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placed on the dorsal side of the wrist. I characterized the stiffness and damping properties of the orthosis 

with which the wrist impedance was modified. Furthermore, I evaluated the efficacy of the developed 

passive orthosis by analyzing the suppression of involuntary movements in the wrist of a tremor affected 

patient during different activities of daily living. I demonstrated that the soft orthosis reduced tremor 

power for daily living activities, such as drinking from a cup, pouring water, and drawing a spiral, between 

74% and 82%. 

In the next step, I developed a controlled suppression orthosis for the continuous user group, 

continuously in need of tremor suppression. This semi-active orthosis relied on a decentralized two-

state electromagnetic brake coupled via rope to the wrist flexion-extension movement. Using a computer 

model and a test bench, the controlled brake parameter, brake duration, and offset in the tremor cycle 

were optimized for a combination of the highest tremor suppression with the highest voluntary movement 

preservation. I evaluated the computer model and test bench with a proof-of-concept study with tremor 

affected people. With the optimized parameter, a tremor suppression of 79% and 67% were determined 

for the computer model and the test bench. The voluntary movement, determined by the trajectory offset, 

was suppressed by 24% and 32%. In the proof-of-concept study, I preserved all voluntary movements 

and suppressed tremor by 41%, 55%, and 26% for the tasks Drinking, Pouring, and Drawing-Spiral, 

determined with the power spectral density. 

To further improve the wearability of the semi-active tremor orthosis, I developed a method with which 

electro-mechanical systems as the clutch can be integrated into textiles. A new metal textile laser 

welding method was presented for rapid one-step, stable and cost-efficient manufacturing of electrically 

conductive textiles. This method is a direct on-textile approach for customized 2D metal coatings in the 

nanometer range with a flexible design. Investigating the mechanical durability, I showed that the coating 

resisted up to 10 000 abrasion cycles using the standardized Martindale test and up to 42 000 flexion 

cycles using the standardized Schildknecht test. This technology presents properties and variabilities 

for a wide range of applications in E-textiles and wearable devices. 

Furthermore, to improve the wearability of physical human-robot interaction, I developed a new air-filled 

padding for wearable devices such as tremor suppression orthoses. The tactile and thermal comfort of 

the new padding was compared to a foam padding using the MyoSuit as a testing platform. The tactile 

and thermal comfort of the padding was investigated in isolated setups as well as in a use-case scenario 

(n=6). The mean pressure at the shin padding, measured with a thin foil sensor with 44x44 sensels, was 

reduced by 59%, while pressure peaks were reduced by 72%. Wearing the pneumatic padding 

significantly reduced the shear force chafing and pain rating compared to the foam padding. In the use-

case scenario, using a questionnaire, the pneumatic padding significantly improved tactile comfort while 

not compromising the thermal comfort compared to the foam padding. Thus, this new pneumatic 

padding has the potential to improve the wearability of wearable devices by providing an individual fit. 

With this work, I contributed to the field of tremor suppression orthosis by improving several aspects of 

wearability. I proposed and validated two new suppression concepts with special emphasis on 

wearability. Additionally, I proposed two methods with which the wearability can further be improved. I 

re-centered the design focus of tremor suppression orthoses by improving their wearability and 

promoting a wider adaptation for the future. Furthermore, this advancement in wearability can also be 

translated to other wearable devices. In summary, with this work, the gap between tremor suppression 

and wearability was diminished, and the field got closer to solving the dilemma of assistance and 

acceptance. 
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Zusammenfassung 
Wir benutzen unsere Hände, um mit unserer Umgebung zu interagieren. Mit den Händen führen wir 

viele unterschiedliche Aufgaben aus, von denen viele zu den grundlegenden Tätigkeiten des täglichen 

Lebens gehören. Bewegungsstörungen in den oberen Gliedmassen können die Ausführung dieser 

Aufgaben einschränken und die Lebensqualität beeinträchtigen. 

Eine der häufigsten Bewegungsstörungen ist Tremor, an welchem 5,6% der Bevölkerung über 65 Jahre 

mit Parkinson-Krankheit oder Essentiellen Tremor leiden. In der Gesamtbevölkerung sind etwa 2,2% 

von Essentiellen Tremor betroffen. Mehr als 65% der Personen, welche an Tremor der oberen 

Gliedmassen leiden, haben ernsthafte Schwierigkeiten bei der Durchführung von Aktivitäten des 

täglichen Lebens. Gegenwärtig ist weder der Essentielle Tremor noch die Parkinson-Krankheit heilbar, 

weswegen sich die Behandlung auf die Linderung der Symptome konzentriert, um die Lebensqualität 

der Patienten zu verbessern. Medikamentöse Behandlung ist die gängigste Behandlungsmethode, 

während die Tiefe Hirnstimulation die wirksamste Behandlungsmethode ist. Letztere 

Behandlungsmethode ist für fortgeschrittene Fälle vorbehalten, da sie sehr invasiv ist. Da ein grosser 

Teil der Patienten nicht auf Medikamente anspricht, diese nicht verträgt oder für eine chirurgische 

Behandlung nicht in Frage kommt, sind alternative Behandlungsmethoden erforderlich. 

Selbst bei optimaler medikamentöser oder chirurgischer Behandlung des Tremors benötigen die 

Patienten immer noch physio- und ergotherapeutische Maßnahmen, um eine volle soziale Teilhabe zu 

fördern. Eine alternative nicht-invasive symptomatische Behandlung ist die mechanische Unterdrückung 

der Oszillationsbewegung mit einer tremorunterdrückenden Orthese. Bei Wearables, einschliesslich 

tremorunterdrückenden Orthesen, steht die Funktionalität im Widerspruch zum Komfort und muss 

ausgewogen sein. Die Verwendung einer tremorunterdrückenden Orthese bringt das Dilemma mit sich, 

dass der Komfort für den Träger aufgrund der nicht optimierten Tragbarkeit gering ist. In der 

Technikphilosophie wird dieser Kompromiss zwischen Tremorunterdrückung und Tragbarkeit als 

Dilemma zwischen Unterstützung und Akzeptanz bezeichnet. 

Ziel dieser Thesis war es, das Dilemma zu lösen, indem die Tragbarkeit maximiert wird, ohne die 

Wirksamkeit der Tremorunterdrückung solcher Orthesen zu verringern. Aus diesem Grund wurden zwei 

Benutzergruppen identifiziert, um die Ansätze auf ihre Bedürfnisse zuzuschneiden. Die 

diskontinuierliche Benutzergruppe benötigt eine tremorunterdrückende Orthese für Aktivitäten des 

täglichen Lebens, welche nur unregelmässig während des Tages stattfinden. Die kontinuierliche 

Benutzergruppe benötigt eine Orthese zur Tremorunterdrückung für eine Vielzahl komplexer Aufgaben, 

welche den ganzen Tag über nacheinander ausgeführt werden. 

Im ersten Schritt führte ich eine systematische Literaturrecherche durch, um die Schwachstellen der 

derzeitigen tragbaren Orthesen zur Tremorunterdrückung der oberen Gliedmassen zu ermitteln und den 

Bedarf an weiterer Forschung und Entwicklung zu bestimmen. Ich identifizierte 21 verschiedene 

Orthesenkonzepte und Prototypen, von denen sich die meisten auf die Beugung und Streckung des 

Handgelenks und des Ellbogens konzentrierten. Sie stützten sich hauptsächlich auf starre Strukturen 
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und Antriebe und hatten eine Tremorunterdrückungseffizienz für von Tremor betroffene Personen von 

durchschnittlich 63%. Ich zeigte, dass die meisten Orthesen eine geringe Tragbarkeit aufweisen, da sie 

sperrig und schwer sind und über eine nicht angepasste Mensch-Maschinen-Schnittstelle verfügen. 

Für die diskontinuierliche Benutzergruppe, welche nur selten eine Tremorunterdrückung benötigt, 

entwickelte ich eine leichte, textilintegrierte Orthese. Mit einem passiven Element in dieser Orthese 

modifizierte ich die Impedanz des menschlichen Handgelenks. Das Funktionsprinzip der Orthese 

basierte auf einer aufgabenangepassten, luftgefüllten Struktur, welche auf der Rückseite des 

Handgelenks angebracht wird. Ich charakterisierte die Steifigkeits- und Dämpfungseigenschaften der 

Orthese, mit der die Handgelenksimpedanz modifiziert wurde. Darüber hinaus bewertete ich die 

Wirksamkeit der entwickelten passiven Orthese, indem ich die Unterdrückung unwillkürlicher 

Bewegungen im Handgelenk eines an Tremor erkrankten Patienten bei verschiedenen Aktivitäten des 

täglichen Lebens analysierte. Ich wies nach, dass die weiche Orthese die Tremorenergie bei Aktivitäten 

des täglichen Lebens, wie z. B. Trinken aus einer Tasse, Einschenken von Wasser und Zeichnen einer 

Spirale, zwischen 74% und 82% reduzierte. 

Im nächsten Schritt entwickelte ich eine kontrollierte Unterdrückungsorthese für die kontinuierliche 

Benutzergruppe, welche ständig eine Tremorunterdrückung benötigen. Diese semi-aktive Orthese 

basierte auf einer dezentralen elektromagnetischen Bremse mit zwei Zuständen, welche über ein Seil 

an die Beuge- und Streckbewegung des Handgelenks gekoppelt war. Mithilfe eines Computermodells 

und eines Teststands wurden die gesteuerten Bremsparameter, die Bremsdauer und der Offset im 

Tremor-Zyklus so optimiert, dass eine Kombination aus höchster Tremorunterdrückung und höchstem 

Erhalt der freiwilligen Bewegung erreicht wurde. Ich evaluierte das Computermodell und den Teststand 

mit einer Proof-of-Concept-Studie mit an Tremor erkrankten Patienten. Mit den optimierten Parametern 

wurden für das Computermodell und den Teststand eine Tremorunterdrückung von 79% und 67% 

ermittelt. Die freiwillige Bewegung, bestimmt durch die Bewegungsbahnabweichung, wurde um 24% 

und 32% unterdrückt. In der Proof-of-Concept-Studie erhielt ich alle gewollten Bewegungen und 

unterdrückte den Tremor um 41%, 55% und 26% für die Aufgaben Trinken, Einschenken und Zeichnen 

einer Spirale, ermittelt mit der spektralen Leistungsdichte. 

Um die Tragbarkeit der semi-aktiven Tremororthese weiter zu verbessern, entwickelte ich ein Verfahren, 

mit dem elektromechanische Systeme wie die Kupplung in Textilien integriert werden können. Ein neues 

Metall-Textil-Laserschweissverfahren wurde vorgestellt, welches eine schnelle, stabile und 

kostengünstige Herstellung von elektrisch leitfähigen Textilien in einem Schritt ermöglicht. Diese 

Methode ist ein direkter textiler Ansatz für massgeschneiderte 2D-Metallbeschichtungen im 

Nanometerbereich mit flexiblem Design. Bei der Untersuchung der mechanischen Beständigkeit zeigte 

ich, dass die Beschichtung bis zu 10 000 Abriebzyklen nach dem standardisierten Martindale-Test und 

bis zu 42 000 Biegezyklen nach dem standardisierten Schildknecht-Test standhält. Diese Technologie 

bietet Eigenschaften und Variabilitäten für eine breite Palette von Anwendungen in elektronischen 

Textilien und tragbaren Geräten. 

Um die Tragbarkeit der physischen Mensch-Roboter-Interaktion zu verbessern, entwickelte ich zudem 

ein neues luftgefülltes Polster für tragbare Geräte wie z. B. Orthesen zur Tremorunterdrückung. Der 

taktile und thermische Komfort des neuen Polsters wurde mit einer Schaumstoffpolsters verglichen, 

wobei der MyoSuit als Testplattform diente. Der taktile und thermische Komfort des Polsters wurde 

sowohl in isolierten Versuchsanordnungen als auch in einem Anwendungsszenario (n=6) untersucht. 
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Der mit einem dünnen Foliensensor mit 44x44 Fühlern an dem Schienbeinpolster gemessene mittlere 

Druck wurde um 59% reduziert, während die Druckspitzen um 72% verringert wurden. Das Tragen des 

pneumatischen Polster verringerte im Vergleich zum Schaumstoffpolster signifikant das Scheuern durch 

Scherkraft und die Schmerzbewertung. Im Anwendungsszenario zeigte sich mit Hilfe eines 

Fragebogens, dass das pneumatische Polster den taktilen Komfort signifikant verbesserte, während der 

thermische Komfort im Vergleich zum Schaumstoffpolster nicht beeinträchtigt wurde. Somit hat diese 

neue pneumatische Polster das Potenzial, die Tragbarkeit von tragbaren Geräten zu verbessern, indem 

sie eine individuelle Passform bietet. 

Mit dieser Arbeit leistete ich einen Beitrag im Bereich der tremorunterdrückenden Orthesen, indem ich 

verschiedene Aspekte der Tragbarkeit verbessert habe. Ich schlug zwei neue Unterdrückungskonzepte 

mit einem besonderem Schwerpunkt auf der Tragbarkeit vor und validierte diese. Zudem präsentierte 

ich zwei Methoden, mit denen die Tragbarkeit weiter verbessert werden kann. Ich richtete den Design-

Fokus der tremorunterdrückenden Orthesen neu aus, indem ich ihre Tragbarkeit verbesserte und eine 

breitere Anpassung für die Zukunft förderte. Darüber hinaus kann dieser Fortschritt in der Tragbarkeit 

auch auf andere tragbare Geräte übertragen werden. Zusammenfassend lässt sich sagen, dass mit 

dieser Arbeit die Lücke zwischen Tremorunterdrückung und Tragbarkeit verkleinert wurde und das 

Forschungsfeld der Lösung des Dilemmas von Unterstützung und Akzeptanz näher kam. 
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adduction as well as internal and external rotation in the shoulder.[32] Besides the biomechanics of the 

upper limb, it remains essential that the location of ligaments, blood vessels, nerves, and tendons is 

considered in the design of a wearable device to prevent unintentional harm. 

A wearable assistive device, for example, by its weight, changes the impedance in the arm, like joint 

inertia, stiffness, and damping. Furthermore, the physical suppression of tremor can cause a shift of 

tremor from the suppressed distal joint to a proximal joint (defined as the Distal to Proximal Tremor Shift 

phenomenon), observed in one out of six patients in the study by Manto et al. in 2007 [33]. 

 Characteristics of tremor 

Tremorous movement types are usually characterized by their frequency. Several frequency definitions 

have been published for the two most common tremor diseases, ET and PD, ranging from 4Hz to 12Hz 

for ET and 3Hz to 10Hz for PD [10]. For both ET and PD tremor, the tremor frequency decreases with 

time over the course of the disease [34]. The intensity of the tremor is also dependent on the progress 

of the disease. Only a few investigations on the biomechanical processes of tremor in the upper limb 

and the generated forces, especially during activities of daily living, have been accomplished [35], [36]. 

These forces are important parameters to design a suppression system. Such an orthosis needs to 

apply an adequate counter-force in order to suppress the involuntary movement. 

The visual feedback of the limb with a reduced tremor amplitude when using a wearable tremor 

suppression device leads to a positive impact on the human control system, reinforcing the human motor 

control and further reducing tremor [37]. The mindset of a tremor affected person is of importance, as 

anxiety or emotional stress, for instance, can intensify tremor [22]. In this context, it can be assumed 

that a good acceptance of the device by the user leads to a better mindset and better tremor 

suppression, respectively. 

 Tremor suppression orthoses 

The tremor suppression efficacy of tremor orthoses is often considered the main objective in literature. 

However, in wearables, the functionality contradicts the comfort and needs to be balanced [38], [39]. 

Increasing the suppression of tremor brings the dilemma of reducing the wearability of the orthosis. 

Here, wearability is composed of thermal and tactile comfort, ergonomics, appearance, and voluntary 

movement preservation. In the philosophy of technology, this problem is called the dilemma of 

assistance and acceptance, whereas acceptance is defined as a combination of wearability and social 

factors [40]. 

The objective of designing a tremor suppression orthosis needs to tackle this dilemma by maximizing 

the wearability while maintaining the tremor suppression efficacy. As a first step, the wearability can be 

improved by tailoring it to the needs of specific user groups. Then, in a second step, the most effective 

components, methods, and eventually new technologies can be combined to a new generation of 

wearable devices overcoming the dilemma and finding a broad adaptation in society. 

Two user groups were identified for which the wearability components requirements divert. The 

intermittent user group is in need of a tremor suppression orthosis for activities of daily living occurring 

infrequently during the day, e.g., drinking from a cup. The continuous user group is in need of a tremor 

suppression orthosis for a variety of complex tasks performed consecutively throughout the entire day 
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in, e.g., a craft occupation. The intermittent user group has a higher interest in comfort and appearance 

than the continuous user group, which has a higher interest in the preservation of voluntary movements 

and ergonomics in order to execute the wired range of tasks throughout the day. 

 Thesis goal 

The goal of this thesis was to find and validate general design approaches for orthoses physically 

suppressing tremor for the two identified user groups and drive the improvement of wearability. As 

wearability was a major shortcoming in past approaches, it was identified as the key in solving the 

dilemma of tremor suppression and wearability. Therefore, the objective was to design the orthoses, 

methods, and components with special emphasis on wearability to promote a broader adaptation. 

Overall, the objective of this thesis was to promote the progress in tremor suppression orthoses (and 

wearable devices in general) to lower the burden of the affected persons by proposing user-centered 

designs with high wearability as an additional tremor treatment possibility. 

 Chapter outline 

In Chapter 2, I present a systematic literature review of the past tremor suppressing orthoses such as 

prototypes and concepts. I identify design trends and common shortcomings of past tremor suppressing 

orthoses. 

In Chapter 3, I propose a new, passive, textile integrated, tremor suppressing orthoses for the intermitted 

user group, focusing on comfort, ergonomics, and appearance while maintaining tremor suppression 

properties. I characterized its mechanical and sensory comfort characteristics and validated its tremor 

suppression performance with a proof-of-concept case study. 

In Chapter 4, I propose a semi-active tremor suppression orthosis for the continuous user group, 

focusing on voluntary movement preservation, ergonomics while maintaining tremor suppression. Here, 

I developed a mechanism based on computational and test bench simulation, optimizing the trade 

between tremor suppression and voluntary movement suppression. The prototype, resulting from those 

simulations, was validated in a proof-of-concept study. 

In Chapter 5, I propose a textile-metal laser welding technology with which the mechanisms of Chapter 

4 can be further improved regarding wearability by integrating it completely into textiles. With the newly 

developed technology, textile integrated electronics such as an electrostatic clutch can be realized for a 

future, textile integrated, semi-active tremor suppression orthosis. 

In Chapter 6, I present a novel air-padding system with which the wearability of wearable devices, such 

as the semi-active tremor suppression orthosis presented in chapter 4, can be further enhanced. In this 

study, the sensory comfort of the novel padding with occurring normal forces and occurring shear forces 

were compared to a state-of-the-art foam padding. 

In Chapter 7, I highlight the key findings of my work and their contribution to lowering the burden of 

tremor affected people and define future research directions. 
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Literature Review 
Foreword 

In the past, additional treatments such as functional electrical stimulation, limb cooling, and vibration 

therapy were proposed. Another promising approach is the external treatment of tremor by physically 

suppression with the limb by either modifying the joint impedance or introducing an external force 

(tremor suppression orthoses). In literature, several approaches were presented, whereas an overview 

of them was missing. In this chapter, in the context of the dilemma of tremor suppression and wearability, 

I performed a systematic literature review for past approaches analyzing their mechanical properties 

and wearability. 

 

 Introduction 

 Tremor orthoses in activities of daily living 

Wearable assistive devices for activities of daily living should be worn and used throughout the entire 

day. Therefore, a wearable design is one of the biggest challenges in such devices to ensure adequate 

performance [41]. The wearable design is influenced by weight, thermal and skin sensory comfort 

(human-machine interface), restrictions in DOF, and resistance forces for voluntary movements. 

Comfort includes sufficient heat and moisture (sweat) transport as well as the avoidance of excessive 

friction, shear loads, and normal loads. Tremor results from the interaction between pathological neural 

control and the frequency response of the limb, which means that the change of joint stiffness by adding 

weight, for instance, can change the frequency response and therefore result in milder tremor [42], [43]. 

However, the weight and size of the orthosis influence the wearable design, such that it is preferable 

that the mass should be as lightweight and the size as small as possible. In a study with 242 users of 

upper limb prostheses, the weight was identified to be one of the most important design factors, as for 

neurological patients, the additional weight led to fast fatigue [44]. 

 Purpose of review 

The purpose of this review is to identify the scope for improvement of past wearable tremor-suppression 

orthoses for the upper limb in order to improve future orthoses. In particular, I aim to investigate relevant 

mechanical properties and wearability, analyzing the advantages and disadvantages of current 

orthoses. Apart from general papers reviewing wearable and robotic rehabilitation devices, to the best 

of my knowledge, no such review has been performed concentrating on the mechanical properties and 

wearability of tremor-suppression orthoses. 
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group reduced the tremor power by 52% (PSD), which was their second approach after the orthosis 

WOTAS (#4) [5]. However, rapid fatigue of the stimulated muscle, discomfort due to strong stimulation, 

and interference with voluntary movements are drawbacks affecting the wearers' acceptance and the 

long-term effectiveness of functional electrical stimulation. The third approach of Rocon was sensory 

electrical stimulation, muscle stimulation below the functional activation threshold, which reached 52% 

reduction of tremor power on average (with individual parameter optimization), which is in both cases 

an improvement compared to the 40% WOTAS (#4) efficacy. The variability in suppression in sensory 

electrical stimulation was high, with one third of the patients not responding to the therapy. Furthermore, 

over long-term use, the efficacy may be impaired by neural adaptation [97]. Dideriksen et al. showed 

that the state-of-the-art in suppression of tremor using electrical stimulation does not transcend 67% on 

average [97], whereas tremor suppression orthoses have the potential to achieve higher suppression 

magnitudes as the semi-active DVB Orthosis (#12) did, with 98%. 

 Suppression mechanisms and properties 

Active mechanisms are theoretically more advantageous than passive mechanisms because they do 

not generate resistance force for voluntary movements of the user. In reality, correct recognition of a 

user's voluntary and involuntary movements by the control system presents a great challenge. The 

majority of the suppression orthoses rely on electric motors, which need a transmission system in order 

to actuate the limb in the correct manner. These transmission systems are associated with additional 

weight and installation space, which results in a bulkier mechanism. Additionally, a high specific power 

and energy efficiency are beneficial for the orthosis' performance and weight. The rotary motor with 

transmission exceeds the human muscle regarding the specific power and efficiency. Even though the 

requirements of the actuation system vary from those of the human muscle, the human muscle can 

serve as a point of orientation. Orthoses with a linear actuator need to be evaluated individually because 

the attachment of the orthosis to the human limb affects the resulting torque in the limb joint. 

Semi-active mechanisms can minimize the resistance for voluntary movements and maximize it for 

involuntary movements. Most of the semi-active mechanisms use a magnetic field and 

magnetorheological fluid to tune the suppression system. Like the linear actuators, a quantitative 

comparison of the linear damper is difficult because the orthoses are attached differently to the limb. 

Their rotary damping coefficient is unknown and may have different proportions to that of the linear 

damping coefficient.  

The passive suppression mechanisms are not tuneable and are therefore lightweight. With a constant 

damping coefficient, there is a compromise between suppressing voluntary movements in some parts 

and allowing involuntary movements in others. However, the advantage is the simplicity and lightweight 

design of such a system. Despite this, only a few papers about passive orthoses have been published, 

probably because of the disadvantages of such simple mechanisms. 

The soft tissue pressure threshold and pressure discomfort threshold differ for each individual subject 

through both inter-subject and intra-subject variation. In general, areas of the human body show a lower 

or higher pressure pain and discomfort threshold at different locations [98]. It is therefore important 

where and how an orthosis is attached to the human body. Skin properties may also vary within a day 

and with age. Furthermore, mechanical properties of the skin like stiffness, friction, and thickness 

change with its hydration and climate conditions [99], [100]. A potential source of harm for the skeletal 

system is a misalignment with rigid actuators and structures, for which the inter-subject anatomical 
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 Number of publications over time 

With one exception, all publications retrieved in this review were published in the last two decades, with 

the majority having been written in the last 8 years. Robotic technology, in general, is progressing, 

leading to an increasing number of sophisticated wearable and portable devices. Robotic technology is 

a growing field of research, especially for rehabilitation and biomedical engineering. Three types of 

suppression strategies were observed; active, semi-active and passive, with active suppression 

orthoses found to be the most prevalent. Because of the inherent differences between the categories, it 

is difficult to perform a cross-comparison of the orthoses. An analysis and comparison of special 

mechanical or ergonomic characteristics can only occur qualitatively as, due to the low sample size and 

the nominal scale of the data, quantitative analysis is restricted.  

 Future research and development 

Most of the prototypes did not reach the market due to the low wearability, leading to a lack of 

acceptance by the user. Here, wearability is the comfort and ergonomics in contrast to the performance. 

The high weight and the rigid structures lead to low ergonomics and comfort. Especially elderly patients 

are more sensitive to weight due to sarcopenia, the degenerative loss of skeletal muscle mass 

associated with aging. Furthermore, older people often have a negative attitude towards technology, 

especially towards gerontechnology [109]; therefore, high wearability and an unobtrusive design are 

required improvements. 

In order to develop appropriate tremor-suppression orthoses, the biomechanics of the tremorous 

movement need to be characterized, as proposed by Charles et al. [103]. Further investigations for the 

human-machine interface are needed to improve the connection of a wearable device to the human 

body with an ideal force transmission. For this, an improvement in the understanding of tremorous 

movements and influencing factors of soft tissues are crucial. Future research probably needs to focus 

on soft suppression mechanisms with improved efficacy for tremor suppression to attain higher rates of 

patient acceptance. To this end, a future orthosis needs to be less obtrusive and more visually 

appealing, as well as to incorporate more biomimetic design features inspired by nature's functions and 

mechanisms. Such suppression orthoses could rely on proposed mechanisms like hydraulically 

amplified soft actuators, Peano-HASEL [110], dielectric elastomers, low melting point alloys, shape 

memory alloys, or other mechanisms reviewed by Chen and Pei [111]. This higher patient acceptance 

combined with improved efficacy could be achieved by the improved wearability along with such soft 

mechanisms and the new possibilities of an unobtrusive design. A new orthosis with a soft suppression 

system and improved suppression efficacy needs to have enough variability to accommodate all patients 

and different tremor types. Such an orthosis could be used in the future to investigate the effect of such 

tremor-suppression orthosis on the subject and its involuntary movement in short- and long-term use, 

like the Distal to Proximal Tremor Shift phenomenon. 

 Conclusion 

This chapter reviews the state-of-the-art and persisting trends of tremor-suppression wearable orthoses 

within the literature search. Twenty-one orthoses were identified through a literature search, with distinct 

suppression types (passive, semi-active, and active), and further classified by their status of 

development (concepts and prototypes). Their different mechanical and ergonomic properties were 

mapped and compared, including DOF, weight, suppression properties, and efficacy. This review will 



Chapter 2  
Literature Review 

18 

help researchers to gain a deeper understanding of the state-of-the-art and weaknesses of the identified 

suppression orthoses. 

This review shows that the majority of the tremor-suppression orthoses are bulky and have rigid 

structures, adding weight of about 20% to the arm, not including the energy source and control unit. The 

efficacy of involuntary movement attenuation with tremorous patients was found to be 63% in the cross-

method average, which shows a better average performance than the most common treatment - 

medication (23% to 68%) - and was in most cases supplementary to the benefit of the medication. The 

manipulation of movement by electrical stimulation achieves a comparable average suppression 

efficacy of 67%. Invasive methods (DBS) achieve 90% reduction and the emerging and less invasive 

high intensity focused ultrasound 55% tremor suppression efficacy. The orthotic approach has the 

advantage that it is a non-invasive method as opposed to DBS and high intensity focused ultrasound 

and can also be used as a supplement to invasive methods.  

This performance of future orthoses will be further improved with an optimized human-machine 

interface, a better understanding of the tremorous movement pattern, and an improved suppression 

mechanism. Many orthoses are unwieldy since they constrain the natural workspace of the wearer. 

Furthermore, visually unappealing orthoses are often rejected by patients as they may be considered to 

lead to social exclusion. 

The main challenge of the design of tremor-canceling orthoses is the combination of a high tremor 

suppression efficacy mechanism with good ergonomics, leading to high acceptance, especially by older 

people. More precisely, the challenge to design an optimal tremor-canceling orthosis is the development 

of a soft, non-cumbersome, compact, powerful, lightweight, and direct-driven suppression system with 

an appropriate design to increase the wearers' acceptance. All these characteristics are obviously very 

challenging and have not been achieved by existing systems, which clearly indicates the necessity for 

the development of a novel suppression orthosis with minimal burden for the patient and improved 

suppression efficacy. In this review, some concepts using lightweight structures and smart textiles, such 

as the unobtrusive appearance and soft mechanism of the Piezoelectric Fibre Glove (#17), demonstrate 

a promising route to address these shortcomings. To reach that design goal, further research and 

development are required in this field. 
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 Proof-of-concept 

In order to analyze the TAPO demonstrator with the laser welded air-structure under realistic conditions, 

its performance was examined with regard to one patient during selected ADL, based on standardized 

motor tasks from the WHIGET Tremor Rating Scale Test [129]. WHIGET is a clinically established and 

recommended rating scale for tremor consisting of the following tasks: drawing a spiral (Drawing-Spiral), 

pouring from a bottle into a glass (Pouring), drinking from a glass (Drinking), using a spoon (Spoon-Up), 

arm extension (Arm-Extension) and finger-to-nose movement (Finger-to-Nose). Each task in a phase is 

repeated 4 times in a row to compensate for singularities in a movement and to receive an average 

movement sequence. One phase with the movement sequence tasks was performed with a deflated 

(disabled) glove, while the other phase had the same sequence order but with an inflated (enable) glove. 

The tests all took place during the same day. The movement was tracked with an electromagnetic 

motion tracking system (LIBERTY, Polhemus, USA), whereas the tremor was rated simultaneously with 

the WHIGET scale. With the orientation of the hand and forearm in relation to the base (Euler angles), 

the wrist joint angles can be calculated. MATLAB was used for signal post-processing to determine the 

angular accelerations for the calculated wrist joint position angles and the given sample rate of 240Hz. 

The signal was filtered with a high-pass Butterworth filter at 0.1Hz and a low-pass Butterworth filter at 

15Hz to suppress movement artifacts. Furthermore, the power spectral density (PSD) for the wrist radial 

and ulnar deviation, wrist flexion and extension, pronation and supination was calculated, as well as the 

absolute hand movement (relative to the electromagnetic motion tracking base and table, respectively). 

This determines the tremor power, defined as the power of the angular acceleration (deg2/s3) over its 

frequency in Hertz. The PSD was calculated using the Welch-Bartlett Method (based on fast Fourier 

transform) using a 50% overlap of 500 sample Hamming windows [130], which is the most common 

method for tremor analysis [131]. To determine the power reduction of tremor and voluntary movements, 

the dominant tremor power frequency was identified in the range of 3 to 12Hz [10], whereas the power 

peak of natural movements was identified in the range of 0 to 2Hz [132] for inflated and deflated orthosis. 

For PSD referencing, the performance of the orthosis was further evaluated by analyzing the drawn 

spirals as an objective, visual representation of tremor intensity [133], [134]. The spirals were evaluated 

using a scan of the drawings to analyze the length of the spiral with inflated and deflated orthosis, using 

a vector graphics editor (Adobe Illustrator CC 2015.3, Adobe Inc., San Jose, CA, USA). Statistical 

significance was determined for all measurements using the Mann-Wilcoxon-U-Test with a significance 

level of p<0.05. 

The particpant was a 76 year old male patient, who had suffered action and rest tremor for 16 years 

(caused by PD), although he was on medication. For the study session, the patient continued his medical 

treatment as usual. Furthermore, he was free of any other conditions affecting upper limb movement or 

motor control (e.g., spasticity, paralysis, or muscular insufficiency) and had no known injuries or illnesses 

that may have affected safe participation. 

The study and experimental protocol were designed in accordance with the Swiss Federal Act on 

Research involving Human Beings. Based on the Swiss ethics guidelines for Technical Assistance 

Systems, the Ethics Committee Ostschweiz (EKOS) declared their non-competence to evaluate the 

study according to the Swiss Federal Act on Research involving Human Beings. Informed consent was 

obtained from the participant. 
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Figure 3.9: Power Spectral Density of the wrist movement with deflated and inflated orthosis for the tasks (a) Drinking, (b) 
Pouring, (c) Drawing-Spiral, (d) Arm-Extension, (e) Finger-to-Nose and (f) Spoon-Up plotted for flexion-extension, ulnar-radial 

deviation, pronation-supination and absolute hand movement with standard deviations as shade. 
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As tremor is most concentrated (highest peaks at a stereotyped frequency) in wrist flexion-extension, 

the device was designed for this degree of freedom [35].  

The brake, in combination with the active control, offers the possibility to adapt the impedance in the 

millisecond range. With this hardware, a mechanical notch-filter can be designed, filtering only 

tremorous frequencies (ranging from 3Hz to 12Hz [10]) and preserving the frequency of voluntary 

movements (ranging from 0Hz to 2Hz [132]). 

To provide wearability and thus acceptance, the orthosis was incorporated into textiles. Textiles are a 

favourable material for wearable devices as they present flexibility, adaptability, low weight, 

breathability, washability and soft hand-feel [144]. I present for the first time a tremor suppression 

orthosis using textiles as well as a decentralized suppression mechanism. 

Our first objective (O1) was to identify control parameters, brake duration and timing (frequency offset) 

of the brake that maximally suppress tremor while minimally suppressing voluntary movements. 

Therefore, I first optimized the control parameters through computer simulation and determined the 

tremor suppression efficacy and voluntary movement preservation as well as the influence on the human 

joint system dynamics (O1.1). Additionally, I verified the validity of the model on a test bench (O1.2). 

The second objective (O2) was to evaluate the orthosis prototype with the optimized controller in a case 

study. For this objective, three hypotheses were proposed. First, I expected that the proposed semi-

active tremor suppression orthosis would suppress tremor in the magnitude of 30% to 98% while 

preserving all voluntary movements during different activities of daily living. These values match the 

ranges of tremor suppression seen in devices in the literature (hypothesis H1) [145]. Second, I expected 

that the perceived wearability and voluntary movement preservation of the orthosis would be rated in 

the upper third of the custom questionnaire, indicating acceptance of the device by the user (hypothesis 

H2). Finally, I expected that the human trial study would match the simulation and test bench outcome 

regarding the impact of the control parameter on the tremor suppression efficacy (hypothesis H3). 
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Table 4.3: Summary of objectives and hypotheses. 

 Objective/Hypothesis 

O1 
O1.1 Finding optimal values for the controller parameters, brake duration and frequency offset, through simulation. 

O1.2 Validating the optimal values for the controller parameters, brake duration and frequency offset, with a test 
bench.  

O2 Evaluate the orthosis prototype with an optimized controller in a single human trial. 

H1 The orthosis prototype suppresses tremor in the magnitude of devices in literature (30%-98) while preserving 
voluntary movements. 

H2 The perceived wearability and voluntary movement preservation of the orthosis are good by being in the upper 
third of the rating scale of the custom questionnaire. 

H3 The human trial study verifies and confirms the simulation and test bench outcome regarding the impact of the 
control parameter on the tremor suppression efficacy. 

 Methods 

 System hardware design 

A textile-integrated orthosis was designed to improve wearability for the wearer. The orthosis coupled 

the extension and the flexion of the wrist with a rope (see Figure 4.1). The rope was anchored at the 

palmar and dorsal side of the hand. The rope was deflected about 90° on the dorsal side of the forearm 

to the volar side, where it was again deflected about 90° back to the palm, creating a closed motion 

coupled loop. When extending the wrist, the rope is pulled at the palmar side and shifted from the dorsal 

side around the two deflection points to the volar side and vice versa when flexing the wrist. At the 

deflection point on the dorsal forearm side, a brake was integrated. When activating the brake, the rope 

was held in place, preventing its movement and thus of the hand. 

The ON/OFF brake, an electromagnetic clutch (6W, 24V) that generates a torque of up to 0.2Nm within 

13ms by friction (86 011.03.E00, Kendrion N.V., Amsterdam, Netherlands), was connected to a shaft 

onto which the rope was spooled. The spooling shaft of the brake, with a diameter of 12mm, was 

separated into two compartments, one for the dorsal rope side and one for the volar side. This design 

avoided an overlapping and therewith prevented a blocking of the upwinding and unwinding rope. Even 

though mostly textiles were used, the brake unit was screwed onto a 1.6mm breathable (perforated) 

thermoplastic sheet (1.6mm Rolyan Splinting Sheet, 13% UltraPerf Perforated, Performance Health 

International Ltd., Sutton-in-Ashfield, UK), which was slightly bent to fit the forearms shape. Another 

piece of the thermoplastic sheet (ca. 30mm diameter) was used to anchor the second 90° rope deflection 

point on the palmar side of the forearm. To ensure minimal friction at the deflection point, a BOA® lace 

guide was implemented. The thermoplastics sheets were sewed from hand onto the textile. As rope, a 

0.4mm ultra-high-molecular-weight cord braided from polyethylene spun fibres (Dyneema 50daN, 

Koninklijke DSM N.V., Heerlen, Netherlands) was used. Its low stretch of <1% and low friction coefficient 

were desired for this application [146]. When the brake was on, the stretch of the rope acted as a spring 

by absorbing and delaying force transmission, and when the brake was off, the friction of the rope on 

the guide and in the brake acted as a damper creating a resistive force. The rope was clamped on the 

dorsal and palmar side of the hand using snap buttons. The reactive forces of the brake mechanisms 

were anchored at the elbow using a strap, which was based on orthopaedic technology measures. A 

similar force anchoring method is used in prostheses [147]. Preliminary tests showed that the wearers 

were not restricted in their range of motion and did not perceive discomfort. Additionally, for increased 
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force connection of the textile orthosis to the wearers' limb, the textile was partially coated with silicon 

(Alpatec 30203, CHT Switzerland AG, Montlingen, Switzerland). The silicon coating improved the 

transmission of shear forces onto the skin, preventing chafing and shifting of the orthosis. The total 

weight of the orthosis was 152g, not considering the power supply and controller. 

A gyroscope sensor (FSM305, Hillcrest Laboratories, MD, USA) running at 200Hz was placed on the 

dorsal side of the hand, anchored and protected in a custom 3D printed housing. Sensor data acquisition 

and brake controls were implemented on a 32-bit microcontroller (Teensy 4.0, PJRC.COM, LLC, OR, 

USA) running at 600 MHz. 

 

Figure 4.1: Demonstrator of textile, semi-active orthosis, with the brake 1) connected to the thermoplastic plate 2), the rope 3), 
and gyroscope 4). The straps 5) and 6) are force anchoring points to the human. 

 Control strategy for tremor suppression 

A mechanical notch filter should be realized by the brake to mechanically filter the tremor-dominated 

frequencies, creating a counteracting force to the tremor. The brake control was designed to brake 

periodically for an optimized duration and at an optimal time in the sinusoidal tremor cycle (frequency 

offset). The optimized parameter were determined by identifying the highest tremor suppression paired 

with the lowest voluntary movement suppression. Determining the optimal brake duration and timing 

was one objective in this study (O1). 

Tremor model 

A tremor model was required to compensate for the latency of the brake so that the brake could be 

activated at any desired frequency offset. From the time when the signal to the brake was given until 

the brake closed fully, 13ms passed [148]. With a simple sensory-based threshold-crossing control, like 

the one used by Kalaiarasi et al. [83], the optimal offset in the tremor cycle might be missed. 

Furthermore, a tremor model is important to analyze the tremor frequency to assess and account for its 

frequency shift, which is considered important to counteract tremor [46]. Tremor signals are non-

stationary with variable frequency; thus their analysis cannot be carried out using the conventional 

Fourier transformation. Applying a discrete Fourier transformation to the signal reveals its spectrum of 

frequency content. However, this spectrum does not show the time dependency of the signal [47]. The 

control system required to dynamically model the tremor velocity in real-time is based on the received 

gyroscopic data. Here, I implemented a Weighted-frequency Fourier Linear Combiner (WFLC) 

developed by Riviere for the adaptive suppression of tremor for improved human-machine control in 

surgery (see Figure 4.2) [149]. The WFLC is an adaptive algorithm that builds a tremor estimating, 

sinusoidal model by estimating its time-varying frequency, amplitude and phase. Although other 
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Figure 4.4: Test bench setup with rotary mass 3) connected to the brake 1) via the rope 2). The rotary mass 3) was coupled to 
the motor with gear and hall sensor 5) through the encoder 4). The motor 5) was controlled on the low level by the motor 
controller 6) and on the high level by the microcontroller 7), which also estimated the tremor and controlled the brake 1). 
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The study and experimental protocol were designed in accordance with the Swiss Federal Act on 

Research involving Human Beings. The measurements were approved by the ethics commission of 

ETH Zurich in accordance with the Declaration of Helsinki (EK 2021-N-164). The participant volunteered 

and gave written informed consent to participate in the study. 

 Results 

 System dynamics 

The system dynamics, in the form of a Bode plot, of the test bench and computational simulation 

behaved similarly to the modelled second-order transfer function of the raw human wrist joint H(s) 

(Figure 4.6). The semi-active mechanism, with the controller fixed to 6Hz, showed a drop at 6Hz of 

15.7dB for the computational simulation G(s) and 19.6dB for the test bench G'(s) compared to the 

corresponding wrist dynamics H(s), equivalent to 83.6% and 89.5% reduction of amplitude. The 

maximum deviation of amplitude of G(s) in the range of voluntary movements, below 2Hz, was an 

increase of 1.9dB (19.7%) at 2Hz. The phase shift in the computational simulation and test bench 

diverged with increasing frequency with up to 16.4° and 9.9° at 2Hz, respectively. The dynamics Gfree(s), 

where the controller adapted to the frequency, provided the maximum tremor reduction for each 

frequency. The dynamics of the passive suppression systems P1(s), P2(s), and P3(s) lowered the 

magnitude at 6Hz by 6.03dB (50.1%), 37.35dB (98.6%) and 5.15dB (44.7%). 

 

Figure 4.6: Bode plot with change in magnitude in (a) and phase shift over the frequency w in (b). The modeled human joint 
dynamic second-order transfer function H(s) as well as the measured system dynamics on the testbench H'(s). The passive 

suppression transfer functions P1(s), P2(s), and P3(s) were modeled. The system dynamics G(s) with 25 ms brake duration and 
5% frequency offset as well the corresponding test bench dynamics G'(s) and the free controller system dynamics Gfree(s) were 

depicted.  

 Controller parameter determination 

The system dynamics for the different control parameters derived from computer simulation were 

depicted with a Bode plot (see Figure 4.7). 

Brake duration 

The brake duration parameter had a primary impact on the tremor suppression compared to the impact 

of the frequency offset. The longer the brake was activated, the more tremor amplidute was suppressed. 

A brake duration of 5ms, at the frequency offset of 5%, reduced the amplitude magnitude at 6Hz by 5dB 
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(47.8%), while a brake duration of 40ms reduced the amplitude by 21.7dB (91.8%). The longer the brake 

duration, the more amplitude suppression were also recorded in the frequency of voluntary movements, 

below 2Hz, ranging between 0.7dB and 1.7dB (7.8% and 17.9%, respectively). A phase shift between 

8.3° at 5ms and 23.7° at 40ms was recorded at the system output. 

Frequency offset 

The frequency offset had a stronger influence on the phase shift of voluntary movements compared to 

the brake duration. At 2Hz, the phase was shifted by 7.6° for 0% offset and 34.4° for 30% frequency 

offset (while simulating a brake duration of 25ms). The amplitude magnitude at 2Hz was changed by 

1dB at 0% offset and 1.7dB at 30% offset, corresponding to 10.8% and 17.9%. The tremor amplitude of 

6Hz was reduced by 16.5dB (85.1%) for 5%, 10%, and 20% frequency offset. An offset of 0% was, in 

comparison, less amplitude reducing with 12.9dB (77.4%) to 30% frequency offset suppression 10.9dB 

(71.5%) tremor amplitude. 
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Figure 4.7: System dynamics parameter comparison. (a) and (b) presents the change in magnitude of G(s) for different 
parameters compared to the human modeled dynamics H(s). (c) and (d) presents the changed magnitude in the frequency of 

6Hz. In (e) and (f) are the phase shifts of the system dynamics. Different brake duration at 5% frequency offset were compared 
in (a), (c), and (e). Different frequency offsets at 25ms brake duration were compared in (b), (d), and (f).  
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The optimum regarding maximum tremor suppression and minimal voluntary movement suppression 

was determined for those datasets (see Figure 4.8). The computationally simulated tremor suppression 

with the optimized parameter was in mean 78.8% (from 69.2% to 86.9%), with a mean voluntary 

movement suppression of 23.7% (from 14.0% up to 34.6%). The optimal parameter varied between the 

datasets, whereas all data sets except PD04 had the optimum brake duration between 16ms and 29ms. 

The optimum frequency offset was either between 2% and 9% or between 26% and 34%. The mean 

tremor suppression determined with the test bench was 66.5% (from 50.4% to 86.1%), while the 

voluntary movement tremor suppression was 32.2% (from 23.0% to 36.5%). 

Compared to the different passive suppression mechanisms, running the simulation with the dataset 

ET01, the proposed semi-active system suppressed more tremor energy while preserving more 

voluntary movements (see Figure 4.9). 

The computational simulations were validated with a test bench for the dataset ET01 (see Figure 4.10). 

Validating the simulation results with the test bench in the cross-section method confirmed the outcome 

of the simulation regarding brake duration, especially for durations up to 50ms (see Figure 4.11). Brake 

duration higher than 50ms caused a higher suppression of voluntary movements on the test bench 

compared to the simulation. The test bench results of the cross-section method for ET01 had a standard 

variation between 0.2% and 3.7% suppression. 

The root-mean-square (RMS) error between the test bench and simulation was between 22.8% and 

39.6% for the voluntary movements and between 3.6% and 8.8% for tremor with a fixed frequency offset. 

The RMS for fixed brake duration was between 4.2% and 21.7% for voluntary movements and between 

10.9% and 22.4% for tremor. 

 

 

Figure 4.8: Overview of simulation results. (a) the optimal parameter for the five ET and PD datasets resulting from the 
computational simulation. (b) the resulting tremor and voluntary movements suppression in computational and test bench 

simulation for all datasets. 
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Figure 4.9: Comparison of passive tremor suppression to controlled, two-state suppression G(s) on the dataset of ET01. Gopt1(s) 
and Gopt2(s) are the two identified parameter optima. Passive linear dampers without spring were connected with a dotted line 

where the damping constant B increases from left to right. 
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Figure 4.10: Computational simulation compared to test bench. (a), (b), and (c) the computational results. (d), (e), and (f) the 
test bench simulation results. (g), (h), and (i) the difference between the computer and test bench. In (a) & (d) the tremor 

suppression, (b) & (e) the voluntary movement suppression and (c) & (f) the Voluntary-Tremor+100% to identify the optimum for 
the combinations of brake duration and frequency offset. 
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Figure 4.11: Cross-section method results. Tremor and voluntary suppression for ET01 determined by computer simulation and 
test bench with standard deviation for a fixed frequency offset of 5% (a) and fix brake duration of 19 ms (b). Difference between 
computer simulation and test bench for tremor suppression at fix frequency offset in (c) and fix brake duration in (d). Difference 
between computational and test bench for voluntary movement suppression at fix frequency offset in (e) and fix brake duration 

in (f). Voluntary movement suppression higher than 100% means that the measured trajectory distance is higher than the one of 
no movement. 
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 Orthosis proof-of-concept validation study 

The PSD of the participant's hand movement was depicted for the different tasks of wrist flexion-

extension, pronation-supination, and radial-ulnar deviation, between orthosis off and orthosis on with 

optimal parameter with a brake duration of 25ms and frequency offset of 5% (see Figure 4.12). The PSD 

of the wrist flexion-extension with the orthosis brake on the optimum parameters showed a possible 

difference in tremor compared to orthosis brake off for the tasks Drinking, Pouring and Drawing-Spiral 

by 41.1%, 55.3% and 26.0%, respectively (see Figure 4.13). No difference was recorded between the 

orthosis bad parameter and orthoses off. Furthermore, neither with optimum parameter nor with bad 

parameter were the voluntary movement power impaired. 

 

Figure 4.12: Movement Power (PSD) of the wrist flexion-extension, pronation-supination, and redial-ulnar deviation movement 
with an orthosis brake turned off (blue) and orthosis brake on (orange) with optimized brake duration of 25 ms and frequency 
offset of 5% (first optimum) for the task (a) Drinking, (b) Pouring, (c) Drawing-Spiral, and (d) Spoon-Up. For the wrist flexion-

extension power, the standard deviation is indicated with the shadow. 
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The participant rated the orthosis when turned off as well as turned on with both settings not impairing 

voluntary movements (rated 5 out of 6 where 1 means disagree and 6 agree). The participant rated the 

orthosis for all cases as comfortable (rated 5 out of 6). In general, the participant rated the orthosis as 

lightweight and unobtrusive (rated 5 out of 6) and stated that the orthosis would be worn (rated 6 out of 

6). The appearance of the orthosis did not please the participant and was rated 1 out of 6. 

 

Figure 4.13: Movement power comparison. Determined tremor power (a) and voluntary movement power (b) with orthosis brake 
mechanism off (Off), with orthosis mechanisms on with optimized brake duration of 25 ms and frequency offset of 5% of the first 
optimum (Opt) and with orthosis mechanisms on but with brake duration of 25 ms and frequency offset of 40% (Bad). The box 

represents the standard deviation with the mean mark, while the whiskers represent the 95% confidence interval. Possible 
difference in tremor power for Drinking, Pouring, and Drawing-Spiral. 

 Discussion 

 Control parameter and efficacy  

4.4.1.1 Simulation Validation 

The design of the human model as a linear 1 DOF spring-mass-damper representing only wrist flexion-

extension impedance, neglecting radial-ulnar deviation and pronation supination was a simplification of 

the modelled system. The wrist impedance is non-linear and depends on the position [162], [163]. A 

radial or ulnar deviation of the wrist will change the impedance in flexion-extension. However, this 

simplification is a common method in the literature. The proposed mechanism, including the control 

strategy, functions independently of any prior knowledge of the joint impedance as it simply modifies the 

impedance by adding a damping component. The prevailing joint impedance, linear or non-linear, does 

not influence the added damping. Taheri et al. proved with their semi-active mechanism that a different 

joint impedance does not change the amplitude magnitude of tremor suppression [74]. 

We chose, based on anthropometric data and literature, a lever of 30mm as the connection point to the 

wrist for this mechanism [85]. The anthropometry varies between individuals changing this lever and 

therewith also the transmission ratio between the wrist and the brake mechanism. The transmission 

ratio changes the transmitted torque as well as the transmitted angular velocity of the brake. As the 

brake can apply 0.2Nm and tremor of up to 0.4Nm can occur in the wrist flexion-extension [77], [81] a 

lever of at least 12mm (transmission ratio of 2) is required. 
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While the simulation was a purely virtual, idealized model, the test bench implemented all characteristics 

from the mechanisms used in the orthosis, which were simplified from the virtual model, e.g., the 

elasticity of the rope and the friction damping characteristics of the brake. The human model remains 

simplified in the virtual and physical models.  

Compared to the test bench, the setup of the orthosis was influenced by the compliance of the soft 

tissue, as it is interacting with the human. Therefore, a lower efficacy was expected for human trials. 

System Dynamics 

The modelled brake mechanism of the simulation needed to be verified with a test bench regarding the 

validity of its results (O1.2). Therefore, the system dynamics were compared and analyzed, using bode 

plots, as well the behaviour with tremor datasets. 

The measured system dynamics of the test bench H'(s) compared to the modelled transfer function H(s) 

has a slightly shifted peak of the amplitude magnitude, which represents the eigenfrequency of the 

system. Else, the system dynamics H'(s) as well G'(s) behaved similar to the modelled H(s) and 

simulated G(s) in the Bode plot (see Figure 4.6). Discrepancies were caused by inaccuracies in the 

torque output of the system, influenced by the current controller of the motor, play in the gear and friction 

in the system, which was tried to be compensated. Furthermore, the rotary mass of inertia was 

calculated based on datasheets where inaccuracies as well neglected inertias (e.g. bearings) may have 

accumulated to an error. 

Despite the small differences in the eigenfrequency, the simulated G(s) as well as the system dynamics 

G'(s) of the test bench present the desired notch-filter behaviour at 6Hz (Figure 4.6). The analysis of the 

system dynamics of the test bench provides us with the validity of the computational simulation for the 

detected optimal parameter combination. Future developments of tremor suppression orthoses can 

therewith be first designed in a computer simulation to predict their behaviour to then tune the design 

parameter before building a physical prototype. 

Compared to the modelled system dynamics of the wrist in combination with passive tremor absorbers 

P(s), the presented tremor suppression mechanism G(s) showed a higher amplitude magnitude 

reduction at tremorous frequencies. Furthermore, the system dynamics G(s) at voluntary frequencies, 

below 2Hz, had a lower discrepancy to the original wrist dynamics H(s) compared to the passive 

absorbers from the literature regarding amplitude magnitude. The frequency shift discrepancy was also 

less compared to the simulated dynamics extracted literature, except P3(s) as a spring was used, which 

reduced the magnitude by 10dB at low frequencies (see Figure 4.6). 

Tremor simulation 

Validating the tremor data simulation results with the test bench confirmed the outcome of the simulation 

regarding brake duration, whereas the frequency offset deviated more, such that the test bench 

suppressed more tremor and more voluntary movements. A difference between the simulation and test 

bench was expected as the test bench included the stiffness of the rope as well as the non-idealized 

brake. The test bench was also influenced by the play from the gear, which smoothens the sensory read 

compared to the simulation. This difference generates a different tremor estimate which causes the 

brake to be activated inaccurately. Analyzing the data qualitatively, an earlier onset of the brake on the 

test bench compared to the simulation was observed.  
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The simulation did not depict longer brake duration accurately, especially for voluntary movements (see 

Figure 4.10 h and Figure 4.11 e). This behaviour can be attributed to the missing implementation of the 

latency time of the brake into the simulation. It was implemented that the activation of the brake is 

delayed by 13ms, but for the physical brake on the test bench, the voltage was given 13ms earlier and 

longer compared to the simulation to build up the magnetic field and close the brake. The observed 

effect was that the overall activation voltage duration on the test bench, at ca. 80ms, exceeded the 

tremor cycle duration so the programmed frequency offset (timing in the cycle) was missed, and it waited 

for the next cycle. Therewith, the brake skipped every second brake onset compared to the simulation, 

and more tremor and voluntary movements occurred. This effect was also observed in the simulation 

but with a higher brake duration, starting at ca. 90ms, as the latency did not add on top (see Figure 4.10 

a & b). The test bench validated the simulation below 80ms by behaving similarly. 

4.4.1.2 Parameter determination 

Impedance controllers for tremor suppression commonly rely on assumptions or prior knowledge of the 

human musculoskeletal system parameter [74], [156], [164]. I applied a WFLC, which did not need to 

rely on such assumptions or prior knowledge but adapted itself to the different tremor types by predicting 

the time-varying frequency, amplitude and phase. 

Herrnstadt et al. identified the potential disadvantage of a two-state semi-active mechanism of being 

perceived as uncomfortable by the abrupt interruption of movements [82]. However, they hypothesized 

that an advanced controller could improve adaptability and help mitigate. Here, the compliance from the 

orthosis smoothens those abrupt interruptions by the brake, which was confirmed by the gyroscope 

data. Furthermore, the participant did not report any perception of discomfort related to abrupt 

interruptions by the brake. 

Nevertheless, I present a controller that provides adjustability with the presented parameter. Future 

studies could investigate how far the different control parameters of brake duration and frequency offset 

affect the perceived comfort of the wearer. 

System dynamics 

The control parameter of the brake was optimized regarding tremor suppression efficacy and voluntary 

movement preservation but also its influence on the system dynamics (O1.1). 

Any change in the system dynamics of the wrist is perceived as a disturbance, especially in the 

frequency range below 2Hz. Therefore a comfortable modulation of the system dynamics for tremor 

suppression needs to preserve the dynamic behaviour below 2Hz regarding amplitude magnitude as 

well as phase shift. The analysis of the system dynamics proved the superior behaviour of a semi-active 

mechanism over passive mechanisms with increased tremor suppression combined with increased 

dynamic behaviour preservation below 2Hz, representing voluntary movements and comfort (see Figure 

4.6). 

The bode plot of the system dynamics of G(s) indicated the influence of the brake duration and frequency 

offset on the wrist impedance. Those parameters influenced the magnitude change at 6Hz, whereas, 

with an increase of the brake duration, an increase of magnitude was observed. Over the range 5% to 

25% frequency offset values, the resulting tremor suppression was similar, whereas other frequencies 

decreased the change of magnitude at 6Hz (Figure 4.7). At 30% frequency offset, the notch-filter effect 
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was not observed anymore, and the magnitude was increased at 6Hz compared to 5.98Hz and 6.02Hz. 

As the brake frequency and the signal frequency have an offset at all frequencies around 6Hz, the brake 

was always activated to a different time within the cycle, amplifying and mitigating the amplitude 

depending when activated, cancelling each other out in the overall determined amplitude magnitude. It 

was also observed that with increasing frequency offset as well with an increase of the brake duration, 

the phase shift increased. The analysis of the system dynamics showed the behaviour of the system 

with different control parameters, where the optimal frequency offset was 5% with the highest magnitude 

reduction at 6Hz with the lowest phase shift at 2Hz. 

Tremor simulation 

To determine the optimum in an applied context, the system needed to be tested with tremorous data, 

where natural and tremorous frequencies overlapped and tremorous frequencies shifted. Even though 

the used dataset of Timmer et al. is based on tremor data of an outstretched hand, elements of voluntary 

movements were detected.  

The summary of optima for each tremor dataset in Figure 4.8 revealed two optima at about 20ms brake 

duration with 5% frequency offset as well as at about 20ms brake duration with 30% frequency offset. It 

was also observed that the dataset PD04 had a second local minimum at 24ms and 4%. The two optima 

had the same brake duration, whereas the frequency offsets were 25% apart, corresponding to a quarter 

of a cycle. For the optima, the brake was activated either in the up-rise or the down-rise, around the 

peak of velocity. Comparing those two optima regarding tremor and voluntary movement suppression, 

it was observed that the optima with 30% frequency offset had less tremor suppression and also less 

voluntary movement suppression compared to the 5% frequency offset. The 5% offset was chosen out 

of those two options as the ratio between tremor suppression and voluntary movement reduction was 

higher. 

No prior study has identified the optimum duration and frequency offset for a controlled two-state brake. 

Herrnstadt et al. defined, with an educated guess, their two-state brake to 25ms brake duration and a 

frequency offset of 25% (onset after the velocity peak), which correlates with the second optimum found 

in this work. They reached a tremor suppression of 88% (PSD) with healthy volunteers. 

Performance determination and comparison 

Comparing the controlled two-state brake to passive linear suppression mechanisms (spring-damper) 

from literature, I was able to prove the superiority of such a semi-active mechanism regarding tremor 

suppression and voluntary movement preservation. Passive, linear dampers always have a trait of 

between tremor suppression and voluntary movement suppression. Adding a spring mostly suppressed 

more voluntary movements compared to no spring (see Figure 4.9 P1(s) vs P2(s)). The controlled two-

stage brake reached combinations of tremor and voluntary suppression, which passive mechanisms 

cannot achieve. However, the downside of such a semi-active system is the added complexity leading 

to additional weight, such as the additional electrical components, e.g., battery. I estimated the additional 

weight for a mobile version with a battery capacity of 1.2Ah for one day of use of 18 hours to be less 

than 200g. 

Case et al. also presented a semi-active system, based on a magneto-rheological damper, suppressing 

in average 96.3% (28.7dB PSD) tremor on a test bench running the same datasets from wrist 

movements measurements of five ET and five PD patients [78]. On the test bench with the mechanism, 

using the same dataset, I observed a mean tremor suppression of 66.5% (PSD). With the actively 
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controlled damper of Case et al., they also suppressed 33% of voluntary movements based on PSD, 

where an offset to the intended trajectory was not taken into account. The voluntary movements had to 

work against a resistance force of 0.18Nm (4.5N at 38.9mm lever). The suppression of voluntary 

movements of 31.1% is not comparable to those determined in the literature as I used a different 

calculation method. I introduced and used a new method, the trajectory distance, as opposed to the 

commonly used PSD. The proposed method is more accurate and more sensitive to changes in 

voluntary movements as it takes the amplitude change as well as the phase shift of the voluntary 

movement into account. The PSD calculates the movement power, which is only based on the 

acceleration amplitude. Calculating here the PSD for voluntary movement on the test bench gave an 

increase and decrease of voluntary movements between -57.5% and 46.8% for all ten datasets. This 

variation in voluntary movements can be explained by the low power level, where a small change leads 

to a high relative difference. I presented a new method to evaluate voluntary movement suppression for 

simulations and test benches based on the trajectory of voluntary movement and not solely on the PSD, 

which is centred on acceleration amplitudes. I propose that future simulations use the here presented 

trajectory-based voluntary movement evaluation as it also accounts for phase shifts. However, this 

method cannot be applied to human trials as the intended trajectory differs for each executed movement 

and is unknown. Here I proposed, additionally to the PSD, questionnaires to determine the perceived 

impact on voluntary movements. 

 Orthosis evaluation 

We presented a textile integrated tremor suppression prototype with the two-state, semi-active 

mechanism. The proposed concept and mechanism can in future be extended to the wrist radial-ulnar 

deviation, the pronation-supination or be applied to other joints like the elbow. The textile integration of 

the orthosis can provide wearability and therewith promote the acceptability of users. However, textiles 

bear the challenge of effective force transmission to the human, which can be overcome by reinforcing 

the load path and increasing locally the stiffness of the textile [165]. Therefore, I integrated a 

thermoplastic sheet for the force transmission, which could be fit individually in future studies to further 

improve the force transmission. 

Mechanisms transmit mechanical loads to the limb's skeletal structure for effective tremor suppression. 

Transmission of these forces is mediated by soft tissues such as skin, fat, muscle and ligaments [48] as 

well as the components of the orthosis such as textiles. The compliance of the soft tissue absorbs forces 

and adds play to the mechanism. Play in the absorption of small movements, such as tremor, decreases 

the efficacy of the device. For the textile design concept, the transmission of forces to the 

musculoskeletal system by textiles through the human soft tissue was a limiting efficacy factor. By 

preloading, the mechanism play was minimized in the system. With this measure, also comfort was 

positively influenced as play in the system leads to chafing and irritation of the skin. The participant rated 

the orthosis as comfortable with activated and deactivated brake (5 out of 6) as well as lightweight, 

unobtrusive and potentially being worn, confirming that the measures for enhanced wearability had a 

positive effect on the participant (H2). 

Future development needs to integrate such semi-active brake system into textiles, for example, with a 

textile integrated electromagnetic clutch or textile integrated electrostatic clutch. Such textile integration 

would contribute to improved wearability compared to the current proof-of-concept prototype. For a fully 

mobile version, the power supply and control unit can be carried decentralized, e.g. in a backpack. I 
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estimate the power supply and control unit to weigh less than 200g (battery capacity of 1.4 Ah covers 

an 18 hour day). 

4.4.2.1 Orthosis proof-of-concept validation study 

The PSD analysis of the gyroscope data, which was attached at the hand, also included angular 

velocities potentially caused by the elbow, shoulder as well as upper body. Usually, the flexion-extension 

of the elbow does not align with the flexion-extension of the wrist, why the elbow did not bias the 

measurement. The other body movements rather add translational velocities than angular, why their 

influence was also neglectable. Furthermore, the wrist flexion-extension contains the highest tremor 

power compared to the other DOF in the upper limb [166]. 

Here I present an orthosis that was perceived as comfortable, preserved all voluntary movements and 

still suppressed tremor by 41.1%, 55.3% and 26.0% for the tasks Drinking, Pouring and Drawing-Spiral 

(H1). The tremor power peak and the distribution repetition of the task Drawing-Spiral were lower 

compared to the other tasks as the participant stabilized his hand on the table while drawing. No tremor 

suppression was observed in the task Spoon-Up. The same, non-suppressing behaviour for the task 

Spoon-Up was already observed in a previous study using a passive tremor suppression orthosis [160]. 

In this context, it appears that the executed tasks matters when evaluating tremor suppression. The 

average tremor suppression efficacy of the unbiased tasks Drinking, Pouring, and Drawing-Spiral was 

therewith 40.8%, corresponding to 61% and 52% of the efficacy determined by simulation and test 

bench, respectively. The measured tremor suppression efficacy confirms the simulation and test bench 

results as only the sequence with the optimized parameter suppressed tremor (H3). 

The observed tremor suppression could have been influenced by the placebo effect of the wearer. The 

wearer was aware when the orthosis was active and when not as forces were transmitted, the brake 

made hearable noises and vibrated. The study sequence with the bad brake control parameter, which 

can be seen in this context as the control sequence, did not show a change in tremor power, 

demonstrating that the placebo effect did here not apply. A further potential influence on the tremor 

suppression was the induced vibration to the forearm by the brake. Such induced vibration is a therapy 

method in tremor treatment [6]. Displacement amplitude reductions of 28% are reported in tuned and 

optimized vibration therapies [167]. Here the vibration was not tuned regarding amplitude, location nor 

did the vibration have the required frequency of 70Hz [167]. The measured tremor suppression can 

therewith be attributed to the controlled two-state orthosis. 

In comparison to my orthosis, Kalaiarasi et al., using a semi-active pneumatic system to suppress 

tremor, achieved a tremor reduction of 31% of the acceleration amplitude with one ET participant [83]. 

Loureiro et al. presented a Double Viscous Beam device filled with controllable magneto-rheological 

fluid with which they suppressed 98% (PSD) of tremor but also 85.9% (PSD) of voluntary movements 

in one user suffering from ET. 

A systematic literature review by Fromme et al. showed that average tremor suppression efficacy is 63% 

for tremorous patients, determined for different DOF, with different types of tremor suppression 

mechanisms and different evaluations methods (e.g. PSD) [145]. Overall, this proof-of-concept study 

confirms my hypothesis (H1) that the proposed semi-active tremor suppression orthosis suppressed 

tremor in a similar magnitude to existing systems while preserving more voluntary movements. 
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Next to my first study with a passive tremor suppression orthosis (see Chapter 3), I am the first to publish 

a task differentiation of tremor suppression efficacy in a semi-active orthosis for different activities of 

daily living. 

 Outlook 

I presented an orthosis that suppresses tremor in wrist flexion-extension. This mechanism can be 

transferred to other DOFs, such as wrist radial-ulnar deviation or even other joints like the elbow and 

fingers. This study proved the feasibility of such a controlled two-state mechanism, which was here 

realized with an electromagnetic clutch. In the future, such a mechanism can be implemented into 

textiles by incorporating conductive components to realize an electromagnetic clutch or textile integrated 

electrostatic clutch. Conductive laser welding is a method with which robust, conductive, textile 

integrated surfaces can be realized for such an application [168]. Such textile integration would 

contribute to higher wearability compared to the current proof-of-concept prototype. Furthermore, a 

future version of the orthosis could implement an interface with which the user itself can adjust the 

suppression of voluntary movements by reducing the tremor suppression. 

The emphasis of this work was put on tremor suppression by preserving voluntary movements. The 

connection of the orthosis to the human limb and therewith the efficient transmission of forces through 

the soft tissue remains a limiting factor in this field. A systematic analysis and investigation for optimal 

transmission of forces to the human bone structure would improve wearable devices such as the 

presented one. 

Future studies would need to further investigate how far the different control settings of brake duration 

and frequency offset affect the perceived comfort of the wearer. An evaluation of a diverse patient group 

would give insights into the orthosis benefits. Also, a study investigating the progression of tremor while 

wearing the orthosis regularly for weeks or months could reveal the long term effect of such an orthosis 

like a temporary reduction of tremor. 

The presented controlled, two-state mechanism could also be used to intervene in other movement 

disorders such as spasticity or the mouthing observed in the Rett syndrome. The mechanism is also 

suitable for other wearable applications, such as impedance manipulation in wearable robotics or 

orthoses for metabolic energy saving [169]. Load bearing of the human skeletal system while lifting or 

adding stability during the stands phase in exosuit supported walking are potential applications.  

 Conclusion 

The semi-active tremor suppression mechanism optimized the trade-off between tremor suppression 

and voluntary movement suppression. For a two-state, mechanical notch filter suppression mechanism, 

two optimal settings for the brake duration, as well as the frequency offset, exist. The first optimum has 

higher tremor suppression and voluntary movement suppression, whereas the second has a lower 

tremor and voluntary movement suppression. Such semi-active tremor suppression preserves more 

voluntary movements while suppression more tremor compared to linear passive suppression.  

In a proof-of-concept study with one user suffering from ET, the efficacy of the mechanisms implemented 

into a textile orthosis was verified by differentiating between activities of daily living. The tremor 

suppression efficacy varied between the tasks Drinking, Pouring, and Drawing-Spiral, whereas in 
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Spoon-Up, no tremor was suppressed. Future studies need to differentiate between those standardized 

tasks to better depict and optimize the orthosis performance in an applied context. 

The three efficacy verification methods, simulation, test bench and human study, have never been put 

into relation to each other. Here, I present for the first time a decreasing tremor suppression efficacy in 

the wrist flexion-extension for the computer simulation, test bench and proof-of-concept study of 78.8%, 

66.5% and 40.8% (PSD). From past and future simulation and test bench results can now, for the first 

time, the efficacy on the human roughly be estimated. 

Computer simulations are a fast and cost-efficient tool to optimize tremor suppression orthoses. 

However, test benches are still required to validate the results and used model. The orthosis 

performance cannot directly be translated to human trials, but I proved that the indicated ratio between 

tremor suppression and voluntary movements can be. 

For the first time, I present a textile integrated, controlled, two-state brake tremor orthosis that 

suppresses tremor while preserving voluntary movements and having high rated wearability with human 

trials. Thus this new orthosis, with the presented parameter, has the potential to become a wearable 

device worn throughout a day, contributing to an improvement of quality of life for tremor affected people.  

Such mechanisms can also be used for other involuntary movements or be integrated into other 

wearable devices where an adaptation of human impedance is advantageous, for example, exosuits. 
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Towards Electro-Mechanical Textiles 
Foreword  

To further improve the wearability of the proposed semi-active orthosis, the used braking mechanisms 

of the previously presented semi-active orthosis can be integrated into textiles (e.g., electrostatic clutch). 

For such textile integrated electro-mechanical systems, electronic textiles can be utilized. Highly 

conductive textile conductors, suitable for such mechanism, have yet not been developed. In this 

chapter, I present a new, simple, rapid, stable, and cost-efficient way to construct customized conductive 

patterns on textiles. 

 

 Introduction 

E-textiles, or electronics textile as an important category of smart textiles, are emerging as high-end 

flexible devices that fit the human body comfortably, comparable to our daily clothes, while providing 

additional functions [170], [171]. The development of E-textiles relies on innovative technologies to 

incorporate transistors [172] and conductors [173], [174] into textiles, enabling various functional 

components such as energy harvesting and storages devices,[175], [176] and mechanically sensitive 

sensors [177], [178] or soft wearable electro-mechanical systems [179]. The electronic conductors 

connecting the multiple and separate electronic devices are the essential components of E-textiles, 

introducing the difficulty to combine conductivity with flexibility within the same material. Organic 

conductors, such as derivated polythiophene ionomers (e.g. PEDOT/PSS), have answered to this needs 

by providing a ductile conductive platform [180]. However, metals still retain superior electrical 

conductivity [181], which make them more suitable for E-textiles if the rigidity challenge can be 

overcome. Additionally, conductors with design diversity possess clear advantages in comparison to the 

bulk conductive textiles [182]. The patterned conductors 1) expand the complexity of topographic 

electrical response from materials; 2) preserve the inherent textile breathability and permeability on the 

macroscale; 3) enable the design of personalized E-textiles in respect to fashion. So far, there are two 

basic approaches to construct conductive patterns on textiles [182], [183]. One is to incorporate 

individual 1D-based conductors such as conductive fibers or yarns into the 2D textiles [184], [185]. The 

process includes the metalizing of 1D textiles or fibers and subsequently weaving, knitting, or 

embroidering such 1D textile-based conductors to a pre-designed position on the 2D textiles [186]. The 

development of weaving and knitting machinery opens the avenue for large-scale production [186]. 

Nevertheless, the freedom of the pattern design is limited in woven or knitted structures as the 1D 

conductors are constrained in the warp or weft directions. Embroidery, through which the patterns can 

be endowed with higher flexible design, is an extremely expensive production method [187]. Another 

approach is the deposition of a conductive layer, like conductive metal nano-inks, onto or within 2D 
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textiles [183]. Printing technologies, including screen printing [182], [188], inkjet printing [189], [190], 

direct printing [191], etc., are the most widely adopted strategy to deposit conductive patterns on diverse 

substrates. Herewith, conductivity is ensured by percolation between different nanoparticle domains 

present within the ink material and surrounded by isolating polymer domains that act as fillers, 

dispersing, and hardening agents. Thus, the time-evolution of their nanoparticle aggregation status 

tremendously influences the respective conductivity values [192]. Furthermore, due to the complexity of 

textile surfaces, multiple steps such as repetitive printing cycles and postprocessing are generally 

required to guarantee the continuity of the conductive path [193]. Therefore, a simple, rapid, stable, and 

cost-efficient way to construct customized conductive patterns has not yet been developed to advance 

the full commercialization of E-textiles.  

Herewith, I demonstrate a direct on-textile approach for the development of 2D metal nanocoating 

patterns with flexible pattern design by using laser welding technology. The precise and controllable 

laser energy application allows for selectively melting the textile surface. Under the pressure exerted by 

the laser head, the metal layer is conformably joined on the molten area. The constructs ensure strong 

physical adhesion bridges between the metal layer and the space-resolved molten fibers with 

remarkable resistance to fatigue cycles with industrial durability experiments for textiles. Here, I analyze 

the electrical resistance, as well as the abrasion resistance and the flexion performance of the welded 

structures. Furthermore, I demonstrate the versatility of this method by applying different metals on 

common textile structures. I show that laser welding allows a very precise bonding of metals on polymers 

without altering the functionality of textiles or thin polymeric membranes. To demonstrate the high 

precision of the process, metal structures were welded on a 40 µm thick membrane, and it was shown 

that the functionality of the membrane remained intact. 

The present work explores for the first time the potential of laser welding in the fabrication of E-textile. 

This method is universally applicable to a wide range of combinations between different metals and 

thermoplastic fibers. 

 Results 

 Principle of thin metal layer laser welding on textiles 

Laser welding is a well-known technology to facilitate bonding between thermoplastic substrates. 

However, laser welding of ultrathin metal foils (range from 170nm to 1000nm) on thermoplastic fibers 

has never been reported. This method was developed to link polymers membranes and textiles with 

themselves or with fibers (see Chapter 3) [126]. The laser energy locally heats the polymers above the 

melting point leading to the physical interlocking of the materials. So far, this technology has only been 

used for polymer-polymer bonding requiring the melting of both materials. The rationale behind this work 

is to explore whether selective melting of the thermoplastic fibers could ensure sufficient adhesion with 

the metal foil to obtain a metallic structure in nanometric range onto textile surfaces in a space-controlled 

manner for wearable sensors application. 

The laser beam with the wavelength of 940nm (which is, besides 808nm and 980nm, the most common 

wavelength for plastic laser welding) [194] is absorbed by a black, soot-colored, polytetrafluoroethylene 

(PTFE) coated fiberglass fabric attached to a transparent 1mm polycarbonate (PC) plate on top of the 

metal foil. The absorbed energy of the laser, converted to thermal energy, is transported through the 

metal foil to the underlaying textile or membrane while a pressure of 1 bar is applied by the optical 
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Table 5.1: Laser beam setting: power and energy density with a constant feedforward of 10mm/s and a spot diameter of 1mm. 

Setting # 
Laser 
Power 
(W) 

Energy 
Density 
(J/mm2) 

1 1.9 0.19 

2 2.2 0.22 

3 2.6 0.26 

4 3.0 0.30 

5 3.6 0.36 

The polymer of the top layer textile melted due to the induced and converted laser energy. The solid 

metal foil was pressed by the focus sphere onto this liquefied polymer, and when solidifying, the two 

components formed a mechanical bond due to interlocking. At lower laser energies (setting #1 and #2, 

Figure 5.3 b, c, and h), the melt viscosity of the surface layer in the thermoplastic textile was probably 

still too high to ensure an adequate anchoring of the metal layer. Resulting bonding gaps were observed 

in setting #1 and #2 (Figure 5.3 b, c, and h). If the laser energy is too high, chain scission phenomena 

start to occur in the polymer due to hydrolysis of the amide bond or even combustion, which influences 

the mechanical integrity of the textile, like setting #4 and #5 (Figure 5.3 e and f and h). Furthermore, it 

was observed that even though the focus of the optic sphere was 1mm, the actual molten spot diameter 

ranged from 0.8 to 1.2mm for the settings #1 to #5. This is attributed to the heat flux in the metal and 

textile. Setting #3 with a spot diameter of 1mm, corresponding to the laser spot, showed the most 

consistent bonding without degradation of the polymer, as shown in the SEM and microscope pictures. 

For this reason, this setting was chosen for further testing. 

 

Figure 5.3: Examples of cross-sections of laser welded polyamide-copper samples at different laser energy densities. (a) -(g) 
SEM cross-sections of untreated textile and setting #1 to #5. (h)-(j) Microscopy cross-sections of the sample with setting #1, #3, 
and #5 embedded in epoxy. In the cross-section, the original polyamide textile structure (OT), molten textile (MT), copper (Cu), 

and (incomplete) combusted polyamide (C) are labeled. 
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 Discussion 

 Principle of thin metal layer laser welding on textiles 

The resolution of the here presented thin metal layer laser welding is limited by the spot diameter of the 

laser beam. By adjusting the parameters of the energy density of the laser, different bonding strengths 

between the metal foil and the textile will be achieved, uncorrelated to an increase in the energy density. 

Here, the laser energy density is independent of time, whereas thermal density, related to laser energy 

density, time, and thermal conductivity, correlates with the bonding strength. In the future, an optimum 

regarding the bonding strength and material integrity needs to be found for each material combination, 

probably by trial and error due to the complex heat transfer mechanisms in this multicomponent system. 

Compared to alternative welding methods like ultrasonic welding, laser welding allows the bonding of 

fragile thin membranes and textiles. With ultrasonic welding, the bonding strength is weaker, and the 

materials can be damaged [215]. 

 Morphology and electrical properties 

An increase of the laser energy density also increased the local temperature of the metal foil, which 

increases the oxidation of copper and therewith its electrical resistivity [197], [216]. However, as the 

elevated temperature lasts only for a short time, and the measured specific resistance corresponds to 

the literature value, this effect can be neglected. 

I hypothesize that the created adhesion is based on form fit between the polymer and the metal foil 

generated during the process. More precisely, the liquefied polymer infiltrates the surface roughness of 

the metal foil and generates mechanical interlocking. This mechanism was investigated by Dadvar et al. 

with liquefied wax droplets on a porous surface as well as by Pershin et al. with plasma-sprayed nickel 

coatings [217], [218]. The bonding is enhanced when the solidifying melt penetrates deep into the rough 

surface before it freezes. Therefore, the interlocking strength depends on the fluid flow and heat transfer. 

Here, the viscosity of the liquefied polymer, influenced by its temperature and polymer type, as well as 

the surface roughness, temperature, and thermal conductivity of the metal foil are parameters 

determining the bonding strength. The chemical inertness of the elemental copper, palladium, and silver 

strongly suggest that in the applied temperature range, only physical and no chemical adhesion takes 

place at the metal-polymer interface. 

 Mechanical durability 

The Schildknecht and Martindale durability results show spread performance between different 

specimens. I hypothesize that these variations were caused by running the equipment manually, 

although special emphasis was put to minimize inconsistent factors. More precisely, the variability in the 

performance can be attributed to the manual positioning of the metal foil onto the textile, which can be 

strongly avoided if the whole process is automatically performed. The challenge is to apply a two-

dimensional process on a complex three-dimensional textile. The high flexibility of the metal foil can lead 

to planar misalignment causing creases or connection gaps. An automated process could ensure perfect 

alignment of the metal foil to the warp or weft structure of the textile and thus optimize the metal-polymer 

bonding. Another cause for this variation could be inconsistencies in the textile and/or wear in the PC 

and PTFE layer influencing the heat flux. 
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The Martindale abrasion test of the textile-copper foil laser welding showed higher mechanical durability 

than other coating methods in the literature. This performance may be caused by the strong mechanical 

adhesion forces of the surface roughness interlocking mechanism. Beyond that, the Martindale abrasion 

performance is in the range of incorporated conductors in textiles (see Table 5.2). 

I introduced the Schildknecht flexion test according to ISO 7854 [201] as a new method for the 

determination of resistance by flexion of conductive textiles. This standardized method is commonly 

used to determine the adhesion of membranes laminated on textiles and is therefore well suited to 

analyze the metal-textile adhesion. During the flexions, the structures were bent in an inconsistent 

manner of up to 180° with radii lower than 5mm. This method was, however, different from the ones 

described in the literature to determine the robustness of conductive textile structures, and therefore, a 

direct comparison is not possible. Uzun et al. bent an MXene-coated textile by 90°, with unknown 

bending radius, achieving 1000 cycles while the resistivity ratio remained stable [219]. Liu et al. bent a 

Ni-coated fabric on a 25mm cylinder and obtained a stable resistivity ratio for 900 cycles [220]. Another 

approach by Yang et al. was to bend their Ni-coated cotton fabric (multi-layer package) by 180° with a 

5mm radius, achieving 10 000 cycles with a resistivity ratio of 1.2 [176]. With the Schildknecht flexion 

test, my conductive samples sustained 13 700 to 42 000 cycles with a resistivity ratio of 1.5 to 3.5, 

showing the high flexion stability of the welded structures.  

The performance test of the laser welded copper lines on the polyamide were performed with the chosen 

laser setting #3 of a laser energy density of 0.26J/mm with the parameters of 1mm spot diameter, 

10mm/s feedforward, and 2.6W. However, a change in the parameter will have an impact on mechanical 

performance. As expected, with the same laser energy density but with different parameters a change 

of the bonding was observed due to changes in the temperature profile and heat flux. The heat flux in 

general and here through the different layers is a function of time, and therefore, a change of laser power 

and feedforward speed can result in the same laser energy density but with a locally altered thermal 

density. This change in thermal density leads to a change in the viscosity of the liquefied polymer and a 

change of the heat conduction, especially through the metal foil. An increase of the laser energy density 

does not automatically lead to an increase in adhesion. Here I have found visually the optimal setting 

while modifying the dimension of laser power. However, the system is multidimensional (e.g. 

feedforward, spot diameter, etc.) why I assume that it can be further optimized. 

 Laser welded resistance temperature sensor 

The water permeability test investigated a change in the functionality of the membrane. It was observed 

that water drop penetration did not occur at the metal-membrane structure. The difference in the water 

column may be a variability caused by the small sample size of three. Even though there is a change of 

4% on average in the water column, the membrane functionality and, in particular, the water permeability 

was not affected. 

 Outlook 

Even though the laser welding parameters have been optimized by the laser power, the method might 

have room for improvement regarding mechanical durability by also optimizing the other laser energy 

density dimensions like feedforward. Future research needs to investigate the change of performance 

in the Martindale Schildknecht test with the change of laser welding parameter with the same and 

different laser energy densities to find the optimum. Such an optimum can, in the first step, be found by 
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an empirical approach and in the second step create, based on those data, a heat transfer model for 

different textile structures predicting the laser settings. For further optimization, modified cooling 

dynamics could be introduced to investigate if and how the adhesion improves. Furthermore, the 

process itself can be optimized as well. With the optimization of the laser welding process, e.g., with an 

automated process, perfect alignment of the metal foil to the textile could be ensured and eliminate 

inconstancies and therewith weak points. As a mechanical failure will first take place at the weakest 

point of the welded structure, I assume that with such a setup, the performance of the Schildknecht test 

of 40 000 cycles (S4 and S6) and the Martindale test with 10 000 cycles (S2) could be reached 

consistently. This performance corresponds to durabilities higher than most existing technologies (see 

Table 5.2). Future durability tests need to investigate the washability of such structures, which causes 

multiple stresses (apart from mechanical flexion and abrasion stress also chemical and temperature 

stress). Further performance improvement could be achieved by an additional protective coating like an 

atmospheric plasma treatment [221]. Such a coating can protect the conductive layer from external 

influences (e.g., abrasion) and increase the adhesion to the textile as it would function as a top sandwich 

layer preventing the conductive layer from detaching. 

Besides the application of energy harvesting and storage devices, flexible electronics, and sensors, a 

potential application are soft wearable electro-mechanical systems. More precisely, electromagnet 

brakes or electrostatic brakes, like used in the haptic feedback glove DextrES [179], could be textile 

integrated using laser welding technology. Two laser welded, metal coated textiles, separated by a 

dielectric film, each functioning as an electrode, are electrically charged, causing attractive electrostatic 

forces and therewith frictional forces between the two textile layers. Such mechanisms could find 

application in haptic feedback for grasping in virtual reality, in exosuits for rehabilitation, or in wearable 

assistive devices for the suppression of involuntary movements like tremor. 

 Conclusion 

This work introduces a simple, rapid, stable, and cost-efficient way to construct customized conductive 

patterns with different metal foils on different textiles and membranes containing thermoplastic 

polymers. The bonding of the metal-textile laser welding technology is based on mechanical interlocking 

after the substrate is in-situ melted by the laser's energy and infiltrates into the surface roughness of the 

metal foil. By adjusting the parameter of the laser energy density, I conclude from my observations that 

different bonding strengths of the conductive area can be achieved. The laser welded samples sustained 

up to 42 000 flexion cycles showing the highest mechanical flexion durability compared to literature. The 

samples sustained up to 10 000 cycles on the standardized Martindale abrasion test, presenting the 

highest abrasion durability in coated conductive structures. I suggest that future validation of conductive 

textiles should be carried out with the standardized Martindale method for abrasion testing and the newly 

introduced Schildknecht method for flexion testing. The Martindale as well as the Schildknecht test are 

defined after an ISO (ISO 12947-1 and ISO 7854, respectively), which makes them predestined for 

consistent execution and comparisons between researchers. 

Furthermore, I present the feasibility of a temperature sensor (RTD) stable up to 140°C with copper on 

a functional membrane without influencing its functionality. The RTD shows a linear relation with 

temperature (R2=0.997) and matches the temperature resistance coefficient of copper in literature with 

0.0039°C-1. 
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In wearable robots, two types of interfaces are widespread: one based on strap belts, one based on 

cuffs with padding. Strap belts are soft straps of adjustable size, wrapped around the limb, connected 

via two anchor points, used in different commercial stationary exoskeletons, for example, in the Lokomat 

[241], LOPES lower-limb exoskeleton [242], and Armin II [243]. The second interface uses cuffs as 

shells with paddings transmitting force over the entire area of the cuff used in many commercial 

exoskeletons like in Ekso [244], ReWalk [223], [245], REX (Rex Bionics Ltd., Auckland, New Zealand) 

and HAL [246]. The cuff is for the force transmission, whereas the padding serves for comfort and adds 

compliance to the interface and affects the efficiency of force transmission. Foam is the most commonly 

used padding, which has limitations such as it can only adapt to a certain extent to the shape of the 

user's limb and has a defined stiffness. An interface with which the pressure can be adjust to the needs 

of the activity of daily living may improve the comfort by providing the necessary stiffness. Such 

interfaces should maximize connection stiffness for force transmission and joint alignments while 

maximizing the user's comfort [247]. 

 Comfort background 

As wearable devices like exoskeletons and exosuits are expanding and being worn as an assistive 

device during an entire day and not only during one rehabilitation session in clinics, comfort as design 

criteria for user acceptance becomes essential. Comfort is defined as the absence of discomfort [116]. 

Overall comfort consists of four different comfort types: psychological comfort, thermophysiological 

comfort, sensory comfort, and ergonomic comfort [117]. Sensory comfort includes tactile, thermal as 

well as moisture sensation [117], [248]. Mechanical parameters such as shear loads, friction, and normal 

loads are decisive for tactile sensation comfort, whereas shear loads seem to have the highest impact 

of them [121]. In this work, I focus on sensory comfort as it can be primarily be influenced by a padding 

in the physical human-robot interface. More precisely, I will investigate the padding's tactile and thermal 

comfort, as moisture sensation is a combination of those two [248]. 

Tactile comfort: Cuffs are the force anchoring points and secure the suit against shifting during 

operation, while the padding adds compliance for improved comfort. For an ideal force transmission, 

high contact stiffness in the attachment interface is required, which includes compressing human soft 

tissue [249]. However, there is a trade-off between tactile comfort and force transmission as low 

attachment pressure is generally preferred for higher comfort [250]. Tighter attachment improves the 

force transmission, but the compression can create discomfort or even pain for users. Furthermore, 

depending on the device, shear force might cause slippage and discomfort at the skin-padding interface. 

Levesque et al. measured pressure peaks of up to 17N (at tibial cuff) in foam paddings of an exoskeleton 

which can lead to discomfort and pain [43]. In the example of an exoskeleton like the MyoSuit, the forces 

are anchored at the shank, thigh, and hips. Of these three areas, the one area with the highest reported 

discomfort by MyoSuit users is the shank, more precisely tibia area. Therefore, I focused on the padding 

used in the tibia area. 

According to a cuff pressure algometry review conducted by Kermavnar et al., the Pressure Pain 

Threshold for healthy participants ranges from 20kPa to 27kPa, and below 20kPa for participants with 

chronic pain (soft tissue compression at the thigh) [251]. Daily usage of the suit means that the skin at 

the interface will be under constant dynamic pressure loading. Dynamic pressure loading causes 

changes in the soft tissue's microstructure that can lead to pressure ulcer development [235]. In this 

dynamic loading, the maximum pressure that could be sustained for 4 hours without changes in the soft 
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Figure 6.1: Experimental setups. (a) Comparison of pneumatic padding vs. foam padding with MyoSuit cuff on the shin. (b) 

Normal force setup with 1-lower leg, 2-thermoplast, 3-Thin-foil pressure sensor, 4-foam or pneumatic padding, and 5-cuff. The 
participants walked on a treadmill, set to 2 km/h, while the MyoSuit was not active (no pulling). (c) Shear force setup with 

pneumatic and foam padding attached by thermoplastic cuffs connected to tendons pulling in a cyclic pattern (arrow direction). 
(d) Use-case scenario, overall comfort study setup with a participant walking with pneumatic and foam padding on a treadmill at 
4 km/h with active MyoSuit. The users held the manual inflation bulb, with which the padding was initially inflated, in their hand 

to screen the pressure in case of leakage or another event. The pressure did not need to be readjusted during a session. 

 Experimental design 

For the experimental evaluation, the new pneumatic padding was compared to the proprietary, foam-

based padding with a high capacity for impact absorption used in the MyoSuit. The comparison took 

place in an isolated condition, in which the tactile comfort with normal and shear forces as well as the 

thermal comfort in the form of material properties were investigated individually, isolated from the other 

influences. Further, the overall comfort of the pneumatic padding as well as the foam padding in different 

use-case scenarios was examined in a study asking for thermal comfort and sensation, as well as tactile 

comfort in a questionnaire. 

Material characterization: The pure textile-membrane laminate, as well as the padding structure, was 

characterized by its thermal resistance value and the water vapor resistance on a sweating guarded hot 

plate according to ISO 11092:2014 [120]. The sweating guarded hotplate comprises an electrically 

heated, porous hotplate placed in a climatic chamber. The thermal resistance value indicates the power 

required to maintain a constant temperature on the surface of the measuring plate, covered by the 

material in steady-state operation. The water vapor resistance indicates the power required to keep a 

constant vapor pressure between the top and bottom layer of the material in steady-state operation. The 

test was conducted with three samples of a single layer of laminate and three samples of a laser-welded 

pneumatic padding structure (2 layers), inflated to a gauge pressure of 50mmHg (6666Pa), 

corresponding to operational pressure, using a manual inflation bulb with a pressure indicator. 
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Isolated normal force: The normal forces interacting between the cuff padding system and the human 

were measured using a Tekscan thin-foil pressure sensor (Type 5101, Tekscan Inc., MA, USA) 

measuring with 44x44 sensels on an area of 11.2cm x 11.2cm (0.25cm sensel distance) with a maximum 

recordable pressure of 65kPa. As the Tekscan sensors are sensitive to bending and moisture, a stable 

and moisture-insulating base is required to avoid bending and moistening during the measurement 

caused by the soft tissue while attached to the participant's leg. Therefore, a thermoplastic sheet (3.2mm 

Rolyan San Splint, Frey Orthopädie-Bedarf AG, Switzerland) was heated up to 75°C and formed on the 

participant's shin padding region. On the thermoplastic sheet was then the thin-foil sensor taped onto, 

with which bending during the measurement was avoided. On top of this thermoplastic-sensor layer, the 

MyoSuit was donned (see Fig. 1b). For this isolated normal force trial, the MyoSuit was not actuated to 

prevent shear force effects. 

The participants had to walk on a treadmill, which was adjusted to a speed of 2km/h. For each 

participant, 75s of data of the 44x44 sensels at 4Hz were recorded. Sensory information was collected 

with Tekscan measurement system and transmitted to the I-Scan Software (version 5.72, Tekscan Inc., 

MA, USA). The Tekscan single handled high-speed I-Scan pressure measurement system consists of 

the receiver board (PCI plug-in card) and the data acquisition handle for connecting sensors to the 

board. For the foam padding, two measurements (bottom and top padding) were performed as the 

distance between those exceeded the length of the sensor. As the inflated pneumatic padding fitted on 

the area of the thin-foil sensor, one measurement was sufficient. The experiment was conducted with 

three healthy, unimpaired participants: two females, one male, aged between 18 and 26 years. With the 

collected sensor data, boxplots for each participant, qualitatively comparing the foam and pneumatic 

padding, with all sensel values as well as only the highest 10%, were generated. For all computed 

means, values below 8°kPa were excluded to remove all zero values and bending artifacts of the 

Tekscan sensor, which occurred by bending the sensor to the thermoplastic sheet. 

Isolated shear force: Measuring shear force on soft tissues is challenging, as the soft tissue has 

nonlinear deformation and the conic shape of the limbs leads to a mix of normal why it cannot be 

assumed that the normal forces are uncoupled from the tangential forces [258]. Therefore, a shear force 

comfort questionnaire-based study was conducted. To generate pure shear force, thermoplastic 

orthoses were manufactured based on the MyoSuit orthosis but with new tendon anchoring points for 

the tendons centering in the frontal (coronal) plane of the limb (see Figure 6.1 c). When pulled on the 

tendons, mostly shear forces remained. Over 30 minutes, a cyclic force profile was applied to the 

orthoses on both legs at the same time with a rising time of 0.5s to 140N and a holding time of 0.5s, 

after which the force was released for 1s. This force profile was applied by reprogrammed actuators of 

the MyoSuit, which were mounted on a table. The participants were seated and had counterweights on 

their knees to avoid the lift-off of the legs. This experiment was performed with six healthy, unimpaired 

participants: four females and two males, aged between 18 and 32. Here, six participants, compared to 

the three from the normal force, were recruited as a quantitative analysis with the questionnaire was 

planned. To reduce bias by the dominant leg, the placement of the pneumatic padding and foam padding 

(left or right leg) were randomized for all participants. At the end of the session, participants answered 

a questionnaire comparing comfort between the paddings. This customized questionnaire asks for 

comfort and discomfort regarding irritation due to vertical movement, chafing, and pain at the skin-

padding interface (see Table I). The used visual analog scales and Mankoski pain scales were designed 

with a set length of 15cm. 
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Use-case scenario, overall comfort: The overall comfort study was designed to assess the comfort of 

the state-of-the-art foam padding versus the new pneumatic padding during two typical activities: level-

walking and sit-to-stand. Participants wore the MyoSuit, with the foam padding fitted to one leg and the 

pneumatic padding to the other leg. To reduce dominant leg bias, the placement (left or right leg) of the 

tested paddings was randomized. The participants completed the level-walking task on a treadmill and 

the sit-to-stand task on a chair. The experiment was conducted with six healthy, unimpaired participants: 

three females, three males, aged between 18-32 years. Participants were asked to walk with the 

MyoSuit on a treadmill, which was adjusted to a speed of 4km/h (see Figure 6.1 d). The support level of 

the MyoSuit was set to 60% of maximum support (corresponding to 140N pulling force of the actuators). 

The experiment consists of 3 phases: sit-to-stand, level-walking, and sit-to-stand. After the MyoSuit was 

donned, the participants were asked to do ten repetitions of the sit-to-stand exercise (S2S-1) and to 

answer a questionnaire comparing the discomfort and pain of the two paddings (see Table 6.1). Then, 

they walked on a treadmill at a constant speed of 4km/h for 30 minutes. Every ten minutes of the level-

walking, the participants were asked to answer two questions, each rating the discomfort level of the 

systems. Finally, they performed the final sit-to-stand exercise with ten repetitions (S2S-2) and 

answered a questionnaire comparing the discomfort and pain of the two paddings. After the session and 

the discomfort and pain questionnaire, a thermal comfort and sensation questionnaire was answered, 

investigating the temperature sensation and thermal comfort for both paddings (see Table 6.1). The 

thermal sensation and skin moisture determines the thermal comfort. However, humidity cannot be 

detected directly by the skin [115]. For the comfort questions, a visual analog scale has been used 

(15cm), whereas, for the pain question, the numeric Mankoski pain scale (15cm) has been used with 

the pain descriptions (seeTable 6.1) [259]. 
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Table 6.1: Questionnaire overview of the asked question for the human trials. Questions referring to system 1/2 were asked 
twice, referring each once to system 1 and 2. Questions in the section level-walking were asked each after 10, 20, and 30 

minutes. Questions in the section S2S and Walking were asked after S2S-1, Walking, and S2S-2. 
*Mankoski pain scale: 0-no pain, 1-very minor annoyances, 2-minor annoyance, occasional sudden sharp pain, 3-painful 

enough to be distracting, 4-can be ignored if you're really involved in work, 5-can't be ignored for longer than 30 minutes, 6-can't 
be ignored for any length, but you can still participate in other activities, 7-makes it difficult to concentrate, you can still function 

with effort, 8-physical activities severely limited, 9-unable to speak, 10-unconscious [40]. 

Shear Force 

Question 1 Do you feel irritation regarding the vertical movement of the 
orthosis? 

Answer 1 VAS: No irritation whatsoever, Slight irritation, Moderate 
irritation, Very irritating 

Question 2 Do you experience chafing at the covered area? 
Answer 2 VAS: Not chafed  
Question 3 Do you experience pain? Please rate it on the pain scale? 
Answer 3 Mankoski pain scale 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 [259] * 

Overall comfort 

Overall thermal comfort sensation 

Question 
1/2 

Please rate your thermal sensation at the lower orthosis for 
system 1/2. 

Answer 1/2  
VAS: Cold, Cool, Slightly cool, Neutral, Slightly warm, Warm, 
Hot 

Question 
3/4 

Regarding the temperature at system 1/2, how comfortable 
do you feel? 

Answer 3/4  
VAS: Very uncomfortable, Slightly uncomfortable, Neutral, 
Slightly comfortable, Very comfortable 
Level-walking (after 10, 20 and 30 minutes) 

Question 
1/2 

Overall, do you experience discomfort with system 1/2? How 
would you rate the discomfort? 

Answer 1/2  
VAS: Neutral, Slightly uncomfortable, Quite uncomfortable, 
Very uncomfortable 

S2S-1, level-walking and S2S-2 

Question 
1/2 

Do you experience discomfort with system 1/2 during this 
phase? 
How would you rate the discomfort? 

Answer 1/2 VAS: Neutral, Slightly uncomfortable, Quite uncomfortable, 
Very uncomfortable 

Question 
3/4 

Do you experience pain in system 1/2? Please rate it on the 
pain scale? 

Answer 3/4 Mankoski pain scale 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 [259] * 

 

General methods: For all human trials (normal force, shear force, and overall comfort), the pneumatic 

padding was pre-inflated to a predefined amount, investigated in preliminary testing, to mimic 

approximately the same thickness of the foam padding (using a ruler) to ensure the same force lever 

arms for both systems. Then, a mechanical spring scale (10kg, 110100, Reinhard Bücheler jr. GmbH & 

Co. KG, Remscheid, Germany) was used to ensure that the strap tightening pressure was the same for 

both systems and all participants at 40N leading to a measured cuff pressure of 50mmHg (6666Pa) to 

get an increased comfort and connection stiffness according to Langlois et al. [247]. The cuff pressure 

was monitored during the sessions with the pressure indictor with which the padding was initially inflated 

in case of leakage other incidences. A pressure drop during a session was never observed. All 

experiments were carried out in a climatic chamber, simulating a standard daily climate at 23°C and 

50% relative humidity. Prior to starting the test phase, the participants were asked to stay in the 

controlled environment for 15 minutes to acclimatize themselves. 

For the data post-processing MATLAB (R2021a, The MathWorks Inc., MA, USA) has been used. The 

data from the questionnaire were not normally distributed why a Wilcoxon Signed Rank Test with a 

confidence interval of 95% was used to verify statistical significance (p<0.05). 

The study and experimental protocol were designed in accordance with the Swiss Federal Act on 

Research involving Human Beings. Based on the Swiss ethics guidelines for Technical Assistance 

Systems, the Ethics Committee Ostschweiz declared their non-competence to evaluate the study 
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according to the Swiss Federal Act on Research involving Human Beings. Informed consent was 

obtained from the participant. 

 Results 

Material characterization: The polyester textile-laminate membrane had a water vapor resistance (RET) 

of 8.04m2Pa/W and thermal resistance value (RCT) of 0.028m2K/W, while the pneumatic padding, 

pressured to 50mmHg (6666Pa), had a water vapor resistance (RET) of 33.65m2Pa/W and thermal 

resistance value (RET) of 0.200m2K/W. The foam padding could not be measured as the dimension of 

the paddings were too small for the sweating guarded hot plate for this test. 

Isolated normal force: The average pressure value (without consideration of any values smaller than 

8kPa) of all sensels over all frames for the pneumatic padding of participants P1, P2, and P3 were 

smaller than those of the foam padding (see Table 6.2). The pressure has been reduced by the 

pneumatic padding on average by 58.5% (58.1%, 59.2%, and 58.3%) (see Figure 6.2 c). The 10% 

highest pressures had been reduced over the foam padding on average by 71.6% (69.4%, 73.4%, and 

71.9%) (see Figure 6.2 d). The foam padding exceeded the range of the sensor of 64.5kPa. The 

pneumatic padding had a higher count of low-pressure values in the sensels compared to the foam 

padding (see Figure 6.3). An exemplary Tekscan pressure frame for the foam padding as well as for the 

pneumatic padding displays the difference in the pressure distribution (see Figure 6.2 c&f).  

Table 6.2: Overview of normal force sensor data 

Padding Type Participant 
Mean pressure 

value in kPa (95% 
confidence interval) 

Mean pressure of highest 
10% in kPa (95% 

confidence interval) 

Included sensels out 
of 1'161'600 

(>8 kPa threshold) 

Number of sensor 
range exceeding 

sensels 

Pneumatic 
P1 10.79 (-0.02, 0.02) 17.31 (-0.06, 0.06) 77'034 0 
P2 10.04 (-0.03, 0.03) 14.00 (-0.06, 0.06) 15'724 0 
P3 10.28 (-0.04, 0.04) 15.92 (-0.13, 0.13) 10'857 0 

Foam 
P1 25.77 (-0.16, 0.16) 56.56 (-0.21, 0.19) 32'700 646 
P2 24.51 (-0.18, 0.19) 52.58 (-0.21, 0.21) 22'567 30 
P3 24.92 (-0.18, 0.18) 56.56 (-0.20, 0.20) 29'149 501 

Isolated shear force: According to the questionnaire, skin irritation, chafing and shearing pain were less 

with the pneumatic padding compared to the foam padding. The recorded differences for chafing and 

shear pain were significant (p=0.031) (see Figure 6.4). The shear irritation rating for the pneumatic 

padding was lower for each participant compared to the foam padding except for participant P2, 

explaining why the result was not significant. Furthermore, irritated skin with pressure marks were 

observed on the legs of all participants to which the foam padding was attached. The pain rating was 

reduced for participants P1 to P6 by 0%, 25%, 26%, 100%, 100%, and 93%, respectively (0, 1, 0.7, 1, 

2.5, and 2.8 points on the numeric Mankoski pain scale [259]). 
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Figure 6.2: Results of the isolated normal force study of the pneumatic padding vs foam padding. (a) Histogram plot of the sum 

of the pressure sensel values at different pressure levels in 2kPa steps for participant P1, P2, and P3 with overlapping bars. The 
bar with the smallest value appears in front. (b) Histogram plot of the sum of the 10% highest pressure sensel values in 2kPa 
steps for participant P1, P2, and P3 with overlapping bars. The bar with the smallest value appears in front. (c) Boxplot for all 
three participants of all measured pressure values higher than 8kPa. (d) Boxplot for all three participants of the highest 10% 

measured pressure values. The difference of all measured pressure values, as well as the highest 10%, show a high reduction 
in the pneumatic padding compared to the foam padding. 

 

Figure 6.3: One pressure map frame for the foam padding (left) and pneumatic padding (right) of participant 1. For the foam 
padding (left), two measurements (bottom and top padding) were performed as the distance between those exceeded the length 

of the sensor. 

 

Use-case scenario overall comfort: The comfort and pain during the use-case scenarios with the 

powered MyoSuit was significantly improved with the pneumatic padding compared to the foam padding 

(see Figure 6.5). All participants perceived improved comfort and less pain in S2S and walking as well 
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as reduced discomfort after 10, 20, and 30 minutes level-walking, why a significant level of p=0.031 for 

all statistical tests resulted. More precisely, the average rating of the foam padding was on the 

uncomfortable side and for the pneumatic padding on the comfortable side of the VAS for S2S-1 and 

S2S-2. The level-walking comfort was significantly higher for both paddings compared to the sit-to-stand 

scenarios. The comfort was also significantly enhanced with the pneumatic padding during level-walking 

(see Figure 6.5 a). In addition, the pain level on the Mankoski pain scale was significantly reduced with 

the pneumatic padding compared to the foam padding in S2S-1, S2S-2, and level-waking. An elevated 

pain level was recorded during level-walking compared to S2S-1 and S2S-2 for the foam padding as 

well as the pneumatic padding (see Figure 6.5 b). All participants had meaningful pain improvements 

(>30% [260]) except participant P3. During the level-walking itself, the discomfort was also screened 

with a questionnaire. At each measurement point, the pneumatic padding was rated better than the foam 

padding in terms of comfort. The discomfort increased as time progressed for the pneumatic padding 

significantly (p=0.031) (see Figure 6.5 c). 

 
Figure 6.4: Results of the isolated shear force experiment comparing the pneumatic padding vs. the foam padding. The rated 
irritation (a), chafing (b), and pain (c) caused by the shear force is presented in boxplots combined with the individual rating 

participants P1 to P6. The chafing rating, as well as the pain rating, are significantly less in the pneumatic padding compared to 
the foam padding (both p=0.031). 

Both paddings were perceived as thermally neutral or slightly comfortable. The thermal sensation was 

also very similar for both paddings and rated as slightly warm. The thermal sensation for the pneumatic 

paddings was wider spread between the participants, ranging from "slightly cool" to more than "warm" 

(see Figure 6.5 d). 
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 Isolated shear force 

Five out of six participants rated the shear irritation lower with the pneumatic padding. The chafing and 

shear force pain was rated significantly lower when the pneumatic padding was worn instead of the 

foam padding. For numerical pain rating scales, a 2 point change or 30% improvement is considered a 

useful threshold for identifying clinically meaningful improvement (study focusing on back pain) [260]. 

Only three out of six had, according to this definition, a meaningful improvement (>30%), whereas all 

ratings of the pneumatic padding improved over the foam padding. However, the meaningful 

improvement has been defined for a different body part. I assume that an improved pain rating at the 

tibia in the context of wearable devices is meaningful at a lower threshold.  

The results of this shear force comfort study could be influenced by the varying normal forces applied 

by the paddings when tightened. However, the applied normal force was equal for both paddings as a 

result of the methodological, reproducible cuff tightening. Furthermore, the questions in the 

questionnaire focused on the shear forces (excluding normal force) by asking for chafing, irritation 

regarding vertical movements, and pain. 

I assume that the reduced irritation, chafing, and shearing pain with pneumatic padding is due to the 

fact that the padding rolled on the skin to a certain extent and thus absorbs shearing forces. The foam 

padding deformation, on the other hand, transferred the shear force directly to the skin. However, a 

difference in shifting between the two cuffs and paddings on the legs was not observed. The two tendons 

of the MyoSuit were marked in front of a scale to compare their movement range visually, observing no 

distinct difference. 

In many applications, shear forces occur at the attachment points, why it is proposed as a quantitative 

measure for the comfort of a device [263]. A pneumatic padding as presented here can improve the 

shear force comfort compared to conventional foam paddings. 

 Use-case scenario overall comfort 

The design of the overall comfort study included two common activities with a wearable device: level-

walking and sit-to-stand. The comfort level was higher in level-walking compared to sit-to-stand. The 

difference in comfort can be derived from the fact that the MyoSuit motors generate linear forces of up 

to 230N during normal walking and of up to 400N during sit-to-stand [231]. I propose that future wearable 

devices comfort evaluations focus on high force profile activities as those prove to be the most critical 

regarding comfort. 

In my study, the discomfort significantly increased in the pneumatic padding the longer the participants 

walked in one session. Previous studies, however, have shown that discomfort perception tended to 

decrease over multiple days (forces applied for seconds) [264]. For a long time wearing, occurring, e.g., 

in private use, a comfortable physical interaction is crucial for the usability of the wearable device. An 

investigation of multiple day comfort with the pneumatic padding should be the focus of future work. 

The thermal comfort and sensation were perceived similarly for the two paddings. To reduce pressure 

peaks, the padding area was increased, which could negatively affect both parameters. However, with 

the demonstrated approach, using the polyester laminate, the pneumatic padding did not forfeit thermal 

comfort and sensation. With increased sweating, for example, during high physical activities or high 

temperatures, the pneumatic padding may buffer moisture to a certain extent, while the foam padding 
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has a higher risk of moisture accumulation at the skin-foam padding interface. However, the foam 

padding covered less skin compared to the pneumatic padding. 

No difference in the step trajectory nor in the general walking pattern due to differences in the force 

transmission between the two paddings were observed. However, future research could investigate 

those differences in more detail. 

A limitation in my studies is that the pneumatic padding was compared to only one foam padding with 

one wearable device, and thus no conclusion about the performance of other foams with different 

densities and forms can be made. However, the foam padding of the MyoSuit was optimized, regarding 

tactile comfort, by the manufacturer. Therefore, I hypothesize that other foam paddings may generally 

have an equal or even lower absolute performance and especially relative performance to the pneumatic 

padding. Another limitation is that all results were generated with healthy, unimpaired participants, 

whereas the MyoSuit and other wearable devices are often meant to be used by people in need of the 

device, like impaired users. Even though impaired users have a different pressure pain threshold, the 

validity of the results, more precisely the pressure reduction and safety improvement regarding blood 

cut-off and changes in the tissue microstructure, will be similar. Especially the adaptation of the 

pneumatic padding to the individual anthropometry is valuable for different users with different comfort 

perceptions and shapes. Furthermore, this padding has the ability to change its stiffness by further 

inflating it for different tasks where a more stiff force transmission is needed or even within the gait cycle. 

 Outlook 

The presented pneumatic padding allows an adaptation of the pressure and therewith its stiffness for 

specific tasks or individual users' needs. Even though for this study, a manual inflation bulb was used 

to inflate the pneumatic padding, for an improved and user-friendly adaptation, an electric pump could 

be used. It could either be directly located at the cuff or be placed with the MyoSuit actuators in the 

backpack actuation unit. 

Future work should investigate the long-term comfort perception over several days to see if comfort 

decreases, like observed in this work, or increases over the days as found in other studies [264]. 

Furthermore, other pneumatic padding geometries, like a frame-like shape with a cutout in the middle, 

can be used to increase, for example, thermal comfort but increase the pressure level at the same time. 

Here, unimpaired, healthy participants took part in the study, while impaired users were the intended 

ones for the MyoSuit. A study verifying the main findings of this work with impaired participants would 

support the transferability and generalizability. 

In the future, the concept of pneumatic paddings can be extended to other wearable robots and areas 

other than the lower leg. Further, it is possible to automate the inflation and deflation to sensory-based 

recognized use cases and individual preferences with an electric pump. Such a dynamic pressure 

adaptation can further improve the comfort level and usability for the user. 

 Conclusion 

In isolated evaluations as well as in two use case scenarios, my newly designed pneumatic padding 

improved comfort compared to a state-of-the-art foam padding on the example of the MyoSuit. 
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By measuring the normal force in the interface between the padding and the human limb while wearing 

the soft robotic suit cuff, I proved that the pneumatic padding reduced the average pressure and the 

pressure peaks taken by the shin compared to the foam padding. Furthermore, the pneumatic padding 

significantly reduced the perceived chafing and pain caused by shear force. Also, the overall perceived 

comfort and pain while walking and sit-to-stand with the supporting soft robotic suit was improved 

significantly, while not decreasing the thermal comfort and keeping the same thermal sensation even 

though the surface area was increased. 

This new pneumatic padding has thus the potential to improve the comfort and usability of wearable 

devices by providing an individual fit with one-for-all padding. An implementation of pneumatic padding 

into wearable devices in private use, or in general, sessions throughout a day can contribute to an 

increased wearers acceptance and wider adoption of wearable devices. 

Such pneumatic padding, using thin breathable membranes, can also be implemented into other 

wearable robots to improve their physical human-robot interaction. These pneumatic structures can be 

fit for any purpose and many applications in which an object is in contact with the skin under a certain 

pressure (e.g., reduction of pressure ulcers). 
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General Conclusion 

 Major contributions and key findings 

In this thesis, I developed solutions to overcome the dilemma of tremor suppression and wearability. I 

was able to break down wearability to individual challenges to propose solutions for each of them. I 

proposed two textile-based tremor suppression orthoses for two user groups with different requirements 

regarding wearability. Additionally, I propose two methods with which the wearability can further be 

improved. In a future second step, a new generation of tremor suppression orthoses can be designed 

by combining the proposed solutions and methods. 

 Literature Review 

A systematic literature search was conducted for tremor suppression orthoses by performing a keyword 

combination search of the title, abstract, and keyword sections in the four databases. For 21 identified 

orthoses, the performance characteristics were collected. 

Most of the orthoses concentrate on the wrist and elbow flexion and extension while mainly relying on 

rigid structures and actuators. This review shows that most of the orthoses are bulky and heavy, as they 

focused mainly on tremor suppression, leaving room for improvement in wearability. 

 Passive Tremor Suppression 

For the intermittent user group, I developed a manual, task-adjustable, passive impedance modulating 

tremor orthosis. This textile integrated, air-structure-based orthosis was designed to be comfortable and 

have high usability. The wearer can specifically activate and tune the impedance of the orthosis for 

specific tasks and ADL. 

In a proof-of-concept case study with a tremor affected person, I found that the orthosis suppressed 

tremor in the magnitude of systems presented in the literature for individual tasks while being 

comfortable. The basis for this approach was that the system did not interfere with the joint dynamics 

and kinematics when deactivated. It was also found that voluntary movements were restricted when the 

orthosis was activated. Those restrictions were compensated by the shoulder, bearing the risk of injury 

through overloading by excessive usage of the orthosis. The key advantage was the lightness of the 

system as well as the user-centered design with which the wearer individually decided when and how 

the impedance of the tremor affected wrist was modified. 



Chapter 7  
General Conclusion 

100 

 Semi-Active Tremor Suppression 

For the continuous user group, I developed actively controlled two-state impedance modulating tremor 

orthosis. It was designed to optimize the trade-off between tremor suppression and voluntary movement 

preservation, contributing to wearability. 

I determined the optimum between tremor suppression and voluntary movement suppression and 

proposed a new standard for future research to validate voluntary movement suppression in 

computational and test bench simulations. In a proof-of-concept study with one tremor affected person, 

I found that the orthosis suppressed tremor in the magnitude of systems presented in the literature. The 

key advantage of this new approach was the maximized preservation of voluntary movements. 

 Towards Electro-Mechanical Textiles 

Providing new design opportunities for wearable devices with enhanced wearability, a novel metal-textile 

laser welding method was presented for rapid one-step, stable and cost-efficient manufacturing of 

electrically conductive textiles. This method can be used to design, for example, a textile integrated 

electrostatic clutch. 

The material properties of the metal, such as the conductivity, did not change with the application 

process. I introduced standardized methods to evaluate the mechanical durability of conductive textiles 

for and standardized and comparable evaluation in future research. I demonstrate with the introduced 

method that the 2D metal coating of textiles in the nanometer range provided a robust abrasion and 

flexion durability compared to other methods presented in the literature. 

 Improved Physical Human-Robot Interaction 

I presented a new air-filled padding for wearable robots and evaluated its tactile and thermal comfort 

performance. To evaluate the performance of my padding, the MyoSuit, an exoskeleton assisting 

mobility, was used as a testing platform. The tactile properties of each padding were measured once for 

normal forces (on three healthy participants) and once for shear forces (on six healthy participants). In 

a use-case scenario, six healthy participants were asked to do sit-to-stand repetitions and 30 minutes 

of level ground walking with both paddings, one on each leg. 

The key finding was that the new padding reduced the normal force caused pressure peaks, as well as 

shear forces caused chafing and pain. In the use-case scenario, using a questionnaire, the pneumatic 

padding significantly improved tactile comfort while not compromising the thermal comfort compared to 

the foam padding. Thus, this new pneumatic padding has the potential to improve the wearability of 

wearable devices by providing an individual fit with one-for-all padding. 

 Implications for the field and outlook 

Tremor suppression orthoses are meant to be an additional treatment method and to relieve the burden 

of tremor affected people. Such devices were often designed by engineers focusing only on the 

functionality, as my literature review confirmed. However, wearable devices, such as tremor suppression 

orthoses, are a multidisciplinary field composed of engineering, health science, and ergonomics. 

Especially the dilemma between assistance and acceptance, or tremor suppression and wearability, 

can be lead back to the one-sided engineering progress. The wearability of tremor suppression orthoses 
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is a key feature in order to be accepted and therewith worn by the user. The scarce availability of such 

tremor suppression orthoses on the commercial market underlines their misconception. 

The literature review revealed that an inconsistency in the evaluation of tremor suppression orthosis 

prevails. I must seek to establish universal standards for the evaluation of tremor and the efficacy of 

tremor suppression in order to be comparable. This standard has the requirement to be implementable 

by all peers of this interdisciplinary research field. 

The key contribution of this work is the re-centering of the design focus of tremor suppression orthoses 

by improving their wearability and promoting a wider adaptation for the future. I tackled different 

challenges in wearable devices while keeping the system simple to prevent over-engineering and 

overwhelming complexity for the user. 

The main objective in the field of tremor suppressing orthosis is the improvement of quality of life. 

Therefore, the research of tremor suppression orthoses should focus, as I did, on activities of daily living 

as opposed to resting postures, which can be found in the literature. I encourage future research to 

validate their devices with different tasks as the tremor as well the behavior of the device can change 

with the activity. 

I further propose to differentiate between different user groups, which is a new approach in tremor 

suppression orthoses. Different people have different tremors, different life settings, and therewith 

different requirements for daily use. It is a bigger challenge to find one solution that fits all requirements 

than to specify the solutions to a limited number of user groups. Here, I suggested two user groups and 

therefore proposed and validated two mechanisms, one lightweight, straightforward passive for sporadic 

use and one controlled, semi-active for more complex tasks and continued usage. 

Even though with this work, the gap between tremor suppression and wearability was diminished, it 

remains a challenge to combine the physical suppression of tremor and wearability. The biggest 

challenge of all remains the efficient and comfortable connection of devices to the human 

musculoskeletal system. This physical human-robot interaction is the limiting factor for efficient tremor 

suppression and remains a challenge even though I contributed with this work to an improvement. 

During this research, the question arose what the long-time effect of tremor suppression orthoses on 

the tremor itself would be. In the future, with a wearable and efficient tremor suppression orthosis, it 

could be investigated whether the occurring tremor reduces when suppressed consistently with a tremor 

suppression orthosis. 

The central element for the wearers' acceptance and, therefore, a broad adaptation of the orthosis is its 

wearability. With this work, I contributed to the field by improving aspects of wearability while preserving 

the tremor suppression efficacy. The dilemma of tremor suppression and wearability, however, is not 

solved and needs further research. Future research and development need to continue the progress 

presented in this work and further improve the wearability of wearable devices. Future devices need to 

fulfill criteria such as being lightweight, unobtrusive, textile-integrated, and preserving voluntary 

movements. The here proposed approaches can be combined to a new generation of orthosis 

combining passive and active elements such as air-filled support structures and controlled joint 

impedance modification. Furthermore, new technologies emerging from the field of soft robotics are 

promising contributions to come closer to solving this dilemma.  
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Overall, tremor suppression orthoses are evolving and will eventually, in the near future, be fully 

accepted by tremor affected people as an additional treatment option. 






























