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Abstract

Wearable robotics holds promise for enhancing human capabilities and addressing motor
challenges in individuals with impairments, amputations, or those who are healthy. Ex-
oskeletons, among various wearable devices, are designed to be worn on the upper or lower
limbs. While some applications, like in the medical field, have been widely adopted, others
still face unique challenges. These challenges primarily center around Actuation, Control,
and Ergonomics. This thesis primarily focuses on inventing actuators with novel supe-
rior functionalities together with corresponding control algorithms and their application in
lower limb exoskeletons. The thesis contains four main parts, each representing a distinct
phase of the research process.

In the first part, a quasi-passive pneumatic variable stiffness mechanism is introduced,
mathematically described, and experimentally evaluated. This mechanism is distinctive as
it utilizes a vacuum to draw air from the atmosphere, thereby adjusting the pressure inside
the actuator. This approach enables the pneumatic mechanism to mimic the behavior of a
nonlinear variable stiffness spring without requiring an external air supply. Additionally,
through a proposed valve combination, the mechanism can be completely deactivated to
allow free motion, while also offering the capability to incrementally adjust stiffness.

In the second part, based on the fundamental principles of the quasi-passive mech-
anism, the air harvesting capabilities are extended to the entire Pneumatic Exoskeleton
Joint Mechanism (PEJM). This design introduces additional components, including the
Pneumatic Artificial Muscle (PAM), which acts as a soft reservoir for the harvested air
and additionally influences the stiffness of the joint. At this stage, the exoskeleton joint
remains quasi-passive and continues to rely on vacuum for air intake. The joint undergoes
experimental validation using a setup that does not involve human subjects.

In the third part, a mechatronic concept of a complete pneumatic fully portable bilateral
knee exoskeleton is presented. The novelty lies in its multimodal functionality, allowing
the exoskeleton to operate in both active and quasi-passive modes using the same actuator.
This versatility improves energy efficiency by enabling air recovery in quasi-passive mode
and the reuse of stored air in active mode, which also uses an integrated air pump. A pilot
study involving a single healthy participant is conducted to demonstrate simultaneous
energy recovery and human assistance.

Finally, the fourth part is about the hybrid rigid-soft and pneumatic-electromechanical
exoskeleton for multi-joint lower limb assistance. This concept uses tendon-driven elec-
tromechanical actuation for the hip joint and a pneumatic rigid exoskeleton for the knee
joint. The hip joint, with its three active degrees of freedom (DoF), benefits from tendon-
driven actuation, simplifying mechanics. Conversely, the knee joint, with its single active
DoF crucial for weight-bearing, exhibits compliance during the weight acceptance phase,
making it suitable for a pneumatic exoskeleton. The exoskeleton is evaluated in human
studies while measuring their metabolic cost, muscular activity, and kinematics.
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Povzetek

Robotika, ki jo je mogoče nositi, je obetavna za izboljšanje človeških zmogljivosti in reševa-
nje motoričnih izzivov pri posameznikih z okvarami, amputacijami ali pri zdravih osebah.
Eksoskeleti so med različnimi nosljivimi napravami zasnovani za nošenje na zgornjih ali
spodnjih okončinah. Medtem ko so se nekatere aplikacije, na primer na medicinskem po-
dročju, že široko uveljavile, se druge še vedno soočajo z edinstvenimi izzivi. Ti izzivi se
osredotočajo predvsem na aktuatroje, vodenje in ergonomijo. Ta disertacija se osredo-
toča predvsem na raziskave na področju aktuatorjev z naprednimi lastonstmi skupaj z
ustreznimi algoritmi za vodenje in njihovo uporabo v eksoskeletih za spodnje okončine.
Disertacija vsebuje štiri dele, od katerih vsak predstavlja ločeno fazo raziskovalnega pro-
cesa.

V prvem delu je predstavljen, matematično opisan in eksperimentalno ovrednoten kva-
zipasivni pnevmatski mehanizem s spremenljivo togostjo. Ta mehanizem je svojevrsten,
saj uporablja vakuum za črpanje zraka iz ozračja, s čimer uravnava tlak v aktuatorju.
Ta pristop omogoča, da pnevmatski mehanizem posnema obnašanje nelinearne vzmeti s
spremenljivo togostjo, ne da bi potreboval zunanji dovod zraka. Poleg tega je mogoče me-
hanizem z izbrano kombinacijo ventilov popolnoma izklopiti, da se omogoči prosto gibanje,
obenem pa je možno tudi postopno prilagajanje togosti.

V drugem delu so na podlagi temeljnih načel kvazipasivnega mehanizma razširjene
funkcionalnosti shranjevanja zraka na celotni pnevmatski eksoskeletni sklepni mehanizem
(PEJM). Ta zasnova uvaja dodatne komponente, vključno s pnevmatsko umetno mišico
(PAM), ki deluje kot mehki rezervoar za zbrani zrak in dodatno vpliva na togost sklepa. Na
tej stopnji razvoja ostaja eksoskeletni sklep kvazipasiven in še vedno temelji na vakuumu
za zajem zraka. Razvit sklepmi mehanizem je ovrednoten z uporabo eksperimentalnega
sistema, ki ne vključuje človeških subjektov.

V tretjem delu je predstavljen mehatronski koncept celovitega pnevmatskega bilateral-
nega kolenskega eksoskeleta. Novost je v njegovi multimodalni funkcionalnosti, ki eksoske-
letu omogoča delovanje v aktivnem in kvazi pasivnem načinu z uporabo istega aktuatorja.
Ta multifunkcionalnost izboljšuje energetsko učinkovitost, saj omogoča rekuperacijo zraka
v kvazipasivnem načinu in ponovno uporabo shranjenega zraka v aktivnem načinu, ki
prav tako uporablja vgrajeno zračno črpalko. Izvedena je pilotna študija, ki vključuje
enega zdrav subjekt,z namenom ponazoritve hkratnega pridobivanja energije in podpore
človeku.

V četrtem delu je predstavljen hibridni togo-mehki in pnevmatsko-elektromehanski
eksoskelet za večsklepno pomoč spodnjim okončinam. Ta koncept uporablja tetive za
kolčni sklep in pnevmatski eksoskelet za kolenski sklep. Kolčni sklep s tremi aktivnimi
prostostnimi stopnjami izkorišča pogon na tetive, kar poenostavlja mehaniko. Nasprotno
pa kolenski sklep z eno aktivno prostostnjo stopnjo prevzame del obremenitve med stojo
ali hojo. Razviti eksoskelet smo evalvirali v raziskavi, ki je vključevala seden subjektov,
pri čemer smo merili njihovo metabolično porabo, mišično aktivnost in kinematiko.
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Glossary

Active Exoskeletons: Exoskeletons equipped with powered actuators or motors that ac-
tively assist or augment the wearer's movements, providing additional strength, endurance,
or mobility support.

Air Harvesting: The process of accumulating air mass into the actuator through the
utilization of a vacuum.

Backdrivability: Refers to the ability of a mechanical system, such as an actuator, to be
driven manually or by external forces without damaging its internal components.

Energy Regenerating Actuator: An actuator that not only provides mechanical assis-
tance but also recovers and stores energy during certain phases of operation, allowing for
improved energy e�ciency and prolonged usage without external power sources.

Energy Storing Capacity: In the context of compliant mechanisms, it refers to the
ability to store mechanical energy, typically achieved through the compression of elastic
components, and often utilized in various applications such as energy-e�cient locomotion
or impact absorption.

Exoskeletons: External mechanical structures worn by humans to augment or enhance
physical capabilities, typically designed to assist with movement, support, or protection,
often utilized in medical rehabilitation, military applications, and industrial settings.

Pneumatic Arti�cial Muscle (PAM): A pneumatic actuator that contracts when pres-
surized air is introduced, mimicking the function of biological muscles.

Quasi-Passive Exoskeletons: Exoskeletons that primarily rely on mechanical or passive
elements for assistance, with minimal active control of clutches for engaging or disengaging
assistance.

Variable Sti�ness: In the context of exoskeletons, it refers to a property where the
sti�ness of the mechanism or actuator can be adjusted or modi�ed, usually to accommodate
various tasks or environments.
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Chapter 1

Introduction

The �eld of wearable robotics has emerged as a promising avenue for enhancing human
capabilities and addressing motor challenges in individuals with impairments, amputations,
or even those who are healthy. Among the diverse range of wearable robotic devices,
such as robotic prostheses and supernumerary robotic limbs, exoskeletons stand out as
innovative technologies designed to be worn on the body and existing body limbs, attached
to either the upper or lower limbs, o�ering potential bene�ts for mobility, strength, and
rehabilitation [1]. These devices can be classi�ed according to various criteria, but one
of the most notable is their application. Exoskeletons �nd applications across a diverse
range of sectors, among which the most common include medical, consumer, occupational,
and military contexts. Some commercial examples of di�erent application exoskeletons are
shown below in Figure 1.1.

Figure 1.1: (a) Medical: ABLE by ABLE Human Motion (lower-limb active exoskeleton),
ArmeoSpring by Hocoma (for arm rehabilitation), ReWalk exosuit (for ankle rehabilita-
tion). (b) Consumer: FitExo by Enhanced Robotics, Elevate pneumatic exoskeleton by
ROAM Robotics (enhances skiing endurance), GEMS (Gait Enhancing and Motivation
System) by Samsung (for haptic feedback in gaming). (c) Occupational: Ottobock Paexo,
Atoun by Panasonic, CarrySuit by Auxivo, Cray by German Bionic (enhance endurance
during lifting). (d) Military: PowerWalk by Bionic Power, for electrical energy harvesting,
and Onyx by Lockheed Martin for increased weight carrying.
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Medical exoskeletons provide support and assistance to users with conditions such as
spinal cord injuries, stroke, or neurological disorders to regain mobility and independence
by supporting them in standing, walking, and performing daily tasks [2]�[5]. In rehabilita-
tion scenarios, by leveraging the brain's neuroplasticity, these devices can impose correct
walking patterns and help in relearning lost movements [6]�[8]. Additionally, by o�ering
personalized rehabilitation options, they enable healthcare professionals to customize treat-
ment plans to suit each patient's unique needs. Advancements in technology allow modern
exoskeletons to monitor physiological data, track progress, and o�er real-time feedback,
ultimately optimizing rehabilitation outcomes. Often, medical exoskeletons are combined
with virtual reality and augmented reality technologies to make the patient's rehabilitation
process more interesting [9].

Consumer exoskeletons are wearable devices designed for everyday use, distinct from
those intended for medical, occupational, or military purposes. Examples can include
�tness exoskeletons [10]�[12], skiing braces that support weakened muscles such as the
Elevate exoskeleton by ROAM Robotics, and gaming exoskeletons that o�er enhanced
haptic feedback, such as GEMS (Gait Enhancing and Motivation System) by Samsung.
For instance, Samsung's GEMS exoskeleton can simulate walking through viscous �uids
like water by applying resistive forces to the user's legs. These devices can target various
limbs, from the upper to the lower limbs. Additionally, haptic gloves have recently garnered
attention from large companies such as Meta in their Reality Labs Research division [13].

Occupational exoskeletons can be applied across various sectors, such as in industrial
settings [14]�[17], where workers frequently face the risk of lifting heavy loads, posing
potential costly injuries for both the worker and the company [18], [19]. Commercialized
examples include Ottobock Paexo, which o�ers shoulder assistance, and CarrySuit by
Auxivo, designed to transfer payload weight to the user's hips, thereby alleviating critical
joints like the wrist, elbow, shoulder, and spine and relieving muscles in the torso and upper
extremities. Other industrial exoskeletons incorporate motors that actively produce torque,
such as Atoun by Panasonic and Cray by German Bionic. Occupational exoskeletons
often provide targeted support to areas such as the lower back or shoulder joints [17]�[19].
Additionally, they can be utilized by healthcare providers or surgeons who may need to
maintain their arms in a static position for extended periods, leading to fatigue.

Military exoskeletons are designed with the idea of empowering soldiers by allowing
them to carry more of the weight normally caused by their mission-critical equipment.
This �eld of research often appears in the literature as weight-bearing exoskeletons [20]�
[24]. A systematic literature review of exoskeletons in defense and security use cases was
made by Farris et al. [25]. Some commercialized devices also exist, such as PowerWalk by
BionicPower that harvests energy to generate electricity and Onyc by Lockheed Martin for
support during heavy-weight carrying.

Beyond their categorization by application, exoskeletons can be primarily distinguished
as passive, quasi-passive, or active based on the actuation technology. Passive exoskeletons
rely on mechanical elastic components, such as springs, to provide support and assistance
without the use of powered actuators [26]�[32]. In some cases, they may incorporate passive
clutches to store and release energy during di�erent phases of a task. Sometimes clutches
can also be powered and actively controlled. In the literature, exoskeletons featuring
powered components like clutches or sensors are referred to as quasi-passive exoskeletons
[24], [33]�[36]. Here, it is important to note that despite the inclusion of some powered
components, quasi-passive exoskeletons still depend primarily on fully passive actuators
for their operation. On the other hand, active exoskeletons incorporate powered actuators
and sensors to augment the user's strength and mobility, o�ering more dynamic support
for activities demanding greater assistance and versatility [37]�[45].
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While certain sectors, notably the medical �eld, have adopted exoskeletons, others
still face challenges, whether technical or nontechnical, that must be overcome before
adoption could happen. Users whose functions or daily activities can experience signi�cant
improvement are more inclined to embrace the technology. In healthy subjects, whether
in consumer, occupational, or military exoskeletons, comfort is crucial as it signi�cantly
in�uences user acceptance, and discomfort can potentially lead to rejection. However,
comfort is closely tied to the actuation and mechanical design of the exoskeleton due to
its weight. Additionally, if the control algorithm does not seamlessly synchronize with the
user, it can disrupt comfort levels. In general, the open challenges in wearable robotics
emerge from the three main pillars: Actuation, Control, and Ergonomics. These pillars
are interconnected, in�uencing and shaping one another. A brief overview of each of these
pillars is provided below, followed by a summary of the main challenges.

Actuation: Actuators play a key role in the functionality and performances of ex-
oskeletons, as they are the driving force behind their movement and assistance. Di�erent
types of actuators are used in the design of exoskeletons, with the most common includ-
ing electromechanical [37]�[40], pneumatic [41], [43], [45]�[47], and hydraulic systems [2],
[48]. Each actuator type presents unique advantages and challenges, guiding their selec-
tion based on the speci�c requirements of the exoskeleton design and intended application.
Electromechanical actuators, such as DC motors with gears, o�er precise control and high
power output, making them suitable for dynamic movements and load-bearing tasks in ex-
oskeletons. Pneumatic actuators, like pneumatic arti�cial muscles (PAMs) and pneumatic
cylinders, provide high power density and inherent compliance ideal for exoskeletons, al-
beit with trade-o�s in portability and controllability [49]. Hydraulic actuators excel in
applications requiring high force output and robustness, such as industrial exoskeletons,
where they provide substantial lifting capabilities and endurance; however, they are heavy
due to their use of oil.

Control: The control of exoskeletons is intricately tied to the actuation mechanism
employed. Depending on the actuation method whether electromechanical, hydraulic, or
pneumatic, control algorithms exhibit signi�cant variation. The task of these algorithms is
to coordinate the interaction between the user and the device, ensuring seamless movement
and functionality while minimizing user e�ort and fatigue. From simple position control
to more advanced impedance and force control strategies, the design of control algorithms
plays a crucial role in optimizing performance, stability, and user comfort [50]. Moreover,
advancements in sensor technology and machine learning have enabled the development
of adaptive control strategies, allowing exoskeletons to autonomously adjust to the user's
needs and environment in real-time [51].

Ergonomics: Just as even the most stylish shoes are left unworn if uncomfortable,
exoskeletons, despite their advanced actuation and control features, risk rejection if their
attachment points to the human body lacks ergonomic design or if a design is bulky. Thus,
ergonomics holds a pivotal role in ensuring the comfort, safety, and overall e�cacy of wear-
able devices. This entails studying biomechanics and anthropometry to tailor exoskeletons
to diverse body types and movements, ensuring ergonomic compatibility across a broad
range of users. Additionally, researchers investigate the e�ects of prolonged exoskeleton
use on user convenience, pressure on the skin, fatigue, and overall performance to inform
iterative design improvements [52].

1.1 Ongoing Challenges

Although rapid technological advancements from both industry and academia drive the
�eld forward and enable emerging exoskeletons to enter the market, certain technological
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aspirations remain beyond current reach, while others seem within grasp but necessitate
further research and development. Listed below are areas within exoskeleton research that
persist as major ongoing challenges, ranked in descending order of importance according
to the author's subjective judgments:

1. The �eld remains heavily reliant on actuation technology that has per-
sisted for nearly two centuries, the electric motor, thus innovations on
this topic are urgent . There is a demand for actuators that resemble biological
muscles [53], particularly those that are intrinsically compliant or fully soft, capable
of adjusting sti�ness without complex mechanisms, and have a high level of inte-
gration with sensors in one component so that they can be comfortably embedded
in clothing. Existing actuators that mostly resemble muscles (Pneumatic Arti�cial
Muscles and Pneumatic In�atable Actuators), often demand large air tanks. One
promising solution to this challenge is biomechanical energy harvesting [54] and in-
novative methods for delivering pneumatic energy [55], [56].

2. The mechanical design requires simpli�cation compared to current norms
in the �eld, alongside the improvement of attachment points . Common
mechanical designs typically involve rigid frames with actuators aligned with human
joints, however, trends are moving toward fabric-based designs with the goal of re-
ducing weight on the distal limbs for better adaptation to the human body [57].
Yet, challenges remain in e�ectively attaching a robot and transmitting forces to the
human body, demanding urgent systematic investigation and innovative approaches,
such as hybrid rigid-soft systems. Besides innovative exoskeleton designs, the ad-
vances in this regard could also be enabled by the development of novel materials
[58].

3. Hierarchical control where the high-level algorithms should infer human
intentions as we need exoskeletons to be increasingly versatile . This domain
is advancing in several ways, e.g. by taking into account not only the user and the
exoskeleton but also the environment through the use of cameras [59], [60]. Another
seemingly more challenging approach is to infer intent directly from the human brain
via electrodes [61]. Moreover, there is growing interest in human-in-the-loop con-
trollers, which allow exoskeleton parameters to be optimized based on real-time data
from the user where di�erent objective functions can be used also to improve the
interaction [51], [62].

4. Benchmarking of exoskeletons and quantitative indicators of performance
other than in the laboratory settings . This is an under-addressed topic but
one in need of thorough exploration. This aspect is less related to technological
innovations, however crucial for the usability of exoskeletons [63].

Furthermore, there exist other challenges that seem comparatively more approachable or
are commonly encountered in robotics:

1. Novel sensors that can be embedded into clothing have the potential to enhance
overall comfort, performance, and control with human-in-the-loop aspects [64], [65].

2. Enhancing autonomy via advancements in battery technology is a signi�cant consid-
eration, albeit a prevalent challenge across robotics [66].

3. Ensuring the cost-e�ectiveness and a�ordability of exoskeleton technology is crucial
for fostering broader adoption [67].
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4. Prioritizing safe operation remains a vital aspect of the design process [1].

5. The customization of exoskeletons to accommodate individual needs in terms of size,
control, and other parameters [40].

Why is it hard to engineer an actuator similar to biological muscles?

Most of the design challenges revolve around actuation, leading the author to prioritize
actuation as the most crucial aspect. The concept of an actuator resembling biological
muscles has been a longstanding goal in robotics as no actuator can satisfy all the ac-
tuation requirements [53]. The actuation continues to be predominantly in�uenced by a
technology that has been in existence for nearly two centuries, the electric motor. Biologi-
cal muscles possess the unique ability to adjust their sti�ness, allowing for safe interaction
with humans and adaptation to varying environments [68]. The compliance is attributed
to the viscoelastic properties of muscles, including the ability to change their moduli. Hu-
mans utilize the entire muscle structure's morphology, material, and constraints to adapt
sti�ness and damping to unfamiliar environments. Moreover, biological muscles exhibit a
high level of integration, where actuation, transmission elements, proprioceptive sensing,
control circuits, and viscoelastic properties are seamlessly integrated into one material ar-
chitecture [53]. Therefore, di�erences in the actuation principle between robot actuators
and biological muscles still exist, but we are on the right way to create arti�cial muscles
intrinsically similar to biological, whose actuation can be based on pneumatic, thermal,
and electrical inputs [53]. Actions directed towards addressing the complexities associated
with pneumatic arti�cial muscles and pneumatic in�atable actuators, including the explo-
ration of innovative methods for delivering pneumatic energy (such as through chemical or
electrochemical reactions), are likely to signi�cantly in�uence the �eld in the long term.

Why mechanical design requires simpli�cation?

Exoskeletons are often complex in their mechanical design, however, they must strike a
balance between functionality and simplicity to ensure minimal weight and, crucially, user
comfort and minimal invasiveness to avoid rejection. Furthermore, complexity is respon-
sible for increasing cost, weight, and size. The time required for putting on and taking o�
the device is also a signi�cant consideration. Research challenges in this domain aim to
innovate lighter and simpler structures that enhance comfort, reduce the time needed for
putting on the device, and o�er greater freedom of movement. Besides traditional exoskele-
tons with rigid structures known for their high power, a novel concept of soft exoskeletons
emerges that resembles everyday clothes, making them increasingly popular in research.
These exoskeletons utilize soft actuation mechanisms, o�ering enhanced comfort, and re-
duced weight, and are typically fabric-based, and thus better conform to the human body.
Continued advancements in soft materials hold the promise of driving further innovation
in exoskeleton design [69].

What can high-level controllers do better than what exists?

Humans naturally adjust joint torques and movement patterns based on environmental
signals, such as when approaching stairs for ascent or descent, using visual input. Similarly,
when lifting objects, humans intuitively gauge the required power. However, inferring hu-
man intentions for exoskeletons can be challenging but may necessitate adaptation to var-
ious environments, requiring movement and torque adjustments and locomotion changes.
A high-level controller is essential for interpreting human intentions and generating and
adjusting reference actions to ensure that the desired task is executed according to the
user's intentions and assisted as intended by the exoskeleton. In the �eld, very little e�ort
has been made in recognizing the environment around the user, as mostly the focus has
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been on the user and the exoskeleton. Further recent investigations often put human-in-
the-loop meaning that the exoskeleton can adapt parameters while measuring the e�ects
on humans such as energetic cost, kinematics, or even interaction forces or user preference
potentially improving comfort and user satisfaction [51]. However, some methodologies re-
quire long measurement times that increase the rate of dropout and induce muscle fatigue.
Accordingly, future research in the robotics �eld would bene�t from combining human-in-
the-loop with available musculoskeletal models, since these models allow for the simulation
of an objective function while customizing control parameters using online measurements
directly from participants. Moreover, as new soft robotic actuators emerge, there is a
growing e�ort among research groups in academia and industry to address the challenges
of novel compliant controllers and nonlinear modeling [70], [71].

Why are quantitative performance indicators essential for progress in the �eld?

The �eld of wearable robotics lacks standardized quantitative indicators of perfor-
mance, leaving researchers questioning what parameters to measure to assess a device's
e�ectiveness. Benchmarks provide a quantitative assessment, enabling the evaluation of
system impact using standardized units. Currently, lab evaluations often involve measur-
ing parameters like muscular activity, metabolic cost, or joint power in healthy subjects to
assess exoskeleton performance, often hypothesizing similar e�ects on impaired subjects.
However, other benchmarks, such as consideration of adaptability, interaction ability, or
dependability, are needed to achieve further progress. Other approaches are assessing the
functional improvements achieved with exoskeletons in impaired individuals, and evalu-
ating the user's ability to accomplish speci�c tasks [50]. A good example of a wearable
robotics competition is Cybathlon, where such tests are performed. These might involve
for example the 10-meter walk test (10MWT), the 6-min walk test (6MWT), the timed up
and go (TUG) test [72], or the Fugl-Meyer assessment (FMA) [73].

1.2 Purpose of the Dissertation

In general, the purpose of this dissertation is to explore and invent novel pneumatic actu-
ation mechanisms with variable sti�ness and corresponding control algorithms and imple-
ment them in a newly developed innovative rigid-soft lower-limb exoskeleton prototype for
partial assistance. It will also explore biomechanical energy harvesting and novel methods
for delivering pneumatic energy, and thus advance the current state-of-the-art.

Speci�cally, �rst, it seeks to develop a novel type of lightweight quasi-passive pneu-
matic mechanism and method that enables sti�ness modulation without an external air
supply, which has been identi�ed as one of the major bottlenecks. Such a mechanism could
improve devices that currently rely on single-sti�ness mechanical springs. The dissertation
further seeks to explore energy harvesting methods using the developed mechanism. Af-
ter developing and validating a quasi-passive pneumatic mechanism, the dissertation aims
to bring a whole prototype of a fully portable exoskeleton that in addition to the quasi-
passive mode can operate in active mode. This multi-modal operation could increase the
energy e�ciency in pneumatic exoskeletons. With the same prototype, the dissertation
also seeks to devise a methodology for simultaneous human assistance and more e�cient
energy recovery than with existing actuators for lower limb exoskeletons. Finally, the dis-
sertation will investigate the synergies between tendon-driven electromechanical actuation
and pneumatic actuation, aiming to bring the hybrid rigid-soft multi-joint assisted device
that could simplify the mechanics and optimize the functionality and e�ectiveness.

Unlike targeting a speci�c group of applications (e.g., rehabilitation or impaired indi-
viduals), the developed exoskeleton prioritizes advances in the underlying technology and
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is tested on healthy subjects. As a result, the technology has the potential to enhance a
broad spectrum of wearable devices tailored for speci�c applications, possibly extending
to other types of legged robots.
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1.3 Goals of the Dissertation

Four primary goals have been set to realize the purpose of this dissertation.
G1. Develop and experimentally evaluate a portable pneumatic quasi-passive variable

sti�ness mechanism featuring a novel sti�ness modulation method that operates without
an external air supply by utilizing a vacuum to harvest the air and adjust sti�ness. The
mechanism must be compact and lightweight so that it can be installed in the exoskeleton.

G2. Integrate the developed quasi-passive variable sti�ness mechanism into a novel
exoskeleton joint prototype, incorporating additional in�atable pneumatic components, to
serve as a soft reservoir for harvested air and further in�uence joint sti�ness. Experimen-
tally validate the exoskeleton joint prototype on the experimental device.

G3. Develop an entire bilateral portable pneumatic knee exoskeleton with multiple
modes of operation, among which the most important are quasi-passive and active. The
same actuator should be capable of operating in multiple modes. The quasi-passive mode
should be achieved by utilizing the previously developed joint, and active by including a
portable air supply. These multimodalities are intended to function simultaneously during
tasks and improve the energy e�ciency in pneumatic exoskeletons.

G4. Extend the exoskeleton's functionality to provide multi-joint assistance for the
lower limbs by integrating a hybrid actuator, consisting of a soft tendon-driven design for
hip joint assistance and a rigid design for knee assistance. Demonstrate the advantages of
this con�guration through experimental studies on humans.

1.4 Hypothesis

Aligned with the dissertation goals, we have formulated the following hypotheses:
H1. The newly developed mechanism will function as a nonlinear variable sti�ness

spring when engaged and remain transparent and fully backdrivable when disengaged.
Sti�ness modulation will be achieved through e�cient air harvesting. Experimental results
will showcase improved functionalities and technical speci�cations compared to current
quasi-passive mechanisms.

H2. The exoskeleton joint will e�ciently accumulate and store compressed air in the
soft air tank, thereby additionally adjusting sti�ness. The stored air will be reusable. The
exoskeleton joint prototype will excel in energy density compared to similar mechanisms.

H3 . The entire exoskeleton prototype will reduce muscle activity in both active and
quasi-passive modes. Moreover, experimental validation will demonstrate a reduction in
exoskeleton energy consumption when combining two operational modes.

H4. Assisting multiple joints will result in lower human metabolic costs compared to
assisting a single joint. In addition, the assisted muscles will exhibit lower muscle activation
with minimal changes in kinematics.



1.5. Structure of the Dissertation 9

1.5 Structure of the Dissertation

The dissertation is structured in the following way.
Chapter 2 provides an overview of the state of the art in wearable robotics, with a

particular emphasis on lower-limb exoskeletons. It provides an in-depth review of the
various types of exoskeletons, the actuators employed, and the control strategies, and
concludes by proposing methodologies on how to the key issues in the �eld are improved
in the dissertation.

Chapter 3 introduces the quasi-passive pneumatic variable sti�ness mechanism in rela-
tion to goal G1 and hypothesisH1 . It begins with the theoretical concept and pneumatic
design, followed by a mathematical description of sti�ness modulation. Subsequently, the
physical prototype is presented, accompanied by a detailed description of the experiments.
The chapter then outlines the results, followed by an application, comparison, and discus-
sion. Finally, concluding thoughts are provided to wrap up the chapter.

Chapter 4 presents the pneumatic exoskeleton joint mechanism (PEJM), building upon
the fundamental principles established in the previous chapter and is related to goalG2
and hypothesisH2 . This mechanism incorporates additional components, including pneu-
matic arti�cial muscle (PAM). The chapter begins by detailing the mechatronic design
and operational principles. Subsequently, it explores a novel method of sti�ness modula-
tion. Following this, an experimental evaluation on the setup is conducted, and the results
are presented alongside a comparative analysis with alternative approaches. The chapter
concludes with �nal re�ections on the �ndings.

Chapter 5 delivers the entire pneumatic portable knee exoskeleton and is associated
with G3 and hypothesisH3 . The chapter begins with a mechatronic design, followed by
an examination of its pneumatic multimodalities. Of particular signi�cance is the concept
of energy recovery, which is elaborated upon mathematically. Subsequently, a pilot study
involving a healthy subject is conducted, and the results are discussed in the context of
simultaneous energy recovery and human assistance. The chapter concludes with �nal
re�ections on the implications of the �ndings.

Chapter 6 delves into the hybrid rigid-soft and pneumatic-electromechanical exoskele-
ton designed for multi-joint lower limb assistance, associated withG4 and hypothesisH4 .
The chapter begins by detailing the actuation con�guration and the decoupled control of
both joints (hip and knee). Human studies are conducted in the experimental environment,
together with data collection and statistical analysis to examine the impact on muscular ac-
tivity, metabolic cost, and kinematics. Subsequently, the results are thoroughly discussed,
leading to the conclusion of the chapter.

The dissertation conclusions are presented in Chapter 7.
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Chapter 2

Literature Review

This chapter provides an overview of lower limb exoskeletons, encompassing the actuation,
various types, and typical control algorithms. In the end, it introduces the methodologies
and innovations proposed in this dissertation to address the de�ciencies. Given the dis-
sertation is concentrated on lower limb exoskeletons for partial assistance, the literature
review is speci�cally directed toward this �eld.

2.1 Lower Limb Exoskeletons

Robotic lower limb exoskeletons can apply assistive torque, and thereby reduce or, in
certain scenarios, entirely replace the exertion required by leg muscles, thereby aiding in-
dividuals during activities such as walking, standing up, sitting down, and more. The
manner and con�guration of assistive motion and torques vary depending on the speci�c
application. There are two primary categories of exoskeletons designed to aid in walking:
those intended for complete mobilization and those for partial assistance. In Figure. 2.1

Figure 2.1: Examples of lower limb exoskeletons. (a) and (b) depict complete mobilization
lower limb exoskeletons, while (c) through (g) show partial assistance exoskeletons. In
(a), the ATALANTE exoskeleton by Wandercraft weighs 80 kg and features 12 actuated
joints [74], [75]. (b) showcases the ReWalk Personal Exoskeleton, weighing 20.4 kg with
two actuated joints per leg [76], [77]. (c) Myosuit by Myoswiss AG, weighs 4.5 kg and
is designed for knee extension assistance in patients with motor disorders [3]. (d) Hip
exoskeleton for walking, running, and stair ascent weighs 3.5 kg [37]. (e) Samsung hip
exoskeleton for assisting healthy human subjects, reducing the metabolic cost of walking,
and weighing 2.4 kg [12]. (f) Ankle exoskeleton aimed at improving walking in individuals
with cerebral palsy, weighing 2.8 kg [78]. (g) Tendon-driven exoskeleton (a concept known
as an exosuit) provides hip assistance and weighs 2.87 kg [79].
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