wear time. The
ideal soft actuators for such exosuits must be lightweight, have low-volume and low
cross-sectional dimensions, and be flexible enough to attach along body contours while
delivering adequate contractile forces similar to biological muscles. As a result, there
has been growing interest in developing thin, low-profile, and lightweight contractile
soft actuators with high force-to-weight ratios [15, 16]. However, current limitations
exist in the lack of suitable soft actuators for optimal integration, highlighting the need
for continued research and development. This thesis will present the development of
soft linear actuators for wearable exosuits to cater to this demand.



1.2 Research problem

Soft wearable assist devices require soft low-profile, compliant linear actuators to
match body contours for effective exosuit integration and have a high force-to-weight
ratio for effective performance. The work presented in this thesis describes the devel-
opment of soft linear actuators that successfully address the above primary problems
of exosuit integration.

1.3 Thesis outline

This thesis is divided into eight chapters. Chapter 2 is presented next with a thorough
overview of relevant recent literature. The recent breakthroughs in soft linear contrac-
tile actuator development in techniques, materials, and evaluation are discussed there.
The importance of the work provided in this thesis is justified as well. The third chap-
ter addresses the design of two thin, low-profile soft linear contractile actuators. A
description of their design concepts and the relevant manufacturing processes are pre-
sented. The experimental assessment of the proposed actuators to characterize their
performance and experimental evaluation of controlling the actuators are presented
in chapter 4. The next chapter describes the mathematical models developed for the
proposed thin vacuum actuators. The sixth chapter discusses using the new actuators
created in exosuit applications. Evaluations based on testbeds as well as human partic-
ipants are provided here. Chapter 7 summarizes the key findings in the conclusion and
presents areas for further research. Chapter 8, lists the publications arising from this
research.



1.4 Main contributions

The research work presented in this thesis provides several novel contributions in the
field of soft robotic actuators for use in wearable exosuit applications.

* Two different variants of soft low-profile contractile actuators are proposed.
Their design, fabrication, and experimental performance characterization are
presented. Numerical models are developed to describe and predict their dis-
placement and force.

* First, a novel, thin (6 mm OD), lightweight (< 1.25 g), contractile, monofil-
ament, soft actuator (ThinVAc) that delivers a high force-to-weight ratio (477
times self-weight) is developed. The ThinVAc presents a maximum contraction
ratio of 60 % at no load condition and a maximum isometric blocked force of
5.2 N. A scalable, multi-filament design combines thin-walled actuators; their
design, fabrication, and performance characterization are presented. An 18 g
multi-filament actuator bundling 15, 100 mm ThinVAcs can produce a maxi-
mum blocked force of 54 N at a force-to-weight ratio of 291.

* Second, a novel low-profile vacuum actuator (LPVAc) with an integrated induc-
tive displacement sensor that is lightweight (14 g) and can provide high strain
(65%), a maximum blocked force of 39 N, and a high force-to-weight ratio (285
times self-weight).

* An integrated sensor feedback system is developed for the proposed LPVAc and
is experimentally characterized. This proposed sensor uses inductive displace-
ment sensing in a vacuum-driven soft actuator for the first time.

* The performance of the ThinVAc and LPVAc are experimentally evaluated in
a lower limb model and human subjects. Further, the ThinVAc is used in case
studies to show its applicability in soft robotics and wearable applications.

* A novel hip and knee flexion-assist mono-articular exosuit is developed to evalu-
ate the applicability of the developed LPVAC in sit-to-stand transition assistance.
Human experiments demonstrate that the suit with actuation condition success-
fully reduces mean muscle activity by more than 45 percent compared to the no
suit condition.

Other research contributions:

* A novel casting method based on a 2D-layered approach and thermal program-
ing of pneumatic tubing for simplification of fluidic soft robotic structure proto-
typing was developed [17].

* A scalable multi-thread SMA actuator using thermally conductive fluid was de-
veloped, and its blocked force performance was characterized. It showed that
the force of an SMA actuator could be scaled without significant changes in the
power source and without insulation between single wires [18].






CHAPTER 2
LITERATURE REVIEW

The development of soft robots compared to their working environment has become of
recent interest in robotics [4]. For several reasons, the novel concept of ‘soft’ robotic
systems has been a point of interest among contemporary robotic researchers. Firstly,
conventional rigid robots are limited in their capability for safe operation in real-world
environments, especially close to biological systems. Secondly, there has been an om-
nipresent influence from nature driving robotic researchers to provide the same com-
pliance seen in animals and plants. Last but not least, the identification of the role
taken up by biological bodies in movement control and intelligence (Embodied intel-
ligence/morphological computation [19]) has fascinated researchers to try to embed
control and intelligence into the mechanical structure itself [20].

The soft actuator is a critical component in any soft robotic application. The com-
monly used actuation methods in soft actuators [21] are; electrical charges [22-24],
chemical reactions [25], shape-memory alloys [22, 23], and fluids [26-28].

Among the soft actuation methods mentioned in the literature, soft actuators driven
by fluids have become an attractive option [21] due to their ease of fabrication, the
safety of operation, high power-to-weight ratio, and low cost [29-31]. These soft
fluidic actuators are inflatable bladders made of soft material, with some method of
deformation control stimulated by air pressure.

The literature review presented in the chapter is organized as follows. First, a
review of soft fluidic actuators in the literature is presented. Next, pneumatic artificial
muscles are described, with a comparison with organic muscles. Then, the novel area
of vacuum-driven soft actuators is given, including the details of vacuum actuation.
Next, the particular area of vacuum-driven contractile actuators is discussed. This
section is followed by a discussion of sensing methods used in soft actuators. Next, the
methods used to assess soft actuator performance are presented. Finally, the concept
and examples of soft exosuits are given.

2.1 Soft fluidic actuators

Soft fluidic actuators (SFAs) made of soft deformable material have been identified
in the literature as elastic inflatable actuators (EIAs), pneumatic artificial muscles
(PAMs), Pneumatic muscle actuators (PMA), soft pneumatic actuators (SPA), flexi-
ble fluidic actuators (FFA), Biomimetic Actuator, Fluidic Muscle. SFAs can be pri-
marily categorized by their fabrication method [21], such as; those made from a sin-
gle molding step [32, 33], pneumatic muscles (McKibben type [34-37] and fiber-
reinforced type [32, 38—43]), or those with multiple air chambers with connecting
passages [26, 44-49].

The advantage of soft fluidic actuation include the availability of large strokes,
minimal friction, and distributed force generation [50]. Compared to other contempo-
rary soft actuator technologies, it does not require large electric or magnetic fields (i.e.
electrostatic, piezoelectric actuators and electroactive polymers) or increased temper-
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Fig. 2.1: Classification of EIAs based on motion path (extracted from [52]). a) an array
of Braille actuators [56], b) Osmotic micro-actuator [57], ¢) Origami extension actuator
[58], d) Stator for pneumatic rotary actuator[59], e) McKibben artificial muscle [60],
f) Pantograph actuator [61], g) Artificial muscle using electro-conjugate fluid [62], and
h) Pleated pneumatic artificial muscle [63].

atures (i.e. shape memory alloys and thermal actuators) that cannot be used close to
biological tissue in orthotic applications.

The first soft elastomeric inflatable actuator (EIA) can e traced back to a pneumatic
jack patent submitted by L. A. Fleury [51] in 1919. The characterization of EIAs
[52] are based on their motion path, as contracting, extending, bending, and twisting
actuators [53]. The attention in this review is focused on contracting and extending
actuators suited for lower limb assist applications.

Gorisson et al. [52] state that, it is the anisotropy (having properties that dif-
fer when measured in different directions) programmed in the flexible structure that
determines the motion path [54, 55]. Expanding and contracting actuators typically
have structurally symmetric cross sections in contrast to the asymmetry in bending
actuators. The pressure expansion drives an extending actuator, while strain limiting
components (i.e. inextensible fibers in a braid) convert an expansion into longitudinal
contraction in contracting actuators. Fig. 2.1 present several examples of expanding
and contracting EIAs.



2.2 Pneumatic artificial muscles

Pneumatic artificial muscles (PAM) are an SFA type that has attracted recent interest
among soft robotic researchers [16, 64—66]. The very first PAM is attributed to Dimitri
Sensaud de Lavaud (1929) and Garasiev (1930), with some argument among contem-
porary researchers [64, 67]. The next PAM is attributed to Morin (1947), which Morin
and Woods later patented in 1953. The most noted PAM in literature is the fluidic
actuator developed by McKibben in 1957, which coined the term "artificial muscle"
[68].

PAMs have been defined as "contractile and linear motion engines operated by
gas pressure” [64]. They tend to expand or contract upon pressurization or depressur-
ization, applying pushing or pulling force on the load. The axial motion is linear and
unidirectional. Most of the work on PAMs has focused on overpressure (above atm.),
while there also are a few under-pressure (vacuum) devices [15, 69, 69-75], as well.
Overpressure PAMs have several distinct rules [64]:

* A PAM shortens by increasing its enclosed volume.

A PAM will contract against a constant load if the internal pressure is increased.

A PAM will shorten at a constant pressure if its load is decreased.

A PAM’s contraction has a ceiling at which no force is developed, and the vol-
ume becomes maximum.

Each pair of internal pressure and load has an equilibrium muscle length. (This
contrasts with a pneumatic cylinder where cylinder force depends on pressure
and piston surface area, force is constant regardless of displacement.)

Based on the construction of the PAM, it can be a contractor or an extensor mus-
cle. The literature lacks muscles capable of both. Most research has been carried out
on contractor muscles compared to extensor muscles. PAMs consist of soft material
capable of elastic deformation to provide much safer interaction with their biological
counterparts compared to conventional rigid actuators [76]. Table 2.1 shows the sim-
ilarities between biological muscles and PAMs as derived from Tsagarakis [77] and
Caldwell [78].

The key advantages and disadvantages observed regarding PAMs are as follows.
The key advantages of PAMs are their ability to deliver a high energy density to a
local application area, no reflected inertia, low added inertia, and, critically, inherent
compliance. Their performance is similar to that of organic muscles. Their primary
disadvantages include the inability to provide structural support due to the lack of
stiff structures, the inability to provide accurate and precise motion, and the lack of
compact feedback mechanisms for force and displacement that conforms to biological
motions [79]. The available rigid methods negatively affect the advantages mentioned
above. Soft actuators are typically under-actuated; hence they feature DoF that cannot
be controlled [80]. Hence, to develop soft actuators with improved controlled accuracy,
the focus has fallen on reducing the DoF to obtain uniaxial actuation.
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TABLE 2.1: Comparison of biological muscles and PAMs

Parameter Organic muscle PAM
Displacement 35% 30-68%
Force/cm?2 2040 N 100-500 N
Power/weight 40-250 W/kg 500-2000 W/kg
Efficiency 45-70 % 32-50 %
Rate of contraction 25-2000%/s 35-700 %ls
Control Good Fair-Good
Operation in water Yes Yes
Temperature range 0-40°C -30-80° C
Robustness Excellent Fair-Good
Self-repair/regeneration Yes Material dependent
Antagonistic operation Yes Yes
Energy source Chemical Pneumatic
Environment safe Produces CO, Yes
Scalable from um-m cm-m
Linear operation Yes Yes

2.3 Vacuum-driven soft actuators

Vacuum-driven actuation is gaining popularity in a variety of soft robotics applications,
including the development of flexible arm robots [75, 81], crawling robots [81, 82],
modular robots [83, 84], soft clutches [85], soft trusses [86], and wearable assistive
devices [15]. Most of the literature’s vacuum PAM (VPAM) aims to generate contrac-
tion motion. Additionally, others have utilized positive pressure in combination with
vacuum to produce extension, bending [86], and rotational [81] motion.

If a positive pressure device ruptures or delaminates, it poses an explosive danger.
Such explosions will injure the operator of a wearable gadget that employs positive
pressure devices. When using higher pressures, the user’s possibility for damage in-
creases. Positive pressure devices are also more prone to performance degradation due
to skin damage or seal failures [87].

In most general applications, the highest allowable differential pressure applicable
in negative pressure devices is a single atmosphere or 100 kPa. In most practical ap-
plications, generating vacuum sources with pressures less than 10 kPa (abs.) may be
costly and challenging, and most low-cost vacuum pumps can only provide a vacuum
pressure of 30 kPa (abs.). As a result, the highest differential pressure may be in the
70-90 kPa range. As a result, the highest pressure differential represents a physical
barrier that can only be surpassed under hyperbaric circumstances. Unlike positive
pressure devices, vacuum-driven soft actuators are less prone to leakage or membrane
failure. If a sufficient vacuum source capable of actuating the device is present, a
vacuum-driven actuator will continue to work with the same or slightly reduced capac-
ity with such damage. Most positive pressure devices are incapable of exhibiting such
damage-resilient behavior.

Vacuum actuators have several drawbacks and restrictions as well. Unless hyper-
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baric conditions are created, the maximum applicable pressure differential is limited
to one atmosphere. This maximum pressure differential limits the maximum blocked
forces that can be generated. Another limitation is that the breakdown of a vacuum-
driven actuator’s membrane or seal would result in the suction of the surrounding envi-
ronment into the actuator sub-system. However, this will be advantageous for actuators
that may need to evacuate fluids/particles from the environment in which they are func-
tioning.

2.4 Vacuum-driven contractile actuators

Vacuum-driven actuators create force and motion by controlling the collapse of an air
chamber. The negative pressure produced within a cavity in the actuator forces the am-
bient environment to compress the structure isotropically. As a vacuum source sucks
out the fluid in the chamber and the pressure falls, contraction occurs as the chamber
implodes due to atmospheric pressure. This implosion prevents radial expansion while
increasing the contraction ratio, making it ideal for space-constrained applications.

Recent research describes a few different techniques for doing this, including in-
extensible film pouch collapse guided by a skeleton [72, 73, 75, 86], elastomeric vol-
ume collapse [83], beam buckling citeYang2016,Yang2017,Miller2018, and elastomer
covered foam chamber collapse [71]. The functioning of these devices, including the
origami-based vacuum PAMs, is detailed in [72, 88]. Fig. 2.2 describes some examples
of these influential contemporary contractile vacuum actuators.

Some instances in the literature propose using both positive pressure and a vac-
uum source. Usevitch ef al. [86] propose a two-chamber antagonistic PAM (APAM)
capable of contraction, extension, and bending (Fig. 2.2 ¢)). To regulate the vacuum
collapse, they propose using an inextensible thin-film bag with reinforcing ring sup-
ports. The two-chamber architecture needs both positive and negative pressure sources
for actuation. Because there is no skeletal structure, the actuator requires positive
pressure to remain in its unactuated condition. Yu et al. [82] propose a crawling robot
based on an origami skeleton and a vacuum-driven foldable PAM (FPAM) (Fig. 2.2
1)). The suggested FPAM uses a paper skeleton enclosed in silicone skin. This design
gets compressed in a vacuum and expands under positive pressure.

Another interesting vacuum actuation method described in the literature is beam
buckling. Yang et al.’s [89] vacuum-actuated muscle-inspired pneumatic structures
(VAMPs) create linear contraction and torsional motion by buckling beams in response
to applied vacuum pressure (Fig. 2.2 h)). These actuators are composed of soft silicone
and have a cellular structure comprising beams and columns. They accomplish a con-
trolled collapse along a single axis by combining thinner beams with thick columns.
The contraction reduces, and the force rises with the modulus of the material in the
VAMP concept.

Recently, there has been an increase in interest in origami-inspired vacuum PAMs
[72, 73]. These soft actuators contain foldable skeletons inspired by origami, encap-
sulated within a volume produced by a pouch composed of thin-walled, minimally
extensible material, such as air-tight textiles and polyethylene (see Fig. 2.3). When the
air inside the air pouch is evacuated (via a vacuum pressure), the actuator will experi-
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Unactuated state Fully actuated state

Fig. 2.2: Some examples of contemporary vacuum-driven contractile actuators. a)
FOAM (Nylon skeleton with TPU skin) [72], b) APAM [86], ¢) OV-PAM [73], d) V-
SPA [71, 84], e) a soft actuator utilizing elastomeric chamber collapse [83], f) VAMP
design utilizing buckling of beams [69].

ence a controlled collapse in a direction controlled by the skeletal structure. Skeletal
support is provided by small, rigid components that enable collapse only along the
actuator’s longitudinal axis when the volume inside the film pouch is evacuated. This
design approach enables the easy and fast manufacture of lightweight, soft actuators
with high force-to-weight ratios. These devices can produce large contraction ratios
and linear forces with the applied vacuum pressure. Another distinguishing feature
is that these actuators need less force to deform, allowing them to lift lighter weights
at lower vacuum pressures than other PAMs that require more force to distort thicker
structures [72]. One major drawback is that it becomes impossible to forecast the con-
traction without considering the connected load; hence, open-loop control for unknown
loads will be difficult.

Li et al. [72] propose an origami-inspired artificial muscle that is fluid-driven
(FOAM) (Fig. 2.2 b)). In this circumstance, they used zigzag-shaped skeletons en-
closed in thick, thermally sealed film pouches. Their findings suggest that thicker film
materials and a greater zigzag skeleton angle may be employed to improve a FOAM’s
maximum force. Thinner zigzag skeletons can attain higher contraction ratios. They
utilized 0.34 mm and 0.48 mm thick nylon fabric pouches weighing 43 g and 56 g,
respectively, to achieve maximum blocked forces of 201 N and 428 N. The contraction
ratios of the identical actuators were 50% and 31%, respectively. Another lightweight
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Fig. 2.3: The principal of operation of origami-inspired vacuum actuators [72].

FOAM (2.6 g) constructed of thin polyester material (film thickness: 0.038 mm and
skeleton thickness: 0.254 mm) lifts a 3 kg (29.4 N) load at 20 kPa (abs.).

Lee et al. [73] present an origami-based vacuum PAM (OVPAM) with 400 N
forces and a 90% contraction ratio (Fig. 2.2 d)). The OVPAM design uses polygonal
cross-section supports to prevent longitudinal collapse during vacuum actuation. This
design uses broad cross-sections to generate more force at lower vacuum pressures at
the expense of larger actuators. The transverse supports are independent of one an-
other, as opposed to [72]. Equilateral triangular cross-sections were combined with
a pre-folded pouch to reduce the collapsed/contracted length of the actuator. An OV-
PAM with a length of 90 mm, a triangular side length of 90 mm (equivalent circular
diameter of 104 mm), made of 0.07 mm PVC pouch and 3D-printed PLA top and bot-
tom plates, weighing 53 g, has demonstrated 120 N (force-to-weight ratio: 230), with
a 90% contraction ratio for loads 200 times its weight. Another OVPAM, composed of
thicker 0.1 mm PVC film, with doubled top and bottom plates and 150 mm side length
(equivalent circular diameter of 173 mm) weighing 160 g, was proven to lift a 40 kg
load with 87% contraction (force-to-weight ratio: 250). They recommended utilizing
flexible top and bottom plates to achieve a 100% contraction ratio.
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2.5 Sensing in soft actuators

Though PAMs offer great potential in the development of soft robotic applications, the
lack of integrated force and displacement feedback systems is one factor that is cur-
rently impeding their progress. PAMs could accomplish effective closed-loop control
with the availability force and displacement feedback systems. For displacement feed-
back, several PAMs have attempted incorporating encoders [34], potentiometers [90],
flexible force-sensing resistors [91], and hall effect sensors [78]. Force feedback has
been obtained via strain [92] and gauge pressure [93] sensing.

However, because these approaches involve rigid and semi-rigid mechanisms, they
add weight, change the requisite motion of the actuator, and negate the benefits of the
actuator being soft. Conductive liquid metal sensors are also proposed as a softer feed-
back sensing method. Ga-In alloy-filled channels (see Fig. 2.4) have been utilized to
provide displacement feedback on actuator deformation [94, 95]. These channels can
alter the actuator’s desired deformation. Furthermore, any damage to the channel will
result in the leakage of the liquid metal, limiting the sensor’s functionality and causing
harm to the wearer.

Inductive sensing has recently become of interest among soft robotics researchers
due to their response varying only upon the geometry in most general environments
(see Fig. 2.4). Electrically conductive insulated wires made into a flexible yet inexten-
sible braid have been utilized in the contraction sensing of McKibben-type soft actua-
tors [88, 96, 97]. They have shown low measurement error (0.83 mm) with high sen-
sitivity (681 nH /mm) [96]. Inductive sensor-based feedback control has also yielded
significantly good results that positively endorse their use in soft robotics actuator po-
sition control [97].

2.6 Assessment of PAM performance

As the main objective in the artificial muscle model of a PAM is to relate to biological
muscle behavior, their assessment should also be done similarly to biological muscles
[68]. Fig. 2.5 describes the three performance evaluations needed for a PAM.

e [sotonic: constant muscle tension

 Isometric: increasing muscle tension at constant muscle length

Actuator Extended (Low Inductance)
<+

e j‘ |
- < @.

Actuator Contracted (High Inductance)
—— Af = =

3

Fig. 2.4: Examples of soft sensors used in PAMs. a) and b) Eutectic Gallium-Indium
(EGaln) as a strain sensor [95], b) [94], ¢) Smart braid inductance sensor [96].
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Fig. 2.5: Static characterization of PAMs [68]. a) determining isobaric characteristics,
b) isotonic characteristics, ¢) isometric characteristics.

e Auxotonic: tension rises and then remains the same as the muscle contracts with-
out changing its length

Isotonic properties are assessed by measuring muscle length at a constant load and
changing applied pressure. [sometric properties are assessed by controlling the applied
pressure to maintain constant muscle length as the load changes. The isobaric char-
acteristics of an auxotonic contraction are measured by keeping the pressure constant
and measuring the muscle length as the load varies [68].

2.7 Soft exosuits

Many recent reviewers of lower limb exoskeleton, assistive and rehabilitative devices
identify the future of the technology lies with the development of wearable assistive
devices based on softer materials that contain none, or minimal rigid components that
can be easily worn underneath a conventional dress [98—100]. An exosuit, or specifi-
cally the ’soft exosuit’, is the soft variant of the traditional rigid exoskeleton that can
provide the above features.

A soft exosuit is a collection of principally soft, non-restrictive wearable compo-
nents that can deliver augmentative/assistive/rehabilitative forces to a user. It should be
able to augment select muscles/muscle groups and "utilize the wearer’s skeletal struc-
ture to generate any compressive, bending and shear forces as required by the system"
[13].

Soft exosuits differ from passive orthoses in the power delivery method to the user.
A passive orthosis (a brace) will act as the rigid shell that will guide the force to the
user’s body. In contrast, a soft exosuit will apply circumferential forces to the user
using connection cuffs [101] or tension forces to generate moments about biological
joints [13, 102].

The most commonly referred lower limb exosuits found in the literature are Wehner
et al. [13] from 2013 and Asbeck et al. [102] from 2015. Both publications are
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from the Wyss Institute for Biologically Inspired Engineering at Harvard University,
Boston, USA. These two centerpieces are part of a larger assortment of exosuit-related
experimental publications [103—111], based mainly on the prototype shown by Asbeck
et al. and J. Bae et al. [105].

One of the literature’s most influential soft exosuit designs is the Wehner design
[13]. Wehner et al. presents an ultra-lightweight exosuit utilizing soft actuators to aug-
ment the normal muscle function of healthy individuals (Fig. 2.6). This suit features
custom-built McKibben-type actuators to assist hip, knee, and ankle joint motions by
applying assistive torques in the sagittal plane. It provides motions of hip flexion and
extension, knee flexion, and ankle dorsiflexion and plantarflexion (See Appendix 02
for the notations used for body planes and limb motions.).

In the human joint motion, specific paths on the skin surface undergo significant
changes in length relative to one another, compared to others who undergo insignificant
relative motion. Such low-strain paths have been defined as lines of non-extension
[112]. This concept of lines of non-extension was first presented in the context of
designing a wearable bio-suit for planetary exploration. Wehner et al. exploit this
concept to configure a matrix of connectors to maintain stability during a normal range
of motion, redirecting forces, and terminating at a key anchor point (see Fig. 2.6
c)). The distal end virtual anchors fix at the ankles, and the proximal end virtual
anchors fix to the hips and shoulders, thus maintaining the forces normal to the skin
and distributing the applied forces.

The second type of soft exosuits found in the literature is the Bowden cable-driven

m Key Anchor N
u Connector
@ Virtual Anchor
Actuator Q
’ L

Fig. 2.6: The Wehner soft exosuit design [13]. a) The virtual anchor concept: black
connector lines are along the lines-of-non-extension. b) soft exosuit with connector
matrix webbing for virtual anchors. ¢) McKibben type soft actuators attached to virtual
anchor points.
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method presented by Asbeck et al. (portable) [102] and J.Bae et al. (tethered) [111].
Based on the virtual anchor concept, a series of webbing straps are used to secure the
suit to the wearer, and a Bowden cable or two runs along the lower limb to a point/s on
a foot attachment. The Bowden cable is attached to a DC motor-pulley configuration
and is housed in a sheath on the webbing, routed along the lower limb. The Asbeck suit
carries a single Bowden cable, driven by a hip-mounted body-worn actuator, running
behind the lower leg and attaches to a heel anchor, behind the ankle, on the user’s
shoe. Alternatively, the J.Bae suit, which is extended later by Louis Awad [108, 109],
carries two Bowden cables, which are initially driven by off-board motors using a
trailing tether [105] and later by a body-worn actuator [108], attaches to the heel and
the dorsal surface of the foot using anchor points on the webbing worn on the shoe.
The Bowden cable-driven prototypes are illustrated in Fig. 2.7 [102, 108, 109].

Other notable lower limb exosuits in the literature come from researchers in Switzer
land and Japan. A string-driven, wearable, upper body-powered dorsiflexion assist ex-
osuit to improve minimum foot clearance is presented by Ohashi et al.iin [113]. Sasaki
et al. presents a trouser embedded with two rubber balloon actuators above and below
the knee posteriorly and one on top of the knee anteriorly [114]. Jin et al. [115, 116]
proposes a winding belt-driven exosuit mounted on the trunk of a user for hip flexion
assistance. Inspired by the Wyss Institute’s research, Bartenbach et al. presented an
alternative concept involving two anchors at the hip and one on the shank (the part of
the leg between the knee and the ankle) and a knee module to increase the lever arm
and protect the knee patella [7]. The Bartenbach suit is actuated by a motor-driven ca-
ble pulling on webbing segments above the knee instead of a foot attachment. Exosuits
focusing on assisting upper limb motions are presented by Lessard ef al. in the CRUX
exosuit [117]. Fig. 2.8 presents these exosuits.

Based on the concepts proposed by contemporary researchers [13, 28, 76], a soft
exosuit can be defined as follows:

"Soft exosuits are wearable devices designed to assist with walking or other activ-
ities, capable of exerting assistive forces through reversible shape and elastic rigidity
changes. They should be lightweight to minimize inertia and not disrupt joint move-
ment. They should not constrain the natural movement of the joints when passive.
Additionally, they should be safe for direct contact with humans, fit a person without
extensive adjustment and calibration, and be comfortable for the wearer."

2.7.1 Advantages and disadvantages over rigid exoskeletons
2.7.1.1 Advantages over rigid exoskeletons

1. Rigid exoskeletons are usually coupled to the wearer by pads, straps, or sim-
ilar interface strategies. As the biological joints are flexed/extended, the rigid
links add considerable inertia to the movement that needs to be overcome by the
user/exoskeleton. Though all current rigid exoskeletons seek to minimize these
effects, there is a considerable hindrance to natural gait kinematics and dynam-
ics. Converting the components to soft, lightweight materials can remove this
effect in assistive devices [13].

2. Itis challenging to remove misalignments between the biological and exoskele-
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ton joints. The presence of static misalignments can lead to dynamic misalign-
ments up to 10 cm during typical motions [118]. Current rigid exoskeletons have
attempted to overcome this by including redundant, passive degrees of freedom,
increasing the system weight, resulting in more inertial impedance [11].

3. Rigid exoskeleton systems are used with software, electrical and mechanical
limits to safeguard users and those around them. However, there is an undeni-
able risk factor associated with these rigid, heavy and primarily metallic systems.
Even a fall while wearing a rigid exoskeleton can physically harm the wearer and
bystanders. The inherent material compliance and safety provided by soft exo-
suits dramatically reduce this risk and provide cushioning capabilities to absorb
some impact forces that might otherwise harm the wearer and bystanders.

4. The mounting and the removal of rigid exoskeletons systems is a complicated
process that typically requires additional assistance [116].

2.7.1.2 Drawbacks of exosuits

Soft exosuits suffer several drawbacks compared to rigid lower limb exoskeletons
[119].

1. An exosuit alone cannot fully transfer a load from any part of a user’s body to
the ground. Hence, there will be a need for a skeletal structure for load bearing.

2. The torque and force generated by an exosuit are forced onto the user’s skin,
resulting in skin irritations and even skin damage.

3. Exosuits have poor torque efficiency compared to rigid exoskeletons.

2.7.2 Knee rehabilitation assist devices

With the increasing numbers of elderly and patients requiring knee rehabilitation glob-
ally, the availability of assistive rehabilitation devices that would allow physiothera-
pists to cater to multiple patients at a given time reduce their workload. Contemporary
literature presents only a few such devices; hence, this area needs attention. Rigid
exoskeleton systems have been used for knee rehabilitation assistance. Weinberg et
al. [120], present an active knee rehabilitation orthotic device (AKROD) that uses an
electro-rheological fluid (ERF) driven resistive variable damper to support knee flex-
ion and provide resistance to prevent knee buckling (Fig. 2.9 a)). This rigid system
weighs 3.8 kg. They have only provided kinematic analysis without any evaluations
of the assistance provided. Sridar et al. [121] presents a soft actuator driven, knee
extension assist exosuit (Fig. 2.9 b)), that provides 20% partial assistance (4.4 Nm).
They have used thermoplastic polyurethane for (of thickness: 0.15 and 0.038 mm) the
fabrication of the soft inflatable actuator. Their suit shows a muscle activity reduction
of 7% during level walking in the rectus femoris muscle group. Finally, Park et al.
[28] presents a soft wearable robotic device for knee flexion and extension (Fig. 2.9
c)). They utilize a lightweight (8.4 g) soft actuator designed to be flat in the unactuated
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state via zero-volume chambers. During actuation, the chamber inflates, losing its low-
profile nature. The device can exert only 2.5 N and 7 N, during flexion and extension
of a model of an infant’s leg (lower leg weight of about 220 g). Hence, the produced
motion assist is inadequate for practical use in rehabilitation assistance.

2.7.3 Sit-to-stand-transition assist exosuits

With the world’s aging population, sit-to-stand transition (StSt) assist exosuits have
gained attention in the recent literature [7, 14]. StSt is a muscular action that begins in
a sitting position and finishes with the individual standing upright. As a result, during
the first portion of STSt, the wearable assist system must allow for comfortable sitting.
As a result, the StSt assist exosuit’s actuators and the exosuit itself should be soft and
flexible. Actuators with wide cross-sections will restrict comfortability while seated.
Therefore they should be low-profile to optimize user comfort. The use of heavy ac-
tuators capable of delivering larger forces imposes an unwanted inertial penalty on the
user; hence, a more efficient method is to utilize soft, low-profile actuators with a high
force-to-weight ratio.

Contemporary STSt assist exosuits in the literature have relied on motor-driven
cables as the actuating mechanism. Employing inextensible webbing straps as fixtur-
ing, anchoring, and force-directing channels have been a popular design technique for
the exosuit. Webbing straps are a typical exosuit design technique that takes advan-
tage of the non-extension lines mentioned in [13]. The Bartenbach exosuit employs a
hip-mounted motor system with a Bowden cable to provide assistive forces [7] (Fig.
2.10 a) and b)). The webbing straps are attached to the pelvis and the ankle. The
Bartenbach design, as a passive exosuit prototype, outlines the proposed usage of an
exosuit in anti-gravity STSt assistance. The Schmidt exosuit reported in [14] expands
the concept mentioned above to an experimental prototype that shows for the first time
a decrease in the knee and hip extensor muscle activation during STSt (Fig. 2.10 ¢)
and d)).

2.8 Summary

This chapter summarized recent literature on soft robotics, soft fluidic actuators, pneu-
matic muscle actuators, vacuum-driven contractile actuators, sensing methods used in
soft actuators, soft actuator performance assessment methods, and soft exosuit appli-
cations in lower limb motion assist. The development of soft robots and exosuits has
gained attention due to their potential to operate safely in real-world environments,
mimic natural compliance, and embed control and intelligence into structures. Soft
fluidic actuators (SFAs) have become popular for soft robotics due to their ease of
fabrication, safety, power-to-weight ratio, and lower cost. Pneumatic artificial muscles
(PAMs) are one type of SFA that can provide high energy density, compliance, and safe
interaction with biological counterparts. Vacuum-driven soft actuators are one type of
SFA that can provide advantages such as; lower risk of rupture, explosion, and subse-
quent damage, ideal for contractile motion, can efficiently utilize collapsible structures
for actuation, resilient to actuator damage, and the ability for simple control. Devel-
oping integrated force and displacement feedback systems for soft actuators is an im-
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portant area in soft actuator development, and inductive sensing is a promising option.
Soft exosuits, such as the Wehner design and the Bowden cable-driven methods can
deliver augmentative, assistive, and rehabilitative forces through soft, non-restrictive
materials and have the potential to be worn easily underneath regular clothing. The
future of soft exosuit technology lies in developing devices based on soft actuators that
are low-profile or compliant to match body contours and have high force-to-weight
ratios.
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Fig. 2.7: Bowden cable driven exosuits: Asbeck, Bae, and Awad [102, 105, 109] a)
Asbeck exosuit [102] (left) with components labeled (right), b) Bae exosuit [105] with
offboard actuated antagonistic assistance for ankle motion assist. Functional textile
anchors (waist belt, leg strap, calf wrap, and an optional lateral support module) in-
teract with an in-shoe insole to generate assistive ankle plantarflexion and dorsiflexion
forces when the contractile elements of the exosuit (Bowden cables located adjacent to
the ankle) are retracted by an offboard actuation unit. ¢) Bae exosuit developed further
by Awad [109], depicting Bowden cable actuation worn on the lower limb. d) Awad
exosuit [109] incorporating trunk-mounted battery-pack and body-worn actuator.
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Fig. 2.8: Other contemporary exosuits. a) Sasaki [114] exosuit comprising trousers
integrated with a soft balloon actuator and a backpack containing the air supply system.
b) how the balloon actuators are embedded in the trouser. c) concept model of the
Bartenbach exosuit [7], (1) and (5) are anchor points at the hip and above the ankle,
respectively, (2) Bowden cable for actuation, (3) knee guard to increase lever arm and
patella safety, (4) webbing elements. d) Bartenbach exosuit prototype. e) Structure of
the Jin exosuit [115], f) Structure of the Ohashi exosuit [113].
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Fig. 2.10: Sit-to-Stand-transition assist exosuits. a) Conceptual design of the Barten-
bach suit [7], b) Initial prototype of the Bartenbach suit [7], ¢) Concept and the force
transfer path of the Schmidt suit [14], and d) major componenets and views of the
Schmidt suit [14].
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CHAPTER 3
DEVELOPMENT OF SOFT LINEAR ACTUATORS

3.1 Introduction

The concept of origami-inspired vacuum actuators is used to develop the novel soft
linear actuators presented in this thesis. Hence, a collapsible structural skeleton is in-
corporated within another easily collapsible air-tight enclosure to create the actuator.
Thin, flexible, but inextensible film materials are used to create this air-tight volume.
The air within this enclosed space can be evacuated by connecting this volume to a
vacuum source. The structure will collapse when this fluid within the volume is evac-
uated. Without any internal structure, the actuator’s longitudinally opposite walls will
collapse with minimal contraction. Hence, the collapsible skeletal structure controls
this collapse and directs it in a single direction to obtain an effective contraction. If
the skeleton structure has spring properties, this skeleton structure will further assist in
returning the structure once the actuating vacuum signal is removed and the cavity is
connected to the ambient atmosphere.

Soft contractile actuators developed for wearable soft assistive exosuits have sev-
eral primary requirements. They should be;

* longitudinally flexible,

* lightweight,

having a high force-to-weight ratio that can assist limb motion reducing inertial
penalties,

e unobtrusive,

having no/minimal wearer discomfort, and
e transparent to the user as well as any observers.

This thesis presents two origami-inspired, vacuum-driven actuators that aspire to
provide the above requirements and describe their concept, design, and fabrication.
The proposed designs are two high-ranking designs selected from developed concep-
tual solutions. First, a thin monofilament vacuum-driven soft contractile actuator with
a small diameter cross-section is developed, and it is then combined to develop multi-
filament structures for force scaling. Then, a vacuum-driven soft low-profile contractile
actuator is developed, and its low-profile shape is modified for force scaling.

3.2 Conceptual Design

A potential contractile soft actuator must be primarily longitudinally flexible, compli-
ant, and non-intrusive to fit the identified design requirements for exosuit integration.
Existing literature points to two potential solution paths. The design can be thin and
flexible, where the cross-sectional diameter is significantly larger than the actuator
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length, or have a low-profile cross-section, where the cross-sectional height is smaller
than the cross-sectional width. Fig. 3.1 presents these two primary concepts. The
collapsible skeleton structure also needs to be longitudinally flexible to meet the re-
quirement for longitudinal flexibility while maintaining the controlled collapse. The
thin and flexible concept developed the Thin Vaccum Actuator (ThinVAc) presented
in section 3.3. The Low-profile Vaccum Actuator (LPVAc) described in section 3.4
results from the low-profile cross-section design.

This work proposes the use of a desktop vacuum system. A vacuum pump con-
nected to a vacuum chamber of a significantly larger volume than the volume of the
proposed actuator will create the vacuum source for actuation. Chapter 4 describes the
specific arrangement of the vacuum system used in this work.

3.3 Thin Vacuum Actuator (ThinVAc)

This section presents the concept, design, and fabrication of a thin, vacuum-driven
contractile actuator (ThinVAc). To obtain the desired characteristics for soft contractile
actuators suited for wearable soft assistive exosuits, the proposed actuator is designed
to be highly flexible and have a small diameter cross-section. The design concept ap-
plied here is a thin wire stainless steel (SS) helical spring of a circular footing enclosed
in a collapsible thin-walled pouch(See Fig. 3.2. This thin-walled pouch functions
as the closed air volume that may be evacuated via a vacuum source. The thin wire
stainless steel spring is a skeleton framework that keeps the ThinVAc’s cross-section
intact during the collapse. The ThinVAc may longitudinally contract without collaps-
ing into itself by keeping the cross-sectional area constant throughout the evacuation of
the internal air volume. The SS spring permits only a longitudinal structure collapse,
allowing the ThinVAc to function as a contractile actuator.

The requirement for the thin-walled skin is to provide a volume that is airtight and
easily collapsible. Among the suitable materials, 1) low-density polyethylene (LDPE)
and 2) thermoplastic polyurethane (TPU) is selected considering their collapsibility,
previously observed success [72, 75], off-the-shelf availability, and ease of fabrication
of enclosed volumes using simple thermal sealing methods [47, 75].

a) Actuat b) .
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Fig. 3.1: The potential design paths for a contractile soft actuator for use in soft exo-
suits; a) the thin and flexible design, b) the low-profile design.
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Fig. 3.2: Concept of the proposed thin vacuum actuator (ThinVAc).

A 6 mm diameter helical spring composed of 0.3 mm SS wire was chosen to de-
velop the prototypes for testing and characterization. Stainless steel springs of three
lengths were made on a lathe machine using the hot drawing process. The number of
turns per length, wire diameter, and outer spring diameter was kept constant. The main
characteristics of the spring used in the proposed ThinVAcs are shown in Table 3.1.

3.3.1 LDPE-ThinVAc

To produce the LDPE-based ThinVAc, an LDPE film with a thickness of 0.0125 mm
was used to produce the thin-walled tube. The LDPE film was initially cut to 10 mm x
L mm, including seal margins on all sides. The length L included the spring’s length,
two seal margins, and the positioning of a crimped insert for load attachment. Two 2
mm wide thermal seals were created by joining two LDPE film layers to form a tube,
and the SS spring was then inserted. A polyurethane (PU) tube piece (5 mm in length)
was connected to one side of the spring to serve as a solid connection, to which a

TABLE 3.1: Characteristics of the SS spring used in the ThinVAc

Small Medium Large
Outer diameter [mm] 6 mm
Wire diameter [mm] 0.3 mm
Turns per 25 mm length 8 turns / 25 mm
Spring Length [mm)] 50 100 200

Spring constant [N/m] 60 N/m+ 1.4 N/m 34 N/m+2.1 N/m 16 N/m+ 2.9 N/m
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flexible tubing serving as the vacuum line was attached. This end was bonded using
cyanoacrylate adhesive to keep the LDPE film and flexible tubing in place. The tube
was then sealed using thermal seals at the opposite end of the spring. During testing,
a grommet was utilized to provide a stable mounting point for load attachment. The
fabricated LDPE-ThinVAc is shown in Fig. 3.3. The fabricated 50, 100, and 200 mm
ThinVAc weighed 0.75 g, 0.92 g, and 1.24 g, respectively.

3.3.2 LDPE-ThinVAc Multi-filament actuators

The proposed LDPE-ThinVAc monofilaments were coupled to enhance the parallel
force for a given length, similar to biological muscle actuators of numerous muscle
fibers. Several 50-, 100-, and 200-mm monofilament actuators were joined to build
multifilament structures. As illustrated in Fig. 3.4, multifilament structures of 5, 10,
and 15 monofilaments were constructed. To link the vacuum line to the individual
monofilament actuators, a manifold constructed of acrylic sheets laser-cut into shape,
as illustrated in Fig. 3.4 a), is used. A grommet is used at the distal end of the actuator,
similar to monofilament actuators, to allow anchoring for testing and actuation.

A polyurethane (PU) tube of 8 mm OD was chosen to enable faster evacuation of
the multi-filament structure (see Fig. 3.4). The PU tube was attached and sealed to
an acrylic sheet manifold. Fig. 3.4 a) shows how the acrylic sheets were laser-cut and
assembled. The manifold comprises an acrylic plate that connects the PU tubing and
another that connects to ThinVAc’s latex tubing. A hollow portion was sandwiched
between the two to improve the evacuation of the combined multi-filament actuator.
Fig. 3.4 b) and c¢) show the completed multi-filament actuator combinations. Fig. 3.4
b) depicts 15 filament actuators with 50, 100, and 200 mm lengths. Multi-filament
combinations of 5, 10, and 15 ThinVAc monofilaments of 200 mm length are shown in

Vacuum
a 0.0125 mm PE film line
( ) ) " \ e
SS helical spring L
6 mm Q@ \

’ o
vy -
F Cx-X K] Y
Grommet for \ =T} N |

) RN
\ <

load attachment =

.
\ | \ >
' \.
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\ ".‘\\ : MU\
i i\

- |
i 100 mm
O Thin Vacuum Actuator:
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() -
: 50 mm :
- (e
i 100 mm ‘

/ 200 mm

Fig. 3.3: The proposed thin vacuum actuator (ThinVAc). a) the main components of a
100 mm long ThinVAc. b) ThinVAcs of 50 mm, 100 mm, and 200 mm lengths.
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Fig. 3.4: The proposed multi-filament actuator design and fabricated actuators. a)
5 nos. of 50 mm monofilaments combined; insert shows the design of the acrylic

connection plates. b) 15 filament actuators, ¢) 200 mm monofilaments combined in 5,
10, and 15 nos.

TABLE 3.2: Weight of each Multifilament actuator combination

#5 #10 #15
50 mm Tg 10g 16 g
100 mm 9¢g 12 ¢ 19¢g
200 mm 10g 18 ¢ 25¢

Fig. 3.4 ¢). Table 3.2 shows the weight of each multi-filament actuator combination.

3.3.3 TPU-ThinVAc

To produce the TPU fabric-based ThinVAc, a 0.2 mm thick nylon fabric coated on
one side with TPU was used to create the thin-walled tube. The skeletal structure
was provided by a 200 mm length helical SS spring (identical to the one used in the
LDPE-ThinVAc). The SS spring was placed inside the TPU fabric pouch, which was
then made into an enclosed pouch using thermal sealing. The fabrication process is

described below. The main components and the fabricated TPU-ThinVAc are shown
in Fig. 3.5.
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The TPU-ThinVAc fabrication steps:

1.

Cut two TPU fabric strips (L mm x 10 mm). Note: Length L includes spring
length + allowances for the thermal seals and grommets.

. Stack the two fabric pieces together with the TPU layer inside.

. Create one thermal seal longitudinally along one edge of the stacked strips.

Create two transverse seals at the top and bottom, keeping a pouch length of 200
mm. Note: leave a gap in the top seal for later insertion of the vacuum tube.

. Insert the vacuum tube via the gap in the top seal and complete the seal using

cyanoacrylate glue.

. Punch two holes at the top and bottom outside, transverse the thermal seals, and

integrate grommets for fixing.

3.3.4 TPU-ThinVAc multi-filament actuator

The proposed TPU-ThinVAc monofilaments were coupled to enhance the parallel force
for a given length, similar to biological muscle actuators of numerous muscle fibers.
As the TPU-ThinVAc was more flexible than the LDPE-ThinVAc, an alternative design
was used to create the multi-filament structures. Considering the TPU fabric’s inherent
ability to be layered, the multi-filament structure was made in a layered arrangement,
as shown in Fig. 3.6. The TPU-ThinVAc was combined to create 3 and 5-multiple
actuator configurations similar to the multi-filament LDPE-ThinVAc.

T

i Grommets | J Vacuum lines

o

——1 |

e

Completed
TPU-ThinVAc

Fig. 3.5: The main components used to fabricate the TPU-ThinVAc, and the final
fabricated TPU-ThinVAc.
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Fig. 3.6: Multi-filament TPU-ThinVAcs: 3-filament and 5-filament. (a) The vacuum
manifold used for the multi-filament TPU-ThinVAc. (b) The fabricated 3-filament and
5-filament TPU-ThinVAc

Similarly to the fabrication of TPU-ThinVAc, rectangle strips of TPU fabric were
cut based on the required number of actuators 7 (12xn mm x L mm). L includes
the spring length (200 mm) and allowances for seals and attachments. Two methods
were used for creating the seals for the mono- and multi-filament TPU-ThinVAcs. In
the LDPE-ThinVAc, the thermal seams were made using a desktop thermal sealer in
the monofilament TPU-ThinVAc. The desktop thermal sealer could not be used in the
multi-filament design due to space limitations between the filaments. As a solution,
the multi-filament seals were made using an electric iron [47]. The tip of the electric
iron was used to trace the thermal seals along the TPU fabric strips. A Polytetrafluo-
roethylene (PTFE) strip was placed between the iron tip and the TPU strips to prevent
it from burning up during the sealing process.

It was observed in initial testing that the vacuum channel collapsed during actua-
tion, negatively affecting the contraction and the force. Therefore, a manifold design
was used to connect to the vacuum source. Two vacuum manifolds were designed with
three- and five-channels. PU and flexible latex tubes were used to create the manifolds
(see Fig. 3.6 a)). Thermal sealing integrated the vacuum line manifold and springs
into the multi-filament structure. Like the monofilament design, cyanoacrylate glue
was used to seal the vacuum connections, and grommets provided attachment points
at the top and bottom. Fig. 3.6 b) depicts the completed 3- and 5-multiple filament
actuators.

3.4 Low-profile Vacuum Actuator (LPVAc)

This section presents the concept, design details, and fabrication process of a novel
low-profile vacuum actuator (LPVAc). The proposed actuator is designed to be low-
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profile to obtain the desired characteristics for soft contractile actuators suited for wear-
able soft assistive exosuits. This design contrasts with the ThinVAc design by replacing
the springs with a circular footing, with an obround-shaped helical spring to minimize
the height of the actuator and achieve a low-profile actuator while retaining the flexi-
bility and the origami-inspired vacuum-driven contractile actuator properties (see Fig.
3.7). Similar to the standard helical spring used in the ThinVAc, the obround-shaped
spring acts as a skeleton framework that keeps the ThinVAc’s cross-section intact dur-
ing the collapse. The LPVAc may longitudinally contract without collapsing into itself
by keeping the cross-sectional area constant throughout the evacuation of the internal
air volume. The obround-shaped spring permits only a longitudinal structure collapse,
allowing the ThinVAc to function as a contractile actuator. This collapse would al-
low the LPVAc to be better integrated into wearable exosuit designs with minimum
interference and discomfort.

The two major components of the LPVAc are the low-profile spring that serves
as the skeleton framework and the thin film pouch. An obround-shaped low-profile
spring is selected, where the width is significantly larger than the height. This spring
is modeled after a common loading spring found on a rifle magazine. This low-profile
spring may be made using standard methods, such as winding around a rectangular
block and heat treatment to program in the desired form. Due to their simplicity of
fabrication, galvanized iron (GI) and mild steel (MS) were chosen for the prototype
spring manufacturing. Fig. 3.8 depicts the dimensions of the manufactured low-profile
spring and the fabricated actuator.

The low-profile nature of the proposed actuator will be based on the width and
the height of the obround spring. Hence, this property can be considered Low —
Profileness = Width/Height. Three variants of the proposed obround-shaped
spring were fabricated. Table 3.3 summarizes their details.

Low-density polyethylene (LDPE) film was chosen to produce the inextensible,
thin-walled pouch based on prior success [72, 75], widespread off-the-shelf availabil-
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Fig. 3.7: Concept of the proposed low-profile vacuum actuator (LPVAc).
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Fig. 3.8: Conceptual design of the LPVAc and the fabricated actuator.

ity, and ease of fabrication via thermal sealing. Rectangular film strips were cut to
make the bag. The strip length was estimated to account for the spring length of 110
mm, the actuator height of 10 mm, warping when producing the thermal seals, and the
additional adjustable length for attachments (minimum total length: 110 mm). Prelim-
inary tests were conducted on various film thicknesses to determine which was best
suited. Low-thickness film trials revealed issues with thermal seal maintenance, leak-
age owing to imperfections/damages on the film surface, damage from contact with
the spring, and trouble connecting tubing to the actuator. As a result, a 0.25 mm thick
LDPE film was chosen for actuator testing. The main steps of fabricating the proposed
LPVAc are described in Fig. 3.9. The fabricated LPVAc weighed 14 g.

Mark the locations of the

Layer two rectangular
LDPE layers on top of
each other.

Form the top and bottom
closures of the bag to
create the contained air
volume.

Place additional thermal
seams at the end of the
film sections to increase
strength

Using the thermal sealer,
make a longitudinal seal.

Make the second
longitudinal seal.

Add grommets to the
actuator to facilitate

attachment/fixing.

Insert the low-profile
spring inside the fold you
just made.

Insert latex tube through
the punched hole and seal
with cyanoacrylate glue.

LPVAC is fabricated.

vacuum line, as well as the
top and bottom seals.

Use a needle to make a
small hole for the vacuum
line intake.

Fig. 3.9: The main steps of fabricating the proposed LPVAc.



TABLE 3.3: The main parameters of the fabricated LPVAcs

Spring footing shape Obround

Wire materials Galvanized iron (GI) & Mild steel (MS)
Wire diameter (mm) 1.2 mm

Spring length (mm) 110

Turns/length 11 turns/100 mm

LDPE film thickness 0.25 mm

Finished actuator weight 14 ¢

Spring A Spring B Spring C

W x H (mm) 30x15  30x10 40x 10
Cross-section area (mm?) 402 279 379
W/H ratio 2 3 4

3.4.1 Integrated sensing for the LPVAc

A limitation in most modern soft robotic actuators is the absence of proprioceptive
sensing. In contrast to rigid actuation options that readily come with integrated position
feedback solutions, soft robotic systems lag in integrated sensing solutions. One reason
for this limitation is that incorporating sensing mechanisms into the actuator tends
to negatively affect the desired motion/force of the soft actuator. Hence, for better-
integrated sensing with minimal effect on the actuator, there is a need to utilize the
change in properties inherent to the soft actuator for obtaining sensory feedback.

The proposed LPVAc utilizes a metallic spring, which undergoes longitudinal com-
pression during actuation. The inductance measured across the top and bottom of a
metallic spring is dependent on its length [88]. Hence, the (compressed) length of the
LPVAc during actuation can be estimated by measuring this inductance. This phe-
nomenon is employed to develop an integrated displacement sensing solution for the
LPVAc.

When a capacitor and an inductor are connected in parallel, they create a parallel
LC circuit, as shown in Fig. 3.10. Such a circuit is called an oscillatory or LC tank
circuit. The values of L and C will determine the oscillation frequency. Here, the
inductive reactance increases, and the capacitive reactance decreases, with increasing
frequency [122].

The frequency at which both the inductive and capacitive reactances are equal is
the resonant frequency (fges) [122]. The resonant frequency f,.s is given by;

1
2w/ LC

Here, the inductance L is in Henrys [H], the capacitance C'is in Farads [F], and the
resonance frequency fres is in Hertz [Hz].

A commercially available inductance-to-digital-converter module (LDC 1614, Texas
Instruments, USA) measured the spring inductance. The LDC1614 schematic and its
module are shown in Fig. 3.11. Table 3.4 describes the features of the LDC1614
module.

fres -

3.1
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Fig. 3.10: A parallel LC tank circuit.
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Fig. 3.11: LDC1614 functional block diagram and module [123].

A capacitor was connected across the top and bottom of the spring to create a
parallel LC tank to measure the spring inductance using the LDC1614 module. The
LDC1614 module measures the L.C tank’s resonant frequency ( f,.s). The output from
the LDC module is given as [123];

DATA fres
228 - f ref
Here, DAT A is the raw output from the LDC module given as the ratio of the
circuit resonant frequency f,.. to the reference frequency fges.
The capacitor C' was selected as 1 nF, and the reference frequency f,.; was 43
MHz. Hence, by the combination of eq. 3.1 and eq. 3.2, measured inductance L (in
wH)can be simplified as:

(3.2)

~9.69
- DATA?
A thin, flexible conductive thread was soldered to the top and the bottom ends of
the Obround-shaped spring. Then this thin wire was drawn through the seam of the
actuator, and the capacitor was connected at the top of the LPVAc as shown in Fig.
3.12. Then this parallel LC tank was connected to channel 1 of the LDC module.

L[uH] 10° (3.3)
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TABLE 3.4: The main features available on the LDC1614 module [123].

Parameter Value/Type
No. of channels 4
Resolution 28 bit

Communication I12C/USB

a4
A
O ©
O » 12C
LDC o o ®
1614 LDC 1614

1nF |, ._“_‘
Capacitor IS S S

Vacuum

line Thin

Low-
profile

spring

LDPE pouch
0.25 mm

Fig. 3.12: LPVAc with the integrated inductive displacement sensing module.

Further to the fabrication process described earlier, an extra pouch was created on the
top of the LPVAc to house the LDC module (see Fig. 3.12)

3.5 Summary

Two main categories of novel, vacuum-driven, soft contractile linear actuators are pro-
posed. The primary novelty lies in developing thin, vacuum-driven low-profile actua-
tors for soft robotic applications. The proposed actuators use inextensible yet flexible,
thin-film materials to create enclosed volumes. The cross-sectional shape is main-
tained throughout the actuation using springs that act like collapsible skeletal struc-
tures. Upon evacuation of the enclosed air volume, the actuator collapses guided along
the spring. The presence of the spring limits the collapse of the structure to the longi-
tudinal axis.

This section presented two soft actuator designs with thin and low-profile cross-
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sections: ThinVAc and LPVAc. The ThinVAc uses a thin-film skin (LDPE or TPU) en-
closing a small diameter (6 mm OD) stainless steel spring. The LPVAc uses an LDPE
skin enclosing a specially designed, obround-shaped low-profile (30 mm x 10mm)
spring (made from GI and MS). The ThinVAc monofilament was combined to create
multifilament actuators to scale the force. The use of differently proportioned low-
profile springs allowed force scaling of the LPVAc. Table 3.5 compares the developed
mono-and multifilament actuators. An integrated sensing solution for the LPVAc was
developed based on inductive sensing.

TABLE 3.5: A comparison of the developed actuators.

Actuator Weight X-section area length Volume

lg] [mm?]  [mm]  [ml]
LDPEThinVAc 50mm 0.75 28.3 50 1.4
LDPEThinVAc 100mm 0.92 28.3 100 2.8
LDPEThinVAc 200mm 1.24 28.3 200 5.7
TPU-ThinVAc 200mm 1.99 28.3 200 5.7
LPVAc-A 14 402 110 44.2
LPVAc-B 14 278 110 30.6
LPVAc-C 14 378 110 41.6
LDPEThinVAc 5x100mm 9 225 100 14.2
LDPEThinVAc 15x100mm 19 875 100 42.5
LDPEThinVAc 5x200mm 10 225 200 28.3
LDPEThinVAc 10x200mm 18 600 200 56.6
TPUThinVAc 3x200mm 4.94 86 200 17
TPUThinVAc 5x200mm 7.93 145 200 28.3
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CHAPTER 4
ACTUATOR PERFORMANCE EVALUATION

This chapter presents the experimental characterizations conducted to establish the per-
formance of the proposed soft linear contractile actuators. Isobaric, isotonic, and iso-
metric performance characterization of the ThinVAc and the LPVAc were conducted.
Further, the inductive sensor integrated into the LPVAc was calibrated, and its per-
formance characteristics were identified. Later, these actuators were used in exosuit
applications, and those experiments and their analysis are presented in chapter 6.

For the following experiments, a 21-liter vacuum chamber evacuated by a single-
stage vacuum pump (FY-1C-N, Value Vacuum Technology) was used as the vacuum
source. The general layout of the experimental setup is shown in Fig. 4.1. The vac-
uum pressures mentioned in the following experiments and analysis are given as either
absolute pressure values [+ kPa (abs.); where 0 kPa indicates perfect vacuum] or dif-
ferential pressure to the atmospheric pressure.

4.1 Performance evaluation of the ThinVAc

Isometric, isotonic/isobaric performance analysis was conducted for both types of
ThinVAc. The following section describes this experimental evaluation process and
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Fig. 4.1: The general layout of the experimental setup used in the experimental analy-
sis.
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its results. The experiments were conducted for both the LDPE- and TPU-based Thin-
VAcs. 50, 100, 200 mm length LDPE-ThinVAcs, and 200 mm TPU-ThinVAc monofil-
aments, and the 100 mm x 5, 100 mm x 15, 200 mm x 5, and 200 mm x 10 LDPE-
ThinVAc, and 200 mm x 3, and 200 mm x 5 TPU-ThinVAc multi-filament structures
were experimentally evaluated.

The experimental setup depicted in Fig. 4.2 a) was employed to evaluate the pro-
duced blocked force based on the vacuum pressure applied. A ThinVAc with a constant
length was installed on a universal testing machine (M350- 10AT, Testometric), and the
1sometric force was measured using a load cell. The isotonic and isobaric contraction
of the ThinVAc was assessed using the setup in Fig. 4.2 b). The contraction was
captured through a digital camera and estimated offline using ImageJ software.

4.1.1 Contraction performance of the ThinVAc

The no-load contraction of the ThinVAcs are presented in this section. The contraction
of the ThinVAcs’ are shown in Fig. 4.3. Fig. 4.3 a) shows that LDPE-ThinVAcs have
good scalability with varied actuator length. The TPU-ThinVAc shows higher range
of contraction compared to the LDPE-ThinVAcs. Fig. 4.3 b) shows that the LDPE-
ThinVAc’s contraction as a ratio of length is similar, and higher compared to that of
the TPU-ThinVAc. A summary of the ThinVAc maximum contraction performance at
20 kPa (abs.) is given in Table 4.1.

4.1.2 Force-displacement characteristics of the ThinVAc

The force-displacement performance of the developed ThinVAcs is presented in this
section. Varying loads were attached to the experimental setup shown in Fig. 4.2 b).
Fig. 4.4 presents the force-displacement characteristics of the LDPE-ThinVAcs and
the TPU-ThinVAc. The force-displacement performance is linear in the O - 2 N range
for both types ThinVAc.

(- 0.9 atm) 90 mm

-

0.

Fig. 4.2: The experimental test setups used to characterize the ThinVAc. a) Maximum
force evaluation and b) displacement evaluation.
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Fig. 4.3: No-load contraction of the ThinVAcs. a) Contraction in length [mm], b)
Contraction as a ratio [AL/L].

TABLE 4.1: ThinVAc no-load contraction performance at 20 kPA (abs.)

ThinVAc Max. Contraction

Type Length [mm)] [%]
LDPE 50 30 60
LDPE 100 55 55
LDPE 200 90 45
TPU 200 60 30

It can be observed that the best method to analyze the ThinVAc contraction per-
formance is by comparing the contraction ratio (CR) [AL/L]. The CR of the LDPE-
ThinVAc with varying load is shown in Fig. 4.5. Fig. 4.5 indicates that the CR of
the LDPE-ThinVAc is similar over the different lengths, and hence, it can be used as a
length-independent measure of its performance.

Hence, the CR is used as a measure to compare the contraction performance of
LDPE and TPU-ThinVAc. This comparison is shown in Fig. 4.6. LDPE-ThinVAc
presents higher contraction performance than the TPU-ThinVAc. This difference in
contraction performance can be attributed to the higher thickness and stiffness of the
TPU fabric compared to the LDPE film.

4.1.3 Blocked force performance of the ThinVAc

The maximum blocked force characteristics of the ThinVAcs are shown in Fig. 4.7.
This isometric characterization was conducted using the experimental setup described
in Fig. 4.2 a). Fig. 4.7 presents the regression fit functions produced using the least-
squares technique for each monofilament actuator’s maximum blocked force perfor-
mance. In this equation, z is the applied differential pressure in kPa, and y denotes
the estimated blocked force in N. ThinVAc maximum blocked force shows a linear in-
crease with an applied pressure differential. The TPU-ThinVAc shows lower blocked
force compared to LDPE-ThinVAc of the same length. Table 4.2 summarizes the per-
formance characteristics of the monofilament ThinVAc.
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Fig. 4.5: LDPE-ThinVAc force-displacement characteristics (CR).

4.1.4 Applications of the proposed ThinVAc

This section describes experimental studies carried out to establish the applicability of
the proposed ThinVAc in soft robotic applications. To conveniently attach the ThinVAc
to the test structures, a 3D-printed attachment was adopted. Rubber bands/zip ties
secured the LDPE tube to the spring’s top and bottom attachment.
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TABLE 4.2: A summary of characteristics of the monofilament ThinVAcs.

Actuator type LDPE TPU
Spring length [mm] 50 100 200 200
Actuator weight [g] 075 092 124 2
Max. contraction [mm] 30 55 90 60
Max. contraction ratio [%] 60 55 45 30

Max. force [N] at 10 kPa (abs.) 3.1 4.3 5.2 4.5
Max. stress [kPa] at 10 kPa (abs.) 87.2 120.9 146.2 126.8
Max. force-to-weight ratio 421.8 4769 4279 229.6

4.1.4.1 Actuation of soft structures

The ThinVAc’s intrinsic flexibility enables for simple attachment around complex-
shaped structures. An LDPE-ThinVAc is used to actuate a soft toy to illustrate this
capability. As shown in Fig. 4.8, a 100 mm LDPE-ThinVAc monofilament actuator is
connected to each arm of a soft toy. Within 0.24 s of activation, the ThinVAc lifts the
soft toy’s arm. The ThinVAc monofilament readily adapts to the contour of the soft
toy’s arm, as seen in Fig. 4.8. The monofilament can also be incorporated inside for
discrete actuation without reducing the toy’s softness.

4.1.4.2 Actuation of a compliant gripper

A compliant gripper enables precise gripping of relatively small items while also pro-
viding the benefits of inherent compliance. Including a soft actuator can increase the
gripper’s compliance and safety even further. As illustrated in Fig. 4.9, a 50 mm
ThinVAc is incorporated as the actuator in a compliant gripper 3D-printed from PLA.
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Fig. 4.7: The maximum blocked force performance of the ThinVAc.

The gripper’s unactuated finger opening is 40 mm. The actuation signal is a vacuum
pressure step input of 20 kPa (abs.). A tripod-mounted digital camera captures the tip
movement at 30 frames per second. The movement of the tip is post-analyzed using
motion analysis software to get the tip trajectory (Kinovea, ver. 0.8.15). As depicted
in Fig. 4.10, the tip of the top finger moves downward 17 mm in 0.33 s, exhibiting an
over-damped time response.

4.1.5 Blocked force performance of multi-filament ThinVAc

The experimental evaluation of the blocked force characteristics of the multi-filament
actuators is presented in this section. The multiple combinations of the ThinVAcs
described in sections 3.3.2 and 3.3.4 are used for the experimental evaluation here.

4.1.5.1 Blocked force performance: LDPE-ThinVAc multi-filament actuators

The blocked force performance of the LDPE-ThinVAc multi-filaments was experimen-
tally evaluated using an isometric test setup (see Fig. 4.2 a)). Fig. 4.11 illustrates the
observed blocked force performance of the multi-filament actuators. The graph depicts
the regression fit functions produced using the least-squares technique for each multi-
filament actuator’s maximum blocked force performance. In this equation, x is the
applied differential pressure in kPa, and y denotes the estimated blocked force in N.
When the number of ThinVAc in the 100 mm multi-filament actuator is tripled from 5
to 15, the blocked force increases by a factor of 2.77. Similarly, increasing the number
of ThinVAc in the 200 mm multi-filament actuator from 5 to 10 increases the blocked
force by a ratio of 1.87. The behavior seen in Fig. 4.11 demonstrates strong linear-
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Fig. 4.9: Actuation of a compliant gripper by the ThinVAc.

ity and scalability between actuator combinations. This scalability will become useful
in the design of multi-filament actuators for soft robotic applications. The computed
force-to-weight ratios for the multi-filament actuator designs (see Table 4.3) indicate
promising results for successful implementation in soft robotic applications requiring
low-weight, high-force, yet low-profile actuators. It demonstrates that multi-filament
combinations with more filaments have higher force-to-weight ratios.

Conventional pneumatic artificial muscles of identical sizes have difficulty operat-
ing unless employed in a linear configuration. The ThinVAc monofilaments are inher-
ently highly flexible. This property allows the ThinVAc multi-filament structures to be
actuated even when bent or in deformed orientations (See Fig. 4.12). This flexibility in
operation will be an advantage when integrating with space-limited wearable systems
that follow body contours. As shown in Fig. 4.13, the LDPE-ThinVAc multi-filament
actuators provide good contraction performance comparable to the monofilaments.
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TABLE 4.3: A summary of LDPE-ThinVAc multi-filament actuator performance

Max. blocked Weight Force-to-Weight Crosssection Max. Stress

Force (N) (o) ratio  area (mm?) (kPa)

100 mm x 5 19.13 9 217 225 85.02
100 mm x 15 54.04 19 291 875 61.76
200 mm x 5 25.11 10 257 225 111.6
200 mm x 10 48.06 18 273 600 80.1

4.1.5.2 Blocked force performance: TPU-ThinVAc multi-filament actuators

This section presents the isometric or blocked force performance of the TPU-ThinVAc
multi-filament actuators. The same experimental setup used to evaluate the LDPE-
ThinVAc was employed here. The maximum blocked forces delivered by the 3- and
S-filament TPU-ThinVAcs were 8 and 14 N, respectively. This force is equivalent to
lifting 156 times or 180 times their self-weight. The experimental results indicate a
linear relationship between differential pressure and the blocked force, similar to the
TPU-ThinVAc monofilaments. Like the TPU-ThinVAc monofilament, the maximum
blocked forces vary linearly with the applied vacuum pressure differential (see Fig.
4.14).

4.2 Performance evaluation of the LPVAc

4.2.1 Spring properties

The skeletal structure of the LPVAc comprises a helical shape of a novel footing. Ini-
tially, it was needed to evaluate whether the behavior of this obround-shaped spring
was similar to that of conventional springs. Contemporary literature has mentioned
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Fig. 4.11: The blocked force characteristics of the LDPE-ThinVAc multi-filament ac-
tuators.

that the deflection of the spring under axial load and the stresses developed within
might be affected by the obround shape [124]. Hence, the force-displacement char-
acteristics of the obround-shaped spring were experimentally evaluated. Fig. 4.15
presents the experimental results. The relationship between force and displacement
was observed to be linear. Hence, it was acceptable to assume that the obround-shaped
spring behaves under Hooke’s law, Fj,.;,, = —kx, where x is the spring displace-
ment. The spring coefficients of the obround-shaped springs were estimated from the
experimental results as mild steel spring: 127 N/m and galvanized iron spring: 136
N/m.

4.2.2 Contraction performance of the LPVAc

The experimental test setup illustrated in Fig. 4.16 was used to determine the isomet-
ric, isotonic, and isobaric properties of the LPVAc.The isobaric (no-load) and isotonic
contraction performance characterization was conducted using the test setup in Fig.
4.16 b).

The proposed LPVACc’s contraction performance was characterized using the ex-
perimental setup illustrated in Fig. 4.16 b). The isotonic contraction performance was
evaluated with a fixed connected load and varying vacuum pressure for GI and MS
spring-based LPVAcs. Fig. 4.17 a) shows the contraction of the LPVAc under an at-
tached load of 200 g at 20 kPa (abs.). The contraction performance of the LPVAc
at the same load is shown in 4.17 b). The experimental results demonstrate a linear
relationship between displacement and applied vacuum pressure. Compared to the
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Fig. 4.12: The LDPE-ThinVAc multi-filament muscle actuator can be actuated while
deformed. An LDPE-ThinVAc multi-filament actuator made up of ten 200 mm
monofilament actuators raise a weight of 10.6 N (1080 g) at 20 kPA (abs.) while
being bent.

GI spring-based LPVAc, the MS spring-based actuators demonstrated slightly higher
displacement at higher vacuum pressures.

A maximum strain of 65 percent (contraction ratio: 182 percent) was observed at
no-load and 20 kPa (abs.) vacuum pressure (see Fig. 4.18).

4.2.3 Force-displacement characteristics of the LPVAc

The proposed LPVAc’s force-displacement characteristics were assessed using the ex-
perimental setup illustrated in Fig. 4.16 b). MS spring-based LPVAcs were chosen
for this experiment due to their higher displacement performance, as illustrated in Fig.
4.17 b). The connected load was adjusted to 20 N, with vacuum pressure ranging from
60 kPa (abs.) to 10 kPa (abs.). Fig. 4.19 demonstrates that the force-displacement
characteristics are linear and scalable with increasing load and vacuum pressure, re-
spectively.

4.2.4 Blocked force performance of the LPVAc

The proposed LPVAc’s isometric or the maximum blocked force performance was
assessed using the experimental setup depicted in Fig. 4.16 a). The LPVAcs were
attached to a test load placed on a digital scale and fastened to the test frame. When
the LPVAc is activated, this test load is an immovable structure preventing contraction.
After the test loads were put on the scale, the digital scale reading was set to zero. Then
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Fig. 4.13: A 200 mm x 10 LDPE-ThinVAc multi-filament actuator lifting a 10.6 N
load at 20 kPa (abs.).

the digital scale records the applied blocked force as a negative value once the LPVAc
is activated. The maximum value shown here was recorded as the actuator’s maximum
blocked force. The experimental blocked force data (Fig. 4.20) indicate a linear rela-
tionship between blocked force and applied vacuum pressure. The experimental data
are shown in Fig. 4.20 corresponds to spring B (see Table 3.3). LPVAc, comprising
spring B, produces a maximum blocked force of 32.5 N at 10 kPa (abs.).

4.2.5 Blocked force performance with varying width-to-height ratio

Two more low-profile springs with varied width and height combinations were fabri-
cated to investigate the influence of low-profileness on the blocked force performance
of the LPVAc (see Table 3.3). As the W/H ratio increases, the curved surface area of the
LPVAc decreases while the flat rectangular area increases. As previously described,
the blocked force performance of different spring combinations was evaluated. Table
4.4 shows the blocked force performance of each LPVAc as the W/H ratio is varied.
Fig. 4.21 shows that the LPVAc blocked force is scalable with varying W/H ra-
tios. The blocked force increases with increasing differential pressure as the W/H
ratio increases. The increase in the W/H ratio may be considered the cause for the
higher blocked force performance. Spring C, which has the most significant W/H ratio
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using a standard helical spring model to describe the behavior of a obround-shaped
helical spring is valid.

(W/H = 4), produces the highest blocked force of 39.05 N at 10 kPa (abs.).
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Fig. 4.17: LPVAc contraction performance at 20 KPa. a) The LPVAc lifts a 200 g
load by 67 mm (strain 61%) at 20 kPa (abs.). b) The isotonic contraction performance
(load: 200g) of the LPVAc (both GI and MS) is linear.

TABLE 4.4: LPVAc blocked force performance with varying W/H ratio

Maximum Output Force-to-
Spring  W/H Force (N) Stress (kPa) weight ratio
A 3 32.5 116.68 237
B 2 29.35 73.06 212
C 4 39.05 103.16 285
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Fig. 4.18: Maximum strain observed: 65% at 20 kPa (abs.).
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Fig. 4.19: The displacement of the LPVAc with applied load for four vacuum levels is
shown. The dashed lines are the linear regression fits produced using the least-squares
approach for the experimental values.

4.2.6 Integrated displacement sensor calibration

This section describes the experimental assessment used to derive the sensor equation
and its performance characteristics. The test setup described earlier in Fig. 4.16 b)
was used for this evaluation, with a test load of 200 g. As the LPVAc was actuated,
the spring inductance was measured using the LDC1614 module. No difference in
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Fig. 4.21: The LPVAc’s blocked force performance as the W/H ratio varies. The
colored region represents the 95% confidence interval for the least-squares fit.

force or displacement was observed between the LPVAc with the thin wire integrated
to enable inductive displacement sensing. Fig. 4.22 depicts the sensor performance.
The least-squares approach was used to calculate the relationship between measured
spring inductance (L) and actuator displacement (D). As seen in Fig. 4.22, there is a

linear relationship between the displacement and the measured inductance, with an R?
of 0.97.

The computed sensor equation is presented in eq. 4.1, where D is in mm and L is
in pH.

L =0.0022D + 0.75 4.1
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Fig. 4.22: The obtained least-squares fit for the observed inductance vs. actuator dis-
placement.

4.2.7 Characterization of the integrated sensor
4.2.7.1 Hysteresis and repeatability

The LPVAc was activated and released by raising and lowering the vacuum pressure
to study the performance of the hysteresis. The same test setup used for the sensor
calibration was used here. Fig. 4.23 depicts the sensor’s hysteresis performance. The
hysteresis seen was calculated to be 1.49 percent.

Repeated measurements at predetermined places were taken to evaluate the sen-
sor’s repeatability. The LPVAc was contracted to three preset locations [48 mm, 60
mm, and 72 mm], and readings were collected for 20 iterations at each preset contrac-
tion. Fig. 4.24 depicts the fluctuation of sensor output with repeated measurements.

Table 4.5 contains a statistical analysis of these measurements. The sensor exhibits
high repeatability, with standard deviations of 2.35 mm, 2.3 mm, and 1.65 mm for each
preset position.

TABLE 4.5: Performance measures for repeatability of the integrated sensor

Test1 Test2 Test3

No. of Iterations 20 iterations
Preset contraction [mm)] 72 60 48
Mean sensor reading [mm)] 719 59.17 46.47
Std. deviation [mm] 1.65 2.3 2.35
Mean error [mm] 1.9 -0.84 -1.54

Measurements < 5 % error [%] 80 75 65
Measurements < 10 % error [%] 100 95 95
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Fig. 4.23: Hysteresis performance of the integrated sensor.
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Fig. 4.24: The repeatability performance of the inductive displacement sensor for three
preset displacement positions [48, 60, and 72 mm] (n=20).

4.2.7.2 Sensitivity and measurement error

The sensor transfer function describes its sensitivity. The sensor transfer function was
obtained earlier in the calibration step (eq. 3.3).Hence, the sensor sensitivity is 0.0022
H/mm (See Fig. 10). Fig. 4.25 depicts the absolute error percentage recorded in
sensor feedback. The mean error percentage is 5.24 £ 2.66 percent. The experimental
evaluation found no sensible sensor measurement fluctuations with either temperature
or applied vacuum pressure.
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Fig. 4.25: The measurement error observed over the LPVAc’s actuation range is shown.
5.24 £ 2.66 percent was determined as the mean absolute error percentage.

4.2.8 Using the integrated sensor for feedback control of the LPVAc

Fig. 4.26 depicts the test setup used for the performance assessment of the proposed in-
tegrated sensor in actuator displacement control. A microcontroller development board
(mega2560, Arduino) was used as the central controller. Two relay-driven solenoid-
actuated open/close flow control valves (FCVs) (911-707, Dorman) were utilized to
link the actuator to the vacuum source for actuation and the atmosphere for release.
The position data from the integrated sensor (LDC1614, Texas Instruments) was used
to actuate the LPVAc. The sensor input was used by an on-off controller run on the
microcontroller development board with lower and upper thresholds (vacuum and at-
mosphere). The sensor feedback data from the sensing module was serially transmitted
to and saved on the PC using I2C. Fig. 4.27 presents the block diagram of the feedback
control system.

In this experiment, a square wave displacement reference signal was employed.
The square wave had a 20 mm amplitude and a frequency of 0.25 Hz. The LPVAc was
activated within the measured range of 5 to 25 mm. The sensor’s LPVAc displacement
value was computed using the characteristic equation established previously in eq.3.3.
Using a digital camera and a marker on the LPVAc, the actual LPVAc displacement
was measured. This visual input was post-processed on a PC with digital video analysis
software (Kinovea, ver. 0.8.15). A third-order Savitzky—Golay filter with a filter length
of 21 was used to smooth the gathered data [125].

The results of the feedback control experiment are given in Fig. 4.28. The input
signal is shown in blue, the sensor feedback signal is shown in red, and the actual
location of the LPVAc is shown in black. The findings demonstrate that the proposed
sensor may be employed for effective feedback control of the LPVAc. The sensor
accurately measures the real location of the LPVAc, allowing the controller to move
the LPVAC in the correct square wave motion.
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Fig. 4.26: The experimental setup for evaluating feedback control performance.
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Fig. 4.27: The block diagram of the control system used for the feedback control
performance evaluation test.

4.3 Summary

This chapter presented the experimental evaluation of the contraction and blocked
force performance characteristics of ThinVAc and LPVAc. The ThinVAc and the LP-
VAc show good contraction and blocked-force properties suitable for assistive soft
exosuit applications. The performance of the inductive sensor developed for the LP-
VAc was also experimentally characterized. This sensor is used in conjunction with
a bang-bang type controller to evaluate the closed-loop controllability of the actuator.
The LPVACc is controlled in a closed loop to assess the ability of the actuator to follow
a given square wave signal. The LPVAc can successfully follow a square wave sig-
nal with minimal error at 0.25 Hz. Table 4.6 compares the developed actuators with
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Fig. 4.28: The sensor response and actual displacement seen during the actuator’s
feedback control test.

those in the literature. The LPVAc, ThinVAc, and multi-filament designs show smaller
cross-sectional areas, lower weight, higher maximum blocked forces, and maximum
delivered stress compared to contemporary vacuum-driven contractile actuators (see
Fig. 4.29).
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TABLE 4.6: ThinVAc force performance in comparison to literature.

Actuator Weight Area Max. Force Max. Stress Force-to-
(9) (mm?) (N) (kPa) weight ratio
FOAM-1 [72] 43 705 201 285 4717
FOAM-2 [72] 56 736 428 582 779
OV-PAM-1 [73] 53 3507 120 34 231
OV-PAM-2 [73] 160 9743 392 40 250
APAM [86] - 81 70 863 -
FPAM [82] 2.52 100 0.098 1 4
VAMP-1 [69] - 952 61.88 65 -
VAMP-2 [69] - 952 0.93 1 -
VAMP-3 [69] - 952 9.32 10 -
LP-VPAM [126] - 380 26.4 69 -
LDPE-ThinVAc: mono
50 mm 0.75 28.3 3.1 110 421
100 mm 0.92 28.3 4.3 152 477
200 mm 1.24 28.3 5.2 184 428
TPU-ThinVAc: mono
200 mm 1.99 28.3 4.5 159 231
LPVAc: Mono
Spring A (30 x 15) 14 402 29.35 73 214
Spring B (30 x 10) 14 278 32.5 117 237
Spring C (40 x 10) 14 378 39.05 103 285
LDPE-ThinVAc: multi
5 x 100 mm 9 225 19.13 85 217
15 x 100 mm 19 875 54.04 62 290
5 x 200 mm 10 225 25.11 112 256
10 x 200 mm 18 600 48.06 80 272
TPU-ThinVAc: multi
3 x 200 mm 4.94 86 8 93 165
5 x 200 mm 7.93 145 14 97 180
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Fig. 4.29: Comparison of the developed soft actuators in comparison with related
vacuum actuators in literature; a) cross-sectional area, b) self-weight, ¢) maximum
blocked force, d) maximum stress, and e) force-to-weight ratio.
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CHAPTER 5
NUMERICAL MODELS FOR CONTRACTION AND FORCE

The recent models presented for contraction and force estimation of skeleton-based
contractile vacuum actuators rely on measuring the skin curvature between the skele-
tons during collapse [72, 73]. These researchers used proprioceptive sensors fixed
externally to conduct these measurements. The use of such sensors is impractical in
real-world wearable applications. As a result, models that do not rely on such real-
time data and can forecast performance based on actuator shape and applied differen-
tial pressure are required. As a result, this thesis suggests using a numerical modeling
technique to create models that anticipate ThinVAc contraction and blocked force per-
formance. First, a numerical model of the ThinVAc contraction is presented. Second,
a model is provided to explain the ThinVAc blocked force performance, which is then
extended to forecast the blocked force of the multi-filament actuator.

5.1 LDPE-ThinVAc contraction model

A regression model was developed to describe the LDPE-ThinVAc contraction per-
formance using numerical analysis of the experimental data. The contraction of the
LDPE-ThinVAc was experimentally evaluated under isotonic conditions. The experi-
ments were carried out using three actuator lengths (50 mm, 100 mm, and 200 mm) and
four pressure levels (20, 40, 60, and 80 kPa(abs.)). Regression fitting was performed
using the least-squares approach to identify and model the displacement characteristic
of the LDPE-ThinVAc. Several regression models were initially considered, such as
single-parameter and multi-parameter regression.

A single-parameter regression model for contraction vs. load requires 12 equations
to explain all possible configurations (three LDPE-ThinVAc lengths and four applied
vacuum levels). Therefore, a multiple-parameter regression model is selected to de-
scribe the LDPE-ThinVAc monofilament contraction. The unitless contraction ratio
(see eq. 5.1) is used as the performance metric to evaluate contraction performance
independent of actuator length. The single and multi-parameter regression models are
compared in Appendix 05. The multi-parameter model considered for the contraction
of the LDPE-ThinVAc is shown in eq. 5.2.

train(AL
Contraction ratio (CR) [no units] = iniiiarliullilgthz ) 5.1

CR =aP+bL+c (5.2)

Here, P is the applied pressure in kPa (abs.), L is the driven load in N, and a, b, and
c, are the regression coefficients. The least-squares method was used to estimate these
three coefficients. The estimated coefficients and their goodness of fit are presented
in Table 5.1. It can be seen from the goodness-of-fit results that the estimated multi-
parameter model will closely follow the experimental values.

The performance of the eq. 5.2 in estimating the LDPE-contraction is shown in Fig.
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TABLE 5.1: The goodness of fit parameters for the multi-parameter LDPE-ThinVAc
monofilament contraction model.

Model Contraction ratio ~ Pressure + load
R?2 0.95
Adj. R? 0.95
RMSE [AL/L] 0.026
RMSE [AL/L %] 2.6
Parameter Coefficients t Stat P-value
a -0.0043  -70.7535 5.6555 x 102!

-0.1537 -42.4613 4.5691 x 107140
C 0.05706 113.7994 7.2425 x 10281

5.1. The model closely follows the experimental data, and the RMSE for each pressure
level and the full pressure range is shown in Table 5.2 for each actuator length. It

can be seen that the model can describe the contraction performance with a maximum
RMSE of 3.5%.
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Fig. 5.1: Multi-parameter regression contraction model for the LDPE-ThinVAc de-
scribes the experimental data with minimum error.
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TABLE 5.2: RMSE of contraction ratio (%) at each pressure level and the full range
for the proposed multi-regression model for the LDPE-ThinVAc

LDPE Pressure level Over
ThinVAc  20kPa 40kPa 60kPa 80kPa full range
50 mm 3.48 2.68 2.62 2.44 2.87
100 mm 2.60 3.38 1.74 2.77 2.69
200 mm 1.92 1.12 1.51 3.22 2.10

5.2 TPU-ThinVAc contraction model

A multi-parameter regression model similar to that of LDPE-ThinVAc was developed
to describe the contraction performance of the TPU-ThinVAc. Just like in the case of
the LDPE-model, the same parameters of absolute pressure (kPa) and driven load (N),
as in eq. 5.2. The RMSE is calculated for each pressure level, and the full pressure
range is shown in Table 5.3. The model can describe the contraction performance with
an overall RMSE of 1.5%.
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Fig. 5.2: Multi-parameter regression contraction model for the LDPE-ThinVAc de-
scribes the experimental data with minimum error.

TABLE 5.3: RMSE of contraction ratio (%) at each pressure level and the full range
for the proposed multi-regression model for the LDPE-ThinVAc

ThinVAc Pressure level Over
type 10kPa 20kPa 40kPa 60kPa full range
TPU 200 2 1.6 0.6 1.4 1.5
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5.3 LDPE-ThinVAc blocked force model

The LDPE-ThinVAc monofilaments were bulked in combinations of 5, 10, and 15 to
create multi-filament actuators. The LDPE-ThinVAc monofilaments, as well as multi-
filament structures, both showed good blocked force scalability (see Fig. 4.7 and Fig.
4.11 respectively).

As described earlier in chapter 4, linear regression models were calculated to rep-
resent the blocked force behavior of the LDPE-ThinVAc monofilaments (See Table.
5.4). The blocked force characteristics of the multi-filament combinations shown in
Fig. 4.11 suggest scalability to the number of LDPE-ThinVAc monofilaments. Hence,
the feasibility of developing a multiplicative model for the multi-filament structures
using the regression fit models for the monofilaments was considered.

TABLE 5.4: Regression fits for the LDPE-ThinVAc blocked force performance

Regression model

50 mm Frono = 0.03432dP + 0.0632
100 mm Frono = 0.04259 dP + 0.5401
200 mm Frono = 0.05177dP + 0.8266

Fiono 18 the blocked force in N.
dP is the applied differential pressure in kPa.

The ThinVAc monofilament blocked force model (shown in Fig. 4.7) was multi-
plied by the number of filaments in the multi-filament structure to obtain its blocked
force, using eq. 5.3. Here, for a given length, Fyocked—muiti 1S the blocked force from
the multi-filament structure, n is the number of integrated filaments, and Fyjocked—mono
is the blocked force equation for the respective monofilament from Table 5.4.

Fblocked—multi =nX Fblocked—mono (53)

The prediction obtained from eq. 5.3 is plotted in Fig. 5.3. The dashed line in-
dicates the experimental data. The initial fit depicted results from multiplying the
monofilament model by the number of strands using 5.3. The estimate given by the
multiplicative model is higher than the expected value.

The blocked force at atmospheric pressure (in the unactuated condition) should be
zero. Hence, the y-intercept should be zero at the origin. Therefore, to account for this,
the following linear correction term Cyp is appended to eq. 5.3. Here, n is the number
of monofilaments, and C,,,,, is the constant value from the respective monofilament
blocked force model (i.e. for 50 mm LDPE-ThinVAc, C,,on, = 0.0632).

C’dP =nX Cmono (54)

The linear correction term Cyp is deducted from the initial model eq to get the
corrected fit. 5.3. The revised model in Eq. (5) matches the experimental data better,
as shown in the corrected fit in Fig. 5.3.

Fblocked—multi - (n X Fblocked—mono) - C1clP (55)
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TABLE 5.5: RMSE values for the initial and correction fit for the multiplicative model
for the LDPE-ThinVAc multi-filament actuators

Multi-Filament RMSE (N) Reduction
Combination Initial Fit Corrected Fit (%)

5 x 100 mm 2.64 0.5 81
15 x 100 mm 11.08 3.21 71
5 x 200 mm 2.1 0.97 54
10 x 200 mm 6.97 1.52 78
Average 6.76 1.86 73

Table 5.5 displays the RMSE values for the initial and corrected models. When
the influence of the y-axis intercept is removed, the average error decreases by 73%
when compared to the baseline model in eq. 5.3. Table 5.6 compares multi-filament
actuator combinations’ predicted and experimental maximum blocked force values.
The maximum blocked force can be described with a maximum error of less than 9%,
and the average error for each combination is 3.28 %.

5.4 TPU-ThinVAc blocked force model

A normalized model was used instead of the multiplicative model for the LDPE-
ThinVAc to predict the blocked force of the TPU-ThinVAc multi-filament actuators.
The experimental data shown in Fig. 4.14, the multi-filament actuators do not show
direct scalability from the monofilament. In theory, a multi-actuator with n-filaments
should be able to generate n-times the force of a monofilament actuator. Experimental
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Fig. 5.3: The multiplicative blocked force model for the LDPE-ThinVAc multi-
filamant actuators.
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TABLE 5.6: Comparison of predicted and experimental values for blocked force for
the LDPE-ThinVAc

5x100mm 15x100mm 5x200mm 10 x 200 mm

Experimental maximum

blocked force (N) 19.13 54.04 25.11 48.06
Predicted maximum blocked force

from the multiplicative model (N) 19.58 58.75 25.04 47.21
Absolute Error percentage (%) 2.37 8.71 0.28 1.76

results show blocked forces 1.9 times and 3.2 times larger than the monofilament actu-
ator for 3- and 5-filament actuators, respectively. The presence of multiple consecutive
thermal seals that cause an increase in the contraction resistance of the TPU-ThinVAc
multi-filament actuators can be considered the reason for this reduction.

The TPU-ThinVAc multi-filament actuator does show good scalability between
3- and 5-TPU-ThinVAc combinations. Hence, the filament number normalized the
blocked force generated from the multi-filament to obtain a unit blocked force. This
unit-blocked force model was used to predict the blocked force for the multi-filament
actuators. The prediction correlates well with the experimental results, as shown in
Fig. 5.4.
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Fig. 5.4: The blocked force model for the TPU-ThinVAc multi-filamant actuators.

Table 5.7 displays the RMSE values and compares maximum experimental and
predicted blocked force values. The overall RMSE for the model is 0.33 N and 0.44
N for the 3- and 5-actuator configurations. The full range RMSE is 4.1%, and 3.1%,
respectively. The proposed model can describe the maximum blocked force with less
than a maximum error of 2.6% and 1.43% for the 3- and 5-actuator configurations,
respectively.
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TABLE 5.7: TPU-ThinVAc multi-filament blocked force model evaluation

3-Filament 5-filament

RMSE (N) 0.33 0.44
RMSE (% of full range) 4.1 3.1
Experimental Maximum blocked force (N) 8.08 14.02
Theoretical maximum blocked force from the 8.29 13.82
multiplicative model (N)

Absolute Error percentage (%) 2.6 1.43

5.5 Summary

This chapter presented numerical models to describe the contraction and the blocked
force performance of the developed ThinVAc. Existing models require external sen-
sory feedback to describe the contractile and blocked force performance of vacuum-
driven contractile soft actuators. Hence, the use of numerical models is proposed.
Multi-parameter regression models were developed to describe the contraction per-
formance of the LDPE and TPU ThinVAc, monofilaments. These models enable the
designer to use applied absolute pressure and the load to determine the contraction
ratio of the ThinVAc with minimal RMSE. Linear regression models were calculated
to represent the blocked force behavior of the LDPE-ThinVAc monofilaments. The
blocked-force characteristics of the multi-filament LDPE-ThinVAc were predicted us-
ing a multiplicative model using the observed scalability of monofilament results. Sim-
ilarly, a normalized model was developed to predict the blocked-force performance of
the TPU-ThinVAc multi-filaments. Both blocked force models for the multi-filament
structures exhibit low RMSE.

65



66



CHAPTER 6
EXOSUIT DEVELOPMENT AND TESTING

This chapter presents the application of the developed soft linear actuators in wearable
applications. The inherent safety, compliance, high force-to-weight ratios, and struc-
tural flexibility provided by soft robotics systems have recently gained the attention of
researchers developing lower limb assistive solutions [14, 28, 111, 127]. To success-
fully apply soft actuators in wearable applications, they must provide adequate forces
to move user limbs while being flexible enough to fit around body contours. First, the
proposed ThinVAcs in a knee rehabilitation assist system is shown. Next, the LPVAc
is used in a novel exosuit for sit-to-stand transition assistance.

6.1 Khnee rehabilitation assist device

6.1.1 Introduction

Knee disorders are a prominent issue that affects human lower limb motion [128]. A
leading management technique of knee disorders is physiotherapy-based knee rehabil-
itation [129]. Some primary causes necessitating knee rehabilitation are osteoarthritis,
total knee replacement (TKR), and stroke [130]. Three main muscle groups targeted
in knee rehabilitation therapies are the quadriceps-femoris muscles, the hamstrings,
and the calves [131]. Leg flexion and extension exercises are essential for developing
and healing these muscles. The lack of physiotherapists to meet the growing number
of patients is a significant problem in knee rehabilitation. As a result, there is a need
to create devices that would assist a physiotherapist in attending to multiple patients
simultaneously. Few examples of rigid assistive devices for knee rehabilitation [120]
and very few examples of soft devices [28] can be found in recent literature. One
major limiting factor is the absence of flexible, lightweight actuators that can easily
conform and contour along human limbs for integration with soft wearable (exosuit)
support systems. The following section describes the proposed ThinVAc in a lower leg
extension system for knee rehabilitation assistance.

6.1.2 Knee extension assist system

A model lower limb was used to test the viability of the proposed TPU-ThinVAc in
motion assist during knee extension. A model comprising a thigh, a knee, a shank, and
a foot was fabricated from acrylic sheets. The knee joint was designed to rotate in the
sagittal plane. The TPU-ThinVAcs were anchored above and below the knee (thigh
and shank), mimicking the muscle placement across the human knee.

The model lower limb was designed to represent the 95" percentile male lower
limb dimensions (shank length = 450 mm [132], foot length = 250 mm [133]). The
model is fabricated from laser-cut acrylic sheets and the sheets are glued together using
acrylic adhesives (see Fig 6.1). The shank weighs 850 g, and the foot 250 g. The leg
model was rigidly attached to a fixed frame for experimentation.
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3D printed 8 Acrylic sheets
attachments

Fig. 6.1: CAD model of the lower limb model for knee extension assistance test.

The knee extension test used two LDPE-ThinVAc multi-filament actuators (10 x
200 mm and 15 x 100 mm). The multi-filament actuators were attached to the thigh
plate above the knee with a fixture and a mounting bracket attached to the shank with
inextensible wire (see Fig. 6.2 a) and 6.3 a)). The movement of the shank upon actua-
tion is captured using a tripod-mounted digital camera at 30 frames per second. Motion
analysis software (Kinovea, ver. 0.8.15) was used to analyze the trajectory of markers
placed on the foot tip and ankle. The ankle marker’s trajectory is utilized to calculate
the knee extension angle. As the actuation signal, a vacuum pressure step input of 20
kPa (abs.) was given at 0 s. The shank response is underdamped, as seen in Figs. 6.5
and 6.5. Table 6.1 describes the shank response time-domain characteristics.

As shown in Fig. 6.3 a) inset, the ThinVAc multi-filament actuators can be com-
pliant to irregular-shaped structures and stretched out to easily achieve a low profile.

TABLE 6.1: Shank response with ThinVAc actuation.

15x 100 mm 10 x 200 mm

90% rise time [s] 0.27 04
+5% settling time [s] 1 0.83
Overshoot [%] 162 119
Max. shank angle [°] 30 19
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A model lower limb actuated by multi-filament structure (15 x 100 mm ThinVAc)

101 kPa (abs.) 20 kPa (abs.)

Fig. 6.2: A 15 x 100 mm multi-filament actuator used to actuate the model lower leg
for knee extension.

A model lower limb actuated by multi-filament structure (10 x 200 mm ThinVAc)

101 kPa (abs.) 20 kPa (abs.) 20 kPa (abs.)

Fig. 6.3: A 10 x 200 mm multi-filament actuator used to actuate the model lower leg
for knee extension.

6.2 Sit-to-stand-transition assist exosuit

6.2.1 Introduction

Walking is an activity of daily living that plays a significant role in a person’s functional
independence and quality of life [134]. Hence, lower-limb muscle weakness that limits
mobility can negatively affect their health and livelihood, cause secondary medical
disorders, and lead to physical and psychological dependency on caregivers [135].
Stroke, spinal cord injuries, other trauma, obesity, and age can lead to temporary and
permanent mobility impairments and functional decline. In managing these situations
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Fig. 6.5: Shank angle response as a function of time for actuation by a 10 x 200 mm
multi-filament actuator.

to maintain/recover independent motion functionality, a key factor is the promotion of
continuous attempts at mobility [7].

The difficulty in transitioning from seated to standing posture is one of the common
obstacles faced by persons with impaired mobility and functional decline with age. We
can support such persons during this sit-to-stand transition (StSt). Such support will
encourage more frequent attempts at independent mobility and reduce secondary med-
ical complications associated with a sedentary life [7]. Conventional assist solutions
for StSt have included passive devices such as canes, walkers, and personal caregivers.
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However, the associated social stigma of dependence on such external assistance neg-
atively affects patients, promoting sedentary behavior.

Provision of an StSt assist solution that is easy to use in daily living, inconspicuous
to an observer but provides adequate assistance to promote more frequent attempts at
StSt, will lead to a less sedentary life and an improved quality of life. Soft exosuits
have come up as an excellent solution for this. The following sections will describe
the proposed LPVAc in developing and experimenting with an StSt-assist soft exosuit.

6.2.2 Exosuit design

Sit-to-stand transition is a motion that takes place against gravity and relies mainly on
the strength of lower limb muscles. The primary body movements associated with StSt
are hip and knee extension. During these extensions, the primary muscles recruited are
the quadriceps femoris (QF) and gluteus maximus (GM). The GM muscles provide
most of the anti-gravity lifting force compared to QF [136]. Therefore, an artificial
muscle can be used with GM to assist StSt. This requirement necessitates that the
assistive actuator (LPVAc in this scenario) be placed in a mono-articular arrangement
with the wearer’s GM muscle. A novel exosuit prototype was designed and fabricated
to assess the LPVAc in StSt-assist. Fig. 6.6 presents this prototype soft exosuit and
how it is worn while standing.

The Wehner design [13] inspired the proposed soft exosuit. Wehner presents us-
ing physical (key) and virtual anchor points to transfer forces across the lower limbs
through non-extension lines. Based on this concept, the LPVAc is anchored parallel
to the GM muscle on the posterior lower limb. One anchor point is a webbing strap
wrapped around the hip, while the other is the thigh support. This application uses
webbing straps (25 mm wide) as anchors and force guides. The LPVAc is proximally
anchored to the hip belt using a box stitch and distally anchored to a soft thigh sup-

Vacuum lines

‘ Low-profile vacuum
actuator
14 g
Waist strap -
with actuators
709

Thigh Support
78 g each.

Fig. 6.6: The proposed novel mono-articular StSt-assist soft exosuit. The weight of
each sub-component is given in the figure.
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port sleeve (2040, OppoMedical, USA). Two Velcro straps were sewn onto the thigh
support to tighten it in place after donning, while another webbing strap was sewn in
parallel to the biceps femoris muscle connecting the tightening straps. These straps
are used to direct the force applied by the LPVAc along the thigh support. Each leg
had one LPVAc attached, using two LPVAcs per subject. Depending on the wearer’s
height, the distal connections have a quick-release clasp for simple donning, doffing,
and adjustment.

The proposed exosuit weighs 324 g in total, excluding the weight of the vacuum
pump, chamber, and valves. Most of the exosuit’s weight is carried on the hips, close
to the body’s center of mass, reducing the metabolic penalty and biomechanical con-
straints to motion.

6.2.3 Performance evaluation of the exosuit

Three healthy participants were enlisted to evaluate the efficacy of the planned exosuit
in STSt-assist (details in Table 6.2). The test protocol used for the StSt assist perfor-
mance evaluation is described in Fig. 6.7. Before each experiment, every participant
went through a guided trial run. All participants were then asked to conduct a Front
plank with hip extension to measure their GM muscle’s maximum voluntary contrac-
tion (MVC) EMG signal [137]. The maximum value of three trails was selected as
their GM MVC for post-processing EMG normalization. Each test subject conducted
10 repetitions of StSt with and without the exosuit. All clothing was kept the same
throughout the trials. The StSt was conducted on a 12-bpm metronome.

TABLE 6.2: Test subject details and observed SEMG signal reduction

Subject Age Weight Height BMI Reduction
m/A) (YY) (kg (m) (kg/m?) (%)
I (m) 26 45 1.65 16.5 66.93
2(m) 27 64 1.65 23.5 42.28
3(m) 27 65 1.60 25.4 26.72

mean = SD [%] 45.31 + 20.28

6.2.4 EMG capture test setup

A Delsys Bagnoli-16 desktop EMG system was used for the EMG data capture (See
Fig. 6.8). The Bagnoli system comprises a 16-channel amplifier, input modules, con-
nection cables, and surface-mount wired EMG sensors. The output from the amplifier
is uploaded to the Delsys EMGworks software running on a desktop PC in real time.
Fig. 6.9 b) shows the experimental test setup. A chair of 46 cm of popliteal height
was selected to match DIN 18040-1 requirements (which define the design guidelines
for public restrooms). As seen in Fig. 6.9 b) inset, the LPVAc does not interfere with
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Fig. 6.8: The Delsys Bagnoli-16 desktop EMG system. 1) surface-mount wired EMG
sensor, 2) 16-channel main amplifier, 3) input modules, 4) input module cabling, and
5) inter-module cabling.

Delsys EMGworks software @
running on PC

normal sitting posture. The StSt motion was identified by measuring the ground reac-
tion forces recorded via instrumented shoes worn by the participant. An insole with
force-sensitive resistors embedded in the toe and heel was used in the instrumented
shoe. Surface electromyography (SEMG) measured the GM muscle activity during
STSt. The surface-mount EMG sensor was placed as shown in Fig. 6.9 a) using adhe-
sive tape to ensure tight surface contact. The skin was initially cleaned with rubbing
alcohol and let dry before the attachment of the sensor to ensure a clean contact sur-
face. The LPVAcs were operated in an open-loop without using sensor feedback in this
exosuit test to investigate the usability of the LPVAc in driving an STSt-assist exosuit.
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mount EMG sensor on the GM muscle. b) The seated setup used for the StSt. The
inset demonstrates the LPVAc’s unobtrusiveness when seated.
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6.2.5 EMG analysis

Surface EMG data (sSEMG) were obtained from the GM muscles of both legs, and
only the data from the dominant leg was analyzed. The sEMG data were collected
using a Bagnoli desktop EMG system (Delsys, Inc., USA). Initially, the collected data
were captured and analyzed using the EMGworks software (Delsys, Inc., USA). The
SEMG data was captured at 4 kHz, and the raw data stream was smoothed to get the
RMS value using a 250-sample frame. This smoothening generated a 16 Hz output
signal, which was then post-processed in MATLAB. For each muscle, the mean of ten
sit-to-stand repetitions in the powered suit and without suit testing was averaged and
normalized as a percentage of the MVC reading.

The mean values of the RMS’d sEMG obtained for each of the two tests (without
the suit and with the suit assisted by the LPVAc) were then DC offset by subtracting
the minimum from itself. The STSt time was normalized to the StSt duration measured
between the highest gradients measured by the ground response force sensors at the toe
and heel. Fig. 6.10 presents the observed EMG reduction during this evaluation.

The percentage reduction in the area under the GM muscle activity curves in Fig.
6.10 was computed to assess the efficiency of the exosuit-provided help. The acquired
data show a mean decrease of 45 % in muscle activation during STSt. This reduction
is analogous to the findings in [14]. The variation in muscle activity decrease can be
ascribed to the participants’ varied BMI (see Table 6.2). As a result, it can be inferred
that the prototype soft exosuit powered by the proposed LPVAc can significantly re-
duce the amount of muscular activity required during STSt.
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Fig. 6.10: The decrease in sSEMG of GM muscles seen in three test participants. The
shaded region represents the range of maximum and minimum values recorded at each
point of the STSt motion during a total of 10 repetitions.

6.3 Summary

This section presented the proposed ThinVAc and LPVAc in exosuit applications. The
ThinVAc and LPVAc were incorporated into wearable application use; an assist de-
vice for knee extension and a sit-to-stand-transition assist exosuit, respectively. The
positive results of these device evaluations show promise in applying the proposed soft
actuators in soft wearable assistive exosuits.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

The thesis presents the development, performance evaluation, case studies, modeling,
and application of soft linear contractile vacuum actuators. The primary objectives of
this research included the development of soft linear actuators, their modeling, and
control for use with soft wearable assist exosuits. These objectives were met by the
work presented in this thesis.

This thesis proposes two main categories of novel, vacuum-driven, soft contractile
linear actuators. The primary novelty lies in developing vacuum-driven thin and low-
profile actuators for soft robotic applications. The proposed actuators use inextensible
yet flexible, thin-film materials to create enclosed volumes. The cross-sectional shape
is maintained throughout the actuation using springs that act like collapsible skeletal
structures. Upon evacuation of the enclosed air volume, the actuator collapses guided
along the spring. This spring’s presence limits the structure’s collapse to the longitu-
dinal axis.

This thesis presents two soft actuator designs with thin and low-profile cross-
sections named ThinVAc and LPVAc. The ThinVAc uses a thin-film skin (LDPE or
TPU) enclosing a small diameter (6 mm OD) stainless steel spring. The LPVAc uses
an LDPE skin enclosing a specially designed, obround-shaped low-profile (30 mm x
10 mm) spring (made from GI and MS). The ThinVAc monofilament is combined to
create multi-filament actuators to scale the force. THE LPVAc force is also scaled
using differently proportioned low-profile springs. These actuators’ performance char-
acteristics of contraction and blocked force are experimentally evaluated. The Thin-
VAc and the LPVAc present good contraction and blocked force properties suitable
for assistive soft exosuit applications. The successful case studies demonstrate the
applicability of these actuators in soft robotic applications.

An integrated sensing solution for the LPVAc is developed based on inductive sens-
ing. The performance of this sensor is also characterized. This sensor is used with a
controller to evaluate the closed-loop controllability of the actuator. The LPVAc is con-
trolled in a closed loop to evaluate the ability of the actuator to follow a given square
wave signal. The LPVAc can successfully follow a square wave signal with minimal
error at 0.25 Hz.

Existing models require external sensory feedback to describe the contractile and
blocked force performance of vacuum-driven contractile soft actuators. Hence, nu-
merical models are developed to describe the actuators’ contraction and blocked force
performance and predict the blocked force when the monofilament structures are scaled
to multi-filament structures. Multi-parameter regression models were developed to de-
scribe the contraction performance of the LDPE and TPU ThinVAc, monofilaments.
These models enable the designer to use applied absolute pressure and the load to de-
termine the contraction ratio of the ThinVAc with minimal RMSE. Linear regression
models were calculated to represent the blocked force behavior of the LDPE-ThinVAc
monofilaments. The blocked-force characteristics of the multi-filament LDPE-ThinVAc
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was predicted using a multiplicative model using the observed scalability of monofila-
ment results. Similarly, a normalized model was developed to predict the blocked-force
performance of the TPU-ThinVAc multi-filaments. Both blocked force models for the
multi-filament structures exhibit low RMSE.

These soft actuators are then incorporated into wearable application use. The Thin-
VAc is tested in a device that can be used for assisting knee extension during knee
rehabilitation. The LPVAc is incorporated for a sit-to-stand-transition assist exosuit.
The positive results of these device evaluations show promise in applying the proposed
soft actuators in soft wearable assistive exosuits.

This thesis presents actuators that use negative pressure (vacuum) for actuation.
Using a vacuum for driving soft actuators has several associated limitations. The max-
imum applicable differential pressure restricts the highest applied blocked force, typi-
cally confined to a single atmosphere. Another limitation is the risk of suction of the
ambient environment into the actuator upon damage to the structure. All the experi-
ments in this research used desktop vacuum sources, including a single-stage vacuum
pump, a vacuum chamber, and the associated flow control valves. Such a system is
acceptable in a clinical setting, such as knee rehabilitation assistance. Using a desktop
system poses problems when considering wearable exosuits that require portability and
discrete use. The presence of vibrations from the vacuum pump operation, the bulk of
the vacuum chamber, and the rigid control valves can hamper the user. The proposed
soft actuators use flexible thin-walled pouches to create the actuation volume. The fail-
ure of this skin will deteriorate the performance of the actuator. Hence there will be a
need to replace the actuators during use, but this replacement is low-cost and straight-
forward, as only another thin-film pouch is required. The developed position feedback
method of the LPVAc uses inductive sensing. This measurement can be affected by
the presence of high magnetic fields near the actuator.

7.2 Future directions

Future work for further developing the presented work can include the following as-
pects. Other potential thin-film materials can be tested, and other air-tight volume-
creation methods can be explored. Different materials and fabrication techniques can
also be considered for the springs. The same concepts of the ThinVAc can be further
miniaturized for integration at the fabric level.

In this work, a desktop system was used as the vacuum source. Hence, there is a
need to develop lightweight, wearable vacuum sources and vacuum control systems to
integrate wearable systems more effectively.

The assist devices presented here were tested on lower limb models and healthy
volunteers. Therefore, the developed assist devices can be used in clinical trials to
evaluate the benefits in actual patients.
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APPENDIX A
PLANE AND MOTION NOTATIONS USED IN ANATOMY
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Fig. A.1: Body plane notions used in anatomy [image source: Shutterstock.com].

Fig. A.2: Limb motion definitions [source: www.imaios.com/en/e-anatomy]
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APPENDIX B
MUSCLE RECRUITMENT IN LOWER LIMB MOTIONS
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Fig. B.1: Classification of the muscles used for lower limb motions [138].
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APPENDIX C
TYPES OF LOWER LIMB ORTHOSES

Wearable lower-limb assistive devices can be broadly divided into orthoses and pros-
theses. A prosthesis is an artificial substitute one can wear, replacing a missing limb.
An orthosis 1s an orthopedic apparatus that can be used to support and correct defor-
mities/abnormalities or improve movable parts’ functionality by providing assistance
or force augmentation [139]. Within orthoses, there is a distinction between devices
where the device joints are made to coincide with the biological joints of the user and
those which are only concerned with the particular motion of a selected user limb. The
former is the devices commonly known as exoskeleton devices [139].

Exoskeleton devices are defined as active mechanical devices that are essentially
anthropomorphic, worn by the user, fitting closely to the body, and working in tandem
with the user’s motions. The term’ active orthosis’, has been used to define a device to
increase the ambulatory ability of a person suffering from a lower limb pathology [8].
As orthoses are not limited by a requirement to follow the joints of a user, they are the
best-suited approach for soft assistive devices.

Fig. C.1 shows how commonly used lower limb orthotic devices, active orthoses,
and exoskeletons are classified by the biological joint/joint group they seek to assist.
In terms of orthoses, they are identified as multi-joint devices, trunk—hip—knee— an-
kle—foot orthoses (THKAFO), hip—knee—ankle—foot orthoses (HKAFO), trunk-hip—
knee orthoses (THKO), hip—knee orthoses (HKO), knee—ankle—foot orthoses (KAFO),
ankle-foot orthoses (AFO), or as single-joint devices, hip orthoses (HO), knee orthoses

(KO), ankle orthoses (AO) [140].
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Fig. C.1: Types of lower limb orthoses [140].
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APPENDIX D
REGRESSION MODELS USED FOR LDPE-THINVAC

ThinVAc Contraction Model 1: Single parameter regression model
for contraction

A numerical analysis based on the experimental data was utilized to develop a con-
traction model of the ThinVAc. The displacement characteristics of the monofilament
ThinVAc were evaluated using an isotonic experiment. The experiment results were
grouped by actuator length (50 mm, 100 mm, and 200 mm) and four pressure levels
applied (20, 40, 60, 80 kPa). A linear regression fit using the least squares method was
initially obtained for each group based on the following model. The contraction of the
ThinVAc presents linear behavior with the applied load for each actuator in isobaric
conditions, as shown in Fig. D.1. These provide relationships per actuator, with a to-
tal of 12 functions (shown in Table D.1)) describing the contraction of three different
length actuators at four different pressure levels each.
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Fig. D.1: Combined graph of the single parameter regression model I for each actuator
at each pressure. The dashed line shows the estimation. The fit is above 0.9 for all
combinations.

ThinVAc Contraction Model 2: Single regression model for contrac-
tion ratio

The ThinVAc were fabricated at three lengths for initial assessment, 50 mm, 100 mm,
and 200 mm. Their behavior can further be analyzed based on the contraction as a ratio
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TABLE D.1: Linear regression fit: ThinVAc length and pressure level (model I).

LDPE Pressure ~ Contraction (mm) R?> RMSE RMSE

ThinVAc (kPa) abs. Load (N) + const. (mm) (AL/L)
mx + ¢
50 mm 20 -11.6 x+27.8 0.962 0.86 0.0172
40 -10.7 x +22.7 0.972 0.89 0.0178
60 -6.27x+12.9 0.957 0.8 0.016
80 -538x+8.28 0.824 1.04 0.0208
100 mm 20 -20.3x +54.7 0981 1.34 0.0134
40 -20.4x +47 0964 1.79 0.0179
60 -153x+323 0.977 1.14 0.0114
80 -855x+15.8 0.935 1.03 0.0103
200 mm 20 -332x+959 0.973 2.16 0.0108
40 -27.6x+76.2 0.967 2.06 0.0103
60 -25.6 x+56.7 0947 2.22 0.0111
80 -15.7x+31.6 0.928 1.81 0.0091

to their initial size. Hence, the isobaric characteristics of the actuators were evaluated
with respect to their contraction ratio. The regression model eq. D.1 was calculated
for each pressure. Here L is the driven load in N. Following Fig. D.2 shows a linear
behavior of the contraction ratio with applied load. The shown pressures are absolute
values.

CR=aL+b (D.1)

In the 20 — 40 kPa (abs.) range, the regression fit between the applied load and the
contraction ratio is reported B2 0.9. The overall regression fit is above 0.8. Hence,
the contraction ratio shows significant linear behavior with the attached load.

A comparison of the RMSE performance for the linear regression models 1, 2,
and eq. 5.2, are shown in Table D.2. The linear fit considering model 2 delivers the
best error performance at the expense of a moderate number (04) of model equations.
The multiple linear regression fit considering eq. 5.2 delivers almost the same error
performance using a single model equation. Therefore, for effective prediction of the
contraction behavior of the LDPE-ThinVAc monofilament, the multi-parameter regres-
sion model can be recommended.
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Fig. D.2: Contraction ratio of the ThinVAc with varied vacuum pressure (absolute).
The dashed line shows the prediction from the single parameter regression fit model.
The standard error for each regression fit is shown in gray.

TABLE D.2: Isobaric comparison of RMSE for contraction and contraction ratio lin-
ear regression models.

20kPa  40kPa 60kPa 80kPa  Over the complete
pressure range

50mm modell  0.0172 0.0178 0.016  0.0208 0.0248
model 2 0.0237  0.0224 0.024  0.0229 0.0293

Eq. 4 0.0348  0.0268 0.0262  0.0244 0.0287

100 mm modell  0.0134 0.0179 0.0114  0.0103 0.0437
model 2 0.0196 0.0239  0.0201  0.0093 0.0262

Eq. 4 0.026 0.0338 0.0174  0.0277 0.0269

200mm modell  0.0108 0.0103 0.0111  0.0091 0.0636
model 2 0.0209  0.0195 0.011  0.0122 0.0208

Eq. 4 0.01924 0.01137 0.01506 0.03222 0.021

Note: All RMSE values have been converted to a ratio of respective actuator length for comparison.
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