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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 efficiency 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-efficient 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 Artificial 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 Stiffness: In the context of exoskeletons, it refers to a property where the
stiffness of the mechanism or actuator can be adjusted or modified, usually to accommodate
various tasks or environments.
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Chapter 1

Introduction

The field 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, offering potential benefits for mobility, strength, and
rehabilitation [1]. These devices can be classified according to various criteria, but one
of the most notable is their application. Exoskeletons find applications across a diverse
range of sectors, among which the most common include medical, consumer, occupational,
and military contexts. Some commercial examples of different application exoskeletons are
shown below in Figure 1.1.

(b) Consumer (a) Medical 

(d) Military 

(c) Occupational

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 offering
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 offer 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
fitness exoskeletons [10]–[12], skiing braces that support weakened muscles such as the
Elevate exoskeleton by ROAM Robotics, and gaming exoskeletons that offer enhanced
haptic feedback, such as GEMS (Gait Enhancing and Motivation System) by Samsung.
For instance, Samsung’s GEMS exoskeleton can simulate walking through viscous fluids
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 offers 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 field 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 different 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, offering more dynamic support
for activities demanding greater assistance and versatility [37]–[45].
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While certain sectors, notably the medical field, 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 significant
improvement are more inclined to embrace the technology. In healthy subjects, whether
in consumer, occupational, or military exoskeletons, comfort is crucial as it significantly
influences 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, influencing 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. Different
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 specific requirements of the exoskeleton design and intended application.
Electromechanical actuators, such as DC motors with gears, offer precise control and high
power output, making them suitable for dynamic movements and load-bearing tasks in ex-
oskeletons. Pneumatic actuators, like pneumatic artificial muscles (PAMs) and pneumatic
cylinders, provide high power density and inherent compliance ideal for exoskeletons, al-
beit with trade-offs 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 significant 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 effort 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 efficacy 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 effects 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
field 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 field 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 stiffness 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 Artificial
Muscles and Pneumatic Inflatable 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 simplification compared to current norms
in the field, 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 effectively 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 different 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 significant consid-
eration, albeit a prevalent challenge across robotics [66].

3. Ensuring the cost-effectiveness and affordability 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 influenced 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 stiffness, 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
stiffness 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, differences in the actuation principle between robot actuators
and biological muscles still exist, but we are on the right way to create artificial 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 artificial muscles and pneumatic inflatable actuators, including the explo-
ration of innovative methods for delivering pneumatic energy (such as through chemical or
electrochemical reactions), are likely to significantly influence the field in the long term.

Why mechanical design requires simplification?

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 off
the device is also a significant 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 offer 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, offering 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 field, very little effort
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 effects
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 field would benefit 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 effort 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 field?

The field of wearable robotics lacks standardized quantitative indicators of perfor-
mance, leaving researchers questioning what parameters to measure to assess a device’s
effectiveness. 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 effects 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 specific 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 stiffness 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.

Specifically, first, it seeks to develop a novel type of lightweight quasi-passive pneu-
matic mechanism and method that enables stiffness modulation without an external air
supply, which has been identified as one of the major bottlenecks. Such a mechanism could
improve devices that currently rely on single-stiffness 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 efficiency in pneumatic exoskeletons. With the same prototype, the dissertation
also seeks to devise a methodology for simultaneous human assistance and more efficient
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 effectiveness.

Unlike targeting a specific 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 specific 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

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

G2. Integrate the developed quasi-passive variable stiffness mechanism into a novel
exoskeleton joint prototype, incorporating additional inflatable pneumatic components, to
serve as a soft reservoir for harvested air and further influence joint stiffness. 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 efficiency 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 configuration 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 stiffness

spring when engaged and remain transparent and fully backdrivable when disengaged.
Stiffness modulation will be achieved through efficient air harvesting. Experimental results
will showcase improved functionalities and technical specifications compared to current
quasi-passive mechanisms.

H2. The exoskeleton joint will efficiently accumulate and store compressed air in the
soft air tank, thereby additionally adjusting stiffness. 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.
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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 field are improved
in the dissertation.

Chapter 3 introduces the quasi-passive pneumatic variable stiffness mechanism in rela-
tion to goal G1 and hypothesis H1. It begins with the theoretical concept and pneumatic
design, followed by a mathematical description of stiffness 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 goal G2
and hypothesis H2. This mechanism incorporates additional components, including pneu-
matic artificial muscle (PAM). The chapter begins by detailing the mechatronic design
and operational principles. Subsequently, it explores a novel method of stiffness 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 final reflections on the findings.

Chapter 5 delivers the entire pneumatic portable knee exoskeleton and is associated
with G3 and hypothesis H3. The chapter begins with a mechatronic design, followed by
an examination of its pneumatic multimodalities. Of particular significance 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 final
reflections on the implications of the findings.

Chapter 6 delves into the hybrid rigid-soft and pneumatic-electromechanical exoskele-
ton designed for multi-joint lower limb assistance, associated with G4 and hypothesis H4.
The chapter begins by detailing the actuation configuration 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.





11

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 deficiencies. Given the dis-
sertation is concentrated on lower limb exoskeletons for partial assistance, the literature
review is specifically directed toward this field.

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 configuration of assistive motion and torques vary depending on the specific
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

(a) (b) (c) (d) (e) (f) (g)

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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examples including (a) and (b) are complete mobilization exoskeletons, while (c) through
(g) show partial assistance exoskeletons. Exoskeletons aimed at complete mobilization are
engineered to facilitate leg movement for individuals experiencing significant motor impair-
ment or motor disorders, commonly observed in cases of spinal cord injury (SCI). These
devices have been on the market since 2011 when ReWalk (ReWalk Robotics, Israel) was
introduced commercially. These exoskeletons require actuators with high torque capability
as they are responsible for providing the entire torque necessary for movement. Some ex-
amples of such exoskeletons are given in [74]–[77], [80]–[84]. Partial assistance exoskeletons
generally have a lighter design with less powerful actuators and target different less severe
impairments such as decreased stamina due to aging, weakened strength or coordination
resulting from incomplete spinal cord injury, stroke, neurodegenerative diseases, and simi-
lar conditions. These devices can also assist the gait of healthy people, which can be useful
for endurance augmentation purposes. Some examples of partial assistance exoskeletons
are found in [3], [12], [26], [37], [78], [85], [86].

2.1.1 Energy Flow Between Humans and Exoskeletons

Human joints exhibit the ability to both generate and absorb energy, influenced by the
coordinated action of muscle pairs engaging in concentric and eccentric contractions. The
activation of muscles results in the production of joint torques, thus governing joint mo-
tion. Joint power is the product of the joint torque and the joint angular velocity. A
positive value indicates power generation, which reflects concentric muscle activation, and
a negative value, in contrast, indicates power absorption, which reflects eccentric muscle
activation [87]. Taking this into account, various energy exchange mechanisms between
humans and exoskeletons exist, occurring during both positive and negative joint power

(a)

(b)

(c)

Normal Biological 
Joint Power

Examples of energy 
cycle with 
exoskeletons 

The power profile shape and 
amount are only illustrative!

Active Exo

Passive Exo

Energy-
harvesting

Figure 2.2: Three examples of the energy cycle between humans and exoskeletons. Negative
joint power generated by human joints is depicted in red, positive power is shown in blue,
and exoskeleton power is represented in green. (a) Active exoskeletons inject energy at
the joint during the positive power intervals of the gait via an actuator. (b) Passive
exoskeletons store energy during the negative power intervals and immediately return it
to the same joint through elastic components. (c) Energy-harvesting exoskeletons extract
energy from the joint during the negative power intervals of the gait and generate electricity
or compressed air in the case of pneumatic exoskeletons. The figure is adapted from [54].
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intervals. Three instances of energy flow between humans and exoskeletons are depicted
in Fig. 2.2. For instance, Fig. 2.2a illustrates active exoskeletons delivering power via
actuators at joints during the positive joint power phase of the gait cycle. In Fig. 2.2b,
passive exoskeletons store energy during negative joint power intervals and return it to
the joint to assist during positive joint power intervals, typically accomplished through
elastic components. Figure 2.2c showcases energy-harvesting exoskeletons capable of ex-
tracting and storing energy during negative joint power intervals to charge the batteries
using energy-regenerating actuators. In the case of pneumatic exoskeletons, this process
can involve accumulating compressing air. Understanding these biomechanical principles
is crucial for comprehending the following reviews on various types of exoskeletons.

2.1.2 Active Exoskeletons and Actuators

Active exoskeletons are designed to augment or restore human capabilities by integrating
sensors and powered actuators that deliver forces or torques to human joints. They are
equipped with electronic circuits, where the control algorithms run and continuously mon-
itor and adjust assistance levels in real-time. The power for these actuators is sourced
from various power sources, including batteries for electromechanical actuators or different
pumps for pneumatic and hydraulic actuators.

2.1.2.1 Electromechanical Actuators

One of the most common actuator types in active exoskeletons is electromechanical actua-
tors, typically comprising an electric motor and gear transmission to amplify torque. These
actuators convert electrical energy into mechanical motion, enabling precise control over
force or torque. Electromechanical actuators offer efficient and adaptable assistance, mak-
ing them suitable for a wide range of exoskeleton applications. Examples of exoskeletons for
partial assistance with electromechanical actuators are given in Figure. 2.3. Backdrivabil-
ity is another crucial aspect of actuators, enabling the transmission of external forces back
through the system to the motor. This feature enables bidirectional interaction between
the exoskeleton and the user, facilitating natural movement and proprioceptive feedback.
Typically, high-reduction gears lack backdrivability. However, a concept gaining traction
in recent literature is a quasi-direct drive, wherein a small reduction gear is added to an
electric motor that already possesses notable torque, such as in [89].

2.1.2.2 Pneumatic Actuators

Another commonly used type of actuator in active exoskeletons is pneumatic actuators,
which operate by utilizing compressed air. These actuators offer high power density and
inherent compliance, along with high backdrivability, making them well-suited for exoskele-
ton applications. However, they come with certain trade-offs in terms of portability and
controllability. In wearable robotic applications, various portable pneumatic energy sources
are employed, ranging from large stationary air compressors e.g. in [43], [45], [91], [93], to
more portable options like small air pumps [41], [42], [94] which can be further configured
either in parallel for high flow rates or in series for high-pressure output [95]. These air
pumps are available in different designs, including diaphragm pumps and piston pumps,
capable of delivering high pressure but possibly generating noise. Alternatively, electro-
pneumatic pumps operate quietly but have limitations in the pressure they can generate
[56]. Nonetheless, they appear to be a promising avenue for future advancements in pump
technologies. Figure 2.4 shows examples of pneumatic actuators in lower limb exoskeletons
for partial assistance.
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(b)

(c)

(a)

(d)

Figure 2.3: Examples of electromechanical actuators in lower limb exoskeletons for partial
assistance: (a) Transmission system with belt, ball screw, and levers for mechanical ad-
vantage at the knee joint [38]. (b) Combination of helical gear, ballscrew, and fiberglass
springs for torque amplification at the hip joint [37]. (c) Planet gears on the output of a
BLDC motor in a knee exoskeleton [88]. (d) Actuator denoted with number two, with a
rope wound around the output pulley for ankle joint assistance [40].

2.1.2.3 Hydraulic Actuators

The hydraulic actuators appear less frequently in exoskeletons because of their higher
weight and complexity compared to pneumatic and electromechanical alternatives. Addi-
tionally, they require more maintenance due to the potential for fluid leakage and hydraulic
component wear. However, hydraulic actuators offer high power density and robustness,
making them suitable for applications where high forces and torques are required. One
notable example of a commercialized hydraulic knee exoskeleton is the Ottobock C-Brace®

[2], [96], depicted in Fig. 2.5. This exoskeleton operates hydraulically but is passive, with
adjustable damping only. Its purpose is to prevent knee drop resulting from impaired knee
extensor muscle groups, commonly observed in neurological conditions.

2.1.2.4 Variable Stiffness

Variable stiffness in actuators refers to the ability of an actuator to change its stiffness,
which is essentially the relationship between torque and deflection. In exoskeletons, variable
stiffness actuators are often used to mimic the compliance and adaptability of human
muscles and tendons. By adjusting the stiffness of the actuator, it can better replicate the
behavior of biological muscles, allowing for smoother and more natural movements. This
capability is particularly useful in exoskeletons where the user’s movements may vary in
speed, force, or direction, requiring adaptable levels of support and resistance.
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Variable stiffness is a feature commonly found in electromechanical actuators, and to
a lesser extent, in pneumatic ones. The upcoming section will discuss the current state-of-
the-art in electromechanical variable stiffness actuators followed by pneumatic actuators.

2.1.2.4.1 Electromechanical Variable Stiffness: To understand variable stiffness
actuators, it’s crucial to grasp the concept of Series Elastic Actuators (SEAs). These actu-
ators incorporate a compliant element, typically a spring, in series with the output linkage.
This configuration enables the actuator to store and release mechanical energy, providing
inherent compliance and shock absorption. SEAs offer several advantages, including en-
hanced safety, energy efficiency, and robustness in interactions with the environment or
human users. They were first introduced by Pratt et al. [98]. However, SEAs have fixed
stiffness, which has led to the development of Variable Stiffness Actuators (VSAs), an in-
novative actuator design that allows for adjustable stiffness properties during operation.
Unlike traditional actuators with fixed stiffness, VSAs enable dynamic changes in stiffness
based on task requirements. Figure 2.6 shows the schematic concept of a stiff actuator,
series elastic actuator (SEA), and variable stiffness actuator (VSA).

Several mechanisms exist for adjusting stiffness, typically powered by a secondary mo-
tor alongside the primary one. This is extensively covered in the review paper by Wolf
et al. [99]. Common approaches are illustrated in Fig. 2.7. They often involve alter-

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 2.4: Examples of pneumatic actuators in lower limb exoskeletons for partial assis-
tance: (a) Portable hip exoskeleton with pneumatic cylinder [41]. (b) Soft inflatable ac-
tuator for knee assistance [90]. (c) Pneumatic ankle exoskeleton with double-piston crank
power source [42]. (d) Exoboot, a soft inflatable robotic boot providing ankle assistance
[43]. (e) McKibben Pneumatic Artificial Muscles (PAMs) in bioinspired design [91]. (f)
Custom McKibben-style pneumatic actuators for hip, knee, and ankle assistance [46]. (g)
Commercialized pneumatic knee exoskeleton with fabric actuator from ROAM Robotics
[92]. (h) Robotic ankle-foot orthosis with inflatable actuator aiding in plantarflexion for
gait rehabilitation [45].
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Figure 2.5: Ottobock C-Brace®. Figure adapted from [97].

ing spring pretension [100]–[106], adjusting the transmission mechanism between the load
and the spring [107]–[110], and modifying the physical properties of the spring, such as
its effective length or cross-sectional shape [111], [112]. Figure 2.8 showcases examples
from literature employing various mechanisms for stiffness modulation in electromechanical
variable stiffness actuators (VSAs). Utilizing nonlinear transmissions allows for tailored
spring pretension adjustments to suit specific application needs. The cam mechanism,

Motor Gear
Train Load

Series 
Elasticity

Motor Gear
Train Load Motor Gear

Train Load

(a) Stiff actuator (b) SEA (Series Elastic Actuator) (c) VSA (Variable Stiffness Actuator)

Mechanism for 
adjusting stiffness

Figure 2.6: Actuator architectures: (a) Stiff actuator, (b) Series elastic actuator adds
compliance, (c) Variable stiffness actuators adjust the stiffness of the spring through various
mechanisms.

(a) (b) (c)

Figure 2.7: Various mechanisms for adjusting stiffness include (a) Spring pretension-based
involving different spring configurations; (b) mechanisms employing variable moment arms
with a movable pivot point; and (c) adjustments based on variable length. Figure adapted
from [113].
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(a) Changing spring pretension (b) Changing moment arm (c) Changing active length

Figure 2.8: Electromechanical variable stiffness actuators using different mechanisms. (a)
MACCEPA actuator utilizes a spring pretension-based mechanism adjusted by a lever arm,
as depicted in the schematic. Motor 2 in the prototype adjusts spring pretension, while
Motor 1 controls joint rotation [105], [114]. (b) AwAS-II alters stiffness by modifying the
transmission between load and spring, achieved through pivot repositioning while main-
taining fixed spring position [108]. (c) Braun et al. achieve wide-range stiffness modulation
using a variable-length leaf spring [112].

commonly employed, provides desired stiffness-displacement characteristics. For instance,
in MACCEPA and MACCEPA 2.0 [104], [105], a cam mechanism situated between two
steering gears enables controlled adjustment of actuator stiffness. Unlike adjusting stiff-
ness via spring preload, transmission modulation demands lower motor torque for stiffness
adjustment. Lever mechanisms are often used, altering actuator stiffness by adjusting the
lever’s fulcrum or the spring’s position along the lever arm [108], [115]. A third approach
involves changing the active length, as demonstrated by Braun et al., achieving wide-range
stiffness modulation of the VSA through a variable-length leaf spring [112].

2.1.2.4.2 Pneumatic Variable Stiffness: Exploiting the compressibility of air is an-
other way to achieve stiffness modulation in exoskeletons. In pneumatic actuators, the
stiffness is usually controlled by adjusting the pressure. Some examples of the studies on
variable stiffness pneumatic actuators were conducted by [116], [117], where both groups
controlled the stiffness by feeding the disparate amounts of compressed air to chambers
from the remote air supply. Only recently, stiffness modulation demonstrated on an air
cylinder in passive use without the remote air supply was proposed by [111]. Here, mod-
ulating the initial volume to be compressed affects the compression force, simultaneously
increasing the stiffness range and storable energy capacity. This method is comparable
to adjusting the active length of a spring in electromechanical variable stiffness actuators.
However, cylinders have a limited stroke length, and shortening it could impact the us-
ability as the available range of motion is impacted. Moreover, the future direction may
involve integrating pneumatic variable stiffness actuators with other types, such as electric
motors [118] or hydraulic systems [119].

An example of a pneumatic variable stiffness actuator is given in Fig 2.9. Here the
stiffness adjustment is achieved through a pressure control mechanism, comprising two
solenoid valves and an air cylinder actuated by a motor-screw system. Rotation of the
stiffness modulation motor in either direction alters the pressure through the air cylinder.
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Figure 2.9: An example of a pneumatic variable stiffness actuator (schematic diagram).
Figure adapted from [117].

2.1.3 Energy Harvesting Exoskeletons

Energy-harvesting exoskeletons are devices designed to harness and convert biomechanical
energy generated during movement into electrical energy. Unlike usual actuators that
consume energy, these devices employ actuators that use regenerative braking principles,
similar to hybrid cars, to capture energy that would otherwise be dissipated. By selectively
engaging energy harvesting during specific phases of movement, such as deceleration at
negative joint power intervals, actuators assist in slowing down joints while simultaneously
generating electricity [120]–[122]. Figure 2.10 illustrates an example of an exoskeleton
equipped with a biomechanical energy harvester designed for electricity generation. Energy
harvesting can also be done with pneumatic mechanisms, in such cases the biomechanical
energy is converted to compressed air [55], [123].

(a) (b)

Figure 2.10: Exoskeletons for biomechanical energy harvesting: (a) Illustrates a device
that converts biomechanical energy into electrical energy [122]. (b) Shows a device that
generates compressed air from biomechanical energy [55].
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2.1.4 Passive and Quasi-Passive Exoskeletons

Passive exoskeletons employ mechanical structures to enhance human movement without
requiring external power sources. These systems utilize springs, dampers, and other passive
elements to store and release energy, aiding in tasks such as lifting heavy loads or reducing
muscle fatigue during repetitive motions (see Fig. 2.11). One significant advantage of
passive solutions over active ones is their typically lower weight, as they lack bulky motors
or batteries. However, they can not be controlled and have limited output power.

Passive exoskeletons may incorporate mechanisms like clutches to store energy during
one phase of a task, later releasing it in another phase. This approach is frequently seen
in the literature, particularly at the ankle joint [26], [27], and in combinations of ankle-
knee systems [29]. Two examples of ankle exoskeletons with passive clutches are shown
in Fig. 2.12. These passive clutches typically utilize mechanisms to engage or disengage
the elastic element at specific joint angles. In the review paper on locking mechanisms in
robotics by Plooij et al. [125], locking devices are divided into three main categories based
on different locking principles: 1) mechanical locking, e.g. ratchet-pawl, 2) friction-based
locking between two surfaces, and 3) singularity locking.

However, in the case of purely passive clutches, the moments of engagement and disen-
gagement of the passive actuator cannot be controlled and can only be triggered exactly
at a specific joint angle. In some cases, exoskeletons utilize electrical power to engage or
disengage clutches or also power sensors, placing them in the category of quasi-passive

(a) (b) (c)

(d)
(e)

Figure 2.11: Examples of passive exoskeletons without clutches: (a) Hip exoskeleton
aiding flexion and extension [30]. (b) Elastic band assisting hip flexion [31]. (c) LiftSuit
by AUXIVO AG supports the lower back during lifting tasks or forward-leaning positions
[32]. (d) SPEXOR Exoskeleton utilizing MACCEPA variable stiffness mechanics for lower
back support [124]. (e) Ottobock Paexo shoulder exoskeleton for industrial workers [28].
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(a) (b)

Figure 2.12: Examples of passive exoskeletons with clutches: (a) Ratchet-Pawl-based clutch
activated via pin only at specific angles [26]. (b) Low-profile friction clutch mechanism [27].

(a) (b) (c)

Figure 2.13: Quasi-Passive exoskeletons featuring passive actuators that are engaged or
disengaged by actively controlled clutches. (a) Depicts a pneumatic-based friction clutch
[34]. (b) Shows a custom interference clutch integrated with a planetary gear transmission
[36]. (c) Includes a mechanical ratchet-pawl clutch actuated by a servo motor [35].

exoskeletons. Quasi-passive exoskeletons integrate minimal powered components to com-
plement passive mechanisms or enable controlled activation and deactivation. While they
primarily rely on passive technology to generate force or torque, akin to fully passive ex-
oskeletons, they do not actively deliver positive net mechanical work to the user’s joints.
Instead, they store and release energy in synchronization with movement patterns to en-
hance performance. These quasi-passive designs strike a balance between energy efficiency
and functionality, providing assistance to users while maintaining a lightweight and er-
gonomic structure. Examples of actively controlled clutches found in the literature include
friction generated by air pressure between two surfaces [34], [126], electromagnetically en-
gaged mechanical planetary gear clutches [36], servo motor-actuated mechanical ratchet-
pawl systems [35], [127], and solutions such as electroadhesive clutches [128], [129]. Some
examples of exoskeletons with actively controlled clutches are shown in Fig. 2.13.
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2.1.5 Rigid Exoskeletons and Soft Exosuits

In the review so far, some devices are rigid or utilize rigid frames, while others are fabric-
based and closely resemble clothing. This concept, known as exosuits, distinguishes itself
from traditional exoskeletons by offering greater flexibility and comfort, akin to wearing a
garment rather than a rigid mechanical device. In Figure 2.14a, the pioneering Hardiman
exoskeleton, developed in 1967, exemplifies an early effort to amplify human strength for
industrial applications using exoskeleton technology. Although it had massive strength,
its adaptation to the human body was limited, and actually the robot was never tested
with a human pilot. Nevertheless, the project sparked an ongoing interest in robots that
could enhance or assist human motor performance, through a mechanical structure that
mapped to the human anatomy [130]. With advancing technology, the transition toward
more ergonomic designs was evident, as depicted in Fig. 2.14b with the HAL Cyberdyne
exoskeleton. Rigid exoskeletons feature load-bearing structures made from materials like
metal or carbon fiber, providing robust support and protection to the wearer, and are
especially beneficial on joints where sustaining the weight is crucial. However, while offering
high levels of mechanical support, rigid exoskeletons are often bulky and restrictive, limiting
natural movement and agility. Over the years a new concept of exosuits has emerged that
are intrinsically soft as they use textile-based parts to closely adhere to the body’s contours.
An example from Harvard suit [11] is shown in Fig. 2.14c. These exosuits are lightweight,
comfortable, and offer a more natural range of motion compared to rigid exoskeletons.
In a recent perspective on developments in wearable technology, J.L. Pons highlighted the
trend towards less restrictive, more biomimetic designs for wearable robots [131]. This shift
involves a preference for compliant materials that more effectively adapt to the complex
anatomical features of the human body. Figure 2.15 showcases some of the latest exosuits
developed in academia. The first one (a), developed by the Harvard Biodesign Lab, aids
in hip flexion for patients with Parkinson’s disease. The total weight of the exosuit is
2.31 kg, with only 0.22 kg distributed on each thigh. The second exosuit (b) aids in hip
extension and has shown effectiveness in reducing sprint time. While the specific weight of
the device is not provided in the paper, it is apparent that the exosuit places minimal mass
around the limbs, focusing instead on placing it at the back. Lastly, in (c), a lightweight
fabric-based inflatable exosuit, weighting 1.8 kg, provides assistance for both hip flexion
and extension, although it is not portable.

Figure 2.14: From Hardiman to more ergonomic rigid exoskeletons to exosuits. The figure
is adapted from Xiloyannis et al. [57].
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(b) (c)(a)

Figure 2.15: Latest advancements in exosuits. (a) Exosuit targeting hip flexion to treat
freezing in Parkinson’s disease patients [132]. (b) Exosuit aiding hip extension, resulting in
reduced sprinting time [10]. (c) Pneumatic inflatable exosuit facilitating both hip flexion
and extension [133].

2.1.6 Control of Lower-Limb Exoskeletons

Many lower-limb exoskeletons have been developed to assist gait, exhibiting a large range
of control methods. The section is based on the review paper by Baud et al. [50]. The
prevailing method involves a hierarchical structure comprising high, middle, and low levels.
The high-level control governs the overall behavior of the exoskeleton. Typically, exoskele-
tons can transition between various operating modes, depending on the intended activity
and environmental conditions, such as walking on level ground, ascending stairs, and per-
forming sit-to-stand movements. At the high level, methods include manual user input
such as buttons [81], [134] or voice commands [135], brain interfaces [61], [136], [137], au-
tomatic mode detection based on terrain [59], [60], [138], [139] or user movements detected
from sensors and processed by a machine learning or fuzzy logic algorithm to recognize the
situation [2], [140], [141]. The mid-level refers to the ongoing behavior of the robot, where
it calculates the target torque or position for each joint at every step of the primary control
loop. The mid-level controller significantly influences the interaction between the device
and the user, and a considerable portion of exoskeleton control research focuses on this
aspect. While the output of the high-level controller also impacts the behavior, it typically
modifies certain parameters of the mid-level controller without fundamentally changing
the essence of the interaction with the user. The low level operates close to the actuators,
thus being dependent on the unique features of the actuator. Although many methods are
adaptable across different robotic applications, their implementation in a gait assistance
device does not deviate from the primary objective: accurately tracking a reference input
or effectively controlling the valves in the case of pneumatic actuators, or engaging or disen-
gaging clutches in quasi-passive systems. Examples encompass position/speed controllers
with a proportional-integral-derivative (PID) regulator, and torque controllers [142]. The
block diagram of the control strategies classification in lower-limb exoskeletons by Baud et
al. [50] is given in Fig. 2.16.



2.2. Proposed Methodologies 23

Figure 2.16: Control strategies classification diagram for lower-limb exoskeletons by Baud
et al. [50]. Red indicates higher occurrences in literature, and blue is the opposite.

2.2 Proposed Methodologies

In the introduction, major ongoing challenges in the field were highlighted. However, this
work does not attempt to address all of them; instead, it identifies specific challenges for
targeted investigation. The focus areas of this work include:

• Variable stiffness mechanisms and how to make them simpler, lighter and better
integrated in exoskeletons. In addition, how biomechanical energy can be utilized to
change their stiffness.

• Investigating innovative approaches for delivering and recovering pneumatic energy.

• Exploring the potential synergies between soft exoskeleton designs and conventional
designs to enhance the functionality of exoskeleton systems.
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The methodology includes the design, control, and experimental evaluation of mech-
anisms, along with human studies with a newly developed exoskeleton. Figure 2.17 il-
lustrates the key research milestones achieved in this dissertation, each supported by a
corresponding peer-reviewed publication.

Dissertation milestones

(a) (b) (c) (d)

Figure 2.17: Key milestones in the dissertation. (a) Pneumatic quasi-passive variable
stiffness mechanism for energy storage applications, published in [143]. (b) Pneumatic
exoskeleton joint with a self-supporting air tank and stiffness modulation, published in
[144]. (c) Active, quasi-passive, pneumatic and portable knee exoskeleton with bidirec-
tional energy flow for efficient air recovery, published in [145]. (d) Hybrid rigid-soft and
pneumatic-electromechanical exoskeleton for multi-joint lower limb assistance, published
in [146].

The first milestone, depicted in Fig. 2.17a, is discussed in Chapter 3: "Quasi-Passive
Pneumatic Variable Stiffness Mechanism" and is published in [143]. This chapter intro-
duces a novel pneumatic quasi-passive mechanism designed for integration into exoskele-
tons. It consists of an air cylinder and three fast-switching valves, which are the only
powered components. By strategically switching these valves on and off, the mechanism
can be either fully deactivated, mimicking the functionality of a clutch, or activated to ac-
cumulate air within the cylinder. This unique feature enables stiffness modulation without
the need for an external air supply. In essence, the mechanism functions as a quasi-passive
spring, with its stiffness adjustable through the manipulation of the air valves.

The second milestone, depicted in Fig. 2.17b, is discussed in Chapter 4: "Pneumatic
Exoskeleton Joint Mechanism" and is published in [144]. This chapter focuses on the
mechanical design of the Pneumatic Exoskeleton Joint Mechanism (PEJM), which inte-
grates the previously developed quasi-passive mechanism with a Pneumatic Artificial Mus-
cle (PAM) acting as the air tank. The inclusion of the PAM not only influences stiffness
but also allows the joint to generate compressed air internally, eliminating the need for an
external air supply. Moreover, the PAM can store compressed air for subsequent use.

The third milestone, depicted in Fig. 2.17c, is elaborated in Chapter 5: "Knee Ex-
oskeleton with Bidirectional Energy Flow" and published in [145]. This chapter introduces
the complete mechatronic concept of the pneumatic portable bilateral knee exoskeleton,
capable of operating in both active and quasi-passive modes. In the quasi-passive mode,
the previously developed mechanism is utilized, while the active mode incorporates an
integrated air pump for supplying compressed air. These multimodalities are expected to
enhance energy efficiency while simultaneously efficiently assisting the user.

The fourth milestone, depicted in Fig. 2.17d and detailed in Chapter 5: "Hybrid



2.2. Proposed Methodologies 25

Rigid-Soft Exoskeleton for Multi-joint Lower Limb Assistance" is published in [146]. This
milestone introduces a novel hybrid assistive device design, incorporating tendon-driven
electromechanical actuation for the hip joint and a pneumatic rigid exoskeleton for the
knee joint. The advantages of the novel design are discussed in detail in this chapter.
Human studies are conducted to assess the impact on metabolic cost, kinematics, and
muscular activity.
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Chapter 3

Quasi-Passive Pneumatic Variable
Stiffness Mechanism

Recent research has demonstrated the feasibility of augmenting humans while walking
without delivering positive net mechanical work to the limbs which is achieved through
passive lower limb exoskeletons that accumulate energy in elastic elements during negative
joint power intervals and release it to support the limbs during positive joint power intervals
[30], [31], [147], [148]. To improve the timing of energy accumulation during the gait cycle,
clutches are often introduced in exoskeletons to store and reuse the energy, assisting the
user with zero net mechanical work delivered [26], [27]. Even when some components,
such as clutches or sensors, are powered, the exoskeleton relies fully on passive elastic
components for assistance. This concept is known as quasi-passive exoskeletons [34], [36],
[127]. This approach has proven to be a practical solution for reducing weight, significantly
enhancing the system’s energy efficiency and autonomy.

However, all quasi-passive exoskeletons appearing in the literature feature elastic ele-
ments with a fixed stiffness, typically a spring, selected heuristically by physically replacing
the spring with another one and measuring the best outcome. The maximum energy that
can be stored in these fixed stiffness elastic elements changes with the deflection. A low-
stiffness element can store only a small amount of energy, while a high-stiffness element has
a greater energy storage capacity but requires a higher force to deflect it meaning it could
impede the motion during the energy-storing phase. In quasi-passive exoskeletons, this
means a cumbersome and time-consuming heuristic process to approach the optimum stiff-
ness. Moreover, even when the optimum stiffness is achieved, changes in task conditions,
such as walking speed, necessitate adjusting the stiffness of the spring again. Consequently,
quasi-passive exoskeletons that exist are optimized only for specific conditions. Further-
more, transitioning between tasks, such as walking and jumping, would require physically
replacing the elastic element with one suited to the specific task. Therefore, the ability to
actively vary stiffness in quasi-passive exoskeletons and their elastic elements is crucial for
enhancing performance in highly dynamic human activities, such as running or jumping
[149]. Recent efforts by [33] have focused on developing an actively controlled stiffness of
the spring for a quasi-passive ankle exoskeleton. Their mechanism adjusts the attachment
point of a single stiffness spring using an electric motor and slider mechanism, thereby
altering the lever arm and torsional stiffness. While innovative, this approach introduces
additional mechanical complexity and increases the mass on the distal limbs, which is not
ideal for exoskeleton design [11]. Stiffness modulation in robotic electromechanical actua-
tors is generally accomplished through various methods, as detailed in the literature review
of this dissertation and outlined in the review article by Wolf et al. [99]. Although some
actuators have found success in robotics applications, their integration into exoskeletons
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is often hindered by ergonomic challenges stemming from their dimensions or mechanical
complexity. Stiffness adjustment mechanisms remain complex, and the resulting devices
tend to be bulky.

Exploiting the compressibility of air is another effective method for achieving stiffness
modulation in exoskeleton robots. Soft, pressurizable actuators offer significant advantages
due to their high strength-to-weight ratio [45], [150]–[152]. In these actuators, stiffness
is typically controlled by adjusting the air pressure [5], [94], [153]. Studies on variable
stiffness pneumatic actuators, such as those by [116], [117], have demonstrated controlling
stiffness by varying the amount of compressed air supplied to the chambers of either a linear
pneumatic cylinder or a rotary pneumatic actuator from a remote air source. However,
the aforementioned pneumatic actuation systems rely on a remote air pressure supply to
modulate stiffness, which is not well-suited for exoskeletons. Recently, [111] demonstrated
a method to modulate stiffness in an air cylinder for quasi-passive use without a remote
air supply. By adjusting the initial volume to be compressed, this method affects the
compression force, thereby increasing both the stiffness range and the storable energy
capacity. Adjusting the initial volume involves changing the position of the piston’s rod
using an external device. Despite these advancements, air cylinders have a limited stroke
length, and changing the initial position affects the range of motion. In the discussion, the
authors suggest another method to increase the amount of air in the chambers is to use
an air pump. In this chapter, we propose an innovative solution to modulate the amount
of air inside the air cylinder’s chamber to adjust the stiffness. This method requires no
additional air pump, instead, it utilizes a vacuum of the pneumatic cylinder to accumulate
air. We propose a pneumatic quasi-passive mechanism for application in quasi-passive
exoskeletons, consisting of an air cylinder and three fast-switching valves. The two main
contributions can be summarized as:

1. A novel quasi-passive pneumatic mechanism, which can be entirely deactivated, i.e.
mimics a mechanical clutch’s functionality and requires a minimum power input for
operation. Moreover, it is lightweight, offers a compact integration, and has a high
mass-energy storage capacity.

2. A novel method of stiffness modulation, by accumulating air in the chamber using
the passive dynamics of the air cylinder. This is achieved without a separate supply
of compressed air. Additionally, a mathematical description of the method is given,
which is validated through experiments.

The chapter is organized as follows. Section 3.1 mathematically describes the mecha-
nism and the new methodology for stiffness modulation. Section 3.2 presents the experi-
mental setup and two procedures for validating the theoretical concept: by modifying the
initial position and by modifying the initial pressure. Our results are discussed in Section
3.3. Next, a comparison and an example of practical applicability are given in Section 3.4.
Finally, Section 3.5 concludes the chapter.

The work of this chapter was published in IEEE Robotics and Automation Letters
[143], and presented at the IEEE International Conference on Robotics and Automation
in Philadelphia in 2022.

3.1 Mathematical Model

The pneumatic quasi-passive mechanism consists of a pneumatic cylinder and three air
solenoid valves connected in the configuration as shown in Fig. 3.1 and it represents
the initial phase in the exoskeleton’s development (see Fig. 2.17a). This mechanism is
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quasi-passive, meaning that electrical power is only needed to control the valves, which in
turn changes the behavior of the elastic element, in this case, the pneumatic cylinder. The
cylinder accumulates atmospheric air when the valves are switched in a timed sequence and
the piston rod is deflected from its initial equilibrium position, typically by human limbs, as
seen in quasi-passive exoskeletons. Accumulating additional air in the pneumatic cylinder
increases the pressure, thereby increasing the stiffness. Thanks to the configuration of the
valves, the mechanism can operate in various modes, as shown in the table of possible states
in Fig. 3.1. In the nonlinear spring mode, the force of the air cylinder is proportional to
the stiffness kn, which can be adjusted by either changing the initial position z0, thereby
increasing the volume, or by adding an additional amount of air inside the chambers. The
latter is achieved through timed valve control in M steps, where n indicates the current
step. Adding more air into the same volume increases the air cylinder’s initial (equilibrium)
pressure at position z0. The following text will mathematically describe this process.

State Valve 1 Valve 2

Nonlinear spring

Free movement

Stiffness increase

Reset stiffness

Valve 3

Stiffness decrease

Δx
x0

z0

Atl

Atl

Fmn

Valve 1

Valve 2

Valve 3

Fs Fs

Ar

Fcn

Fun

zmax z

Figure 3.1: Possible states of the quasi-passive mechanism, where ON denotes that the
valve is open and vice versa, OFF indicates that the valve is closed.

3.1.1 Modeling the Stiffness of the Quasi-Passive Mechanism

The total force required to deflect the air cylinder from the initial position z0 to position
z is formulated according to Fig. 3.1:

Fmn(kn, z) = Fcn + Fun, z ∈ [z0, zmax], n ∈ [0,M ] (3.1)

where Fcn denotes the force produced by the compressed air pressure pcn acting on the
surface area Ac, and Fun the pulling force produced when below atmospheric air pressure
pun acts on the surface Au in the low vacuum chamber

Fcn = pcnAc, (3.2)

Fvn = punAu. (3.3)

Assuming that the air cylinder deflects from the initial position z0 at an adequately low
frequency, the process can be observed as isothermal compression where the forces before
increasing the stiffness are shown in Fig. 3.2. Considering the isothermal assumption, the
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Figure 3.2: Theoretical forces in both chambers and total force when functioning as a
nonlinear spring. Fmn is the total force to pull the rod from its initial position, Fun is the
pulling force due to vacuum, Fcn is the pushing force due to compressed air. Forces shown
are before the stiffness increase (pi0 = patm).

pressure in the chamber containing compressed air or another ideal gas is given by

pcn = pin
Ac(zmax − z0) +Atl

Ac(zmax − z) +Atl
, (3.4)

where pin is the initial pressure at the equilibrium position z0 in the nth step of iterative
stiffness increase through air accumulation. We assume that in the beginning pi0 = patm,
where the patm is the atmospheric pressure. Note that the plastic tubes as illustrated in
Fig. 3.1 add extra volume to the two chambers, expressed by the product of the tube’s
cross-sectional area and its length (Atl).

Similarly, the below atmospheric air pressure in a low vacuum chamber can be expressed
as follows

pun = pin
Auz0 +Atl

Auz +Atl
. (3.5)

Stiffness modulation through steps is illustrated in Fig. 3.3. Assuming that at the initial
step n = 0, there is no previously added additional amount of air from the atmosphere,
i.e., ∆N0 = 0 gives

Ntot0 =���∆N0 +Nu0 +Nc0. (3.6)

Increasing the amount of air Ntotn inside the air cylinder is a two-step process in which
we must first open valve 2 during below atmospheric pressure in the blue-colored chamber,
as shown in Fig. 3.3b, and then close valve 2 and open valve 1, as shown in Fig. 3.3c. By
repeating these two steps, we can increase the total pressure in the air cylinder. The total
amount of air is now given by

Ntotn = ∆Nn−1 +Nun−1 +Ncn−1, (3.7)

where Nun−1 is the amount of air in the low vacuum chamber in the previous step, Ncn−1

the amount of compressed air in the previous step, and ∆Nn−1 the added amount of air
in the previous step. Here Nun, Ncn and ∆Nn are given by

Nun =
pinAuz0
RmT

, (3.8)
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Δ

Δ

Δ

Figure 3.3: Stiffness modulation method in a pneumatic quasi-passive mechanism. Modes
are switched in a timed sequence while the piston rod is deflected by an external force to
adjust the pressure inside the cylinder. Below atmospheric air pressure is used to draw
additional air into the cylinder.

Ncn =
pinAc(zmax − z0)

RmT
, (3.9)

∆Nn =
punAuz

RmT
, (3.10)

where Rm is the universal gas constant and T is the Kelvin temperature. Note that
increasing the amount of air in the same volume leads to an increase in the initial pressure
pin. We refer to the initial pressure as the pressure in the air chambers when no external
force is acting on the cylinder. The initial pressure pin is given by

pin =
NtotnRmTm

Auzmax +Atl
. (3.11)

The value of pin is limited, when the pun approaches patm, the amount of air cannot be
increased any further. The increase in pressure pin is shown in Fig. 3.4.

Finally, the force of an air cylinder that can be modulated by changing z0 or pin is
given by

Fmn(z, z0, pin) = pin

(
Ac(zmax − z0) +Atl

Ac(zmax − z) +Atl
Ac +

Auz0 +Atl

Auz +Atl
Au

)
. (3.12)

Once the force is determined, the stiffness can be readily calculated as

kn =
∂Fmn(z, z0, pin)

∂z
, (3.13)

and the storable elastic energy of an air cylinder as

Hn =

∫ z

z0
Fmn(z, z0, pin)dz. (3.14)

When modulating the stiffness by increasing pin, both the energy storage and the maximal
achievable stiffness increase (Fig. 3.5), while the range of motion remains the same.
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Figure 3.5: Theoretical increase in maximum stiffness and energy storage capacity for
different initial pressure and cylinder sizes. Results shown are for the cylinder with a total
stroke length of 100 mm.

3.2 Experimental Evaluation

To validate the mathematical models, we employed an experimental setup, as schematically
illustrated in Fig. 3.6. The setup comprises three main components: the quasi-passive
mechanism, the load, and the control system.

3.2.1 Description of Components

Quasi-passive mechanism: The blue area represents the quasi-passive mechanism. The
air cylinder used, DSNU-25-100-PPV-A, has a total stroke length of 100 mm and a bore
diameter of 25 mm. Fast switching valve 1, MHJ10-S-2,5-QS-4-LF, operates as a 2/2
normally closed monostable valve, with a switching frequency of 500 Hz. Fast switch-
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Figure 3.6: Schematic of the experimental setup composed of: Quasi-passive mechanism,
Load and Control System.

ing valve 2, MHE2-MS1H-3/2G-QS-4-K, functions as a 3/2 open monostable valve, and
valve 3, MHE2-MS1H-3/2O-QS-4-K, operates as a 3/2 closed monostable valve; both have
a switching frequency of 330 Hz. Pressure sensors monitor the air pressure changes in
both cylinder chambers. Mechanical return springs are added to simplify the automatic
experimental procedures by ensuring the cylinder returns fully to the starting position after
being pulled. These springs are not considered part of the quasi-passive mechanism. Their
stiffness constant is 0.18 N/mm, resulting in a force considerably lower than that of the
air cylinder. Nevertheless, their effect was subtracted from the air cylinder’s force during
post-analysis.

Load: The pink area represents the load that simulates movements from a human joint.
This load setup includes a Maxon 80 W DC motor with a 113:1 reduction ratio gearbox.
The output shaft is directly connected to an RT-500 torque sensor, which has a rated
torque of 55 Nm. For precise angle measurements, an incremental off-axis RLS-RM22
RoLin encoder with a reading head mounted on an angle bracket is included. All non-
standard components are either rapid-manufactured or machined. Torque is transmitted
via a pulley, around which a flexible Bowden cable is wound.

Control System: The control system comprises the real-time PCM-3362 PC-104 with
a Sensoray 526. It is fully compatible with Simulink Real-TimeTM, enabling real-time
control at 1000 Hz. Data is initially collected on the Host PC and subsequently analyzed.

3.2.2 Experimental Procedure

The experiments aim to validate the theoretically proposed stiffness modulation by altering
the initial position z0 and the initial pressure pin. The experimental setup, depicted in
Fig. 3.7, involves pulling the pneumatic cylinder’s rod from its initial equilibrium position
using force applied to the Bowden cable, generated by the motor to simulate human limb
movement. For the experiment, the load, represented by the motor, was position-controlled
concurrently with the control of all three valves. With a known pulley diameter (55.5
mm), the torque measured by the torque sensor was converted to the corresponding force.
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Likewise, the angular displacement of the encoder was converted to the corresponding
linear displacement.
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Figure 3.7: Experimental setup. a) Overview, b) Quasi-passive mechanism c) Load

Two distinct series of experiments were conducted. Firstly, to examine how altering
the initial position z0 impacts the total force, stiffness, and energy capacity. Secondly, to
demonstrate how varying the initial pressure pin influences these parameters.

Modifying the initial pressure: To increase the initial pressure with the air accumulating
method pin, it is necessary to perform several cycles. In each cycle, the piston rod was
first pulled with the valves closed (Fig. 3.3-e) to measure the force characteristic with
respect to angular displacement. This was followed by a two-step procedure of increasing
the initial pressure as shown in Fig. 3.3-a and -b. This procedure was repeated 6 times. In
the first step, the pressure was pi1 = 1 bar. Ideally, the pressure pin is increased by 0.2 bar
in each step, so that in the 6th step, the pressure is pi6 = 2 bar. Using equations (4.26),
(4.24), (4.25), (4.23), and (3.11), we estimated the z required to increase the pressure by
the desired amount in each step. Between each pin increase, the piston was pulled from
the initial position z0 to the final position zmax. The process is repeated at the same rate
in both experiments. A supplementary video with experiments is available for download.

Modifying the initial position: In this experiment, the piston was positioned at five
different initial positions: z0 = 0 mm, z0 = 20 mm, z0 = 40 mm, z0 = 60 mm, and z0 = 80
mm, and pulled to the final position zmax. The initial position was first set with valve 1
open, and then pulled to the final position with all valves closed. Increasing the initial
position z0 reduces the volume of air to be compressed Ncn, and increases the volume of
air in the low-pressure chamber Nun. Once the piston was adjusted to the position, all
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three valves were closed and the pulling of the piston rod was executed. This experiment
was conducted with pin = patm in all five cases.

3.3 Results

Figure 3.8 presents both the theoretical results (a) and measured findings (b), illustrating
the modulation of force by the internal pressure pin, for six different theoretical pressure
levels: pi1 = 1, pi2 = 1.2, pi3 = 1.4, pi4 = 1.6, pi5 = 1.8, pi6 = 2 bar, with an ideal
increment of 0.2 bar. However, the measured pressure levels were pi1 = 1, pi2 = 1.1, pi3 =
1.32, pi4 = 1.5, pi5 = 1.73, pi6 = 1.92 bar. As anticipated, there were some inaccuracies
observed in the initial steps of pressure increment. These inaccuracies may stem from
minor air leakage and imprecise air volumes within the plastic tubes and connections.
Consequently, determining the precise piston position necessary to achieve the intended
pressure increase of 0.2 bar becomes challenging. Nonetheless, the model approximates the
expected step increase adequately for quasi-passive exoskeleton applications. Furthermore,
our experimental results in (b) indicate a direct correlation that higher initial equilibrium
pressure pin corresponds to increased force, stiffness (indicated by the slope of the curve),
and energy capacity (reflected by the area under the curve), aligning with the predictions of
our mathematical model. The accuracy of the mathematical model is also affected by minor
variations in the length of the plastic tube, which change the volume and, consequently,
impact both pressure and force. Additionally, it’s important to acknowledge the possibility
that the process may not be entirely isothermal, as assumed in the mathematical model.
Theoretical forces obtained by the model were Fi1 = 352, Fi2 = 420, Fi3 = 487, Fi4 = 555,
Fi5 = 622, and Fi6 = 689 N, while measured forces are Fi1 = 305, Fi2 = 392, Fi3 = 467,
Fi4 = 531, Fi5 = 607, and Fi6 = 670 N. Nevertheless, the measured results exhibit good
consistency with the theoretical framework.

Figure 3.8: Experimental results depicting the force of the quasi-passive mechanism in
relation to linear displacement for various stepwise increments of initial pressures pin.
Theoretical results are presented in (a), while (b) displays the measured results.

The results depicting the modulation of initial positions z0 are presented in Fig. 3.9,
where the measured outcomes are compared with our mathematical model represented by
the dashed line. Notably, as the initial position z0 decreases, both the total force and
stiffness exhibit an increase. Furthermore, there is a corresponding increase in the stored
elastic potential energy, evident from the expanded area under the curves. When z0 is
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smaller, it signifies a greater volume of air Ncn within the compression chamber, leading to
higher pressure pcn and, consequently, a higher pushing force in the compression chamber.
Also, smaller z0 results in a larger negative pressure pun when the piston is pulled, and
thus a larger pulling force. These findings suggest that valve 1 can function as a clutch,
adjusting the effective length of the pneumatic cylinder when used as a passive air spring.
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Figure 3.9: Experimental force measurements in the air cylinder versus linear displacement
at five initial positions z0, with constant initial pressure pin = 1 bar and a cylinder stroke
of 100 mm. The dashed curve depicts theoretical results.

3.4 Application, Comparison, and Discussion

The measurements demonstrate that the proposed pneumatic mechanism can adjust both
the force required to deflect the pneumatic cylinder and the force gradient, commonly
known as stiffness. This modulation can be achieved in two demonstrated ways. This
section discusses the results in terms of their practical applicability and advantages for
exoskeletons. To illustrate these benefits, we compare the technical specifications of the
proposed mechanism with those of the recent quasi-passive ankle exoskeletons’ mechanism.
To contextualize the mechanism within the framework of exoskeleton design, we propose a
comparison with recent ankle exoskeletons, as shown in Table 3.2, where the elastic element
is positioned parallel to the calf muscle. Hence, the application of the quasi-passive ankle
mechanism with our proposed device is depicted in Fig. 3.10.

Technical specifications are summarized in Table 6.1. The overall mass of the mecha-
nism is 443 g, with valve 2 and valve 3 each weighing 60 g, and valve 1 (clutch) weighing
85 g. The selected air cylinder weighs 238 g. At this stage of development, the mass of
electronics that would be required to power the valves is not directly comparable since
the experiments were conducted in an experimental setup. However, powering the valves
would necessitate a battery, with each valve consuming 0.09-0.44 mA of current for the
trigger signal. As previously described, valve 1 activates the clutch feature, while the two
remaining valves allow for stiffness modulation independently of the exoskeleton’s lever
arm length. This feature presents the opportunity for a slim design without protrusions
at the ankle, which is a common occurrence in ankle exoskeletons to enhance mechanical
advantage. Specifically for the selected cylinder, if pin = 9.8 bar (theoretical maximum, see
Fig. 3.4), the stiffness would theoretically be 228 N/mm. However, this level of stiffness
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Figure 3.10: Proposed application of a pneumatic quasi-passive variable stiffness mecha-
nism for a portable ankle exoskeleton.

may not be practically achievable due to mechanical constraints. Nonetheless, a maximum
force of 670 N was measured at an initial pressure of 1.92 bar. When computing stiffness
as the gradient of force using Eq. (3.13), a maximum stiffness of 20.8 N/mm was attained
through the experiments. Similar reasoning applies to the maximum energy storage capac-
ity, which theoretically peaks at 85 J with pin = 9.8 bar. However, in our experiments, the
maximum energy of 22 J was stored. This was calculated using Eq. (3.14) applied on the
measured force-deflection curve. While this value could potentially be further increased in
experiments, the used experimental setup did not allow such high forces.

Table 3.1: Technical specifications Pneumatic Quasi-Passive Variable Stiffness Mechanism

Total mass1 443 g
Air cylinder’s dimensions ∅25x100

Air cylinder’s mass 238 g
Valve 1 mass 85 g

Valve 2 and 3 mass 60 g each
Valve operating voltage 24 V
Mass at waist or back N/A

Quasi-passive Yes
Variable stiffness Yes
Lever arm length Independent of stiffness
Stiffness range 0-20.8 N/mm, (0-228 N/mm Theoretical)

Energy capacity 22 J, (85 J Theoretical)
1 The mass of the whole mechanism without the exoskeleton frame.

3.4.1 Comparison with Existing Solutions

Table 3.2 reveals that both Collins et al. and Yandell et al. have lower overall weights,
while Kumar et al. have introduced a stiffness modulation mechanism where the spring
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Table 3.2: Technical specifications of recent Quasi-Passive Ankle Exoskeletons

Collins et al. 2015
[26]

Yandell et al.
2019 [27]

Kumar et al. 2020
[33]

Mass per leg 408 - 503 g 459 g 1323 g
Clutch’s mass 57 g 186 g N/A
Mass of electronics 0 g 0 g 1750 g
Quasi-passive Yes Yes Yes
Variable stiffness No No Yes (Torsional)
Lever arm length 0.152 m 0.1 m 0.17-0.25 m
Spring stiffness 7.9 N/mm1 6.1 N/mm1 5.8 N/mm
Energy capacity2 N/A N/A N/A
1 Heuristically found optimal stiffness.
2 Unknown total spring travel.

attachment slides on a ball screw driven by a stepper motor. While this solution is prag-
matic, it increases the weight and dimensions of the system, particularly the lever arm
length, which in our case is independent of stiffness. Comparing the specifications of our
newly proposed mechanism with those of other studies, it becomes apparent that the mass
of our mechanism would be reasonable in actual implementation. One drawback is the
need for a battery to operate the valves, which require a small amount of power. We have
maintained quasi-passivity and added a variable stiffness feature of the elastic element.
The major advantage of our proposed mechanism is that the change in stiffness is inde-
pendent of the length of the lever arm, enabling the design of a smaller exoskeleton. All
three studies have a spring with similar stiffness, falling within the range of the proposed
device. It’s important to note that the optimal stiffness changes based on the manner of
walking, and the devices in Collins et al. and Yandell et al. require a manual exchange
of springs. Since our range of stiffness can be adjusted, a smaller cylinder diameter and
possibly a shorter stroke length can be chosen. This further reduces the overall weight,
supporting the hypothesis that the mechanism is suitable for application in exoskeletons.

3.5 Chapter Conclusion

In this chapter, we introduced and analyzed a novel pneumatic quasi-passive mechanism
capable of modulating stiffness using a unique method employing three valves. These valve
combinations allow for transparent behavior, meaning that the pneumatic cylinder can be
"deactivated". Moreover, the mechanism exhibits a high mass-energy storage capacity. A
novel stiffness modulation method was theoretically presented, which accumulates air in
the chamber without the need for a separate air supply. Through two experiments, we
validated the theoretically presented method in the experimental setup by showing that
accumulated air pressure simultaneously increases both the maximum stiffness and energy
capacity in the quasi-passive mode of operation. This differs from linear helical springs,
which are characterized by an inverse relationship between stiffness and energy storage
capacity. Specifically, reducing the active length of the spring decreases its energy storage
capacity. This is also true for current variable stiffness actuators used in robotics, as they
predominantly use mechanical springs. Consequently, increasing spring stiffness results in
decreased energy storage capacity. This relationship constrains the effectiveness of vari-
able stiffness actuation technology in enhancing human performance in natural tasks, such
as jumping, weight-bearing, and running, which require a spring exoskeleton with both a
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wide range of stiffness and high energy storage capacity. The first experiment confirmed
changing the initial pressure with the proposed method, while the second experiment in-
volved altering the position and thus confirmed the successful utilization of the air valve
as a clutch in this application, demonstrating its ability to alter the effective length of the
cylinder. Measurements obtained from the experimental setup were compared with the
mathematical model, showing that the model provides a reasonable approximation of the
behavior in each case. For certain precise applications, additional refinement of the the-
oretical pressure increments may be required. Furthermore, we conducted a quantitative
comparison by proposing the mechanism’s application to ankle exoskeletons and compar-
ing it with existing solutions. This comparison strongly corroborates our findings. The
presented results mark an important initial step, addressing several limitations of vari-
able stiffness springs utilized in exoskeletons. The next chapter concentrates on devising a
customized mechanical design to integrate this mechanism into an exoskeleton.





41

Chapter 4

Pneumatic Exoskeleton Joint
Mechanism

The previous chapter introduced the fundamental concept of stiffness modulation within
a pneumatic cylinder using three air valves to control the quantity of air inside without
an external air supply. Building on this concept, this chapter details the design of an
exoskeleton joint, incorporating additional components such as a pneumatic artificial mus-
cle (PAM) to modify the lever arm and additionally shape the stiffness profile. Besides,
the PAM functions as a soft air tank for accumulated air, with the hypothesis that this
stored air can be reused. The pneumatic exoskeleton joint mechanism (PEJM), primarily
designed for the knee, remains quasi-passive at this stage. This means electricity is only
required to power the air valves, and there is no need for an external air supply. The hy-
pothesis is that this mechanism can achieve a high energy storage capacity and modulate
stiffness more effectively compared to the previous mechanism.

Exoskeletons found in the literature are often designed for clinical applications or aug-
menting healthy individuals [1]. They often incorporate variable stiffness actuators (VSA)
to enhance adaptability and performance. The vast majority of VSAs have adopted the
electromechanical manner of stiffness modulation, where usually, in addition to the main
motor, a smaller one adjusts the stiffness [99]. Typically, stiffness variation in electrome-
chanical VSA is achieved in several ways. The most commonly known ways are by changing
the spring pretension [100]–[104], and by modifying the transmission between the load and
the spring [107]–[110]. Variable stiffness actuators, in addition to providing active torque,
can also store elastic energy in the spring and release it when needed, thereby increasing
locomotion efficiency if used in exoskeletons or legged robots. This is analogous to human
biological muscles, which generate active torque, and tendons, which store and reuse elastic
energy to enhance the efficiency of locomotion.

However, these mechanisms to change the stiffness are often complex and thus have
increased weight, which may consequently hinder exoskeleton performance [154]. Further-
more, most of variable stiffness actuators and mechanisms rely on linear helical springs,
which are characterized by an inverse relationship between stiffness and energy storage
capacity. Specifically, reducing the active length of the spring decreases its energy storage
capacity. The stiffness range and energy storage capacity of a spring can be increased si-
multaneously by adding mass to the spring, for instance, in coil and leaf springs, this can be
achieved by increasing the spring’s thickness. However, in practical design, increasing the
thickness of a coil or leaf spring is a complex task. This inverse relationship constrains the
effectiveness of variable stiffness actuation technology in enhancing human performance in
natural tasks, such as jumping, weight-bearing, and running, which require a spring with
both a wide range of stiffness and high energy storage capacity, as theoretically described
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by Sutrisino et al. [149].
As an alternative to electromechanical actuators, pneumatic actuators offer a very

attractive solution. The properties of pneumatic actuators resemble biological muscles due
to the inherent compliance and high weight-to-power ratio, where stiffness is usually varied
by applying different pressures to the actuator. One type of actuators used in pneumatic
exoskeletons are pneumatic muscles (PAM) arranged in an antagonistic configuration [155],
with on-board compressor [46], and custom designed with variable stiffness [94]. Work
by [116], [156] showed how air can be used as a compressible elastic medium and that
the stiffness of the actuator can be modulated by feeding controlled air masses into the
chambers. Although these actuators offer many appealing options, the need for an air tank
is often a challenge for the portability of exoskeletons.

To advance the current state of variable stiffness mechanisms, we developed the Pneu-
matic Exoskeleton Joint Mechanism (PEJM), which features stiffness modulation without
the need for an external air supply, operating in a quasi-passive mode. This chapter
presents an upgraded method of stiffness modulation. In this novel joint mechanism, accu-
mulated air can be pumped to the pneumatic artificial muscle (PAM) to adjust the lever
arm length and can also be reused from the PAM for further use.

The chapter is structured as follows: Section 4.1 details the design, theoretical analysis,
and operating principle. Section 4.2 outlines the method of novel improved stiffness modu-
lation. Section 4.3 delves into the experimental evaluation, while Section 4.4 discusses the
results obtained. Section 4.5 provides a comparative analysis and discusses the application.
Finally, the chapter concludes in Section 4.6.

The work from this chapter has been published in the IEEE Transactions on Mecha-
tronics and Robotics [144].

4.1 Design and Operating Principle

In this section, the PEJM is presented by elaborating on the working principle and the
mathematical model.

4.1.1 System Overview

The PEJM mechanism is shown in Fig. 4.1 integrated with the knee exoskeleton design.
The working principle is based on the timely opening/closing of three air solenoid valves
while using a pneumatic cylinder as a passive elastic element, allowing different behaviors,
such as pressure increase or transparent motion. For example, transparent movement can
be achieved by opening valve 1, or pressure can be increased if valve 2 is timely opened,
resulting in air suction due to negative pressure. This valve function design is adopted
from our previous work [143]. Furthermore, air can be pumped into the PAM by timely
opening valve 3, which is deeper explained later in this paper. The PAM allows for varying
the geometry, i.e., the effective length of the pneumatic cylinder. Moreover, the PAM can
serve as a reservoir of compressed accumulated air. The synergy of both allows the torque
and stiffness of the mechanism to be modified. Crucially, the compressed air needed to
pump the PAM is generated within the cylinder by exploiting the dynamics of the body,
so no external air supply is required. The upper end of the PAM is fixed, while its lower
end can be repositioned on a linear slide. As compressed air is supplied to the PAM,
it expands radially, becomes shorter in length, and thereby changes the position of the
pneumatic cylinder base. The PAM also introduces additional compliance in the event of a
mechanical singularity during joint rotation. Namely, the pneumatic cylinder has a limited
stroke length after which a hard stop occurs. In this case, the PAM will begin to stretch
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when the end of the cylinder is reached.

Force 
sensor

Linear 
encoder

Valve 3

Valve 2

Valve 1

Linear 
guideway

Joint piece

Sleeve flange
bearing  

Rotary
encoder

Pneumatic 
cylinder

Pneumatic 
muscle

Thigh shell

Lower 
leg shell

(a) (b)

Figure 4.1: In (a) the PEJM CAD model applied to the knee exoskeleton, in (b) an
exploded view.

4.1.2 Kinematic Analysis

In order to calculate the theoretical torque of the joint, it is necessary to identify the length
change of the moment arm r during the joint rotation (Fig. 4.2). Therefore, this subsection
deals with the mathematical modeling of r.

Let us define three points in the Cartesian coordinate system Pb(0, 1), Pj(0, 0) and
Pl(0,−1). Additionally, it is necessary to define the two endpoints of the cylinder; A
with coordinates xA and yA, and B with coordinates xB and yB. The coordinate yB can
be modified by shrinking the length of the PAM, whose length contraction is denoted by
δy. Bearing in mind that the positive theta angle θ corresponds to the clockwise rotation
direction of the joint, the rotation matrix is given by

R(θ) =

[
cos θ sin θ
− sin θ cos θ

]
. (4.1)

Assuming that the upper leg rotates while the lower leg is stationary, the vectors v⃗b and
v⃗l are given by the expression

v⃗b = R(θ)(Pb − Pj), (4.2)

v⃗l = (Pl − Pj). (4.3)

The coordinates of the point A′ are obtained by adding the vectors v⃗r and v⃗o which are
formulated as

v⃗r = yAv⃗b, (4.4)

v⃗o = xAR+90v⃗b, (4.5)
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Figure 4.2: Kinematic model of the proposed mechanism. The point Pj marks the center
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(a) With θ = 0◦, (b) with θ ̸= 0◦, and (c) the triangle ∆A′B′Pj shows a more detailed
representation of vectors.

where R+90 is the rotation matrix for 90 degrees clockwise, therefore the vector v⃗o is
perpendicular to v⃗b. Finally, the vector v⃗A′ is given by

v⃗A′ = v⃗r + v⃗o = yAv⃗b + xAR+90v⃗b. (4.6)

By following similar steps, the vector v⃗B′ can be expressed as the sum of the vectors v⃗i and
v⃗j as follows

v⃗i = yBv⃗l, (4.7)

v⃗j = xBR−90v⃗l, (4.8)

v⃗B′ = v⃗i + v⃗j = yBv⃗l + xBR−90v⃗l, (4.9)

where R−90 is the 90 degree counterclockwise rotation matrix. Subtracting the vectors v⃗A′

and v⃗B′ gives the vector l⃗

l⃗ = v⃗B′ − v⃗A′ , (4.10)

whose length can be calculated using the Euclidean norm

∥⃗l∥ =
√
(v⃗B′ − v⃗A′)2. (4.11)

To obtain the coordinates of point C, so that r⃗ is always perpendicular to l⃗, the expression
for the minimum vertical vector between the point and the line is used

(Pj − A′) · l̂ = |C − A′|, (4.12)

where |C − A′| means magnitude, and the unit vector l̂ is given

l̂ =
l⃗

∥⃗l∥
=

v⃗B′ − v⃗A′√
(v⃗B′ − v⃗A′)2

. (4.13)



4.1. Design and Operating Principle 45

Since the point Pj is the origin of the coordinate system, the coordinates of the point C are
equal to the components of vector r⃗. Thus, by extracting C from Eq. (4.12) and drawing
the vector r⃗ between the points Pj and C the expression for r⃗ is given

r⃗ = v⃗A′ +
(
(Pj − v⃗A′) · l̂

)
l̂︸ ︷︷ ︸

C

−Pj, (4.14)

whose length is computed as

∥r⃗∥ =

√
|rx|2 + |ry|2. (4.15)

4.1.3 Torque modeling

The torque Ttotn of the PEJM can be modified in steps denoted by the subscript n, which
is introduced for easier distinction in the stiffness modulation strategy. In this subsection,
the analytical torque model is derived, and the next subsection explains its modulation
with steps and the PAM influence.

To analytically model the torque Ttotn, it is first necessary to establish the correlation
between the cylinder force and the chamber pressure during the joint rotation. The force
Ftotn necessary to compress the pneumatic cylinder from the initial position z0 to position
z, with all three valves closed, is formulated according to Fig. 4.3:

Ftotn(z, z0, pin) = Fcn + Fun, z ∈ [z0, zmax], n ∈ [0,M ] (4.16)

Ttotnθ,

y0

Below 
atmospheric

High 
pressure

Atmospheric pressure

r r

θ=90° θ=90°

n=0 n=0 n=M

Atl

Atl Atl

Atl Atl

Atl

zd0 dn
Fu

Vu

n

Fc
pc
Vcn

𝛿y

(a) (b) (c)

Ac

Au

zmax

z0

pun
n

n
n

pin

Lm0

pin

Ftotn

Fc
pc
Vcn
n
n

Fu

Vu

n
pun
n

Ftotn

V1

V2

V3

Figure 4.3: Joint rotation (θ) creates negative pressure (pun) in the blue chamber, gen-
erating force Fun, while compressed air in the red chamber (pcn) produces force Fcn. The
total force (Ftotn) generates torque Ttotn at the moment arm r that tends to return the
mechanism to its initial state if all valves are closed. Pressurizing the PAM increases con-
traction (δy), leading to an increased total force Ftotn due to the increased dimension z.
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where Fcn denotes the force produced by the compressed air pcn that acts on the cross-
sectional area Ac, and Fun is the pulling force generated due to the underpressure pun that
acts on the cross-sectional area Au in the blue colored chamber. Supposing isothermal
compression and neglecting the thickness of the piston, the pressure pcn can be written as

pcn = pin
Ac(zmax − z0) +Atl

Ac(zmax − z) +Atl
, (4.17)

where pin is the initial pressure in both cylinder chambers, the numerator equals the initial
volume of the red chamber, where Atl is the volume inside the air hose and the pneumatic
connectors, and the denominator equals the final volume of the red chamber after joint
rotation, and zmax is the maximum stroke of the cylinder. Equivalently, the pressure pun
in the blue chamber equals

pun = pin
Auz0 +Atl

Auz +Atl
. (4.18)

Using the general gas equation, the initial pressure is given by the expression

pin =
NtotnRmT

Vcyl
, (4.19)

where Ntotn represents the total amount of air in both cylinder chambers together, T is
the air temperature in Kelvin, Rm = 8314 J/kmolK is the universal gas constant, and Vcyl
equals

Vcyl = Ac(zmax − z) +Auz + 2Atl. (4.20)

The pressure change in the cylinder, starting from pin = patm, is shown in Fig. 4.4.

Figure 4.4: Pressure change in both cylinder chambers starting from the atmospheric pres-
sure pin = patm. Underpressure is generated in the blue chamber, while air is compressed
in the red chamber.

By inserting pcn, pun and pin into Eq. (4.16), the pneumatic cylinder force that can be
modulated by changing z0 or pin is now given by the following expression

Ftotn(z, z0, pin) = pin

(
Ac(zmax − z0) +Atl

Ac(zmax − z) +Atl
Ac +

Auz0 +Atl

Auz +Atl
Au

)
. (4.21)

The initial position z0 is subject to changes depending on the length Lmn of the pneumatic
muscle, while the pin can be varied by adding the extra air quantity in the pneumatic
cylinder. Finally, the torque of the mechanism is given by

Ttotn = Ftotn∥r∥. (4.22)

The change in force, moment arm, and torque with respect to the angle are shown in Fig.
4.5.
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Figure 4.5: Theoretical profiles without stiffness increase (pin = patm, δy = 0); (a) Force
in the cylinder, (b) Moment arm length, (c) Torque of the PEJM.

4.2 Novel Variable Stiffness Method

Stiffness modulation in the proposed mechanism is possible in two ways: 1) by changing
the effective length of the pneumatic cylinder, i.e., by shortening the PAM, and 2) by
changing the pressure pin inside the pneumatic cylinder. Usually, both are combined and
allow tuning of joint stiffness and torque. The behavior of the mechanism is determined
by the valves, which open and close in a timely manner as the joint rotates (Fig. 4.6).
The change in pressure of the cylinder chambers during rotation is exploited to modulate
the initial pressure. As pin increases, the joint becomes stiffer and can store more energy
when deflected. The pressure increase is a process done in n steps where it is necessary to
open valve 2 when the underpressure occurs, so that the atmospheric air ∆Nn enters the
blue chamber at a pressure patm (see Fig. 4.6). Thus ∆Nn is given by the expression

∆Nn =
patmAuz

RmT
. (4.23)

A new amount of air ∆Nn is now added to Nun that was already inside, given by the
expression

Nun =
pinAuz0
RmT

, (4.24)

where Nun is the amount of air in the blue (underpressure air) chamber. The amount of
compressed air in the red chamber Ncn can be analogously expressed as

Ncn =
pinAc(zmax − z0)

RmT
. (4.25)

By returning to the initial position and opening valve 1, the air from both chambers is
merged. Now the total increased amount of air in the whole pneumatic cylinder is

Ntotn = ∆Nn +Nun +Ncn. (4.26)

An increased amount of air in the same volume will cause a change in pressure. Fig. 4.7
depicts an increase in the initial cylinder pressure pin with steps. The value converges as
soon as the pressure in the blue chamber becomes equal to patm, after which the air can
no longer be sucked in. After the desired number of steps, the pressure can be pumped
and stored in the PAM by opening valve 3. As the PAM is inflated, its volume increases
and can be calculated using the expression given in [157], as follows

Vmn(Lmn) =
LmnL

2
f − Lm

3
n

4πn2
tu

, (4.27)
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Figure 4.6: Mechanism’s stiffness modulation is a process done in n steps. For different
valve combinations, different mechanism behavior is obtained. The blue marked cylinder
chambers represent underpressure, while the red represents compressed air. When under-
pressure is generated, air ∆Nn enters the blue chamber by opening valve 2. When the
amount of air in the cylinder increases, it can be pumped and stored in the pneumatic
muscle by timely opening valve 3. Valve 1 acts as a clutch, by allowing free movement
without generating force, as the air passes from one chamber to the other.

where ntu is the number of thread turns, Lf is the thread length which can be calculated
according to [47]. Assume that the initial pressure in the PAM is equal to patm, and δy = 0,
meaning that the length of the PAM is at the initial length Lm0 and volume Vm0. Then
the initial amount of air in the PAM can be calculated as

Nm0 =
patmVm0

RmT
. (4.28)

By merging the volume of the cylinder Vcyl and assuming the volume of the PAM in the
moment of opening valve 3 equals Vmn = Vm0, the total pressure in the system after n
steps can be calculated as

pmn =
(Nm0 +Ntotn)RmT

Vm0 + Vcyl
. (4.29)

Now the initial pressure in the cylinder and also the pressure in the PAM is pmn.
Fig. 4.7 shows the increase in pressure when the PAM is pressurized in a volume-coupled
manner. This means that the PAM maintains the pressure in the cylinder once increased
and is acting on the cross-sectional area Ac. If now valve 3 closes, the PAM pressure can be
computed only if the exact relation Vmn(Lmn) is known where Lmn = f(pmn, Fmn). With
a known PAM pressure its length Lmn can be estimated by using the FESTO table or any
other PAM models [47], [157]. However, once the force in the cylinder exceeds the static
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Figure 4.7: As air is gradually drawn in, the initial cylinder pressure pin rises until pun
equals patm, indicating no more air can enter the chamber. The pressure can be increased
in desired steps n, followed by valve 3 opening to share the pressure with the pneumatic
muscle, denoted as pmn.

force of the PAM, it starts to stretch in a non-linear way. Modeling this dynamic behavior
is beyond the scope of this thesis. The theoretical model within the scope of this thesis
does not consider the dynamics of the PAM, but only considers the PAM as an element
that has the role of modifying the effective length of the cylinder in the same way as it was
a rigid slide without elastic properties. Experimental results will identify the dynamics of
the mechanism as a whole.

The derivative of torque with respect to the deflection can be used to determine the
stiffness of the mechanism

kn =
∂Ttotn

∂θ
. (4.30)

Finally, to obtain the value of storable energy, the following expression is used

Hn =

∫ θ

0
Ttotndθ. (4.31)

The figures illustrate theoretical torque, stiffness, and energy modulation with two meth-
ods: 1) by changing the initial pressure pin, shown in Fig. 4.8, and 2) by changing the
effective length of the pneumatic cylinder by shortening the PAM, shown in Fig. 4.9.
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4.3 Experimental Setup for the Joint Mechanism

This section discusses the mechatronic design of the experimental setup, gives an insight
into the control, and explains the experiments.

4.3.1 Mechatronic Design of the Experimental Setup

To evaluate the performance of the mechanism and validate the theoretical concepts, an
experimental test platform was constructed, with a scheme shown in Fig. 4.10. In the
following text, each unit is briefly described.
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Load: A brushed DC motor (DCX35L, Maxon) with planetary gear GPX42C, 113:1
ratio, is rigidly attached to the joint and serves as the load for the PEJM evaluation. The
motor driver, ESCON 50/5, allows high-fidelity control in either velocity or current mode
as the reference is sent from an external device to its analog input pins.

Sensors: The torque sensor (RT-500, Tovey Engineering) is placed at the output of
the gear and connects it to the exoskeleton mechanism. On the same axis, there is also
a rotary encoder (RLS RoLin RS422) for measuring the rotation angle. The same type
of readhead is mounted to measure the linear displacement of the PAM. A force sensor,
ZMME-S 100, with a nominal force of 1000 N is installed on the piston rod to measure
the force in the pneumatic cylinder during rotation. Two sensors are set up to monitor the
pressure; one to measure the compressed air in the cylinder and the other to measure the
pressure in the PAM.

Valves: Three air solenoid valves with a maximum switching frequency of 330 Hz are
controlled by MOSFET transistor switches. They are open or closed depending on the
signal sent, "high" or "low". Valve 2 is 3/2 monostable MHE2-MS1H-3/2G-QS-4, and
valve 1 and 3 are 3/2 monostable, MHE2-MS1H-3/2O-QS-4-K.

Control Unit: The central controller consists of PCM-3362 PC-104 with Sensoray 526
data acquisition card, which also provides four programmable counters for the incremental
encoders and eight A/D converters. The system is compatible with Simulink Real-Time,
which enables real-time control at 1000 Hz. Data is collected on the host computer and
analyzed.

Actuator: The pneumatic cylinder used in the mechanism is DNSU-25-100-PPV-A
with a 25 mm bore and a total stroke length of 100 mm. The pneumatic muscle (DMSP-
10-140N-RM-RM, FESTO) has a diameter of 10 mm, and an initial length of 140 mm.

4.3.2 Controller Structure

In order to facilitate the experiments, the stateflow control logic was devised, shown in
Fig. 4.11, which receives as input: the desired mode that determines the experiment, the
encoder signal θext, the derived encoder signal, i.e., rotation speed θ̇ext, pressure sensor
readings pcyl and pm, and finally the manually selected desired PAM pressure pm,des. The
stateflow logic determines, based on the input signals, the timing for opening or closing the
solenoid valves and when to switch the motor from the repetitive sequence to the standby
state. The motor rotation speed information is acquired by deriving the encoder signal and
employing the velocity observer as a filtering mechanism. When the PAM pressure pm is
to be increased, the algorithm compares it with the desired pressure pm,des. The cylinder
pressure pcyl is compared with pm to find the optimal time to open valve 3 and pump the
compressed air, which is further explained in the experiments. Upon the completion of
each experiment, the STOP block is automatically set to a high value. The Simulink Real-
Time™ system is used in such a way that the desired control block diagram is uploaded
from the host PC via an Ethernet cable to the target PC (PCM-3362). A position feedback
controller with a feedforward term is used to ensure the motor’s positioning accuracy during
the measurements. The motor driver, ESCON 50/5, was initially set to velocity mode. The
encoder signal is read on the Sensoray 526, stacked on the PCM-3362, where the feedback
loop is closed. With the encoder position feedback θext, a PD controller outputs the desired
motor velocity, which is then sent to the motor driver as an analog signal in the ±10V
range. The motor control algorithm can therefore be summarised as

upos = kf θ̇p,des + PD(θp,des − θext). (4.32)
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Figure 4.11: Control block scheme of the experimental setup. Sensor signals are inputs to
the stateflow, where the algorithm decides when to open/close valves and switch the motor
from the repetitive sequence to the standby state. A PD controller with feedforward term
achieves the desired motor position, using the encoder signal for feedback. Valve amplitudes
are either high or low, but scaled for illustration.

4.4 Experimental Procedure and Results

Multiple experiments were conducted to assess the performance of the mechanism, utilizing
the test platform depicted in Fig. 4.12. The desired motor position is a repeated sequence
signal, where a rotation from 0◦ to 90◦ occurs within 1.8 seconds, followed by a 1.2-
second position hold, and a subsequent return to the initial position within 1.8 seconds. A
period lasts for 7.8 sec. Simultaneously, the stateflow algorithm determines when to switch
valves on and off based on the information provided by the sensors. The sensors collected
the data during the experiments. In the post-analysis, the data were filtered using a
Butterworth filter, after which stiffness and stored energy were calculated as the derivative
and integral of the torque and deflection angle, respectively. In the following text, the

Figure 4.12: Actual experimental setup with all parts marked.
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algorithm within the stateflow is provided only for more complex experiments, offering
a clearer understanding of valve combinations, while less complex ones are described in
words. The remainder of this section explains the conducted experiments and presents the
corresponding results.

4.4.1 Basic Mechanism Verification

The basic function of the mechanism was evaluated for different valve states and compared
with the theoretical values. The motor followed the above-mentioned desired repeating
position trajectory with a) all three valves closed, b) valves 1 and 3 closed, and valve 2
open, c) valves 1 and 2 closed and valve 3 open. The results are shown in (Fig. 4.13). The
graphs indicate that the theoretical models closely approximate the experimental results
for all three cases. In accordance with theory, when only valve 2 is open, the cylinder
force has a progressive characteristic due to compressed air in the bottom chamber, with
torque peaking at ∼3 Nm (Fig. 4.13b). However, when only valve 3 is open, the cylinder
force has a degressive characteristic with a peak torque of ∼1 Nm (Fig. 4.13c). Finally,
in the third case, with all valves closed, the values are the highest with a peak torque of
∼4.5 Nm (Fig. 4.13a). The basic function of the mechanism was further investigated for
different initial cylinder pressures with all three valves closed (Fig. 4.14). Between each
rotation of the joint, the relative pressure in the cylinder was increased from 0 bar to 1.46,
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Figure 4.13: Basic mechanism verification; (a) With all three valves closed, (b) valves 1
and 3 closed and valve 2 open, and (c) valves 1 and 2 closed and valve 3 open. Red line:
theoretical values, blue line: measured values.

Figure 4.14: Basic mechanism verification with different initial pressures and all valves
closed. Blue line: measured torque-deflection profiles, red line: theoretical values. Relative
initial pressure in the pneumatic cylinder: (a) 0 bar, (b) 1.46 bar, (c) 1.88 bar, (d) 2.26
bar, and (e) 2.62 bar.
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1.88, 2.26, and 2.62 bar. The results are compared with the mathematical model. The
values correlate favorably for each pressure increase.

4.4.2 Pneumatic Cylinder Pressure Increase

The great feature of the proposed PEJM is that it can modify the cylinder pressure using
human body dynamics or actuated load, as in the present experiment. To accomplish
this, the valves must be timely turned on and off. For clarity, the experiment description
is given along with the stateflow algorithm depicted in Fig. 4.16a. In this experiment,
four sequences were done; with each one, the air was sucked into the cylinder, to increase
pressure. The results are given in Fig. 4.15a and Fig. 4.15b, where the first one shows

Figure 4.15: Pneumatic cylinder pressure increase. In (a) motor angle, valve states, and
pressure in the cylinder. In (b) measured force and torque with the calculated torsional
stiffness and stored energy versus deflection.
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Figure 4.16: Stateflow algorithm for experiments: (a) Pneumatic cylinder pressure increase,
(b) PAM pumping without cylinder pressure increase, (c) PAM as an air tank.
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the motor angle, the state of the valves, and the pressure in the cylinder, while the latter
delivers the measured force and torque as well as the calculated torsional stiffness and
stored energy. A "high" state of valve 1 means open airflow, while a "low" state means
airflow is closed. The same applies to valve 3, as the valve is the same. Conversely, a "high"
state of valve 2 means the airflow is closed, while a "low" state means an open airflow. In
the experiment, the target cylinder pressure was set to higher than 1.5 bar, after which
the experiment stopped. After four steps, the pressure in the cylinder increased from 0 bar
to ∼1.6 bar (relative pressure) in equilibrium and to ∼4.7 bar in compression due to joint
rotation. In four steps, the stiffness increased ∼164% from a peak value of ∼3.4 Nm/rad
to ∼9 Nm/rad and torque from ∼3 Nm to ∼10 Nm. A step-wise stiffness modulation by
adding air in the pneumatic cylinder is stressed with red arrows from Step 1 to Step M .
Each step corresponds to one rotation of the motor, offering a graphical representation of
the stiffness adjustment speed through step increments. These values support the concept
of cylinder pressure increase.

4.4.3 PAM pumping

There are various methods to pump the PAM. For instance, one can pump it immediately
after increasing the cylinder pressure, increase the cylinder pressure multiple times before
pumping, or not increase the cylinder pressure at all. Two different ways of pumping
PAM have been experimentally performed: without increasing the cylinder pressure and
by increasing the cylinder pressure for two strokes beforehand, where the target cylinder
pressure was set to higher than 0.8 bar. The algorithm for the first experiment is given in
Fig. 4.16b, while the second experiment can be understood as a combination of (a) and (b)
in Fig. 4.16. In addition, the opening time of valve 3 is conditioned by pcyl > pm, which
ensures smooth pumping without jerking of the PAM during rotation. The results for the
former are shown in Fig. 4.17a, and for the latter in Fig. 4.17b. The results indicate that
when the cylinder pressure was increased, PAM pumping occurred faster (peak ∼3.4 bar
at 68 sec), while when there was no previous pressure increase, the PAM pressure peaks
∼1.6 bar at 68 sec. In (a), the slight increase in cylinder pressure with each stroke is finely
seen. This was due to the PAM contraction δy, which also progressively increased. The

Figure 4.17: Two different ways of PAM pumping. In (a) without cylinder pressure increase,
and in (b) with two strokes of cylinder pressure increase. Valve 1 is shown in red, valve 2
in green, and valve 3 in blue.
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PAM contraction δy peaks ∼2.1 mm at 70 sec without cylinder increase, while with the
previous increase, it peaks ∼5.9 mm at 70 sec. These results further extend our knowledge
of PAM pumping.

4.4.4 PAM as an Air Tank

The third variant of PAM pumping is where the PAM keeps the cylinder constantly pres-
surized, effectively acting as a compressed air tank. The algorithm used in the experiment
is given in Fig. 4.16c. The target PAM pressure was pre-set to 2 bar (relative pressure) and
was reached after six steps (Fig. 4.18a). The results in Fig. 4.18b show the measured cylin-
der force and joint torque with stiffness and stored energy, where the stiffness-deflection
graph indicates the step-wise stiffness modulation with red arrows highlighting the joint
rotations, thus providing insight into the stiffness adjustment speed. In six steps, the joint
torque increased from a peak of ∼1.3 Nm at zero PAM pressure to ∼10 Nm at 2 bar PAM
pressure. In the same number of steps, stiffness increased from ∼1.4 Nm/rad to ∼6.5
Nm/rad, indicating a ∼364% increase. The stiffness peak has shifted from ∼72° to ∼52°,
accounting for a ∼28% change.

Figure 4.18: PAM as an air tank. In (a) with shown motor angle, valve states, pressure
in PAM, and contraction. In (b), measured force and torque with the calculated torsional
stiffness and energy stored versus deflection.

4.4.5 Pumping PAM Using an External Pump

To determine the extent to which shortening the PAM influences stiffness compared to
air accumulation via the pneumatic cylinder, we decoupled the two methods and used an
external pump to inflate the PAM without involving the air accumulation with the pneu-
matic cylinder. The joint was rotated seven times, with PAM pumping occurring between
each rotation (except the first one). The measured force, torque, calculated stiffness, and
stored energy with deflection are shown in Fig. 4.19b, while Fig. 4.19a shows the measured
pressures in the cylinder and PAM, along with the PAM contraction. The pressure in the
cylinder increased from ∼1.6 bar in the first rotation to ∼2.3 bar in the last joint rotation
due to the change in the effective length of the cylinder. The PAM was pumped to 5 bar,
with a maximum contraction of ∼15 mm. Between each rotation, the cylinder force and
joint torque increased at the angle of 0◦ as the PAM contraction compressed the air inside
the cylinder without rotating the joint. The stiffness increased from ∼3.8 Nm/rad to ∼4.8
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Nm/rad by shortening the PAM by 15 mm. This suggests that stiffness can be adjusted
more rapidly by increasing the initial pressure in the pneumatic cylinder rather than by
altering the length of the cylinder.

(a)

Figure 4.19: PAM inflation by a cordless pump. In (a) the experimental setup is illustrated.
In (b) measured force and torque with calculated torsional stiffness and stored energy versus
deflection.

4.4.6 Temperature Variation Effect

To examine the effect of temperature on the joint torque, a temperature experiment was
conducted on the PEJM. The mechanism was heated from an initial room temperature of
∼22◦C to ∼65◦C over a duration of 60 seconds. The heating was performed using a hair
dryer, with all valves closed and the joint angle set at 0◦. An analog temperature sensor,
TMP36, was used to monitor temperature variations. The pressure in the cylinder, PAM,
and temperature are shown in Fig. 4.20. The results show the relative pressure increase
from 0 bar to ∼0.07 bar in the cylinder and to ∼0.04 bar in the PAM. Since the PAM
inflates the volume due to the pressure increase, its pressure increase was lower than in
the hard shell pneumatic cylinder with a constant volume. These values show that the
temperature change has a low impact on the mechanism’s pressure.

Figure 4.20: Temperature variation effect on cylinder and PAM pressure.
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4.4.7 Leak Analysis

The leak test was performed for 180 minutes with a constant joint rotation, where the
initial pressure was atmospheric. The motor was set to a repeating sequence as before.
The maximum pressure at the end of compression was monitored during the experiment to
check if the pressure decreased with time. The results in Fig. 4.21 show that the pressure
decreased from ∼1.55 bar to ∼1.47 bar over 180 min, suggesting that the air leakage has a
small impact on the performance of the device, especially considering that the air can be
recovered from the atmosphere by opening the valve.

Figure 4.21: Cylinder pressure loss by constant joint rotation over 180 min.

4.5 Discussion

This section presents a comparative analysis to discuss the advantages and disadvantages
of the proposed mechanism in relation to existing work.

Table 6.1 details the relevant parameters of the proposed PEJM mechanism. The
initial observation of particular note is the remarkably low weight, only 0.76 kg for one
side. This encompasses the entire exoskeleton, excluding the leg shells and electronic
system. Nonetheless, it’s important to acknowledge that achieving portability necessitates
a compact 24V battery to power the valves. These valves operate on minimal current for
trigger signals (0.09-0.44 mA). The peak torque is attained with a maximum pressure in
the cylinder of 8 bar, coinciding with the peak stiffness and energy storage capacity.

Table 4.1: Parameters of the proposed PEJM

PARAMETER VALUE UNIT
Total weight1 0.76 [kg]
Max. Pressure 8 [bar]
Max. Torque2 15.94 [Nm]
Stiffness range 0 - 13.19 [Nm/rad]
Energy storage capacity 0 - 10.3 [J]
Deflection angle 0-135 [deg]
Size 551x38x75 [mm]
1 Exoskeleton weight breakdown: air cylinder (238g), valves (60g,3x),

PAM (80g), mechanical parts, without leg shells (264g).
2 Obtained at max. pressure of 8 bar.

A comparison is made with the variable stiffness actuators listed in Table 4.2, and
graphically illustrated in Fig 4.22. The comparison focuses on their characteristics rather
than their specific application contexts and types. Among these actuators, only the PVSA
and PEJM are pneumatic, while the others use mechanical stiffness modulation methods.
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Table 4.2: Comparison with different variable stiffness actuators

Actuator
Stiffness
[Nm/rad]

Weight [kg] Max. Torque
[Nm]

Deflect.
range [deg]

Max. Energy
[J]

vsaSDR [101] 127-2095 4 18 ±1.3 0.45

BAVS [102] 3.9-146.6 0.75 8 ±18.2 0.9

VSA-Cube [103] 3-14 0.26 3 ±15.8 0.047

MACCEPA [104] 5-110 2.4 70 ±60 27.9

PLVL-VSA[107] 0-49 1.9 22.5 ±20 3

AwAS-II [108] 0-∞ 1.4 80 ±17 5.8

vsaUT-II [109] 0.7-948 2.5 60 ±40.1 0.19

SVSA [110] 1.7-150 2.4 22.11 ±45 3.7

PVSA [156] 0.86-5.04 1.95 10.6 ±120 5.8

PEJM 0-13.19 0.76 15.94 ±135 10.3

Figure 4.22: Graphical comparison of other VSAs with PEJM.

Although VSAs with mechanical stiffness modulation have the advantage of a wide torque
bandwidth and precise stiffness control, they require the integration of many additional
mechanical components, such as an additional motor and mechanical springs, which can
increase the weight and thus the inertia of the joint. Pneumatic actuators generally require
an external air supply to change stiffness. However, the PEJM is an exception, as it
can accumulate air internally and use it to adjust stiffness. Moreover, mechanical VSAs
are limited in geometry. Typically, mechanisms that provide a large stiffness variation
do not allow a large deflection from the equilibrium position. With a large deflection,
the mechanism to vary the stiffness must also be larger, and therefore it is sometimes
technically impossible to achieve both a large stiffness variation and a large deflection. It
is therefore a trade-off between stiffness variation and deflection and thus stored energy.
The advantage of the proposed PEJM is that it requires very little energy to hold the
stored energy and can be safely discharged by opening the valve, which is usually difficult
with VSAs. Additionally, the mechanism exhibits a high energy storage density, which is
16.5% higher than the second-highest, MACCEPA. This feature is especially beneficial for
exoskeletons and legged robots that store and return energy to improve efficiency. Notably,
the PEJM is solidly in the middle range for torque density. While the weights of other
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actuators are listed without a power source, the same applies to the PEJM. However,
unlike the others, the PEJM requires only minimal power, allowing for a lighter power
source. In contrast, DC motors typically need larger and heavier power sources due to
the significant power required to drive them. The mechanism and method of stiffness
modulation are not without limitations. One drawback of the PEJM is the slower time
required to increase stiffness, which must be done incrementally, making it impractical in
some scenarios. However, this can be mitigated by adding an external pump to pre-inflate
the PAM. However, experimental results showed that accumulating air in the pneumatic
cylinder increases stiffness much faster than pumping the PAM. Additionally, mechanical
VSAs can precisely control stiffness using an external motor, while the PEJM does not have
a motor and instead relies on controlling the cylinder’s engagement position and increasing
pressure to modulate stiffness.

4.5.1 Application

In practical applications, the proposed knee exoskeleton is envisioned to provide knee
support in individuals with various neurological or musculoskeletal conditions. The concept
is illustrated in Fig. 4.23, where stiffness adjustments could be tuned to different body
weights and levels of impairment. Using the stiffness modulation methods presented in this
chapter, a suitable stiffness profile could be achieved. This application shares similarities
with the Ottobock C-Brace® (Fig. 2.5), a commercially available device employing a
hydraulic actuator. Pneumatic systems offer some potential advantages, including smaller
weight, easier maintenance, safety, and cost-effectiveness. However, pneumatic devices
generally exert lower forces compared to hydraulic systems. Therefore, they may be more
suitable for individuals with mild to moderate impairments. In contrast, the Ottobock C-
Brace® accommodates a broader spectrum, including severe impairments, despite being
heavier at 3.2 kg compared to our device.
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Figure 4.23: Application of the PEJM in a knee exoskeleton. Left image source:
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4.6 Chapter Conclusion

In this chapter, a newly proposed pneumatic exoskeleton joint mechanism (PEJM) for an
exoskeleton was evaluated. The goal was to develop a lightweight pneumatic mechanism
with a self-sufficient air tank capable of modulating stiffness. In practical applications,
this translates to the knee exoskeleton with an adjustable level of support for stability.
The mechanism can also accumulate air incrementally, a process feasible during walking
as one example. The mathematical model of the mechanism was given. The results of
the experiments confirmed the theoretical model with only minor deviations. We found
an innovative method to modulate the stiffness, in which the air can be accumulated in
the pneumatic cylinder and stored in the PAM, making the mechanism independent of
an external air supply and therefore portable. In addition, the results have shown that
the mechanism has excellent energy density and favorable torque density. However, the
stiffness modulation might be slower than in the electromechanical VSA-a, due to the
step-wise modulation. The results so far have been promising and support our hypothesis
that the PEJM is a good candidate for knee or other types of exoskeleton. The following
chapter will detail the complete prototype of the exoskeleton and test it on humans.
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Chapter 5

Knee Exoskeleton with Bidirectional
Energy Flow

This chapter introduces the knee exoskeleton prototype, which operates in both active
and quasi-passive modes. In quasi-passive mode, energy can flow bidirectionally between
the exoskeleton and the user, allowing for energy harvesting in the form of compressed
air and thereby increasing energy efficiency. This functionality is demonstrated through
sit-stand tasks. While existing literature encompasses exoskeleton-assisted sit-stand tasks
[38], [158]–[161], the integration of energy recovery mechanisms remains unexplored. To
push the boundaries further, this study introduces a portable pneumatic knee exoskeleton
that operates in both quasi-passive and active modes, where active mode is utilized for
aiding in standing up (power generation), thus the energy flows from the exoskeleton to
the user, and quasi-passive mode for aiding in sitting down (power absorption), where
the device absorbs and can store energy in the form of compressed air, leading to energy
savings in active mode. The absorbed energy can be stored and later reused without
compromising exoskeleton transparency in the meantime. In active mode, an air pump
inflates the pneumatic artificial muscle (PAM), which stores the compressed air, that can
then be released into a pneumatic cylinder to generate torque.

Figure 5.1: A person wearing the JSI-KneExo, published in [145].
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Efficient energy utilization is a crucial consideration in every technical system. Human
joints can both generate and absorb power, which opens up the space for energy recovery.
For example, regenerative exoskeletons can capture otherwise wasted human energy and
produce electricity when backdriven by joint movements during negative power intervals
[54], [120], [122], [162], [163]. While most of these devices primarily target energy recov-
ery during walking, Laschowski et al. [164] highlighted the potential of energy recovery
during sitting transfers where the hip, knee, and ankle power is almost entirely negative,
while standing up requires positive joint power [87]. Existing solutions cover exoskeletons-
assisted stand-to-sit tasks, yet without any energy recovery [38], [158]–[161]. This absence
in the literature may be attributed to the large number of required sitting repetitions in
order to notice the effect, mainly because of the limited efficiency in converting mechanical
to electrical power. Namely, robotic exoskeletons could theoretically regenerate ∼26 joules
per single sitting task, meaning that with 60 repetitions, this merely extends the exoskele-
ton operation by around ∼0.7% [164]. Another, more efficient, type of energy storing and
reusing is found in quasi-passive exoskeletons which absorb kinetic energy within elastic
components during negative power intervals and subsequently return it to the joints in
positive power intervals with the help of clutches [23], [26], [33], [34], [54], [143], [149].
This process minimizes losses as kinetic energy is directly converted into elastic energy and
vice versa. Yet, even though highly efficient in energy recovery, they cannot produce net
positive work like robotic actuators, and relying solely on recovered energy may sometimes
be insufficient.

However, pneumatic actuators, like cylinders, exhibit the versatility to function as both
elastic components (air springs) and force-generating actuators. This implies they could
provide a good pathway for combining efficient energy recovery with the ability to produce
positive net mechanical work. Moreover, the air is a lightweight elastic medium that can
be easily passed to another energy reservoir and stored. Therefore, when positive power
generation is required, a portion of the stored air can be retrieved from a storage tank,
minimizing the need for additional compressed air generation by the pump, thus reducing
energy consumption.

In an optimal scenario, exoskeleton-assisted sit-stand task include: assistance with
energy absorption (in the Exo) when sitting down, efficient energy storing for future use,
enabling transparency without energy loss, and actively assisting in standing up partially
reusing stored energy, which would reduce overall consumption. To achieve this, we design
a portable pneumatic exoskeleton that operates as active, quasi-passive, and transparent
while keeping energy. In the literature, pneumatic actuators have been utilized in the
active [165], [166] and quasi-passive exoskeletons [34], [143], [144]. They are appealing
due to their high weight-to-power ratio, inherent compliance, and high brackdrivability.
Still, when used as active the necessity for an air tank poses portability challenges for
pneumatic exoskeletons. Notably, a few prior studies have successfully devised active
portable pneumatic exoskeletons integrating onboard air compressors and metal air tanks;
[46] weighing 9.12 kg, [41] weighing 9.95 kg. Our previous work developed a method for
modulating air spring stiffness by drawing air from the atmosphere without an air pump
or supply. The method was applied in the variable stiffness joint mechanism [144]. Here
we introduce, the JSI-KneExo with key contributions as follows:

1. Introducing an Exo that enables bidirectional energy flow between the user and
exoskeleton, allowing highly efficient energy recovery in the form of compressed air
while simultaneously assisting the user. Energy recovery ultimately leads to big
overall energy savings.

2. Design is enabled by a pneumatic air regenerative actuator integrated into a lightweight,
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slim, and portable knee exoskeleton that can switch between different modes, such
as active, quasi-passive, or transparent, which is mathematically described.

The chapter is structured as follows: Section 5.1 describes the mechatronic design.
The mathematical model is introduced in Section 5.2. The concept of energy recovery
is explained in Section 5.3. Section 5.4 presents a pilot study involving an able-bodied
subject performing sit-to-stand tasks, along with the results. The discussion is provided
in Section 5.5. Finally, the chapter concludes in Section 5.6.

The work was published at the IEEE International Conference on Robotics and Au-
tomation (ICRA) and presented in Yokohama, Japan in 2024 [145].

5.1 Overview of the Exoskeleton

5.1.1 Exoskeleton Design

The JSI-KneExo (Fig. 5.2a) is a modular system made up of three major components: the
left-leg exoskeleton with an actuator, the right-leg exoskeleton with an actuator, and the
control unit. Depending on the application, one or both legs of the exoskeleton may be
used simultaneously. The whole system weighs 3.9 kg (each leg of the exoskeleton 1.25kg
and the control unit 1.4kg). The range of motion is 0 - 135◦.

5.1.1.1 Actuator Unit

The actuator (Fig. 5.2b) comprises a pneumatic cylinder (DNSU-25-100-PPV-A, FESTO,
Germany), which generates force when pressurized air enters its chamber. As the cylinder
is attached to the shank and thigh levers, the force in the cylinder causes torque in the
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exoskeleton, and right-leg exoskeleton. (b) The actuator unit incorporates air solenoid
valves, PAM, pneumatic cylinder, force sensor, absolute encoder, shank and thigh lever, and
a linear bearing facilitating linear PAM deflection. (c) Pink background highlights control
unit components, while light blue denotes exoskeleton (leg side) components; optional
insole sensors can be added.
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joint with a maximum value of 20 Nm at a maximum pressure of 8 bar. The cylinder
has a maximum stroke of 100 mm and a bore diameter of 25 mm. The compressed air
generated by the air pump is stored in the pneumatic artificial muscle (PAM), DMSP-20-
100N-RM-RM (initial diameter 20mm, initial length 100mm), which when inflated shrinks
its length and increases its diameter. The PAM’s lower end is fixed, upper-end slides on
the linear bearing. Each unit contains two solenoid air valves (MHE2-MS1H-3/2O-QS-4-
K, FESTO, Germany) for state change, as detailed further in the chapter. The absolute
encoder AS5600 (ams-OSRAM AG, Austria) measures the joint angle, while the cylinder
force is measured by the force sensor ZMME-S100 (Zhiminsensor, China).

5.1.1.2 Control Unit

The control unit is shown in (Fig. 5.2c). The JSI-KneExo is fully portable as the com-
pressed air is supplied by the air pump BD-04A-20L, BodenFlo, China, powered by a 12
V LiPo battery with a capacity of 3.4 Ah. If running continuously, the pump has an au-
tonomy of ∼3.4 h. Six MOSFET switches, arranged in two PCBs control solenoid valve
positions. An extra solenoid valve is included in the control unit box, the function of which
is explained in the next section. A pressure sensor is integrated to continuously monitor
the pressure in both PAMs. The voltage is converted to 24 V for the solenoid valves by
the DC-DC converter. The main microcontroller is an Arduino Mega 2560.

5.1.1.3 Pneumatic Multimodalities

The portable pneumatic circuit is shown in Fig. 5.3. All five solenoid valves are identical
and monostable, transitioning smoothly between ’1’ and ’2’ positions with a ∼2 ms fre-
quency. The air pump generates compressed air, which charges the PAM, and pressure is
tracked using a sensor. The valve P depressurizes the tube after air pumping; otherwise,

Valve P
1Fill PAM

State

2Depressurize

Valve 1 Valve 2
1 1Release All 

Hold Air,
Transparent

2

State

1

12Torque 

22
Quasi-

Passive 

Air Pump

Pressure sensor

P
ne

um
at

ic
 M

us
cl

e

P
ne

um
at

ic
 C

yl

P
ne

um
at

ic
 M

us
cl

e

P
ne

um
at

ic
 C

yl

21 21

2

1

21 21

Valve 1-R

Valve 2-R Valve 2-L

Valve 1-L

Valve P

Right leg Left leg

Figure 5.3: Pneumatic circuit of the JSI-KneExo. Different valve positions achieve different
exoskeleton states.



5.2. Mathematical Model 67

by restarting the pump the reverse pressure holds the pump back when it needs the most
power. Symmetrical pneumatic connections exist on both sides (left and right). Different
valve combinations achieve various states. For example, in "Release all" both valves 1 and
2 are set to ’1’, allowing atmospheric pressure to enter the cylinder and PAM, resulting in
air release. The second state, "Hold Air, Transparent," involves the air pump filling the
PAM to the desired pressure set in the control algorithm, but valve 1 has a clutch function,
meaning that if in position ’1’ the pneumatic cylinder appears transparent as the chamber
is connected to the atmosphere and air cannot be compressed. After being in the transpar-
ent state, by setting valve 2 to ’1’, compressed air enters the cylinder chamber, producing
force and joint torque. It’s crucial to revert valve 1 to ’2’ to prevent air discharge. This
state is called "Torque" or active mode. The last state is the "Quasi-passive", in which
both valves are set to position ’2’. Torque is generated as the air inside the cylinder is
compressed by knee flexion, acting as a nonlinear progressive compression spring resisting
rotation. Furthermore, in this state, compressed air can be returned to the PAM by flexing
the joint and switching valve 2 to ’1’ so that air flows back into the PAM.

5.2 Mathematical Model

5.2.1 Air Pump

The air pump has the function of charging the PAM with compressed air to the desired
pressure. Commercially available air pumps are rated for no-load air flow at 0 bar pressure.
Therefore, it is hard to calculate the time required to fill the PAM as the pressure increases.
Another approach involves experimentally identifying the pressure-time profile. Hence, two
air pumps were experimentally identified and compared: BD-04A-20L (maximum pressure:
3.32 bar, 20 L/min flow rate at 0 bar) and the air piston pump BD-07A-35L (maximum
pressure: 6.5 bar, 35 L/min flow rate at 0 bar). Fig. 5.4 depicts the measured pressure-time
profile when filling the pneumatic muscle DMSP-20-100N-RM-RM for both pumps.
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Figure 5.4: Filling compressed air into the PAM with two different pumps, the larger BD-
07A-35L and the smaller BD-04A-20L. The equation fitted through measured data has the
form: pm(t) = pmax(1− e−t/k). For the larger pump: pmax = 6.5 bar, k = 2.0713, and
R2 = 0.9921. For the smaller pump: pmax = 3.32 bar, k = 1.8302 and R2 = 0.9969.

The measured data were fitted with the following exponential function:

pm(t) = pmax(1− e−
t
k ) , (5.1)

where pm(t) is the actual pressure at time t, pmax is the max. nominal pressure for the
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pump, and k is the pump constant identified for both pumps. The coefficient of determi-
nation is R2 = 0.9921 for BD-07A-35L and R2 = 0.9969 for BD-04A-20L. The time tm
required to reach the desired pressure pm in the PAM can now be determined using Eq.
(5.1).

5.2.2 Pneumatic Artificial Muscle (PAM)

When the air gets compressed inside the PAM, its length Lm and volume Vm change. The
analytical dependency Vm(Lm) is known and adopted from [157]. However, with a known
PAM pressure pm its length Lm can only be estimated from the FESTO datasheet for
the exact PAM or other existing PAM models [47], [157]. Since FESTO does not provide
an analytical model, the PAM model was determined experimentally. The dependency
between the pressure pm, length Lm, and the volume Vm is needed to compute the actuator’s
torque. Therefore, the model was determined experimentally by compressing air into the
PAM and measuring the contraction ε. The PAM force was zero during the identification
as the linear bearing allows unrestrained contraction. The experimental identification is
shown in Fig. 5.5, where (a) shows the measured contraction ε as a function of PAM
pressure pm, and (b) shows the analytical model linking PAM volume Vm and contraction
ε, given in Eq. (5.3), for different contractions where the maximum contraction for the
chosen PAM is equal to 25%.
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Figure 5.5: Model-identification of the PAM DMSP-20-100N-RM-RM. In (a) PAM con-
traction versus pressure. In (b) PAM volume versus contraction.

The measured data were fitted with a fourth-degree polynomial, formulated as

ε(pm) = c1p
4
m + c2p

3
m + c3p

2
m + c4pm + c5 , (5.2)

where the coefficients are c1 = 0.1022, c2 = −1.3370, c3 = 5.1426, c4 = −0.8131, c5 =
0.4189, with the coefficient of determination R2 = 0.9987. Using the identified relation
ε(pm), the contraction ε and hence the length Lm of the PAM for each pressure pm can
be obtained as Lm = L0 − ε, where L0 is the initial PAM length. This also allows the
determination of the PAM volume, Vm, for each length Lm, which was previously unknown.
The PAM volume can be calculated according to [157] as follows

Vm =
LmL2

f − Lm
3

4πn2
tu

, (5.3)
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where ntu is the number of thread turns, and Lf is the thread length calculated according
to [47]. Now this relationship can be used to calculate the actuator parameters explained
in the next subsection.

5.2.3 Actuator Pressure, Force, and Torque

The mathematical model of the actuator is given for one side exoskeleton leg and is further
derived according to Fig. 5.6, where the transition from (a)→(b) implies standing up and
reversely sitting down, meaning that in (a)→(b) the pressure is released from the PAM
and shared with the pneumatic cylinder, while in (b)→(a) the pressure is returned to the
PAM. The initial angle in (a) is θ = 107◦, as this is the angle at which the piston rod
comes to the end of the cylinder, for contraction ε(pm = 3.32 bar), which is identified as a
maximum pressure for the selected air pump BD-04A-20L. At the point where the angle θ
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Figure 5.6: (a) Exoskeleton flexed at θ = 107◦, the angle where z = z0 for ε(pm = 3.32, bar)
contraction. (b) Exoskeleton at θ = 0◦ for user standing.

starts decreasing, the air valve connecting the cylinder and the PAM is switched to position
’1’ as explained earlier. This results in two volumes merging, and the common volume is
defined as:

Vtot = Vc + Vm , (5.4)

where Vc is the volume of the cylinder with the volume of the pneumatic tube added and
is equal to

Vc = Acz +Atcltc , z ∈ [z0, zmax] , (5.5)

where Atc is the cross-sectional surface area of the pneumatic tube and ltc is its length
from the cylinder to the PAM. The current position of the piston z is expressed as

z = zmax
l − lmin

lmax − lmin
, (5.6)
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where l is the cylinder length (Fig. 5.6b), which was previously derived in our article [144],
and lmin is the length when the piston touches the end of the cylinder (z = z0). The
maximum actuator length lmax is the length for z = zmax.

The PAM volume was given in Eq. (5.3), but now the volume of the pneumatic tube
(Atmltm) is added for the actuator as follows

Vm =
LmL2

f − Lm
3

4πn2
tu

+Atmltm . (5.7)

Once the total volume is known, and isothermal expansion is assumed, the air pressure ptot
expanding from the initial pressure pinit

tot and the initial volume V init
tot to the current volume

Vtot can be computed as

ptot = pinit
tot

V init
tot
Vtot

, (5.8)

As volume Vtot gradually increases, pressure ptot decreases, which means that as the angle θ
approaches 0◦ (knee fully extended), Lm also decreases, consequently affecting the cylinder
length l, the current position of the piston z, and finally the volume of the cylinder Vc.
Therefore, the PAM length must be updated for each new pressure during the transition
according to the model identified in Eq. (5.2).
Once the current pressure is known during the transition, the cylinder force Fcyl can be
expressed as the pressure ptot acting on the piston surface area Ac, as follows

Fcyl = ptotAc . (5.9)

Finally, with the known cylinder force Fcyl, the exoskeleton torque Texo can be computed
as follows

Texo = Fcylr , (5.10)

where the lever arm r (see Fig. 5.6) was mathematically modeled in the previous chapter
(Eq. (4.15)). The computed values of different physical parameters for the joint rotation
from θ = 107◦ to θ = 0◦ are shown in Fig. 5.7. In the case when the angle theta is changed
from θ = 0◦ to θ = 107◦ (sitting down), the process is reversed if the "Torque" state is still
active. Therefore, by rotating the joint back to θ = 107◦ the air is returned into the PAM

Figure 5.7: Theoretical profiles of different physical parameters for the joint rotation from
θ = 107◦ to θ = 0◦.
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while generating the same torque. However, when the "Quasi-passive" state is activated
(see Fig. 5.3) at the angle of θ = 0◦ and the joint is rotated back to θ = 107◦, the air is
compressed only in the cylinder’s volume, thus the pressure and torque reach higher values
than in the active mode. Still, the air can be returned back into the PAM by setting valve
2 in position ’1’ once the air has been compressed in the cylinder (person sitting). The
mathematical model in this paper doesn’t account for PAM stretching that occurs beyond
θ = 107◦, even though rotation can reach θ = 135◦. Experimental results will assess the
exoskeleton’s overall dynamics.

5.3 Concept of Energy Recovery in Sit-Stand

Figure 5.8 depicts the concept of energy recovery in sit-stand tasks. In the transition
from standing to sitting, the knee angle changes in the opposite direction of the biological
knee torque, resulting in negative knee power and indicating power absorption [87]. Here,
the exoskeleton is set to operate in quasi-passive mode, behaving similarly to a passive air
spring. The compressed air in the pneumatic cylinder produces torque in the same direction
as the biological muscles and assists the user while absorbing some of the biological knee
power in the form of compressed air.

Once the user is sitting the part of regenerated compressed air is stored in the pneumatic
artificial muscle and the exoskeleton is set in transparent mode to allow unobstructed
sitting. The air pump adds additional compressed air, which can be adjusted to the
desired pressure depending on the required assistance.

Standing up requires positive biological knee power since the knee angle changes in the
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Figure 5.8: Concept of energy recovery in the sit-stand task. The power profile shape and
amount are only illustrative.
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same direction as the biological knee torque. Compressed air stored from before, plus the
added air from the air pump, is now released from the pneumatic artificial muscle to the
pneumatic cylinder to actively assist the user and reduce the portion of total biological
knee power produced by muscles. Finally, the user stands up and the cycle is complete.

5.4 Human Subject Experimentation

This section presents a pilot study with an able-bodied subject (27 years old, 90 kg, 1.93 m
tall), aiming to validate JSI-KneExo’s key contributions. The exoskeleton was controlled in
Simulink Real-Time™, while the pressure, angle, and force data were collected and analyzed
offline in Matlab. The experimental setup is in Fig. 5.9. To determine exoskeleton impact
on the subject, a multi-channel Trigno wireless EMG system (Delsys, USA) recorded Vastus
Medialis (V. Med.) and Gluteus Maximum (Glut. M.) muscle activity at 2148.15 Hz,
following SENIAM guidelines [167]. Prior to experiments, muscle maximum voluntary
contractions (MVC) were recorded. Optitrack’s 16 cameras (NaturalPoint, USA) at 120
Hz captured joint kinematics. Using 37 markers as per Motive Optical motion capture
software, the human skeleton was reconstructed. Visual feedback on a screen ensured
subject positioning consistency for repeatable experiments.

Reflective 
markers

Display the 
position

0.
47

 m

EMG 
Glut. M.

EMG 
V. Med.

Figure 5.9: Experimental setup: EMG electrodes, reflective markers, and screen for visual
feedback.

5.4.1 Experiment

The subject was instructed to perform ten sit-to-stand and stand-to-sit transitions under
unassisted (transparent) and assisted conditions. The experiment aims to validate the
energy recovery (compressed air return to PAM) while relieving the leg muscles, and to
evaluate the exoskeleton operation, highlighting the transparency achieved after every sit-
down while storing recovered air. When standing up, the exoskeleton assisted the subject
in active mode, and when sitting down, the exoskeleton assisted the subject in quasi-
passive mode. In the unassisted trial, the state was set to "Release All" to enable entire
transparency.

Strategy and Control:
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The controller for the assisted condition involves a state machine with states triggered
based on threshold values from a pressure sensor and two encoders, with knee angular
velocity derived through knee angle numerical differentiation. Exoskeleton torque was
computed offline by multiplying the cylinder force with the lever arm length, calculated
from the knee angle and mathematical model. In Fig. 5.10, the average exoskeleton torque
(right leg) and its standard deviation across ten repetitions are presented in relation to
the transition, with 100% denoting sitting and 0% indicating standing. Figure 5.11 shows
the pressure change in both PAMs simultaneously, since the pressure sensor is connected
to both PAMs (see Fig. 5.3). The intervals when the pump was switched on and off are
indicated, as well as the amount of recovered air. In both figures, the exoskeleton states
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Figure 5.10: Right leg exoskeleton torque during transition, scaled from 100% (sitting) to
0% (standing), with numbered circles indicating different states.
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are indicated by numbers. The experiment is divided into seven parts as follows.
Initial Sitting: The experiment started by equalizing the actuator to atmospheric

pressure in 1 . The air pump gradually filled the PAM to a set pressure of 3.2 bar in 2 .
In 3 the air pump was switched off as the PAM was charged with compressed air but had
not yet been released into the cylinder and therefore the exoskeleton was still transparent.

Standing Up: In 4 , the sensors detected the subject’s standing up movement, thus
the actuator released the compressed air into the pneumatic cylinder, providing an ac-
tive torque of ∼6.7 Nm which gradually decreased as the pressure dropped until 5 (fully
standing), at which point the pressure was equal to ∼1.85 bar and the torque ∼2 Nm.

Sitting Down: Upon sensor detection of the standing position, the mode was changed
to "Quasi-passive". Thus, from 5 to 6 , when the subject transitioned to sitting, the air
was compressed exclusively in the pneumatic cylinder, reaching a maximum torque of
∼14.88 Nm.

Air Return: By detecting the subjects’ full seating in 6 , and by positioning valve 2
to ’1’, compressed air from the cylinder had flown back to the PAM, restoring the PAM
pressure from ∼1.85 bar to ∼2.5 bar, as the subject went from standing to sitting while
the air pump was off.

Transparent Sitting: In 7 , "Hold Air, Transparent" state holds the remaining air in
the PAM but releases the compressed air from the cylinder allowing unobstructed sitting.

Next Repetition: In the next repetition, the air pump only had to compensate for
air loss, as the joint hadn’t fully rotated to its end position. Thus, the air pump has been
restarted (state 2 ), which allowed compensation for the pressure difference in the PAM
up to 3.2 bar.

End: Finally, all the compressed air from the actuator was released in 1 and the
experiment was completed.

5.5 Discussion

This section discusses the energy recovery of the exoskeleton with the simultaneous muscle
activity reduction in sitting transfers. Fig. 5.12 displays average muscle activity over ten
repetitions for transitions between sitting and standing, comparing unassisted (ExoOff) and
assisted (ExoOn) conditions. The mean envelope of the raw EMG signals was extracted to
analyze muscle effort, involving a series of filtering steps: 4th order bandpass Butterworth
(20-400 Hz), rectification, and low pass filtering (5 Hz, 4th order Butterworth). EMG am-
plitude was normalized to the subject’s MVC, segmented, and averaged based on %Sitting
and %Standing identified from the knee angle. EMG reduction with simultaneous
energy recovery: Interestingly, returning compressed air to the exoskeleton reservoir not
only saved energy and pumping time but also reduced muscular effort. Notably, V. Med.
activity decreased by ∼31% (mean effort) when sitting down with assistance compared to
unassisted. Glut. M. showed no major changes between the conditions, with low activity
normalized to MVC. During standing up, a mean effort was reduced by ∼13% in V. Med.
when the exoskeleton assisted.

Actuation frequency relies on the air pump and the desired pressure, set at 3.2 bar
during experimentation. To assess energy recovery usefulness, three states with specific
pressures are highlighted: state 3 at 3.2 bar, state 5 at 1.85 ± 0.01 bar, and state 7 at
2.46 ± 0.01 bar. With energy recovery, the air pump has to refill only from 2.46 ± 0.01
up to 3.2 bar. Without energy recovery, the air pump has to refill from the residual PAM
pressure after actuation, 1.85 ± 0.01, up to 3.2 bar. The time to restore pressure to the
desired level is determined using Eq. (5.1), derived earlier from air pump characterization.
The results are listed in Table 5.1.
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V. Med. - ExoOff
V. Med.-ExoOn

Glut. M.-ExoOn
Glut. M.-ExoOff

V. Med. - ExoOff
V. Med.-ExoOn

Glut. M.-ExoOn
Glut. M.-ExoOff

Figure 5.12: EMG recordings of the vastus medialis and gluteus maximus during sitting
and standing transfers under assisted and unassisted conditions.

Table 5.1: Maximum Actuation Frequency with and without Energy Recovery

Air pump: BD-04A-20L Air pump: BD-07A-35L
Max. Freq. w/ ER1 8.32± 0.04 min−1 71.53± 0.66 min−1

Max. Freq. w/o ER2 6.55± 0.02 min−1 43.31± 0.34 min−1

1 Time to restore pressure with BD-04A-20L: 3.61 ± 0.02 s (1 leg), 7.21 ± 0.03s (both
legs). With BD-07A-35L: 0.42± 0 s (1 leg), 0.84± 0.01 s (both)

2 Time to restore pressure with BD-04A-20L: 4.58 ± 0.02 s (1 leg), 9.16 ± 0.03s (both
legs). With BD-07A-35L: 0.71± 0.01 s (1 leg), 1.42± 0.01 s (both)

Yet, this frequency is derived from the air pump’s ability. In experiments, the frequency,
of course, is also influenced by the user’s pace and transfer intervals. When pumping
intervals are translated into energy savings through recovery, the exoskeleton’s battery
endurance extends by 1.27±0.01, ∼27% (small pump), or 1.69±0.02, ∼69% (large pump).

5.6 Chapter Conclusion

In conclusion, the key innovation of the JSI-KneExo is simultaneous human assistance with
efficient energy recovery, leading to approximately ∼27% energy savings as the pump only
needs to recompensate part of the compressed air. This is enabled by a novel pneumatic
circuit design that provides different operation modes, and portable pneumatic actuation
using PAM as an air tank. However, this chapter presents only initial results from a
single subject and lacks statistical evidence. The next chapter evaluates the exoskeleton
for walking.
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Chapter 6

Hybrid Rigid-Soft Exoskeleton for
Multi-joint Lower Limb Assistance

One of the primary objectives in the domain of exoskeleton research has been to assist the
locomotion of either healthy or impaired users by providing external power to the biological
muscles through the actuators integrated into rigid exoskeletons or soft exosuits [1]. The
difference between the two lies in their design. Rigid exoskeletons employ load-bearing
frames, with actuators often aligned with human joints to deliver torque directly at the
joints. While rigid exoskeletons provide increased stability and vital support for weight-
bearing joints in the lower limbs, their mechanical complexity and bulkiness rise with the
higher dimensionality of the joint’s active degrees of freedom (DoF), further resulting in
misalignment issues and negatively impacting user comfort [168]. Oppositely, soft exosuits
do not provide body support as they do not have rigid frames. Instead, they contain
textile parts worn on human limbs, with connected tendons actuated by proximally located
actuators. The elimination of rigid parts minimizes bulkiness, mechanical complexity, and
movement restrictions. This is particularly beneficial for human joints with higher DoF,
leading to enhanced comfort and adaptability to the human body [69].

The existing literature covers locomotion augmentation with both rigid exoskeletons
[12], [37], [88], [89], [169]–[171] or soft exosuits [11], [20], [158], [172]–[175] in both healthy
and impaired individuals. However, it sparks interest in whether an assistive robotic device
can combine the advantages of both rigid and soft designs, an area that has received
limited exploration. An example can be found in the work by Cao et al. [21], where
an exosuit delivers active assistance and is paired with a passive rigid exoskeleton aiding
in extra weight carrying. Another study, focusing on single-joint assistance through a
rigid-soft system, employs a strategically positioned linear actuator to assist the knee,
specifically designed to overcome potential joint misalignment [176]. In [177] a combination
of pneumatic and electromechanical actuation was investigated, but the exoskeleton is fully
rigid. Therefore, in the current literature, there is no evidence of an exoskeleton integrating
soft exosuits and rigid exoskeletons to actively assist multiple lower limb joints. Such a
configuration could improve adaptability by utilizing soft exosuits on higher DoF joints such
as the hip, overcoming mechanical complexity and movement restrictions. Simultaneously
rigid exoskeletons could offer structural stability and body support during the stance on
single active DoF joints like the knee, where designing passive joints or mechanisms is not
crucial for allowing movement in other directions, though it can sometimes be done for
better aligning the non-constant moving axis of the knee [178].

Building upon this premise, the present study introduces a novelty by integrating a soft,
tendon-driven hip exosuit with a pneumatic rigid knee exoskeleton in a hybrid assistive
device where each joint is assisted independently. The section also investigates its effect
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on metabolic cost, muscular activation, and kinematic patterns when walking uphill at
15◦ incline and a speed of 3 km/h. The inclined setup was chosen to increase positive
biological power demands of both hip and knee joints, therefore, assisting these joints
when they experience higher loads is expected to enhance energy efficiency and thus yield
strong human augmentation benefits, as outlined in the theoretical analysis and guidelines
for exoskeleton developers by Nuckols et al. [54] and other recent experimental studies
involving inclined walking with the hip or knee exoskeletons [12], [88], [171], [173]. During
inclined walking, the peak positive biological power phases occur during hip flexion in
swing and knee extension in stance [179]. Accordingly, the hip exosuit contributes to hip
flexion during the swing phase through a simplified mechanical design using a tendon-driven
actuation, while the rigid knee exoskeleton aids in knee extension during stance through
load-bearing frames, thereby injecting energy at the joints during the positive biological
power phases of the gait. Given that the knee joint bears the load response during this
critical phase, it has to exhibit compliance [87]. Therefore, an inherently compliant fast-
acting pneumatic actuator might be beneficial during the load response phase to alleviate
stress on the knee. Both devices of the integrated system have previously undergone partial
individual testing. The hip exosuit demonstrated a significant reduction in hip flexor muscle
effort during level ground walking, as reported by Tricomi et al. [180]. Similarly, the knee
exoskeleton has been used in sit-stand tasks, as highlighted in the previous chapter.

In the context of metabolic expenditure, existing literature suggests that the energetic
expenditure of walking includes supporting body weight (∼28%), generating propulsion
(∼48%), swinging the legs (∼10%), and stabilizing laterally (∼6%) [181]. Given the knee
exoskeleton’s role in partially assisting body support and propulsion and the hip exosuit’s
role in partially assisting in swinging the legs, it is anticipated that multijoint assistance
will yield greater metabolic benefits compared to both unassisted and single-joint assisted
scenarios. Additionally, it is expected that assisted muscles will reduce muscular activity
without significantly altering kinematics.

The remainder of this chapter is structured as follows: Section 6.1 introduces the
hybrid assistive device. Section 6.2 outlines the experiments. Section 6.3 presents the
results. Section 6.4 provides a discussion, and the chapter concludes in Section 6.5.

The work of this chapter is published in IEEE Transactions on Medical Robotics and
Bionics [146].

6.1 Hybrid Concept

This section provides an overview of the hybrid exoskeletal system (Fig. 6.1a) comprising
a soft, tendon-driven hip exosuit (Fig. 6.1b) and a rigid, pneumatic knee exoskeleton (Fig.
6.1c).

6.1.1 Tendon-Driven Hip Exosuit

6.1.1.1 Design

The soft hip exosuit has an underactuated design, meaning it assists the hip flexion of both
legs with a single actuator (Fig. 6.1b). It comprises a waist belt carrying the T-Motor
AK80-6 actuator, Arduino Mega 2560 control board, and power supply. The actuator,
equipped with a double-layer pulley, employs two artificial tendons wound in opposite
directions. As the actuator rotates in one direction, it pulls one tendon and brings the
proximal anchor point closer to the distal anchor point, causing a flexion moment in the
hip joint of one leg. Meanwhile, the other tendon is released, so only one leg is assisted
while the other moves freely. When the tendon is loose, it causes zero impedance since the
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Figure 6.1: (a) Overview of the hybrid exoskeleton with labeled parts. In (b) hip exosuit
features a tendon-driven actuation with a double-layered pulley, where each layer contains
a tendon so that one direction of motor rotation assists one leg and vice versa assists the
other leg. In (c) knee exoskeleton comprises three main parts: the control unit, the left
leg, and the right leg exoskeleton. The actuator includes a pneumatic cylinder, pneumatic
muscle and two air solenoid valves. Compressed air is supplied from the air compressor.
Insoles with FSR sensors inside shoes wirelessly transmit signals to the control unit.

human limb is not connected to the actuator. Thigh braces, made from double-layer soft
fabric reinforced with rubber, are a shared component between the exosuit and exoskeleton.

6.1.1.2 Control

The control algorithm is depicted in Fig. 6.2. The algorithm is based on the hip joint
kinematics obtained from the IMUs mounted laterally on the thigh (Fig. 6.1a). They
provide an approximation of the hip flexion angle. The High-Level Controller estimates
in real-time the gait phase via an adaptive oscillator approach [182]–[184] using the hip
inter-limb angle θIL(t). The Gait Phase Estimator comprises three modules: the adaptive
oscillator’s dynamical system, the gait event detector, and the phase error correction. The
three of them are meant to estimate a continuously increasing gait phase variable and to
normalize it in a range between [0 2π] after alignment with the beginning of each gait cycle.
A motor reference position trajectory is built upon the gait phase estimated through cubing
spline interpolation. In the Low-Level controller, a PID controller transforms the position
error into a motor velocity command. Assistance is provided to each leg exclusively during
the swing phase, with no assistive forces during stance.

6.1.2 Pneumatic Rigid Knee Exoskeleton

The subsection provides a concise overview of the knee exoskeleton, illustrated in Figure
6.1c. For a detailed mechatronic description of the knee exoskeleton refer to Miskovic et al.
[145]. In the referenced study, the pneumatic muscle stores accumulated air from negative
work motion. In this study, the pneumatic muscle serves a minimal function, acting solely
as an auxiliary component for pre-storing compressed air.
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Control Scheme - Hip Exosuit 

Figure 6.2: The hip exosuit control involves a high-level controller and a low-level controller.
The adaptive oscillator layer in high-level uses the inter-limb hip flexion angle to derive
a motor reference position trajectory and identify the gait phase. In the low-level, a PID
controller transforms the position error into a motor velocity command.

6.1.2.1 Design

The knee exoskeleton aids knee extension by applying torque directly to the knee joint
during the stance phase. The torque is controlled by adjusting the air pressure in the
compressor. The pneumatic cylinder with a 25 mm bore diameter, generates force when
supplied with compressed air, and with the mechanical advantage provided by the lever
arm length (70 mm), torque is produced between the thigh and shank levers, with a
hard stop preventing hyperextension. The torque-generating and transparent intervals are
switched by two monostable air solenoid valves. The system uses an Arduino Mega 2560
and custom-made PCBs with MOSFETs for controlling valves. Switching valve 1 releases
the compressed air, and valve 2 allows the compressed air to enter the cylinder.

6.1.2.2 Control

The exoskeleton’s controller (Fig. 6.3) functions as a Deterministic Finite State Machine
(DFSM). State transitions are governed by input signals from FSR sensors in the insoles
(HS - Heel Sensor, FS - Finger Sensor), together with feedback from the exoskeleton’s
encoder signal (θK). The thresholds for the FSRs are individualized heuristically. Upon
reaching the predefined heel sensor threshold T1, the assisting torque activates. The torque
deactivates (through air release) upon detection of the opposite leg’s knee swing, identified
by the zero crossing of velocity, specifically set to detect the falling direction (θ̇KO = 0),
along with the condition that the opposite foot is in the air, detected by FSR sensors as
HSo < T3, FSo < T4, where thresholds are individualized heuristically. The subscript "o"
denotes the opposite leg. To prevent false torque activation, state transitions involving
torque activation or deactivation are conditioned by the knee encoder threshold angle, T2.
This ensures torque activation only within the appropriate knee angle range, corresponding
to typical values from the literature. Additionally, to prevent hyperextension, a threshold
T5 is implemented at 0◦, prompting the actuator to immediately release air when the
angle reaches this value. If any state remains inactive beyond the designated "timeout"
threshold, the system automatically transitions to the "Stand still" state.
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Figure 6.3: The knee controller operates as a Deterministic Finite State Machine (DFSM):
The thresholds are individualized for users. Valve1 - clutch valve, Valve2 - torque enabling
valve, T - Thresholds, HS - Heel sensor, FS - Finger sensor, θK - Knee encoder. The
subscript "o" denotes the opposite leg.

6.1.3 Technical Metrics and Hybrid Gait Assistance

Figure 6.4 shows an example of torque provided by the right leg knee exoskeleton and the
hip motor torque assisting both legs across the gait cycle. Negative motor torque values
for the hip graph indicate support during left hip flexion, whereas positive torque values
signify assistance during right hip flexion, complying with the underactuated nature of the
device. For instance, with reference to the right leg, exosuit assistance is provided from
60% to 100% of the gait cycle, while the knee exoskeleton assists the right leg in the initial
∼30% of the gait cycle. Table 6.1 details the relevant parameters of the hybrid exoskeleton.

Stance Swing
Knee Assistance Hip Assistance

Force
Torque

Right hip flexion 

Right knee extension

Figure 6.4: An example of knee and hip assistance profiles with the gait cycle.
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Table 6.1: Parameters of the Hybrid Exoskeleton

PARAMETER VALUE UNIT
Total weight1 5.6 kg
Knee Exo Weight2 3.4 kg
Knee Exo RoM 0-90 °
Upper Knee Link Dimensions 361x91x39 mm
Lower Knee Link Dimensions 250x108x43 mm
Max. Knee Torque3 20.6 Nm
Hip Exo Weight 2.2 kg
Max. Hip Motor Torque4 12 Nm
1 The total weight of the device carried on the person. The air is supplied externally

and is not contained in the device.
2 Weight breakdown: Control Unit (0.9 kg), Unilateral Exoskeleton Mass (1.25 kg).
3 Obtained at max. pressure of 6 bar.
4 Max. tendon force ∼480 N (with pulley diameter 50 mm).

The entire system weighs 5.6 kg, with 3.4 kg attributed to the rigid knee exoskeleton, and
the remainder to the hip exosuit. A detailed kinematic analysis of the knee mechanism
is reported in our previous work [144]. The knee exoskeleton can generate a maximum
torque of 20.6 Nm at a pressure of 6 bar. This corresponds to ∼27% of the maximum
biological knee torque for an individual weighing 75 kg, in the sagittal plane during load
response while walking on a 15◦ slope at 1.34 m/s [185]. The range of motion 0°- 90°
covers the full range of motion of the human knee joint during walking. The hip actuator
can produce a maximum torque of 12 Nm corresponding to a tendon force of 480 N with
a pulley diameter of 50 mm. This corresponds to ∼35% of the maximum biological hip
torque estimated using the same reference as for the knee.

6.2 Experimental Evaluation with Human Subjects

6.2.1 Experimental Setup

The hybrid exoskeleton was assessed in an experimental setup (Fig. 6.5) involving inclined
walking at 15◦ and a speed of 3 km/h on a TechnoGym Run Live 500 treadmill (Ce-
sena, Italy). Muscle activity was analyzed using a Trigno wireless multi-channel surface
EMG system (Delsys, Natick MA, USA) on four left leg muscles: Vastus Medialis, Vas-
tus Lateralis, Tensor Fasciae Latae, and Gluteus Maximus. Electrode placement followed
SENIAM guidelines [167]. Thigh braces limited EMG placement on hamstrings and Rec-
tus Femoris due to increased skin-brace pressure during exoskeleton force transfer. EMG
signals, sampled at 1 kHz, were acquired using a Quanser QPIDe DAQ board (Markham,
Ontario, Canada). Oxygen and carbon dioxide consumption data were gathered using
a portable gas analyzer (K5, COSMED, Rome, Italy) to evaluate metabolic energy ex-
penditure. Hip kinematics was recorded with IMU sensors (Bosch, BNO055, Gerlingen,
Germany) mounted laterally on the thigh harnesses, while knee kinematics was recorded
with an absolute encoder AS5600 (ams AG, Premstätten, Austria), mounted on the in-
side of the left knee. The MATLAB/Simulink Real-Time was used to acquire data from
the knee, hip, and EMGs, while K5 COSMED data was sent through Bluetooth to the
COSMED Omnia proprietary software.
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Figure 6.5: Experimental setup during inclined walking at 15◦ and 3 km/h speed.

6.2.2 Experimental Protocol

The goal of the experiment is to validate the hypothesis that hybrid assistance yields
greater benefits to the user compared to single-joint assistance. A group of seven individ-
uals was recruited, that met the criterion of a height exceeding 175 cm, to align with the
exoskeleton’s designed proportions. The participant group comprised one female and six
males, with an average age of 27.57±2.37 years (mean ± SD), body weight of 75±6.95 kg,
and height of 183.29±4.95 cm. All participants had no prior history of musculoskeletal
or neurological conditions. Prior to commencing the experimental procedures, each par-
ticipant provided explicit consent by signing informed documents. The research protocols
adhered to the principles outlined in the Declaration of Helsinki and received approval
from the Ethical Committee of Heidelberg University (approval code: S-313/2020). The
procedure for human testing is depicted in Figure 6.6. It comprised two sessions dedicated
to familiarization and measurement, respectively. The second session was scheduled a day
after the initial one, allowing participants adequate time for rest. The conditions tested
included: unassisted, hip-assisted, knee-assisted, and hybrid-assisted. During both visits,
the sequence of conditions was randomized to mitigate any potential bias. During the
familiarization session, subjects were introduced to the experimental setup, and the hybrid
device was donned following its instructions for use. Next, they walked for 5 minutes in
each condition or until they felt comfortable with the device. They were given a 10-minute
break between each trial. In the measurement session, EMG sensors were placed on shaved
and cleaned skin. After donning the hybrid device, the COSMED device was calibrated,
and participants were instructed to breathe normally for 4 minutes in a standing resting
state at the start and between trials. A 15-minute break was given between each trial.

At the end of the experiment, participants were asked to report subjectively about
their perception of the provided assistance. Specifically, they were asked to grade using
a scale from 1 to 10 (i.e., 1 = strong disagreement and 10 = strong agreement) whether
the specific assisted condition helped them reduce their walking effort compared to an
unassisted scenario.
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First visit Familiarization

Randomized order

Knee assistanceHip assistanceUnassisted Hybrid assistanceRest 
10 min

Rest 
10 min

Rest 
10 min5 min 5 min 5 min 5 min
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Hybrid system

10 min

Knee assistanceHip assistanceUnassisted

Hybrid assistance

Rest 
15 min5 min 5 min 5 min

5 min

Second visit Measurement

Placing EMGs

10 min

Donning the 
Hybrid system
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Quiet
Standing
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Quiet
Standing
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15 min

Quiet
Standing
4 min

Quiet
Standing
4 min

Rest 
15 min

Randomized order

Finished Experiment
Did the assistance help you walk with less effort compared to unassisted?

1 - Strongly disagree
10 - Strongly agree

When only the knee exoskeleton assisted
When only the hip exosuit assisted

When both assisted

Figure 6.6: The protocol consisted of two visits: the familiarization and measurement visit.
The second visit was arranged one day following the first. Randomization of conditions
was applied during both visits. Upon completing the experiment, the participants were
asked the questions shown in the figure.

6.2.3 Data and Statistical Analysis

6.2.3.1 Muscular Activity

To examine the impact on muscular activity, the change in muscle activation was evaluated
across the four distinct conditions. The raw EMG signals were band-pass filtered (20-400
Hz, 4th order Butterworth), full-wave rectified, and low-pass filtered (6 Hz, 4th order
Butterworth) to extract the EMG envelope. Normalization was performed with respect
to the peak activation observed in the unassisted condition, and signals were segmented
based on kinematic data. EMG data from the final 3 minutes of each trial was analyzed to
capture a phase of intensified muscle effort compared to the initial stage. Muscle activation
was quantified using the Root Mean Square (RMS) at each step. The RMS values for each
subject were then averaged across steps.

6.2.3.2 Metabolic Cost

The gross metabolic cost of walking for all four conditions was estimated using Péronnet
and Massicotte’s equation [186], then subtracted by the average cost at quiet standing to
isolate the costs associated with walking. The metabolic energy expenditure of the last
three minutes of walking for each condition was analyzed, as data in the first two minutes
were not yet at a steady state [187]. Data were normalized concerning subjects’ weight for
comparison among participants.



6.3. Results of Muscular Activity, Metabolic Cost, and Kinematics 85

6.2.3.3 Kinematics

The kinematic assessment involved the examination of angle profiles of the hip and knee,
along with angular velocity profiles, all for the left leg while assuming symmetry in the
right. Raw data were segmented into steps and low-pass filtered (4th order Butterworth,
cut-off frequency 10 Hz). The range of motion (RoM) was determined for each subject
and the peak positive and negative velocity across all steps in all four conditions. The
kinematic data of the last three minutes of walking for each condition was analyzed.

6.2.3.4 Hip Motor and Knee Exoskeleton Torque

Hip motor torque profiles on both legs were assessed, considering the coupled actuation.
The raw motor torque data underwent a 4th-order Butterworth low-pass filtering (cutoff
frequency 10 Hz), normalization based on subjects’ weight, and segmentation using kine-
matic data. Assistive knee torque from the exoskeleton was derived through cylinder force
measurements and lever arm length from the actuator’s kinematic model. The identical
filtering, normalization, and segmentation processes were applied as for the hip motor
torque.

6.2.4 Statistical Analysis

The normality of data distributions was assessed using a Shapiro-Wilk test with a sig-
nificance level of α = 0.05, indicating that the data adhered to a normal distribution.
To identify statistically significant differences in muscle activity, metabolic cost, kinemat-
ics, and user preference across the various tested conditions, a one-way ANOVA test was
employed. Further analysis with paired t-tests was conducted to determine the statisti-
cal significance between pairwise comparisons. For all comparisons, a significance level of
α = 0.05 was used. The results section presents all quantitative data as mean ± standard
error unless otherwise specified.

6.3 Results of Muscular Activity, Metabolic Cost, and Kine-
matics

6.3.1 Muscular Activity

The assistive device aims to alleviate the effort exerted by specific muscle groups, namely
the knee extensors during the stance phase and the hip flexors during the swing phase.

Fig. 6.7 illustrates the results regarding the impact on muscular activity. The top row
displays the mean RMS change from the unassisted condition, averaged across subjects,
and the bottom row shows the normalized EMG envelopes for a representative subject
throughout the gait cycle.

Knee extension assistance led to a significant reduction in the activity of the knee exten-
sors Vastus Medialis—VM, and Vastus Lateralis—VL. The reduction is primarily observed
during the stance phase and was evident in both the knee-only and hybrid conditions. In
the hybrid condition, the average VM reduction was -30.06±3.68% (p = 0.0003), while in
the knee-only condition, the reduction was -28.43±6.47% (p = 0.010). The hip-only condi-
tion resulted in a non-significant reduction of -2.23±5.84% (p = 0.847). Further pairwise
comparisons revealed a significant difference in changes between the hybrid and hip-only
conditions for VM (p = 0.014).

Comparable findings were noted for the VL muscle, with assistance resulting in a
significant average reduction of -27.66±4.09% (p = 0.0004) for the hybrid condition and
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Figure 6.7: Top row illustrates the percentage change in mean RMS EMG from the unas-
sisted condition, averaged across subjects (N=7). Negative values indicate a decrease,
while positive values denote an increase in EMG activity. The asterisk (*) below the bars
indicates statistically significant differences among conditions (p < 0.05). Error bars rep-
resent the mean ± standard error. The bottom row presents the normalized EMG activity
throughout the gait cycle for a representative subject averaged across steps.

-27.49±3.00% (p = 0.000) for the knee-only condition. The hip-only condition exhibited
a non-significant change of -0.04±5.34% (p = 0.910). Subsequent pairwise comparisons
revealed a significant difference in VL change between the hybrid and hip-only conditions
(p = 0.015), as well as between the knee-only and hip-only conditions (p = 0.003).

Tensor Fasciae Latae (TFL) functions as a superficial muscle for hip flexion, and is
active during the swing phase (60%-100%), but also playing a role in hip abduction, medial
rotation, and stabilization. For TFL, a significant average reduction of -23.79±8.26%
(p = 0.024) is observed for the hybrid condition. The hip-only condition resulted in a non-
significant reduction of -17.64±7.64% (p = 0.102) compared to the unassisted condition,
and the knee-only condition led to a non-significant reduction of -2.03±6.68% (p = 0.741).

The Gluteus Maximus plays a crucial role in extending the hip joint and propelling
the body forward. No statistically significant changes were recorded in Gluteus Maximus
activity, with a -10.38±4.41% change in the hybrid condition (p = 0.060), -1.47±3.25%
in the hip-only condition (p = 0.650), and -9.78±4.19% in the knee-only condition (p =
0.055).
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6.3.2 Metabolic Cost

All assisted conditions demonstrated a significantly lower metabolic cost compared to the
unassisted condition. The average metabolic cost results are shown in Fig. 6.8.

The unassisted condition resulted in a metabolic cost of 6.81±0.21 W/kg, while the
hybrid condition recorded 5.77±0.36 W/kg, the hip-only condition measured 5.96±0.28
W/kg, and the knee-only condition 6.21±0.30 W/kg. The savings between unassisted and
hybrid were -15.58±3.53% (p = 0.003), between unassisted and hip-only -12.69±2.32%
(p = 0.001), and between unassisted and knee-only -8.83±3.51% (p = 0.038). No significant
differences were found between assisted conditions.
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Figure 6.8: Average metabolic costs across subjects (N=7) in each condition. The
metabolic cost for all assisted conditions is lower when compared to the unassisted condi-
tion. Error bars represent the mean ± standard error. The asterisk (*) denotes a statis-
tically significant difference (p < 0.05). Arrows show percentage change from unassisted
condition.

6.3.3 Kinematics

Figure 6.9 presents kinematic results, featuring average values across subjects in the top
row and values for a representative subject in the bottom row. Across all assistance con-
ditions, joint kinematics exhibited quite consistent patterns. The ANOVA revealed no
significant differences (p > 0.05) among conditions for four kinematic metrics (knee an-
gle, knee velocity, hip angle, and hip velocity). However, in pairwise t-test comparisons,
the p-value for minimum average knee angular velocity was p = 0.004 between unassisted
and hybrid, and p = 0.010 between unassisted and hip-only. For maximum average knee
angular velocity, the p-value between unassisted and hybrid was p = 0.004, and between
unassisted and hip-only was p = 0.032 (see Fig. 6.9b). There were no significant changes
found in knee and hip angles, and hip velocity.
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Figure 6.9: The first row shows average kinematic values across subjects (N=7), while the
second row shows profiles for a representative subject. (a) Average knee angle RoM; min-
imum during knee extension, marked with j○, medium during weight acceptance, marked
with i○, and maximum during knee flexion in preswing, marked with k○. (b) Average knee
angle velocity; (c) Average hip RoM; (d) Average hip angular velocity. In (e), rising knee
angle indicates flexion, while falling indicates extension. In (f), positive velocity occurs
during knee flexion and negative during extension. In (g), rising hip angle indicates flex-
ion and decreasing indicates extension. (h) Hip velocity is positive during hip flexion and
negative during extension.

6.3.4 User Preference

At the end of the experiment, participants were asked about their subjective preferences
for different assistance modes, specifically estimating how much it contributed to making
walking easier, if deemed effective. They were asked to grade using a scale from 1 to 10
(i.e., 1 = strong disagreement and 10 = strong agreement) whether the specific assisted
condition helped them reduce their walking effort compared to an unassisted scenario.
All participants rated the assisted conditions as having a positive effect compared to the
unassisted condition, with the ratings for knee assistance 6.71±0.49 (mean ± SD), for hip
assistance 7.42±0.98 and for hybrid assistance: 9.00±1.00. A significant difference was
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found in the responses between the hybrid and hip condition p = 0.0424 and the hybrid
and knee condition p = 0.0016. There was no significant difference in responses between
hip and knee conditions p = 0.1403. The results are shown in Fig. 6.10.
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Figure 6.10: User preferences for walking assistance effectiveness compared to unassisted,
rated on a scale from 1 (least effective) to 10 (highly effective). The asterisk (*) denotes a
statistically significant difference (p < 0.05).

6.3.5 Assistance Profiles: Hip Motor and Knee Actuator

Figure 6.11 shows the average assistance from the knee exoskeleton and the average motor
torque profiles of the hip actuator. The assistance profiles remained consistent across all
operational modes, just turned on or off in various experimental conditions. For knee
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Figure 6.11: The top row depicts the assistance applied by the knee exoskeleton, while the
bottom row illustrates the motor torque profiles for hip assistance. Blue lines represent
profiles for individual subjects, with the red line indicating the average torque profile across
all subjects. Bar charts represent the average mean peak value ± SD.
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assistance, we recorded an average peak across subjects of 0.193±0.0135 Nm/kg. For
hip assistance, we observed mean motor torque peak values across subjects: 0.095±0.005
Nm/kg for right leg support and -0.080±0.005 Nm/kg for left leg support (mean ± SD).

6.4 Discussion

This study introduced a hybrid assistive device consisting of a soft tendon-driven hip ex-
osuit and a rigid pneumatic knee exoskeleton. The hip exosuit assists the multiple DoF
hip joint, simplifying mechanics and avoiding movement restrictions, while the rigid knee
exoskeleton supports the single active DoF knee joint, crucial for weight-bearing. The
selection of assisting knee extension and hip flexion aligns with peak biomechanical power
observed during inclined walking phases, as demonstrated by McIntosh et al. [179]. Given
that the metabolic cost of walking includes supporting body weight, generating propulsion,
leg swinging, and lateral stabilization [181], the knee exoskeleton aimed to reduce the load
related to supporting body weight during the stance, while hip assistance addressed leg
swinging, where weight support is not a primary requirement. The knee and hip controllers
are independent; the knee controller uses a state machine, while the hip controller uses an
adaptive oscillator at the high level to estimate the gait phase, and generates a reference
velocity for the actuator via cubic spline interpolation at the low level. The knee joint
displays several changes between flexion and extension throughout the gait cycle, reflect-
ing a more variable kinematic pattern compared to the hip joint which transitions from
extension to flexion only once during the gait cycle. To ensure effective knee assistance,
precise detection of gait events is crucial. The knee’s state machine controller offers dis-
crete, phase-specific assistance by accurately identifying the initial contact and knee swing
events. Meanwhile, adaptive oscillators excel in managing periodic motions by mirror-
ing the cyclic dynamics of the hip, thereby ensuring smooth, continuous control that can
adapt to variations in gait speed [182]–[184]. The combination of these controllers creates
a synergistic interaction, where the precise and deterministic control from the knee’s state
machine complements the adaptive nature of the hip’s oscillation-based controller.

In the experiments, all assisted conditions led to significant reductions in participants’
metabolic costs compared to the unassisted condition. The most substantial significant re-
duction occurred in the hybrid condition, ∼16%. The hip condition resulted in an average
reduction of ∼13%, while the knee condition achieved a reduction of approximately ∼9%.
This outcome supports the study’s initial hypothesis, indicating that the greatest reduc-
tion is achieved with hybrid assistance rather than with assistance from a single joint or
with the unassisted condition. This finding is consistent with musculoskeletal simulations
by Bianco et al. [188] and the study conducted by Franks et al. [189], where assistive
torque at different lower limb joints was correlated with metabolic cost. In the latter
study, applying assistance torque solely to the hip led to a 26% reduction in metabolic
cost, while the combined hip and knee assistance resulted in a 33% reduction compared
to wearing the device with no torque. Although the trends are comparable, direct numer-
ical comparisons are challenging due to variations in device mass, treadmill inclination,
and assistance profiles. The metabolic reduction trends observed in this study align with
biomechanical principles outlined in [54]. Namely, in level ground walking, the hip joint
primarily contributes to positive biological power, while the net biological power at the
knee is slightly negative. Therefore, in such a scenario, it is anticipated that the majority
of benefits would stem from the hip module. Conversely, during decline walking, the net
biological power at the knee becomes more negative, while the hip joint power remains
slightly positive [54]. Therefore, in such a scenario, it is speculated that the knee module,
functioning as a passive damper, could potentially yield most of the benefits in this con-
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text. However, transitioning to inclined walking amplifies the positive power exerted by
both the hip and knee joints. The hip joint predominantly performs positive work, while
the knee joint primarily generates positive power, necessitating increased activation of the
quadriceps muscles to support and lift body weight. This suggests that the benefits from
the hybrid assistive device are most pronounced for both joints during inclined walking,
where both the hip and knee joints exert increased positive net biological power. Similar
findings were experimentally measured respectively for the hip in [12] and for the knee in
[88].

It is noteworthy that the average users’ preferences reflect the average results from
the metabolic cost measurements. All users unanimously confirmed that the assistance
methods were advantageous compared to the unassisted condition. Among the different
assistance modes, knee-only assistance was the least preferred, followed by hip-only assis-
tance, and hybrid assistance received the highest preference rating. There was a significant
difference between responses for hybrid vs. hip and hybrid vs. knee, but not between hip
and knee, suggesting that responses between these two conditions were relatively similar.

Through the use of EMG sensors to measure muscle activity, it was established that
knee extension assistance torque significantly reduced the activation of knee extensor mus-
cles compared to both unassisted and hip-only conditions. Specifically, Vastus Medialis’
activity was reduced by ∼30% and Vastus Lateralis exhibited a similar reduction of ∼28%
with knee assistance active. For comparison, in Lee et al.’s study, inclined walking with
an active electromechanical knee exoskeleton showed reductions of -16.0% for the Vastus
Lateralis and -15.1% for the Vastus Medialis when applying a biological torque controller
with a peak torque of 0.2 Nm/kg during the stance phase [88]. The use of a pneumatic
cylinder may have contributed to a more abrupt torque application, potentially resulting
in a higher muscle activity reduction when using quadriceps to lift the body’s weight.
However, the abrupt movement might have affected the shape of the knee velocity profile
during the stance phase. This deviation of knee velocity is visible in the bottom row of
Figure 6.9f. The study from Lee et al. also revealed heightened activity in the hamstring
muscle attributed to the antagonistic interaction between the quadriceps and hamstrings.
However, our study, limited by thigh braces covering a substantial area of the hamstrings,
could not reveal whether there would be increased activity in the hamstrings comparable
to their scenario.

The primary hip flexor muscles, such as the Iliacus, reside internally and cannot be
measured with surface electrodes. The main superficial hip flexor is the Rectus Femoris,
whose examination was restrained due to thigh braces covering the muscle. As an alter-
native, Tensor Fasciae Latae (TFL) was chosen, where it is expected that the observed
effects should be comparable since TFL serves as the superficial hip flexor, active during
the swing phase, but also contributes to hip abduction, medial rotation, and stabilization.
The TFL exhibited a significant reduction of ∼24% in the hybrid-assisted condition. Sur-
prisingly, the anticipated statistically significant reduction in the hip-only condition did
not manifest, even though the activity was reduced ∼18%. This discrepancy could be at-
tributed to the multifaceted role of the TFL, which extends beyond hip flexion, making it
active at various intervals during the gait cycle. Therefore, the hybrid condition achieved
greater reductions in TFL activity, and was statistically significant, compared to the hip-
only condition, where no statistical difference was found. However, given the impact of
hip flexion assistance on metabolic cost, we speculate that the primary internal hip flexors
would demonstrate larger reduction trends.

Earlier investigations into exoskeletons have demonstrated that powered assistance can
influence not only the muscle activation and biomechanical kinetics of the targeted joints
but also result in the redistribution of energy to other joints [11], [190]. An observed trend
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was the average reduction of ∼10% in Gluteus Maximus muscle activity in conditions
when the knee extension assistance was active, suggesting a potential correlation with
the assistance during the load response phase. However, this result was not statistically
significant, making it premature to draw conclusive interpretations.

The preliminary kinematic evaluations relied solely on IMU sensors within the exosuit
and an encoder for knee kinematics measurement. While ANOVA results did not reveal
a significant overall difference among the four conditions, further analysis using pairwise
t-tests suggested potential alterations in knee velocity profiles, particularly for minimum
values between unassisted and hybrid, and unassisted and hip-only conditions, as well as
maximum knee angular velocity between unassisted and hybrid, and unassisted and hip-
only. This suggests that knee velocity reached higher peaks in both flexion and extension
during the swing phase when hip flexion assistance was activated. However, given the
sample size and the lack of strong evidence to reject the null hypothesis, caution is war-
ranted in drawing definitive conclusions at this stage. Notably, there were no significant
average changes observed in knee angle, hip angle, and hip velocity peaks. Future investi-
gations should consider incorporating advanced optical measuring tools to provide a more
comprehensive analysis of overall body posture and joint angles.

In discussing limitations, it’s important to note that we assessed the hybrid assistive
device across four conditions but omitted walking trials without the device. Instead, we es-
tablished the baseline as walking in an unassisted transparent mode to specifically evaluate
the impact of single versus multi-joint assistance within a hybrid system. This approach
is common in laboratory evaluations aimed at assessing the effects of control or hardware
modifications, as described in [69]. Additionally, the measuring kinematic sensors were
directly connected to the wearable device, further influencing our methodology. Another
limitation was the inability to measure hamstring activity and the Rectus Femoris, the
primary superficial hip flexor. This limitation stemmed from the design of the exoskeleton,
which includes thigh braces covering the leg surface of the suggested sensor placement.

6.4.1 Versatility of the Proposed Hybrid Configuration

The hybrid configuration proposed in this chapter has the potential to extend its appli-
cability to various combinations of human joints. By adopting this approach, a singular
active degree-of-freedom joint, pivotal for tasks such as lifting or weight carrying, can be
effectively assisted using rigid exoskeletons. Simultaneously, joints with multiple degrees
of freedom can benefit from a tendon-driven exosuit, providing simplified mechanics, min-
imized weight, and unrestricted motion across all axes of movement. In Figure 6.12a, the
proposed hybrid configuration is illustrated, while in (b), a similar concept is proposed
for upper limb joints, specifically the combination of the shoulder and elbow. With the
shoulder’s 3 degrees of freedom (DoF), a tendon-driven configuration simplifies mechanics,
enabling unrestricted assistance in all axes. Conversely, the elbow, where torque is vital for
lifting through antagonistic biceps-triceps activity, benefits from direct torque application,
offering bidirectional support and precise control during lifting tasks.

6.5 Chapter Conclusion

In this study, we introduced a novel exoskeletal configuration, a hybrid assistive device with
a soft tendon-driven hip exosuit and a rigid pneumatic knee exoskeleton interconnected
through a thigh brace. Such a configuration is proposed to reduce mechanical complexity
and space constraints in higher DoF joints, particularly the hip, while ensuring direct
torque application through a rigid system in the single DoF knee joint, which is essential for
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Figure 6.12: Versatility of Hybrid Rigid-Soft Configurations: (a) Illustration depicting the
proposed concept discussed in this chapter, showcasing a rigid knee exoskeleton paired with
a tendon-driven hip exosuit. (b) Hypothetical concept demonstrating potential upper limb
configurations, including a rigid elbow exoskeleton coupled with a tendon-driven shoulder
exosuit.

lifting and holding body weight in inclined walking. Tested in four conditions, all assisted
conditions reduced metabolic cost compared to unassisted, with the hybrid exhibiting
the most significant reduction ∼16%, followed by hip-only ∼13% and knee-only ∼9%.
Additional decreases in muscular activity for knee extensors (∼29%) and hip flexors (∼24%)
were observed, accompanied by minor changes in kinematics. Further research will involve
detailed kinematic analyses and exploration of optimization strategies for enhanced device
assistance at different experimental setups.
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Chapter 7

Conclusion

This doctoral dissertation aimed to address critical challenges in exoskeleton research: ac-
tuation, control, mechanical design, and attachment to the human body. It specifically
focused on novel pneumatic mechanisms with variable stiffness, capable of changing stiff-
ness without an external air supply by using a new methodology to accumulate air within
the pneumatic cylinder. The dissertation also explored innovative approaches for deliver-
ing and recovering pneumatic energy. Lastly, it examined synergies between tendon-driven
electromechanical soft exosuit and pneumatic rigid exoskeleton to create a hybrid rigid-soft
multi-joint device, simplifying mechanics and optimizing functionality and effectiveness.
Considering the goals and hypotheses outlined at the beginning, most were successfully
validated. A summary of the main scientific contributions are given below.

1. The first milestone successfully demonstrated air pressure modulation through air
harvesting in a novel quasi-passive mechanism without an external air supply, thus
altering the stiffness of the pneumatic cylinder. A significant contribution to the
state of the art is our innovative method for accumulating air in a slim lightweight
mechanism, where stiffness is independent of the lever arm length. Moreover, our
mechanism allows for simultaneous increases in stiffness and energy storage capacity,
a capability not found in other variable stiffness mechanisms. Therefore, our solution
offers better adaptability to different situations.

2. The second milestone successfully developed the exoskeleton joint by applying a
previously developed air accumulation methodology to adjust stiffness. This novel
design incorporated a pneumatic artificial muscle to store accumulated air, which also
plays a role in altering the lever arm length and influencing stiffness. Such a stiffness
modulation method has not been reported in the literature until now. Thanks to
this, the exoskeleton joint has a high energy storage capacity compared to other
similar devices and has adjustable stiffness, which can also be increased by the air
accumulation method. This feature makes it particularly suitable for quasi-passive
knee exoskeletons.

3. With the completion of the third milestone, the entire exoskeleton was assembled and
demonstrated its ability to operate in both quasi-passive and active modes within a
single actuator. This flexibility not only enhanced energy efficiency but also demon-
strated the potential of pneumatic exoskeletons and robots to recycle compressed air
for productive work, thereby reducing energy consumption and the time required to
produce compressed air using an air pump. A significant contribution of this mile-
stone is in biomechanical energy harvesting, which was experimentally validated in
sit-stand tasks—an area previously unexplored in the field.
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4. The fourth milestone focused on evaluating a newly proposed hybrid rigid-soft as-
sistive device combining pneumatic and electromechanical tendon-driven configura-
tions. The advantage of employing this configuration is to use robust rigid structures
for assistance during weight-bearing phases, while utilizing soft tendon-driven ac-
tuation for human joints with higher degrees of freedom to assist during the swing
phase. This approach simplifies the mechanical design of exoskeletons, which would
otherwise require passive metal mechanisms to accommodate all moving axes. This
synergy was utilized to assist hip and knee joints during walking and was tested on
human subjects. A rigid exoskeleton was specifically designed for the knee joint to
assist in the stance phase, while a soft tendon-driven exosuit was applied to the hip
joint to assist hip flexion.

While the dissertation has made strides in addressing specific challenges, there are still
ongoing issues to tackle in the field of pneumatic exoskeletons. One unresolved aspect is the
development of a portable pneumatic source capable of actively delivering compressed air
at frequencies suitable for walking without excessive noise and weight. A potential solution
could involve designing the pneumatic source with switching regimes, such as alternating
between supplying and recovering the compressed air. This approach would ensure that
compressed air from the actuator is not released into the atmosphere as it is usually done,
but is instead supplied and recovered back, similar to the methodology outlined in the sit-
stand experiments detailed in this dissertation. The key difference would be that instead
of relying on the human body to recover air, the power source should be capable of gen-
erating enough vacuum to recover the air. This could potentially be integrated with soft
inflatable actuators, which have recently garnered attention [191], [192]. Exosuits represent
a promising direction in research as they address many challenges. The implementation of
both rigid and soft configurations could prove pivotal for advancement. Therefore, future
work will focus on tackling these technically unresolved challenges and integrating them
into exosuits.
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