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Summary
Industrial passive exoskeletons have been developed for years as a tool to reduce the phys-
ical workload of their users. They accomplish this by compensating for the user’s body
weight and decreasing fatigue caused by repetitive loads. Despite their advantages, cur-
rent exoskeletons have drawbacks that make them less convenient for users and thus less
common as a supporting tool. Among the other issues, the most important are impeded
and reduced movement, posture strain, and increased discomfort. This thesis proposes
designs for spatial compliant mechanisms to address these issues in exoskeletons.

Compliant mechanisms gain their motion from the elastic deformation of their ele-
ments. Therefore, they can also store energy in their range of motion. This means that
using them reduces the weight and cost of exoskeletons by combining energy storage and
kinematic functions into a single element. Furthermore, these mechanisms can improve
flexibility and resolve exoskeleton issues caused by kinematic constraints.

The objective of this thesis is to propose designs, develop understanding and demon-
strate the applications of slender spatial compliant mechanisms in exoskeletons. The the-
sis is divided into three parts, wherein Part I, Chapter 2 and 3, investigates the effect of
shape and boundary conditions to achieve specific kinetostatic behavior at the endpoint
of spatially curved beams. Part II, Chapter 4 and 5, discusses the methods to achieve trans-
mission, coupling, and zero stiffness in slender twisting beams. Part III, Chapter 6 and 7,
presents two applications of the knowledge that was developed in Part I and II, in passive
exoskeletons.

An optimization scheme for the shape and cross-sections of spatially curved beams is
presented in Chapter 2 with the aim of achieving certain kinetostatic behavior. As a case
study, the symmetry of the endpoint behavior of asymmetric cantilever beams is shown to
be improved by 68%, based on the experiments. The torsional deformations along the beam
are considered to have a major effect on the endpoint kinetostatic behavior. Based on this
conclusion, in Chapter 3, a bellow is used as a torsional stiffener for spatially curved beams
that have relatively low torsion and high bending stiffness. The combination of the beam
and sliding bellow led to anisotropically adaptive stiffness at the endpoint of the beam,
with 21.5 times higher stiffness changes in one direction compared to its perpendicular.

With the focus on the importance of torsional deformation on the kinetostatic behavior
of spatial mechanisms and the modes of deformation that can transfer the torsion along
the structure, in Chapter 4, a transmission mechanism for twist along the beam utilizing
warping is presented. The effect of the warping constant on the proposed continuously
variable transmission is discussed, and transmission ratios between 4:1 and 1:4 are tested
to verify the concept. In an effort to make this transmission zero stiffness and neutrally
stable, in Chapter 5, a method to control the torsional stiffness of beams using preload
is presented. Two concepts are introduced: a variable, including zero, torsional stiffness
twisting beam, and a beam with switchable torsional stiffness between positive and zero.

Finally, to show the applications of the developed designs in exoskeletons, in Chapter 6
the tools of Chapter 2 is utilized to present a slender beam that can balance the weight of
the hand in a range of 83 degrees of the wrist’s flexion and extension. Chapter 7 introduces
neutrally stable differential mechanisms based on the knowledge developed in Chapter 5.
The differential is employed in passive back support exoskeletons to address a fundamental
problem by averaging leg angles to eliminate undesired forces during walking with the
passive exoskeleton.





Samenvatting
Industriële passieve exoskelettenworden al jaren ontwikkeld als hulpmiddel om de fysieke
belasting van hun gebruikers te verminderen. Zij doen dit door het lichaamsgewicht van
de gebruiker te compenseren en daardoor vermoeidheid door repetitieve belasting te ver-
minderen. De huidige exoskeletten hebben ook nadelen die ze minder geschikt maken
voor gebruikers. De belangrijkste zijn belemmerde en verminderde beweging van de ge-
bruiker, overbelasting door verkeerde houdingen en verhoogd ongemak. Dit proefschrift
introduceert ontwerpen voor ruimtelijke compliante mechanismen om deze problemen in
exoskeletten te verhelpen.

Compliante mechanismen ontlenen hun beweging aan de elastische vervorming van
hun elementen, waarmee ze tegelijkertijd energie kunnen opslaan. Omdat energieopslag
en kinematische functies in één enkel element worden gecombineerd, kunnen compliante
mechanismen het gewicht en de kosten van exoskeletten verminderen. Daarnaast kun-
nen ze door hun flexibiliteit problemen als gevolg van de kinematische beperkingen van
exoskeletten oplossen.

Het doel van dit proefschrift is het tonen van ontwerpen, het ontwikkelen van begrip
en het demonstreren van toepassingen van slanke ruimtelijke compliante mechanismen in
exoskeletten. Het proefschrift is opgedeeld in drie delen, waarbij in deel I, hoofdstuk 2 en 3,
het effect van vorm en randvoorwaarden wordt onderzocht om specifiek kinetostatisch
gedrag te realiseren aan het eindpunt van ruimtelijk gekromde balken. Deel II, hoofd-
stuk 4 en 5, bespreekt de methoden om transmissie, koppeling en nul stijfheid te realiseren
in dunne torderende balken. Deel III, hoofdstuk 6 en 7, presenteert twee toepassingen van
de kennis die ontwikkeld is in deel I en II, in passieve exoskeletten.

Hoofdstuk 2 presenteert een optimalisatieschema voor de vorm en doorsnede van
ruimtelijk gekromde balken met als doel een bepaald kinetostatisch gedrag te realiseren.
Experimenten tonen aan dat de symmetrie van het eindpuntsgedrag van asymmetrische
enkelzijdig ingeklemde balken wordt verbeterd met 68%. De torsievervormingen langs
de balk worden geacht een groot effect te hebben op het kinetostatisch gedrag van het
eindpunt. Daarom wordt in hoofdstuk 3 een balg gebruikt als torsieverstijver voor ruimte-
lijk gekromde balken met een relatief lage torsiestijfheid en een hoge buigstijfheid. Deze
combinatie leidt tot een anisotroop aanpasbare stijfheid aan het eindpunt van de balken,
met 21,5 maal hogere stijfheidsveranderingen in één richting vergeleken met de richting
loodrecht daarop.

Met de nadruk op het belang van torsievervorming op het kinetostatisch gedrag van
ruimtelijke mechanismen en de vervormingsmodi die de torsie langs de constructie kun-
nen overbrengen, wordt in hoofdstuk 4 een transmissiemechanisme voor torsie langs de
balk met behulp van welving gepresenteerd. Het effect van de welvingconstante op de
voorgestelde continu variabele overbrenging wordt besproken, en overbrengingsverhou-
dingen tussen 4:1 en 1:4 worden getest om het concept te verifiëren. Met als doel deze
overbrenging stijfheidsvrij en neutraal stabiel te maken, wordt in hoofdstuk 5 eenmethode
gepresenteerd om de torsiestijfheid van balken te regelen met behulp van voorspanning.
Dit heeft geresulteerd in twee concepten: een torderende balk met variabele stijfheid, in-
clusief nul stijfheid, en een balk met schakelbare torsiestijfheid tussen positief en nul.

De technieken van hoofdstuk 2 worden in hoofdstuk 6 gebruikt om de toepassing van
de ontwerpen in exoskeletten te tonen. Een slanke balk wordt gepresenteerd die het ge-
wicht van de hand in een polsondersteunend exoskelet kan balanceren, in een bereik van
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83 graden flexie en extensie van de pols. Hoofdstuk 7 introduceert neutraal stabiele diffe-
rentiële mechanismen gebaseerd op de kennis ontwikkeld in hoofdstuk 5. Het differentieel
wordt gebruikt in exoskeletten met passieve rugondersteuning om een fundamenteel pro-
bleem aan te pakken door beenhoeken te middelen om ongewenste krachten tijdens het
lopen met het passieve exoskelet te elimineren.



1
Introduction

This chapter presents an introduction to the research and its primary aim, which is to
develop designs for slender spatial compliant mechanisms (CMs) intended for passive ex-
oskeletons. It includes a background and an overview of the current status of these wear-
able devices and discusses the potential benefits of using CMs in this application. More-
over, the scientific gaps in the state-of-the-art CMs, as well as the objectives of the present
work, are elucidated in this chapter. Finally, the thesis structure is outlined, showing how
the different parts and chapters interrelate.
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A passive exoskeleton in industrial contexts can increase endurance, reduce the mus-
cular activity and the risk of musculoskeletal disorders [5]. This means healthier and
more productive workers [6]. More recent examples of passive industrial exoskeletons
are presented in Fig. 1.1(b, c). Research shows that these passive devices can reduce mus-
cle activity by up to forty percent in dynamic lifting and reduce spinal loading by nearly
thirty percent, besides reducing overall muscular fatigue [7].

1.2 Problem statement and possible solution

Despite years of development, current exoskeletons have some unanticipated ergonomical
effects, e.g., kinematic constraints [8], which causes impeded and reduced range of mo-
tion [9, 10], posture strain [9], increased discomfort due to localized contact pressure [5],
long-term fatigue due to the device’s weight, and size adaptability issues. Most of these
problems are due to the fact that current exoskeletons are mainly made from rigid ele-
ments which are connected to each-other in discrete locations to replicate the kinematic
of the human body, beside having separate energy sources like actuators or springs to
support the movements.

Several studies have been done to resolve these issues, and fields of research such as
soft exosuits [11, 12], i.e., exoskeletons made from textiles and elastic segments instead of
rigid bodies, are developed to directly answer the lack of flexibility and kinematic freedom
in exoskeletons. However, even this type of exoskeleton is still having issues providing
enough support as compared with conventional rigid element exoskeletons. In this regard,
a possible solution between rigid and soft exoskeletons that can provide flexibility without
impeding their functionality is the use of compliant mechanisms.

1.3 Compliant mechanisms

Compliant mechanisms (CMs) are a type of mechanisms that gain their motion from the
deformation of their elements [13]. These mechanisms allow engineers to improve their
design efficiency by (1) reducing the part count and decreasing the cost, (2) integrating
functionality, (3) reducing the occupied space and weight, and (4) enhancing reliability
and precision since they are not suffering from backlash or surface wear that affect con-
ventional multi-bodied mechanisms [14].

Using these mechanisms in exoskeletons has the advantage of being flexible to match
human movements and providing kinematic freedom, besides having a structure where
the reaction forces can be applied to provide enough support for the user. CMs can com-
bine the kinematics that were achieved in conventional exoskeletons by rigid systems and
the energy storage that was achieved by springs or elastic bands, into one element. There-
fore, utilizing them in exoskeletons reduces theweight of the device and improve the user’s
long-term convenience. It is important to note that having the mentioned features is not
only making CMs beneficial in exoskeleton design, but also renders them advantageous
for use in a variety of other wearable devices, such as orthoses and prostheses.



1

4 Introduction

1.4 Scientific gap
The CMs utilized in the exoskeleton context should be able to support not only spatial
motion but also spatial load cases since they are designed to interact with and support the
human body. However, in the literature, CMs are mainly developed in a planar format.

There are only a small number of designs for spatial CMs in the literature [15, 16], and
even themost complex spatial designs tend to be composed of planarmodules [17, 18]. One
example of this type of CMs is shown in Fig. 1.2. A prevailing issue of these CMs is the
presence of rigid elements that connect separate compliant components. These elements
are increasing the overall bulkiness and adding extra weight and space to the design and
may lead to undesired dynamics.

Given the complexity of mechanical components in wearable devices, but also in other
fields such as aerospace engineering and surgical robotics, where weight and design space
are highly constrained, there exists a pressing need to effectively use the potential elastic-
ity of all materials utilized in the CM design to achieve the necessary motion and support,
while minimizing excess bulk and weight.

Recent research endeavors in the field of spatial CMs that effectively use all the com-
pliancy of material have been influenced by the growth of computational power and the
desire for enhanced functionality [19, 20]. Additionally, advancements in materials sci-
ence and manufacturing techniques [21] have facilitated the development of more intri-
cate CM shapes. However, among the present spatial designs, the topologies that can be
made with simpler and more feasible techniques and yet employs all the capacity of the
used material are barely investigated.

Figure 1.2: An example of a tip-tilt compliant mechanism, designed for space applications. This
monolithic mechanism is made from several planar compliant modules, cross-axis flexural pivots,
connected to each other with rigid elements [17].
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1.5 Research objective
To address the need for slender spatial elements in the realm of CMs, with an eye to-
wards their practical applications, we will propose novel designs that expand the toolbox
available to compliant mechanism designers, thereby enabling more versatile design pos-
sibilities for spatial applications such as wearable devices. The presented designs will be
lightweight, yet manufacturable and feasible for passive exoskeletons.

1.6 Approach
The approach of this thesis is to translate the functional requirements for different parts
of exoskeletons to the kinetostatic behavior of compliant elements. Having the required
behavior and with an eye on effects that only occur in spatial structures such as torsional
deformation or warping, several concepts are proposed in the first and second part of the
thesis which focus on the development of the concepts.

Once the final concepts and the required knowledge have been determined, in the third
part of the thesis, the necessary understanding of the designs and how to simulate, test,
and then use them in the main application of this project is developed and discussed.

1.7 Outline
Figure 1.3 schemes the outline of this thesis. In Part I, the effect of the shape and boundary
conditions of the slender spatially curved beams on their endpoint kinetostatic behavior
is investigated. Chapters 2 and 3 from this part show two designs of these curved beams.

In Part II, the effect of warping on the distribution of torsion along straight twisting
beams, together with a technique to tune the torsional stiffness of these elements are
investigated. Chapters 4 and 5 from this part present two concepts of these open thin-
walled beams.

Finally, in Part III of the thesis, two applications of the proposed designs in Parts I and II
on exoskeletons are presented. Chapter 6 is based on the design tool developed in Part I,
and Chapter 7 is based on the methods developed in Part II.

Chapter 2 proposes a design approach based on numerical optimization that can achieve
different kinetostatic behavior at the endpoint of a beam. The effect of sectional and shape
parameters along the beam on improving a specific behavior that is selected as symmetric
behavior from asymmetric beams is evaluated.

Chapter 3 introduces a technique to achieve anisotropic adaptive stiffness using con-
trasting elements. A bellowwith high torsion and low bending stiffness is used as a tunable
stiffener for a beam with low torsion and high bending stiffness to achieve the required
behavior.

Chapter 4 presents a design for compliant transmission using warping as the working
principle, where the change in transmission ratio is available by changing the location of
the constraints along the twisting beams.

Chapter 5 proposes a method to control the torsional stiffness of these twisting beams
by prestressing, and it elaborates on the effect of sectional warping rigidity on the behavior
achieved from different twisting beams.
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Introduction
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Figure 1.3: The outline of this thesis demonstrates how the knowledge gained in Parts I and II is
applied in real-world applications in Part III. Chapter 6 is based on the design tool developed in Part
I, and Chapter 7 is based on the methods developed in Part II.

Chapter 6 introduces a wrist support using the technique proposed in Part I to design
a beam that can balance the weight of the user’s hand in a large range of motion. This
balancing result in a decrease of the energy required to move the hand in its range of
motion.

Chapter 7 presents a curved differential mechanism, which is designed based on the
principles discussed in Part II. This mechanism couples the reverse motion of legs with
regard to the upper body when an exoskeleton user is walking and locks the motion be-
tween the upper and lower bodies when the user is bending, and by doing that, it resolves
one of the main issues in passive back support exoskeletons.

Chapters 8 and 9 discuss and summarize the most important findings in this work as
well as recommendations for possible future improvements of the proposed designs and
considerations for this research direction to bring the final aim of the work one step closer
to reality.
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and principles [9]. However, most of the developed spatial mechanisms are for precision
devices, where they usually consist of several parts that make them bulky compared to
their output range of motion. 

Designing monolithic spatial CMs with an extensive range of motion were emerging
in recent years [10–13]. The main advantage of having a fully compliant monolithic part
to obtain a desired kinetostatic behavior is that the whole shape effectively takes part in
the CM’s characterization.

There are several widely used CM design methods, e.g. FACT, Building Block Ap-
proach, PRBM, etc [14–16]. However, using these methods for designing large deformable
spatial monolithic parts is not feasible, because capturing the distributed contribution to
the endpoint stiffness, in addition to a desired kinetostatic behavior from a spatially curved
shape is more complex than what these methods can propose. Another approach is to take
advantage of automated design methods like optimization. Concerning the complexity of
the defined requirements, the latter approach was assumed to be a better choice to find
these compliant shapes.

In this regard, there are a handful of studies on the topology optimization ofmonolithic
CMs [17–20]. The output of these works were usually rather complex monolithic shapes
which make them only fabricable with additive manufacturing techniques.

To achieve complex kinetostatic behavior and yet keep the CM manufacturable with
common techniques, choosing a simple topology and optimizing its shape parameters can
be considered a better solution [21]. There is extensive research in this regard, mainly in
planar mechanisms [22, 23]. However, making use of spatial mechanisms can enable other
possibilities, e.g., torsion of elements.

In this regard, spatial geometries varying from rods to shells were scarcely investi-
gated [24–28]. There is no doubt that reaching exceptional kinetostatic behavior might be
possible with different forms of compliant elements. However, from a utilization perspec-
tive as well as a fabrication perspective, it appears convenient to consider the simplest
topology of a cantilevered spatial beam as the monolithic compliant element.

A useful yet undiscovered kinetostatic behavior from this type of CMs is sought in this
work, where the end point of a spatially curved beam has symmetric stiffness behavior in
its plane of motion, even if the beam is asymmetric in the sense that it is not grounded in
the symmetry plane of its stiffness field. This situation emerges in several applications of
manipulator-type devices where the endpoint symmetry plane is occupied and no room is
available for the grounding point on that plane, these devices can be widely seen in surgi-
cal robots and aerospace structures. Also, in wearable devices where the desired symmetry
plane of the limbs’ motion is occupied by the body itself, or when a symmetrical support
force is required but a symmetrical structure is not possible. For instance, consider a uni-
lateral upper-body bending support for wheelchair users, it is not safe to lock the user’s
upper-body in a wheelchair with a bilateral, symmetrical structure, and a normal unilat-
eral, asymmetrical structure cannot provide the symmetrical support on the chest and will
turn open upon forward bending. In this instance, an asymmetric beam with symmetric
kinetostatic behavior, such as the one proposed in this chapter, can supply the required
bending support force while not restricting the user’s freedom. Themajority of the param-
eters used in this study are derived from the latter application. In our previous work [29],
we showed that there exist non-uniform distributions of cross-sectional properties along
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lieving these limitations, which suppress all sectional deformations, e.g., warping and
in-plane deformations, and using the same parameter optimization approach can lead to
more complex deformed shapes and possibly more accurate results. However, advancing
the mechanical model has not been the topic of investigation here, and the experiments
shows that the current model is still valid for the desired loading conditions of this work.

There are several sources of error that might affect the experimental results. Beam
fabrication is one of the sources where up to 0.08 mm deviation from the CAD model of
the beam is observed in printed prototypes. Another source of error is the load angle of
the beam, where up to 0.5 degrees of error was possible in the fixation of the base rotary
stage, which affected the loading angle. The position of the endpoint load was assumed to
be fixed at the tip hole of the beam. However, deviation from this location was observed
in the different angles of the loading. Correction was applied to the experimental pictures
due to camera lens distortion. Still, the image processing and correctionmight have caused
some errors in the measurements. The rotary stage is connected to the base with rigid bars,
and processing images in unloaded and loaded states shows no measurable deformation
of the base. Thus, the beam grounding point can be assumed to be rigid.

Despite the fact that it was anticipated that these two sets of results would differ due
to the discussed inaccuracies in the finite element model and potential experimental er-
rors, it is not possible to determine the relative contribution of each to the final deviation
of the measurements from the simulation. However, the patterns are identical generally.
Consequently, it might be argued that the chapter’s message remains legitimate.

It is clear that the resulting beams are not the best possible solution to this problem due
to the limited number of available parameters. However, we can state that the presented
beam parameter optimization scheme undoubtedly enhanced the desired symmetrical be-
havior. A similar approach can be applied to an arbitrarily defined kinetostatic behavior
for other types of structures with different sets of available parameters.

The combination of parametrization and optimization significantly reduces the input
parameters for the whole design process, while using interpolation between those key
parameters ensures a smooth transition to avoid discontinuities in the overall structure.
Therefore, the proposed method can be assumed as an effective way for enhancement of
other compliant structures’ kinetostatic behavior.

2.5 Conclusion
This chapter investigates the tuning of different combinations of shape and sectional pa-
rameters of asymmetric beams toward enhanced symmetric kinetostatic behavior. An
optimization scheme for parametrized beams with an objective function that enhances
symmetry in an extensive range of motion was defined. Different sets of parameters rep-
resenting divergent design conditions were subjected to the optimization. Rather complex
shapes were found by this method, and 68% enhancement of the desired behavior was
achieved based on experimental results.

The effectiveness of different parts of the method has been validated by comparing the
experimental performance of resultant beams from this approach. It is stated that tuning
shape and sectional parameters along a slender spatial beam can significantly enhance the
desired kinetostatic behavior at the endpoint. The results also suggest solid connections
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more efficient across various flight conditions. Kuder et al. [5] reviewed concepts for vari-
able stiffness with a focus on shape morphing for aerospace applications, and Sun et al. [6]
reviewed the same concept based on smart materials and structures.

Variable stiffness solutions were also explored in the field of soft robotics. Manti et
al. [7] reviewed concepts for variable stiffness for application in this field. In soft robotics,
the focus is mainly on using variable stiffness parts for the different phases of the inter-
action of soft robots with natural environments [8–10]. There are a handful of examples
in soft robotics grippers which change the stiffness during different phases of grasping
and handling the material using different techniques such as granular jamming, which
can be defined as transition of granular media from fluid like to solid like state [11–13]. or
layer jamming [14–16] and hybrid jamming which includes a combination of both tech-
niques [17]

In medical applications, variable stiffness is a topic of interest mainly in surgical equip-
ment where the stiff mode is used for cutting, grasping, or supporting other equipment
while the soft mode is needed for traveling inside the body [18–20]. Blanc et al. [21] re-
viewed variable stiffness mechanisms for the application of medical devices.

In smart materials, taking advantage of variable stiffness can be the functionality ba-
sis of several proposed designs, where the effect of temperature or input voltage causes
different stiffness characteristics of the structure [22, 23].

Adjusting stiffness can also be used in wearable robotics, where changing the stiffness
of slender and lightweight structures is demanded to support different phases of human
motion, e.g., different states of the upper body or limbs in their range of motion [24–26].

Numerous techniques for altering the stiffness of a system and characterizing these
variations have been developed for a variety of applications. [27–30]. However, the ma-
jority of these techniques are designed in a complex and obtrusive manner. Still, in some
applications, e.g., aerospace or wearable robotics, slenderness and being lightweight are
key requirements. For instance, morphing aircraft wings using traditional mechanical
actuators and mechanisms is often not viable due to the additional weight of these mecha-
nisms [31, 32]. Similarly, the weight of wearable robots should be kept as low as possible
to minimize the load that the user must bear [33–35]. On the other hand, these applica-
tions mostly need to perform relatively complex motion or support in three-dimensional
space, which would commonly result in a complex assembly of several parts [36, 37]. How-
ever, adding complexities can wipe out the core functionality of the mechanism for these
specific applications.

A spatial Compliant Mechanism (CM) could be used to address these types of intricate
requirements for a relatively simple and slender system [38–41]. These mechanisms gain
their motion as well as support the force from the elastic deformation of spatially curved
parts [42, 43]. This type of CMs is still underexplored. A notable example of this type
of topology is a clamped-free slender beam, in which the elements of the curved beam
affect endpoint behavior [44], similar to an open chain robotic arm, in which the entire
system contributes to end-effector behavior. Here, mainly the bending and torsional stiff-
ness of elements along the beam contribute to the endpoint kinetostatic behavior. Hence,
it is possible to use these parameters to adapt the endpoint stiffness. There are several
examples in the literature, mainly focusing on changing the local bending stiffness of ele-
ments to adapt the overall stiffness of the system. Methods like layer coupling have been
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(a) (b)

(c) (d)

(e) (f)

Figure 3.7: The left figures show the resulting Isoforce Displacement Closed Surfaces (IDCSs) for
two positions of the bellow, on top and bottom of the beam. Blue IDCS is for the bottom blue position,
and red IDCS is for the top red position of the bellow. The right figures show the displacement path
of the endpoint for the same two positions of the bellow on the top and bottom, where the blue lines
are for the bottom position and the red lines are for the top position of the bellow. The displacement
paths are shown for two different directions of the load in each of the two bellow position, HDC
load direction (dashed lines) and LDC load direction (solid lines). The displacement paths are the
result of gradually increasing loads in that direction. Figures (a, b), (c, d), (e, f) are respectively for
short, medium, and long bellows.
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3.5 Discussion
The results highlighted the effect of torsional stiffening on the endpoint behavior of the
CM and the anisotropically adaptive stiffness that was achievedwith this technique. It was
shown thatmeaningful trends in the nonlinear kinetostatic behavior of themechanism can
be achieved by changing configurations of the bellow. These changes are further analyzed
by the graphical characterization method and the metric, IDCSs and HDC, which were
specifically defined to understand the behavior of spatial CM.

In figure 3.7, the difference between the IDCSs of the two configurations of the bel-
low, blue and red, becomes more significant as the length of the bellow increases. Also,
from figure 3.6 it can be revealed that with longer bellows, we can achieve higher HDC.
However, a shorter bellow has a greater travel range than a longer bellow, and it is more
appropriate for having a fine control on the endpoint behavior. Hence, there is a trade off
between having a higher stiffness change (longer bellow) or a wider range of adjustment
(shorter bellow) when choosing the bellow length.

Figure 3.6 also shows that the effect of the change in bellow position is higher near
the grounding of the beam. This nonlinear decrease in HDC is due to the fact that with
the current topology of the clamped-free beam, the base elements are subjected to higher
deformation due to larger moment arms, and their deformations have a larger effect on
the endpoint displacement.

As anticipated, both figure 3.6 and 3.7 confirm that the changes in endpoint behavior
are not isotropic. The reason behind this behavior can be explained by an example. If we
imagine a tip force in the Y direction in figure 3.3 on the beam, it will cause bending of
the Z and Y-oriented parts of the beam and torsion of the X-oriented part. Regarding the
fact that the deformation of the endpoint is heavily dependent on the beam base and that
the moments are higher in the base part. Therefore, the torsion in the X-oriented part of
the beam plays the major role. Hence, by torsionally stiffening this part, we can expect
higher overall stiffness of the endpoint in the Y direction.
If we imagine the same situation for a tip force in the X direction, it will cause bending in
the Z-oriented and X-oriented parts of the beam and torsion in the Y-oriented part. How-
ever, we mentioned that the effect of the beam base (the X-oriented part) is much more
important. Therefore, torsional stiffening of the beam base will not cause a significant
change in stiffness for the endpoint in the X direction.
Regarding this explanation, we can state that, by torsional stiffening of the beam, the end-
point stiffness behavior changes significantly in the directions wherein the torsion of the
base elements is dominant, namely the Y direction in figure 3.3 which causes the HDC
direction, and it almost remains the same in directions where the bending of the base part
is dominating, namely the X direction, which causes the LDC direction.
In figure 3.6, the solid LDC lines are representative of bending-dominated directions, where
the overall stiffness of the structure remains almost the same, and therefore, the DC re-
mains almost zero regardless of the length and position of the bellow. With the same
logic, the dashed HDC lines are representative of torsion-dominated directions where the
endpoint stiffness is affected significantly by the torsional stiffening caused by the bellow.

The experimental results arguably match the anticipated results from finite element
modeling, and the highest achievable HDCs in two cases are comparable. The reason
behind some mismatches can be found in different assumptions:
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not require a full cycle rotation like walking mechanisms for humanoid robots [7, 8] or
motion transferring for wearable robots [9].

Numerous examples exist of compliant transmission mechanisms [10–12]. However,
these compliant transmission systems aremainly planar andwere designed by substituting
rigid bodymechanism joints by compliant parts. As a result, themost of thesemechanisms
require a very large design area to accommodate the links, and in themajority of situations,
linkages can only imply a fix transmission ratio. There are fewer instances of systems that
allow for variable transmission ratios, but still in those designs, a reconfiguration of the
whole mechanism is required in order to change the transmission ratio, whichmakes them
even less space efficient [13, 14]. There are another type of these compliant transmissions
in literature which can only switch between specified ratios; in other words, they are
incapable of continuously covering a range of transmission ratios [15]. Apart from that,
the aforementioned planar techniques were primarily created for translation to translation
transmission.

To achieve rotation to rotation compliant transmission mechanisms, spatial compliant
elements such as twisting beams can be used. Earlier, such an element was employed
to morph shapes [16], and also for some compliant revolute joints [17, 18], where the
bending to torsion stiffness ratio of the beam is crucial for representing joint-like behavior.
Strategies such as balancing and prestressing are proposed to further increase this ratio for
the joint functionality purposes. However, in non of these compliant twisting elements,
designers looked at the possibility of using them as transmissions.

In this work, we use warping as an intrinsic property of a beam with an open thin-
walled section, to obtain rotation–rotation transmission. Warping is usually regarded as
an undesirable behavior, and designers try to minimize or avoid it. There are only a few
applications, e.g., adjusting the effective angles of airplane wings [19], that take advantage
of this principle. Warping, or in another words out of plane deformation of cross-sections,
can be very effective as it causes axial displacements in a warpable beam. These axial
displacements can propagate across an intermediate rotational constraint and cause ex-
ceptional effects like twist coupling along the beam, which can be considered a method
to transmit the rotation between sides of a warpable beam. The transmission of warping
in thin-walled structures is a well-established topic in structural engineering and there
are several papers on characterization and possibly avoiding its propagation in the whole
structure [20–22]. However, using this warping behavior to achieve a mechanism has
only been proposed by the authors as a compliant differential mechanism with a one to
one ratio [9, 23].

The purpose of this chapter is to present a concept for a compliant CVT mechanism
that operates by twisting warpable beams. It is demonstrated that the rotation of one
beam side can be transmitted by warping along the beam and passing across a rotational
constraint in the middle of the beam to cause the opposite side to rotate in reverse. The
ratio of the rotation angles at the input and output sides is dependent on the location of
the intermediate rotational constraint. As a result, it is demonstrated that by reposition-
ing the middle constraint a continuously variable transmission can be created. We have
established and validated this concept using an analytical solution, finite element analysis
(FEA) and experiments on the beam prototypes with different warping constants in order
to demonstrate the effect of warping on this transmission behavior.
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(a) (b)

(c) (d)

Figure 4.10: The geometrical match rates with ideal ratio from Eq. 4.1 are shown for nine different
transmission ratios. The results are obtained from (a) Analytical solution, (b) FEM with beam ele-
ments, (c) FEM with shell elements, and (d) Experiments.

Figure 4.11: The effect of input moment on the geometrical match rate for three beams. The results
are obtained from the FEM with shell elements with 1:1 ratio.
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(a) (b) (c)

Figure 4.12: Effect of output resistant moment on the deviation of sectional twist angles along the
beam from the expected uniform twist angle (straight line) when the resistant moment increases
from 0 N.m (dark blue) to 5 N.m (light blue) for the full-flange beam for (a) 4/1 ratio, (b) 1/1 ratio,
and (c) 1/4 ratio.

Lastly, in Table 4.3 an important feature of the transmission is shown, which is the
ability to transfer moments while there is a resistant moment on the output. This table
shows the resulting ratios between the output and input moments of the full-flange beam
while the output resistance increases from 0.5 to 5 N.m. This is shown for geometric
transmission ratios of 4:1, 1:1, and 1:4. Figure 4.12 illustrates the sectional rotations along
the full-flange beam when the resistance increases from 0 to 5 N.m in ten steps for the
same ratios that are mentioned in Table 4.3. It is clear that with higher resistance, the
transferred rotation angles decrease, the lines start to deviate from being straight, and the
geometrical match rates drop.

4.5 Discussion
It is shown that warping is a key feature in this transmission. Thus, beams with higher
warping constants performed well, while beams with almost no warping could barely
transfer any rotation or moment (see Fig. 4.8 and 4.9). Moreover, it is also shown that the
transmission ratio and the input moment do not have a major effect on the mechanism’s
match rate and, therefore, on this transmission behavior (almost straight lines in Fig. 4.10
for all ratios).

The relation between warping constant and achievable match rate is investigated and
shows the same trends from all methods. The role of the warping constant in transmission
is clear. However, the exact relation between these two can be further investigated, as the
full-flange and half-flange beams show close match rates despite the order of magnitude
difference in their warping constant (see Fig. 4.10).

The average match rates from analytical solutions and FEMwith the beam element are
very close (see Fig. 4.10 a and b). This indicates that the proposed analytical formulation
is reliable. The small deviation can be due to the different theories that are utilized in
these two models. The results from the beam-based model are close to the results from the
more advanced and accurate FEM with shell elements (see Fig. 4.10 b and c). The experi-
ments show the same overall trend, with an average 17% lower match rate compared with
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FEM with shell elements (see Fig. 4.10 c and d). This can be due to different mismatches:
Firstly, it is not possible to have exactly the same point-constraints on the beam in reality
as in the models. Instead, we used prismatic grooves, which are a simple solution but can
cause mismatches between experiments and models. Furthermore, some parts of the ex-
perimental setup are not infinitely stiff, meaning that they might cause some deformation
and, therefore, errors. Secondly, the prototypes were made by additive manufacturing,
which causes anisotropy in the structure, this anisotropy was not modeled in FEM and
cannot be considered in the beam formulation. Therefore, it can be a major source of dis-
crepancy. Thirdly, the measurement using vision processing can have an error of up to 0.5
degrees, which can cause an error of up to 10% in some measurements with small angles. 
Fourthly, having small fillets in the connection points of webs and flanges for better bond-
ing and printing results of the prototypes, are not included in any of the models, which
can be another source of the mismatch. Fifthly, some assumptions in the models, i.e., no
deformations in cross-section shape in the beam model and thin-walled assumptions in
the shell model, are not fully true in this case, which means that the models are not com-
pletely capturing all the deformations. Using a solid element can capture all these effects
and results in better results. However, it will significantly increase the computational cost.

Finally, using PLA as the material for the prototype and having large elastic defor-
mations and large local strains can make material non-linearity a non-negligible factor,
which was not considered in any of the used models. As for the use of other materials in a
practical embodiment of the presented concept it can be noted that the elastic material pa-
rameters such as the Young’s Modulus and the Shear Modulus, which relate the moments
and the rotation in a linear fashion, have no influence on the kinematic behavior of the
transmission. It means that any other linearly elastic material with similarly scaled elas-
tic moduli will have the same input-output behaviors in the unloaded condition. As for
the strength parameters such as the yield stress, it is evident that they directly affect the
range of motion of the transmission. Therefore the material strength should be carefully
considered in relation to the intended range of motion within the application.

Using a compliant mechanism in this design led to several advantages. However, there
are also disadvantages to this type of mechanism. An inherent drawback of compliant
mechanisms is that they require energy for deformation. Thus, the output to input energy
efficiency of the mechanism becomes lower. It is possible to reduce this elastic strain
energy since it is not lost but only temporarily stored in the form of elastic deformation;
therefore, by the introduction of prestress, we can compensate for it and store the required
energy in the mechanism so that we have a neutrally stable compliant element. This idea
is currently being investigated by the authors to enhance the efficiency of the current
compliant transmission.

It can be seen in Table 4.3 and Fig. 4.12 that for larger amounts of resistant moment, the
output over input moment ratio matches closer with the ideal geometric ratio. However,
by increasing the resistance, the deviation from a uniform twist angle along the structure
increases, which means that the output/input match rate with the ideal geometric ratio
drops.

This mechanism is presented mainly for applications where kinematics is the main fo-
cus. It is shown that it can transfer the moment as well as the rotation. However, having
proportionally high moments at the output can change the warping behavior to semi-
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twisting elements

Theprevious chapter shows one of the functionalities of warping in twisting beams namely
transmission. However, the presented compliant beam always has stiffness in its range of
rotation and stores a portion of input energy as elastic deformation. This issue pertains not
only to the presented compliant transmission but also to compliant mechanisms in general.
Hence, controlling or eliminating the inherent positive stiffness of compliant elements is
a key requirement for a variety of applications. This chapter presents two concepts to
resolve the positive stiffness issue of the twisting beams that are the subject of research
in part II of this thesis. In the first concept, the beam shows a range of variable torsional
stiffness, from positive to zero and negative. In the second concept, the beam shows a
switching behavior from positive to zero torsional stiffness. The working principle of
both concepts is based on the shortening of the center-axis line of the multi-symmetric
open thin-walled beams.

This chapter was submitted as:
Amoozandeh Nobaveh, A., Herder, J.L. and Radaelli, G., 2023. Compliant variable negative to zero to positive
stiffness twisting elements.
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actuated, this energy will be released to bring the mechanism back to its natural, unde-
formed configuration. This integration of motion and energy storage into one element is
beneficial for several applications. However, in some applications, providing this energy
to move themechanism in its intended range of motion is not desirable because the system
requires more power for each cycle and the overall efficiency decreases. This means that
in these applications a range of constant potential energy, or in other words, a range of
neutral stability would be convenient. There are several ways to achieve a range of elastic
neutral stability, e.g., utilizing anisotropic materials [22–24], prestressing the structure ei-
ther by imposing a constraint [25], or by plastic deformation [26–28], or by introduction
of a movable deformed region [29, 30].

In some applications of CM, one or more element(s) have specific functionality, and
it is not feasible to remove them and their inherent positive stiffness. In these cases, it is
not possible to change the whole design to make the mechanism neutrally stable with one
of the above-mentioned methods. Therefore, to achieve neutral stability in these cases, a
common way is to compensate the inherent positive stiffness of the system with the exact
same negative stiffness from another system to achieve a range of zero stiffness. Using
the negative stiffness to compensate for positive stiffness is widely researched in the liter-
ature [31, 32], both for linear negative stiffness [33] and nonlinear negative stiffness com-
pensators [34]. In addition, there are numerous applications in the literature that require
variable stiffness on demand, which means the part with negative stiffness should be able
to change its amount so that the overall stiffness of the system becomes tunable [35]. These
applications are ranging from aerospace engineering [36–38], to medical devices [39, 40],
wearable devices [41–43], and vibration control [44]. In all these applications, the shared
desired characteristic of having variable stiffness allows them to alter the overall system
behavior in a specified direction on demand.

However, looking at these variable stiffness concepts, they are mainly developed for
translation motion. To the best of authors’ knowledge, there is no rotational variable
stiffness concept that covers variable stiffness from negative to positive, including zero.
There are only a handful of concepts that have the potential to provide that. Bilancia et
al. [45] demonstrated a zero torque compliant rotational joint that uses prebuckled beams
to achieve negative stiffness to compensate for the mechanism’s positive stiffness. Li et
al. [46] presented a torsional negative stiffness mechanism utilizing several thin strips.
Schultz [47] presented an airfoil-like bistable twisting element that was made from two
precurved shells connected to each other. Seffen and Guest [48] further researched sim-
ilar effects, and later, Lachenal et al. [49] presented a bistable twisting I-beam where the
precurved flanges assembled on the beam’s web to provide a negative stiffness twisting
behavior.

In this work, we are introducing two concepts for twisting compliant elements. The
first concept can provide variable torsional stiffness from negative to zero to positive. The
second concept can provide on-off switchable torsional stiffness, which changes the ele-
ment’s inherent positive stiffness to zero stiffness. Both concepts works based on the fact
that as the center axis of a multi-symmetric thin-walled beam shortens, the outer parts
of the beam’s section go under compression. As compression is the stiffest mode of de-
formation and requires high elastic energy, the outer parts start to deform in other forms
instead, in order to facilitate the web shortening with a lower overall elastic energy. In





Concept overview

5

75

(a)

(b)

Figure 5.1: The geometry of the multi-symmetric beams and their transverse slits. The prestressed
beams exhibit two stable twisted forms. (a) The beam with flange (high warping constant) possesses
an energy peak between the two minima and, therefore, bistable behavior. (b) The beam without
flange (near-zero warping constant) exhibits a flat energy state and, therefore, neutrally stable be-
havior between the two minima.

We also propose another way of understanding the principle of the presented design
using a simplified planar equivalent, Fig. 5.2. To make this planar representation of the
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(a)

(b)

Figure 5.2: The planar equivalent of the beams with the red springs representing the torsional
constant, and the green springs representing the warping constant. (a) The beam with flanges has
a high warping constant and, as a result, exhibits uniform twist. (b) The beam without flanges
has a near-zero warping constant which alows for transition of bent location along its length, and
maintains a constant total energy based on Eq. 5.1.



5

78 Compliant variable stiffness twisting elements

5.3 Methods
In the following subsections, the effective design parameters of the concept are elaborated.
A Finite Element Model (FEM) to analyze the beams’ behavior in different preloading con-
ditions is presented, followed by an explanation of the experimental setup for verifying
the results.

5.3.1 Design parameters
The current design’s main principle is based on shortening the center axis of a thin-walled
multi-symmetric beam to achieve neutral- or bi- stability. It will be shown that the amount
of shortening improves the captured behavior. Therefore, this parameter is subject to
investigation. However, the design of the web and its dimensions are remaining fixed
throughout all results. Therefore, here we discuss the reasoning behind the selection of
this shape and its design parameters.

There are several ways to decrease the compression stiffness of the center axis of the
beam in order to achieve local shortening by implying less stress to the structure, i.e., using
non-homogeneous material where the middle part is softer than outer part, or thickening
the webs towards the outside, or making several slits in the center part of the sections
throughout the beam, which is the solution that is used in this work. These slits help the
structure to significantly reduce the longitudinal stiffness along the center axis with re-
spect to the outer parts to allow for shortening. The size and number of these slits (n) are
selected based on preliminary investigation and they are kept the same for all the simu-
lations and prototypes. The effect of using insufficient number of slits is later explained
in section 5.5. Other design parameters are all indicated in Fig. 5.3. These parameters are
arbitrarily selected and can be tuned for different applications and from preliminary in-
vestigation they appear to have only a minor contribution to the overall concept. The web
width (ww) is 20 mm, the flange width (wf) is 15 mm for the beam with flange, the axial
hole diameter (d) is 3.5 mm, the thickness (t) is 0.9 mm all over the beams, the length of
the beam (L) is 200 mm, the slit width (ws) is 15 mm, the slit thickness (ts) is 0.5 mm and
the length of each section (Ls) is 10 mm, with (n = 19) slits along the beams.

Figure 5.3: The design parameters of the beams.

The geometry, loading, and constraints are all axisymmetric; therefore, it is possible
to reduce the model to only a one-web structure with axisymmetric constraints, as shown
in Fig. 5.4. This reduces the computational cost, and to match reality, everything will be
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Figure 5.5: The constraints on the fixed and actuated sides of the web are shown. An axisymmetric
constraint is applied similar to what is shown in Fig 5.4 along the web.

5.3.3 Experimental setup
Two sets of beam with and without flanges are fabricated using multi-jet fusion additive
manufacturing method with Nylon (PA12) as the material, as shown in Fig. 5.6.

Figure 5.6: The prototypes were made from nylon (PA12) using multi-jet fusion 3D printing and
prestressed using threaded rods.

The beams are initially prestressed by providing displacement using a threaded rod
within the beams’ center axis. This displacements range from 0 to 4 mm in 1 mm incre-
ments for beams without flange and 0 to 2.8 mm in 0.7 mm increments for beams with
flange. With each degree of prestress, the moment – angle of the beams was measured
using a universal test machine, Zwick Z005, with a separate torque meter module, HBM
T20WN as shown in Fig. 5.7.
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Figure 5.7: The measurement setup shows the actuating and reaction moment measuring sides of
the preloaded beam that is clamped to the machine.

Similar to the constraints that are implied in the FEM, each of the prestressed beams
is clamped on one side to the measuring point of the machine, and on the other side, a
rotation is progressively applied to the actuated side of the webs.

5.4 Results
Figure 5.8 shows the moment – angle graphs of both with and without flange beams. They
share the sameweb dimensions (see Fig. 5.3) and the same number of slits (n = 19). The lon-
gitudinal preloading in their center axis increases in four steps, as discussed in section 5.3.
Figure 5.8(a,c) are for the beam without flanges from numerical model and experiments
respectively. It can be clearly seen that the beam has its inherent positive stiffness when
no prestress is applied, and upon applying prestress, an increasing range of zero moments
and neutrally stable behavior are achieved. Figure 5.8(b, d) show the numerical model
and experiment results for the beam with flanges. These results show that this beam also
shows its linear inherent stiffness without preload, and upon 0.7 mm preload it shows a
short range of near-zero stiffness. Finally, a clear bistable behavior, negative torsional
stiffness, can be seen upon 1.4 to 2.8 mm of preload.
It is important to note that the beams that are used in experiments have four webs; there-
fore, to make the results comparable with the single web with axisymmetric constraint
from FEM, the resulting moments from experiments are divided by four, and all the re-
sults are for a single web (beam without flange) or a single web and flange (beam with
flange).
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(a) (b)

(c) (d)

Figure 5.8: The moment – angle graphs of the beams upon different preloadings. (a) and (c) show
the numerical and experimental results for the beam without flange under axial preloads of 0 to 4
mm. (b) and (d) show the numerical and experimental results for the beam with a flange under axial
preloads of 0 to 2.8 mm.

5.5 Discussion
It is demonstrated that the prestressing of the center axis of an open, thin-walled, multi-
symmetric beam can have significant influence on its torsional stiffness. Both the with-
and without-flange beams exhibit two local minima at the ends of their range of motion
following prestressing. The beam with flanges displays an energy peak between these
two minima, indicating bistable behavior. The beam without flange exhibits a flat en-
ergy between the two minima, indicating a neutrally stable behavior. In addition, it is
demonstrated that both bistable behavior and neutral-stability range can be enhanced by
increasing the beams’ prestress. Consequently, the presented concept can provide a twist-
ing element with variable stiffness that can achieve negative, zero, and positive torsional
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changes in reaction moments as shown in Fig. 5.10. This explains the sharper changes
in the reaction moment of the simulation results for larger preloads, see Fig. 5.8(b). In
simulations with lower prestress, this behavior is not strong. Therefore, curvier changes
between positive and negative stiffness were achieved for the bistable beam. Similarly for
neutrally stable beam a smoother change to a flat part was achieved in the experiments
comparing to the simulations, as the clamping imperfections gave room for webs to have
some deformations during rotation.

Figure 5.10: The bistable beam’s sectional deformation switches from black to gray state upon
higher changes in reaction moments.

Another difference can be seen in the stiffness of the beams outside the range of zero
or negative stiffness. This is also because of the differences in constraints; in FEM, the
movement of the beam in the longitudinal direction (Z) is free, but in experiments, the
side clamps also partially limit this movement. This makes the structure stiffer in tor-
sion because the twist is coupled with a shortening in the longitudinal direction. Also,
in FEM, the preloading displacement limits the longitudinal movement of the beam’s axis
in both directions. In experiments, however, it is only done by shortening the axis line
with a screw, which only limits movement in one direction. This means that after a cer-
tain amount of twist, the beams become short enough to effectively release the preload.
This effect is clearly visible in Fig. 5.8(c,d) where the purple line matches the linear red
line after a certain amount of twist. Another important observation is that, a rather large
hysteresis loop in experiments is captured. This effect is mainly due to the use of nylon
as the prototype’s material, and this loss of energy due to the internal friction increases
as more preload is added to the material. Lastly, some small imperfections can be seen in
the data from experiments with the neutrally stable beam, Fig. 5.8(c) red and purple lines.
These imperfections are caused by the random contact between middle threaded rod and
the structure of the beam. 

5.6 Conclusion
We presented two concepts to achieve variable and switchable torsional stiffness from
compliant beams using axial preload. The method shows that a variable torsional stiffness
range from positive to zero and negative can be achieved by changing the preload of the
high-warping-constant beam. It is also demonstrated that by applying the same preload,
we can achieve zero torsional stiffness on a near-zero-warping-constant beam and that by
increasing this preload, we can achieve an extending range of twisting neutral stability.

The method we used here, which is based on shortening the center axis of the beams,
can be used in other ways and for other structures, e.g., wire-frame beam, to control and
reduce torsional stiffness. Several techniques, such as thinning toward the center axis















III
Applications in passive

exoskeletons





https://ieeexplore.ieee.org/abstract/document/9896528
https://ieeexplore.ieee.org/abstract/document/9896528
https://ieeexplore.ieee.org/abstract/document/9896528






6

96 A wrist flexion-extension exoskeleton

• Development of a novel and safe design forwrist-support used for gravity-balancing;

• Optimization-driven design of compliant beam and soft robotic actuator;

• Experimental verification of the mechanical behavior of the designed soft wrist ex-
oskeleton, exploring its controllable bi-stable nature for enhanced wrist mobility.

This chapter is organized as follows. First, we discuss the design of the proposed wrist
exoskeleton – detailing the passive gravity balancing and the bi-stability mechanism that
allows bi-directional mobility through one actuation input and the external stimulus from
the user (or patient). Second, we show results from simulations and experiments of each
individual sub-component to show the feasibility of the final integrated design. Following,
we investigate the bi-stability and its role in the hand’s range of motion, followed by a brief
discussion and conclusion.

6.2 Design overview
A monolithic compliant mechanism can be an appropriate option for passive gravity bal-
ancing of hand without adding a considerable weight or occupying a large space [7, 8].
Among a wide range of possible compliant mechanism topologies, a cantilever beam is
chosen as it has a relatively simple and slender topology, which benefits comfort and ease
of design. The design objective of the beam is to keep the hand in the straight position
without any muscular effort while still giving the user the flexion and extension freedom.
In addition to the described passive beam, a tendon-like soft actuator is introduced as an
active parallel subsystem. This tendon can help the user cover the hand’s range of mo-
tion with a minimal effort. As such, the compliant beam balances the hand’s dead weight
while the soft actuator helps with the hand’s movement in its range of motion. The ten-
don free-end is connected via a thin nylon rope to the endpoint of the compliant beam.
This rope passes through the hole at the beam’s grounding near the wrist joint. The beam
is designed in such a way that the straight posture maximizes the distance between the
hand interface and the hole at the wrist joint. Therefore, contraction of the active tendon
induces a bi-stable flexion-extension motion around the straight posture of the hand. As
a result, only by inducing a minimal flexion or extension from the user, the soft actuator
can start helping the hand with its contraction to reach either side of the motion range. In
other words, the active actuator for the tendon is designed in such a way that its contrac-
tion can have dual effects, similar to the flexor-extensor muscles embedded in the human
forearm. The operation of the passive and active subsystems together and their interface
with the patient’s hand is illustrated in Fig. 6.1 and Fig. 6.2. The following subsections
detail the design process for each component of this exoskeleton.

6.2.1 Compliant beam (passive support)
The ultimate goal of the monolithic passive compliant element is to mimic the motion of
the hand during wrist flexion-extension while providing balancing support for the hand’s
weight as a pendulum around the wrist joint.

The steps for designing the required beam are as follows. First, amethod for parametriz-
ing the beam shape using B-splines is developed, whose shape is defined by a set of con-
trol points. Second, an optimization routine is used to satisfy the balancing kinetostatic
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Figure 6.1: An illustration of the energy-efficient wrist exoskeleton that explores the fields of pas-
sive compliant beams and active soft actuation. In the zero-input situation (Mode 1 – passive sup-
port), the compliant beam balances the weight of the hand. The integration of the soft actuator
(Mode 2 – active support) extends the range of motion.

Figure 6.2: An illustration of the concept of the wrist exoskeleton. The compliant beam and soft
actuator are both connected to the forearm interface at their grounding. The beam’s endpoint is
directly connected to the hand bar, and the soft actuator is connected via a nylon rope to the hand
interface. The bar is sitting under the roots of the user’s fingers.

requirements by tuning these control points as design parameters. In each iteration, the
optimizer forms a beam shape based on the control parameters and evaluates the balancing
behavior by a set of endpoint incremental loadings from zero to twice the hand’s weight.
The displacements upon these loadings are numerically computed using a self-developed
finite element model. The reader is referred to [12] for more detail.

As for the beam shape parametrization, a degree-four B-spline is used to interpolate the
spine shape and thewidth of the beam based on seven optimized control points as shown in
Fig. 6.3. The B-spline is chosen to have an open uniform knot vector to ensure equal weight
for each control point and to make the first and last optimized control points coincide
with the first and last parameters of the beam itself. Using B-spline interpolation not
only reduced the parameters, but also caused a smooth transition between the optimized
parameters of the beam and avoided any discontinuities that could have happened due to
sudden dimensional changes in the finite element model.

The beam is designed to be made with a 2D fabrication method out of planar mate-
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A compliant differential

mechanism

This chapter presents a design for a lightweight compliant differential mechanism based
on the knowledge developed in Part II. Firstly, the warping principle from chapter 4 was
used to couple the legs’ reverse motion, and in the second step, a prestressing technique
based on what was presented in chapter 5 was applied to provide zero stiffness for this
differential mechanism in its range of motion. Passive back support exoskeletons have
a way to store energy during forward bending and give it back once the user requires
support. The energy storage mostly works based on the angle between the user’s upper
body and the legs. It is an effective method for supporting forward bending. However, this
upper-body-to-lower-body angle also constantly changes when the user is walking with
the exoskeleton. This means that the passive exoskeleton applies forces on the body with
every step during walking, which can be very disturbing. One solution to this problem
is using a differential mechanism to connect the legs’ mirrored motion on the sides while
keeping themiddle connection to the upper body straight duringwalking. During forward
bending, when both legs’ angles change in relation to the upper body, this differential locks
to support the user. However, using conventional differential mechanisms in this context,
adds a large amount of weight and bulk. This chapter introduces a compliant solution
for the differential mechanism with remote center of rotation to be around the body and
without exerting any forces to the body in its range of motion.

This chapter was published as:
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history of differential mechanisms, only conventional mechanisms using predominantly
gears were found. Only one compliant differential mechanism by Valentijn was found [4].
He used a thin-walled warping beam to create differential behavior in his mechanism. The
principle of using warping for rotational transmission is explained in [5].

Compliant mechanisms are mechanisms that use elastic deformation to accomplish
something useful [6]. Traditionally, when designers needed movement within a mech-
anism, they only used rigid bodies connected with hinges and sliding joints. However,
when you look at nature, much more flexibility in movement can be seen. Think of bee
wings, elephant trunks, eels, seaweed, spines, and the blooming of flowers. Very compact
mechanisms using this flexible behavior can be seen in nature. Compliant mechanisms
have many advantages, such as significantly lower cost due to fewer parts and monolithic
construction, increased precision due to reduced wear and eliminated backlash, no need
for lubrication, and generally a reduction in mass and size. However, compliant mecha-
nisms also introduce some challenges, such as a more difficult simultaneous design pro-
cess for motion and force behavior, fatigue life needs to be addressed, the motion is often
more limited than traditional rigid-link mechanisms with no continuous rotation possible,
there are higher stress concentrations, and most importantly, they require energy during
movement due to elastic deformation [7].

A way to have the benefits of a compliant mechanism, but eliminate the energy stored
during elastic deformation, is to make the mechanism neutrally stable [8–11]. This tech-
nique was also widely used in compliant flexural pivots to make them neutrally stable in
a certain range of motion [12, 13]. If the input and output energies of the mechanism are
the same over a range of motion, the potential energy will be constant with the initial
assumption that the system is isolated and conservative [10]. Several equivalent descrip-
tions for this behavior exist, such as neutral stability, continuous equilibrium, constant
potential energy, or zero stiffness [11]. A method to make a mechanism neutrally sta-
ble is to reintroduce energy into the energy stream between the input and output of the
system [14].

There are multiple ways to store the potential energy in a system to compensate for
the elastic strain energy. This could be done by creating prestresses in the material [11, 15]
or during the assembly process [16, 17]. Prestressing is also possible by adding an exter-
nal compensator, which can be another compliant element or a conventional element like
a spring. An example of a mechanism that uses an external prestressed compensator is
proposed by Herder [18], who added a rolling-link spring mechanism to a compliant la-
paroscopic grasper to eliminate stiffness in this compliant grasper. This idea was further
developed by Stapel, who proposed preloaded compliant flexures to reduce the stiffness of
the aforementioned compliant laparoscopic grasper [19]. Although the storage and rein-
troduction of potential energy have been widely exploited in the past to create compliant
mechanisms with zero stiffness, no neutrally stable compliant differential mechanism has
been reported.

The goal of this work is to demonstrate the use of a compliant differential mechanism
in conjunction with a stiffness reduction technique by reintroducing energy to compen-
sate for the potential elastic strain energywithin the range of movement of themechanism.
Reintroduction of energy changes the stiffness of the mechanism from positive stiffness
to zero stiffness or negative stiffness. The behavior of the mechanism is investigated and
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enhanced using simulations and optimization. The simulated results are validated using
an experimental setup with a physical prototype. The experiments show a good match
between anticipated and actual results in adjusting the stiffness and achieving high kine-
matic performance.

In Section 7.2 the working principle and intended application of the mechanism are
explained. In Section 7.3 the details of the modeling together with the experimental setup
are explained. In Section 7.4 the results of both the simulations and experimental setup
are shown and discussed in Section 7.5. Finally, in Section 7.6, a conclusion is drawn from
the results.

(a) (b)

Figure 7.1: A schematic view of the compliant differential mechanism. The dotted line indicates the
rotational axis of the mechanism and the arrows show the rotation around each side of the mecha-
nism and the middle output. The pretensioned springs are used to compensate the energy required
for compliant mechanism’s elastic deformation. (a)The one-sided input to output connection is with
zero stiffness and energy free. (b) The symmetric drive from the middle to the side outputs has a
very high stiffness.

7.2 Working Principle
The compliant differential mechanism can be seen in Fig. 7.1. The mechanism works by
having two pretensioned springs pushing outwards on the inside of the U-shaped open
section thin-walled beam. While actuating the mechanism on one side, an opposite ro-
tation on the other side of the mechanism is generated. This one-sided actuation can be
seen in Fig. 7.1(a) and Fig. 7.2. During this actuation, the springs are decompressed and
transfer their potential energy into the energy required for the elastic deformation of the
mechanism. The springs are constrained to be always aligned with the rotational axis of
the mechanism, in this way, the springs only experience compression and decompression
without any translation or bending in other directions. The transfer of energy causes the
energy required to actuate the mechanism to be lower, which in turn lowers the rotational
stiffness of the mechanism in one-sided actuation mode, while the symmetrical actuation
mode still has a very high rotational stiffness. This latter actuation mode can be seen in
Fig. 7.1(b). This mechanism has the interesting behavior of a differential mechanism.
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Figure 7.3: The hypothesized total potential elastic energy (solid line) of the neutrally stable mecha-
nism in its range of motion. This line is a summation of the energy of the beam (dashed line) during
elastic deformation and the potential energy of the pretensioned springs (dotted line). The range of
motion with a constant total potential energy is shown in gray.

upperbody. During walking, you have alternating hip flexion on one side and hip exten-
sion on the other side. When bending there is hip flexion on both sides of the hip joint
simultaneously. For this use case, it is required that the mechanism have low stiffness
when walking and high stiffness when bending. This makes the users walking easy and
energy free while this high stiffness provides bending support. These two cases are re-
ferred to in this chapter as one-sided actuation and symmetrical actuation respectively.
Such a mechanism can be labeled as a differential mechanism.

The mechanism is required to be around the human body but still have a rotational
axis that aligns with the rotational axis of the human hip joint. Therefore, a U-shaped
beam is chosen with constraints on the side of the human hip to create a rotation axis
around these constraints. In this research, this application was chosen as the basis for all
parameters, requirements, and optimized values. The parameters are therefore chosen on
the basis of human-sizes and can be changed to suit other applications.

7.3 Methods
The mechanism consists of a thin-walled beam, with an H-shaped cross-section, which
has two bends forming a U-shape geometry. The mechanism can be found in Fig. 7.1
and Fig. 7.4. A force is applied to the sides of the mechanism at points L and R using
two springs. The aim is to research and analyze the neutral stability and bistability be-
havior of the mechanism and the changes in rotational stiffness due to the reintroduction
of potential energy by changing spring parameters. Furthermore, the characteristics and
performance of this mechanism as a compliant differential are analyzed using simulations
and experimental results for various initial spring preloads.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.6: The simulated (black) and the experimental (gray) results for the moment-angle and
energy-angle of the mechanism in a one-sided actuation scenario with three different spring
preloads. The and symbols show the friction compensated results for the left-side and right-
side actuation respectively.
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Discussion

This chapter discusses the main accomplishments of the preceding parts of the thesis,
in addition to outlining potential areas of application for these developments and their
constraints. Additionally, a comprehensive assessment of the entire research project is
presented, including recommendations and limitations that may prove advantageous for
future scholars studying this topic.
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8.1 Overview
In this thesis, different designs for slender spatial compliant elements with the primary ob-
jective of augmenting the functionality of modern exoskeletons are proposed. The study
is divided into three primary parts. Part I discussed the design of spatially curved beams,
the characterization of their kinetostatic behavior, and tuning this behavior as per re-
quirement. Part II elucidated the behavior of straight open thin-walled twisting beams
and demonstrated potential functionalities that can be harnessed from these elements. Fi-
nally, Part III proposed two applications of the aforementioned design methods in passive
exoskeletons.

The subsequent subsections discuss the discoveries, conceivable applications of the
design in exoskeletons, limitations of the methods and possible avenues of future research
and developments in other related fields for each part of the thesis.

8.1.1 Part I - Spatially curved beams
In Part I, the impact of modifying the shape and sectional parameters of spatially curved
beams to attain certain kinetostatic behavior at their endpoints was demonstrated. Based
on this work and the understanding of how to illustrate the spatial kinetostatic behavior,
we have presented a characterization method for these types of beams in the second chap-
ter of this part. By using the characterization, we got a grasp on the contribution of torsion
and bending stiffness of elements along the beams to the kinetostatic behavior of the end-
point. It is important to note that the effect of torsional deformation is barely investigated
in the current state-of-the-art CMs since most of the developed mechanisms are planar
where torsion is not defined. The effect of torsional deformation of elements along the
structure on the kinetostatic behavior of the endpoint can be clearly seen in the results
of the shape optimizer that is developed in Chapter 2. By employing this understanding
and combining dissimilar elements in terms of torsion and bending, exceptional behaviors
can be achieved that were not possible in the known realm of CMs. One example of these
behaviors is described in Chapter 3 as anisotropic variable stiffness.

The presented designs can be applied to several parts of the exoskeletons since slender
structures with a predefined force-displacement behavior, such as the presented beams,
are favored for most connections in these devices since they can store energy and serve as
an additional source of support for the users of passive exoskeletons. These beams also re-
quire little space and can provide complex functionalities; one example is the asymmetric
beams with symmetric behavior that are presented in Chapter 2. The resulting beam was
developed as a unilateral supporting structure for the forward bending of people who use
wheelchairs and need support for bending. This unilateral beam can provide symmetric
support similar to a closed bilateral structure around the upper body while giving freedom
and safety to its users due to its open and slender nature. Moreover, it is expected that
the use of these compliant beams as connection elements can contribute to the overall
support provided by wearable devices. In this context, the design presented in Chapter 3
helps the user to adjust this support in a particular direction on demand. As an example,
in back-support exoskeletons, the support for forward bending can be adjusted based on
preference or on the type and intensity of work, while the support stiffness in other direc-
tions is preserved, in other words, the lateral bending flexibility remains the same during
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the adjustment of front bending support.
The use of such spatially curved compliant elements also entails limitations. The first

limitation is associated with the fabrication of these beams, since extruding and bend-
ing them requires complex machines and producing them using additive manufacturing
methods, as of yet is not economically feasible. During the project, parallel research was
conducted on the development of methods for manufacturing the designed beams that are
introduced in Part I, these methods also have challenges that can be further explored. An-
other limitation is related to the complexity of kinetostatic behavior that can be expected
from these beams. Since they are only single-branch beams, achieving a wide range of
nonlinear characteristics cannot be expected from them, and the kinetostatic outcome is
limited. Finally, the distribution of strains in the beam and fatigue due to repetitive mo-
tions, which are two of the most important factors in the failure of CMs, are harder to
control in a single-branch beam structure like the ones presented here.

In future research, it is possible to combine multiple beams and establish connections
between them to achieve more intricate behaviors for certain applications. By doing so,
the structure of beams will be able to create more complex behavior at each node, and
therefore, the overall kinetostatic behavior can be more sophisticated. Combining beams
can result in multi-stable structures, as one example. Moreover, having a network of
beams can provide more possibilities regarding the intermediate deformed shape of the
structure in large deformations. This can help the designers of exoskeletons make largely
deformable compliant elements that conform to the body in different phases of support.
It is also important to mention that by adding complexity to the shape, the slenderness of
the overall structure will decrease, and therefore there is always a trade-off. By having a
network of beams, it is also possible to introduce intermediate contact between them after
a certain amount of deformation. This can facilitate the implementation of behaviors such
as softening or stiffening and provide more possibilities for the type of nonlinear force
displacement behavior that can be expected from the structure.

Utilizing the designs for spatially curved compliant beams that are introduced in this
section can be relevant to various other fields of research, such as surgical robots and
catheters, since they need to reach certain locations through complex paths around or-
gans inside the body and yet provide certain kinetostatic behavior at their tip points. Also
in aerospace structures spatially curved beams may be relevant, for instance when spe-
cific shapes are required due to aerodynamic requirements, only certain spatial shapes are
available, yet the structure should be fully functional due to weight limitations and crucial
working conditions. Finally, in biomimetic robots, replicating creatures’ motions requires
complex functional structures. Moreover, surviving in harsh conditions, e.g., dirt and sand
or high water pressure, requires monolithic functional parts that can provide support and
motion.

8.1.2 Part II - Twisting beams
The present study demonstrates the capability of the warping phenomenon to transmit
sectional twist along open thin-walled beams. A monolithic design for a transmission
mechanism is presented based on this concept and the analytical model for this transmis-
sion along the length of the beam is established, paving the way for the development of
monolithic variable transmission ratio elements. In the second step, to achieve zero stiff-
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motion of the wrist, reducing muscular effort for flexion and extension. This beam was
then integrated with a soft actuator, resulting in a hybrid system that requires less energy
to help the wrist movements. Secondly, the transmission presented in Chapter 5 was
utilized to design a differential system that averages legs angle to upper body connection,
addressing one of the primary challenges of passive back support exoskeletons which is
the activation of the bending support mechanism in each walking step of the user.

Implementing the presentedmethods in exoskeletons has several advantages, butwork-
ing with a complex system such as the human body also presents new challenges and lim-
itations. Since the presented designs are based on ideal human kinematics, several other
motions and considerations must be taken into account when designing for exoskeleton
parts. These considerations range from the interfaces with the body and applying reaction
forces from the support with the least discomfort to the directions in which mechanisms
should provide freedom, size adaptability, differences between users’ gaits, and several
other considerations. Incorporating all of these considerations into the design requires a
deeper understanding of human factors and biomechanics.

It is important for designers and users of these elements to be aware of the limitations
and risks associated with using CMs for exoskeletons, since large deformations in CMs
result in the material’s strain being pushed to its yield limit. Considering the inherent
motion uncertainties of the human body, having such largely deformable spatial elements
for supporting unbounded body movements can increase the risk of going over the yield
limit and failure.

Future research could focus on addressing the biomechanical issues associated with
the presented designs and possibly considering the implementation of human models in
the design process of these compliant elements. This can help the designers better under-
stand the limitations regarding the reaction forces and moments on the human joints and
the kinematic and force limitations for providing support to one part of the body using
other parts. Additionally, close collaboration with the designers of commercial passive
and active exoskeletons can help the designers of compliant mechanisms have a clearer
idea of the requirements and help promote the use of their designs as the subsystems of
commercial exoskeletons. The subsystem can be a part with certain kinetostatic behavior
or an energy-saving addition to the wearable devices.

8.2 Limitations and Recommendations
The current work mainly looks at single-branched curved beams as a promising topol-
ogy to be close to the body and conform to it while providing design freedom to achieve
certain kinetostatic behaviors. Achieving the desired behavior can happen by tuning the
beam shape in the area close to the body and taking advantage of less investigated spatial
modes of deformation. The investigation started with a single branch of Euler-Bernoulli’s
beam and diverged in several directions to introduce new features into this simple and
essentially straight element. The initial beam does not warp, the sectional deformation
is not modeled, the shear is not considered and it is also set to be prismatic and have no
twist or prestress. In Chapter 2, the curvature was added to these beams and the control
over kinetostatic behavior was achieved. In Chapter 3 a type of non-prismatic beam was
introduced and control over anisotropy was achieved. In Chapter 4 the effect of warping
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was considered and the transmission was achieved. And finally, in Chapter 5 the change
of prestressing provided control over torsional stiffness. These investigations show that
adding one step of complexity to the simple beam can cause exceptional functionalities.
There are yet several possibilities for these beams, from the combination of the mentioned
effects or from the non-studied effects, like shear, that can possibly cause other interesting
and functional effects. Also, while the current work has concentrated on prismatic beams
with negligible in-plane sectional deformations, incorporating variable sections along the
structure and in-plane deformable sections could lead to new avenues for development of
different kinetostatic behaviors.

Current designs for compliant elements in the literature are barely taking advantage
of the torsion-related effects that are utilized in this work or those that have yet to be
investigated, such as lateral torsional buckling. A deeper understanding of these effects
could facilitate the development of new design techniques for controlling the kinetostatic
behavior of spatial structures.

In the realm of passive exoskeletons, it is also possible to use 2D compliant shell struc-
tures instead of 1D beams. However, considering the limitation of the 2D design space
close to the body, using shells heavily limits the parameters available for the design since
the shape of the shell should essentially match the body shape, and achieving certain kine-
tostatic behavior by controlling the shape is therefore challenging. However, in the case of
1D spatial beams, which are selected as the main direction of development for this thesis,
there are more possibilities in the same design area close to the body. This makes them a
good choice for implementation and research in exoskeletons, and as it discussed before,
still major directions of development for these beams are available that can be promising
directions of development for successors to this research line.
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Conclusion

This dissertation introduces designs for slender spatial compliant elements with specific
kinetostatic behavior, with the aim of application in passive exoskeletons. In search of
making slender, lightweight, flexible structures that can provide the nonlinear kinetostatic
behavior required to support the human body, previous researchers widely investigated
the potential of using compliant shell elements for this application; however, matching the
shape of these shells with the available area close to the body implies constraints to the
design space and restricts the range of achievable behavior. To overcome limitations of
shells, spatial compliant beams were selected since they can provide enough parameters
for the designers to achieve the desired behavior even in a limited design area close to the
user’s body.
By starting with one of the simplest elements, an Euler-Bernoulli beam, the understanding
of how known three-dimensional deformation modes can contribute to the overall func-
tionality of compliant beams was achieved. Several steps were taken in this thesis to add
complexity to the design of these beams to achieve more intricate kinetostatic behaviors
which are required in the domain of exoskeletons. It is demonstrated that making spatial
curvatures in beams enables torsional deformation of elements along a structure, which
is recognized as an effective deformation mode for controlling the endpoint stiffness of a
single branched beam. Going from prismatic to non-prismatic beams and the combination
of torsion-related effects with well-investigated bending effects enabled a wide range of
design possibilities to achieve complex kinetostatic behavior such as anisotropic adaptive
stiffness. Understanding secondary effects like beam warping, which causes a coupling
in the torsional deformation of sections in open thin-walled beams, allowed for the in-
troduction of widely applicable mechanical functions like transmission. Furthermore, the
effect of prestressing in the direction of the stiffest mode of deformation of the beams with
deformable sections led to controlling certain stiffness, i.e., achieving negative and zero
torsional stiffness.
The understanding of each of the effects that can be enabled in spatial compliant beams
has shown to be beneficial in providing a wide range of functionalities and complex kineto-
static behaviors. There are a handful of other effects in beams, e.g., non prismatic sections
and shear, that are not investigated and can potentially lead to more intricate solutions.
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Also, the combination of these beams in a network can lead to more intricate behaviors.
This direction of research not only contributes to the field of passive exoskeletons but
also to the broader realm of mechanical design since the integration of functionality into
a slender lightweight element can make them preferable over conventional rigid body
mechanisms. Moreover, going back to the root and looking at simpler topologies for more
intricate behaviors rather than investigating more complex topologies worked effectively
in this thesis and resulted in promising design directions. This demonstrates the effective-
ness of the approach taken in this work, and the same way of thinking can be adapted
more broadly in other fields of engineering design.
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