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Preface

It’s an experience like no other experience | can describe, the best thing that can happen to a scientist, realizing
that something that’s happened in his or her mind exactly corresponds to something that happens in nature. It’s
startling every time it occurs. One is surprised that a construct of one’s own mind can actually be realized in the
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Leo Kadanoff
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which | can now say is also applicable to this thesis. It was a challenging but rewarding journey as
it has taught me valuable lessons in very diverse subjects, ranging from managing my own project to
conducting experiments with human participants but also in mechanical design. Furthermore, | was
confronted with some unexpected challenges in the course of this project. For instance, | had to learn
how to operate a sowing machine to make the human interface for one of my umpteenth prototypes.

Nonetheless, as | have reached the end of this journey, of almost a lifetime of education, it is merely
the start of a new one, the start of my professional career as an engineer. However, no matter what
road lies ahead, | will never stop learning and investigating what interests me.

This thesis would not have been possible without the assistance of many people. First of all, |
would like to thank my supervisors Giuseppe and Suzanne for their valuable feedback and for keeping
me focussed on the project when | went too much into detail. Secondly, | would like to thank profes-
sor Harlaar for the insights he gave me while setting up and performing my experiments with human
participants. Thirdly, my gratitude goes to Ali and Mariska for the interesting discussions on the im-
plementation and implications of my ideas. Furthermore, to my fellow students for their help with my
experiments and the interesting informal discussions. And of course, to the support staff of PME and
BME for their assistance with performing and setting up my experiments. Lastly, | would like to thank
my parents and family for their support throughout this journey, it would not have been possible without
them.

B.J. van der Burgh
Delft, October 2022
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Introduction

Duchenne Muscular Dystrophy (DMD) is a genetic disorder, occurring in approximately 1 in 5000 male
births, causing a progressive loss of skeletal muscle function and increased joint impedance [1-3].
Thus, as the disease progresses the patients lose the strength to move their legs and arms making
them more reliant on others and assistive devices, such as wheelchairs and arm supports, to assist
them in their daily activities.

In recent years a considerable amount of effort has been put in the development of arm supports
within the Flextension A-Gear project as a collaboration between the Delft University of Technology,
VU Medical Centre, Technical University of Twente and Radboud University Medical Centre [4—8]. Cur-
rently, this research is being continued within the Wearable Robotics Consortium, to develop an arm
exoskeleton and wrist support [9]. However, for both the arm exoskeleton and wrist support there are
multiple challenges which have to be solved, such as the user interaction and weight compensation.
Consequently, in this thesis an attempt is made to address the issue of weight compensation of the
hand.

Compensating the weight of the hand is challenging, because of the complexity of the wrist joint and
its manoeuvrability through space, making the level of compensation dependent on the orientation of
the arm. So far only a few wrist supports have been developed capable of providing assistance in activ-
ities of daily living [10]. However, most of these devices are limited to specific orientations or are large
and complex. Therefore, in this thesis a novel method is being investigated to reduce device complexity
for compensating the weight of the hand. This method relies on balancing the hand only approximately
using a constant torque of which the magnitude depends on the orientation of the forearm. Using such
a constant torque allows for the use of a semi-passive type of wrist support, decreasing the complexity
of control and the energy consumption of the support. However, as the use of a constant torque has not
been used so far in weight compensation of the human body, its effectiveness in reducing the muscle
effort must be evaluated. Subsequently, this thesis describes the experimental evaluation of using a
constant torque to compensate the weight of the hand.

To be of use in a wrist support a mechanism is required which is capable of generating a constant
force/torque output. Here a constant force output, implies that the output force remains approximately
constant throughout a specific range of motion. Besides requiring a constant force, this force must
also be adjustable as the level of compensation is dependent on the orientation of the arm. While a
considerable effort has been put in the development of (adjustable) constant force mechanism in dif-
ferent fields of study [11], only in recent years the application of standard constant force mechanism
in exoskeleton gained some interest [12, 13]. However so far, no attempts have been made to use
adjustable constant force mechanisms for gravity compensation of a limb.

This thesis describes the development of an adjustable constant force mechanism as a proof of
principle for a novel wrist support to compensate the weight of the hand. To discuss the different aspects
related to the development of this wrist support this thesis is structured as follows. In the first chapter the
disease DMD will be introduced and how it affects the functioning of the arm. Successively the second
chapter describes how the mass of the hand can be compensated. The third chapter presents an article
discussing the experimental evaluation of the effectiveness of the proposed compensation method in
healthy subjects. The consecutive chapter presents an article discussing the design and evaluation
of the adjustable constant force mechanism. The fifth chapter addresses the implementation of the
results from the previous two chapter in a prototype of a wrist support. Finally, the outcomes of this
thesis will be discussed, conclusions drawn and recommendations for future research given.






Duchenne Muscular Dystrophy

Muscle weakness or limited muscle control can have a serious impact on people’s lives. This limited
muscle functioning can have various causes such a stroke, injury or diseases such as muscular dys-
trophies. There are multiple types of muscular dystrophies each being caused by a mutation in one
of the genes responsible for the muscle functioning [1-3]. Of these muscular dystrophies Duchenne
Muscular Dystrophy (DMD) is the most common, occurring in approximately 1 in 5000 male births [1-3,
14]. DMD is an inheritable disease caused by a mutation in the gene coding for the protein dystrophin,
which lays on the X-chromosome. Being a recessive mutation, it follows X-linked recessive inheritance.
Because of this, the disease almost exclusively occurs in boys. However, around 10% of the female
carriers of the mutation do show some form of muscle weakness [3, 15]. Although the disease is known
to be inheritable, in up to one-third of the patients it is caused by a new mutation [15, 16].

1.1. Disease progression

DMD is a progressive disease, affecting the large muscle groups at first more than the smaller groups.
An overview of the disease progression is depicted in Fig. 1.1. The first symptoms, such as walking
difficulties, become generally visible around the age of 2-3 years [17]. Furthermore, around the age
of 10-14 most boys are wheelchair bound [18]. In the following years loss of function becomes also
more apparent in the upper limbs. Additionally, since the breathing muscles are affected, breathing
support is generally required around the age of 20 [19]. Not only the skeletal muscles are affected but
also respiratory, cardiac and skeletal problems can occur directly or indirectly as a result of DMD [20].
However, due to improvements in treatment the median age of death has increased over the years
[21]. In literature, median life expectancies of 28 up to 40 are being reported [22—24], where the cause
of death is commonly due to heart or lung failure [23, 24].

1.2. Microbiological Manifestation

The deficiency or malformation of dystrophin has various consequences for the muscle cells, con-
tributing to their progressive weakening. First of all, the muscle cells are less capable of supporting
mechanical stresses, making them more susceptible to damage when contracting. Furthermore, in
healthy people exercise will increase the blood perfusion of the muscles. However, this increase in
blood flow is limited in DMD patients, potentially damaging the muscles due to a lack of oxygen. Be-
sides that the muscles become damaged more easily, their regenerative potential is also limited [15].
As not all damaged muscle fibres are repaired, they can become necrotic and induce an inflammatory
response, which increases the formation of fatty and fibrotic tissue, replacing the damaged muscle tis-
sue [25]. An additional consequence of this build-up of fatty and fibrotic tissue is that the muscles can
generate less force. Additionally, due to the increased joint impedance, more force must be exerted
by these muscles to enable motion [26—28]. Dystrophin not only is important for the skeletal muscle
functioning, but it also plays a role in the function of other tissues. Consequently, the manifestation of
the disease is not solely in the skeletal muscles. For instance, it has been found that the prevalence
of mental disorders is higher within DMD patients compared with the general population [29], while
cardiomyopathy (disease of the heart muscle) occurs in almost all patients by the age of 18 [1].
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Figure 1.1: Disease progression and dependence on assistive devices for Duchenne Muscular Dystrophy patients. Retrieved
from [4, 5]

1.3. Classification

The progression of DMD can be divided in different stages based on the remaining functional abilities
of the patients. An example of such a division, which focusses on the upper extremity function, is the
Brooke scale. This scale ranges from 1 to 6, where 1 is the least and 6 is the most severe (Table 1.1).
Other scales such as the Vignos scale focus more on lower extremity function [30]. When focussing
specifically on the wrist a decline in wrist function starts to become apparent around a Brooke scale of
3 [27] as the available joint torques become insufficient as considered required for all activities of daily
living [31].

1.4. Arm function in Duchenne Muscular Dystrophy

As previously discussed, the upper extremity function decreases over time in DMD patients. The me-
dian age of the onset of Brooke scale 2 is found to be around the age of 11 years [32]. Thus, the arm

Table 1.1: Description of the various stages of the Brooke scale [30]

Brooke Description
scale
1 Starting with arms at the sides, the patient can abduct the arms in a full circle until

they touch above the head

2 Can raise arms above head only by flexing the elbow or using accessory muscles

3 Cannot raise hands above head, but can raise a 200 ml glass of water to the mouth

4 Can raise hands to the mouth, but cannot raise a 200 ml glass of water to the
mouth

5 Cannot raise hands to the mouth, but can use hands to hold a pen or pick up

pennies from the table
6 Cannot raise hands to the mouth and has no useful function of hands
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function is often already affected before the patients start using a wheelchair. However the disease
progression can strongly differ between patients. Patients having a Brooke scale of 2, generally only
feel a limited increase in joint impedance in the arms, however as of a Brooke scale of 3 severe joint
impedance is observed [32]. This increase in stiffness as the disease progresses, is also found by
Cornu et al. who measured the stiffness around the elbow joint [26]. This increased joint impedance
is partially caused by the increased stiffness of the muscles themselves. For instance, Lacourpaille et
al. found a significantly higher shear modulus in the biceps brachii and triceps brachii in DMD patients
[33, 34]. Furthermore, muscle activation in DMD patients is closer to their maximal contraction level,
indicating that the remaining functional muscles are put to more stress [35, 36]. This increase in joint
impedance and decrease in strength decreases the range of movement. Additionally, the formation
of contractures results in a further decrease. After the age of 13, contractures in the elbow and wrist
are very common [37]. This increase in contracture incidence in these joints is related to the longer
periods of inactivity of the limbs [37]. This was also observed by Janssen et al. where the maximum
active and passive joint angles declined almost simultaneously with the disease progression. They
attribute this to the decrease of active joint movement which cause the joint to be statically positioned
for a longer duration of time, thus increasing the formation of contractures [27]. Additionally, a low level
of physical activity in general results in a faster decline in functionality (e.g., the difference in performs
between the dominant and non-dominant hand increases with increasing age in DMD patients) [38, 39].

When focussing on the wrist it has been found that the active range of motion is considerably lower
in DMD patients with Brooke 3 or higher. Janssen et al. found for instance a decrease by almost a
half in maximal active joint angle of wrist extension. However, due to the small sample size it could not
be regarded as a significant difference [27]. Furthermore, they observed that patients with Brooke 3>
were not able to generate enough torque to perform all activities of daily living (ADL) when performing
wrist flexion or extension. Additionally, Wagner et al. observed that most subjects older than 14 years
(Brooke 3 and higher) had difficulty extending their wrist through a full range of motion against gravity
[40].

1.5. Treatment

Currently there is no cure for the disease. So, the available treatments focus on minimising the disease
progression and maintaining a certain quality of life. A commonly used treatment is the use of corticos-
teroids [18], which by suppressing the inflammatory responses delays the disease progression [25].
Next to corticosteroids, several therapeutics are being investigated in DMD patients which for instance
attempt to delay disease progression [41]. Other examples of treatments are providing ventilation sup-
port [42] or physical therapy [43, 44]. A more extensive overview of the management of DMD is provided
by Birnkrant et al. [44—46]. However, once a function is lost, it cannot in general be retrieved. This is
especially clear when looking at patients with Brooke scale of 3 or 4. Although they can still move their
arms and hands, their range of movement is limited [27]. Furthermore, because of the limited move-
ment as well as the replacement of muscle tissue by fibrotic and fatty tissue the risk of the formation of
contractures is increased (decrease of passive range of motion), further decreasing their mobility. This
development of contractures occurs especially after the patient has become wheelchair bound [37, 47].

As the disease progresses DMD patients become more dependent on assistive devices for their
daily activities (Fig. 1.1). For instance, to improve or maintain the functionality of the arms and hands
and to prevent the onset of contractures, external supports or exoskeletons can be used. Examples
of such systems available on the market are the SeaboMas [48] and the devices developed by Armon
[49], which aim to compensate the weight of the arm, decreasing the required effort to move the arm.
Additionally, a considerable amount of effort was and is being put in the development of new devices.
For instance, within the Wearable Robotics project [9] an exoskeleton is being developed specifically for
DMD patients. However, these (commercial) devices primarily focus on supporting the arm, whereas
these patients will also likely benefit from some support of the hand. As such, in recent years the
development of such a support for the hand has gained interest [5, 7, 50]. However, several challenges
still remain, such as compensating the weight of the hand, which will be further discussed in the next
chapter.






Simplified balancing

To be able to compensate the weight of the hand, knowledge is required about its potential energy or
the joint torques generated by gravity. To this end, a model has been developed of the arm. However,
to be able to properly model the arm, information is needed about the biomechanics of the arm. Ac-
cordingly, a brief discussion will be given on the arm biomechanics followed by the description of the
model and its simplifications. Based on this model various methods to compensate the weight of the
hand will be discussed.

2.1. Biomechanics of the arm

Each arm consists of three distinct joints, namely the shoulder, elbow and wrist with a total of seven
degrees of freedom (DOFs): three at the shoulder joint (Glenohumeral joint, spherical joint: flexion-
extension, abduction-adduction, endo- and exorotation of upper arm), one at the elbow (Revolute joint:
flexion-extension lower arm), two at the wrist (Universal joint: palmar-dorsal flexion, radial-ulnar de-
viation of the hand) and one distributed between the elbow and the wrist (Revolute joint: pronation-
supination of the lower arm) [51-54]. Next to the joints in the arms themselves, the joints in the pectoral
girdle also play a role in arm movement. These are the acromioclavicular joint (between the collarbone
and shoulder blade) and the sternoclavicular joint (between the breastbone and the collarbone). These
joints enable circumduction and elevation-depression of the shoulders [51], adding an additional two
degrees of freedom [55].

Although the wrist joint is often considered as a universal joint, it is a complex joint involving the
interaction of multiple bones. The palmar-dorsal flexion and ulnar-radial deviation of the wrist are en-
abled by a combination of two joints, the radiocarpal joint and the midcarpal joint (Fig. 2.1) [54, 56]. The
radiocarpal joint, commonly referred to as the wrist joint, is the joint formed by the radius and three of
the proximal carpals (scaphoid, lunate and triquetrum). The midcarpal joint is formed by the proximal
carpals (scaphoid, lunate and triquetrum) and the distal carpals (trapezium, trapezoid, capitate and
hamate). Next to this, some sliding movement between the different carpals is possible. However, this
has a limited contribution to the movement of the wrist [54, 56, 57]. Because of this structure, the wrist
has a large range of motion. The wrist can normally palmar flex up to 70-80 degrees, dorsal flex up
to 60-75 degrees, radial deviate up to 30-35 degrees and ulnar deviate up to 15-20 degrees [31, 54].
However, in the case of diseases affecting the muscle strength and/or joint impedance these ranges
of motion can be greatly decreased [27].

In modelling of the wrist, the two movements are generally simplified as a rotation around a single
point. However, the axes of rotation for palmar-dorsal flexion and ulnar-radial deviation do not intersect
[58, 59]. This offset between the two axes is important to consider when designing exoskeletons to
prevent joint misalignment during motion, to avoid excessive forces on the wrist. However, as in this
work only the assistance of palmar-dorsal flexion is considered, the offset between the axes of rotation
is not yet an issue.
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Figure 2.1: Bones and joints of the hand forming the wrist. Retrieved from [56]

2.2. Modelling of the arm

Based on the previous discussion the hand can be considered as being located at the end of a 7 DOF
kinematic chain (ignoring the DOFs from the pectoral girdle). Subsequently, the hand can be moved
almost freely through space, making the balancing of its weight around the wrist joint challenging, as
the required balancing forces are dependent on the orientation of the arm. So, to determine the re-
quired balancing forces a model is constructed to describe the motion of the hand through space.

The model is made of the right arm with respect to the anatomical position, with the z-axis pointing
upward, x-axis forward and y-axis to the left. The shoulder is modelled as a having three degrees
of freedom (endo-exorotation, abduction-adduction and flexion-extension). To describe the rotations
around the shoulder a set of Euler angles can be used. For this, different orders of rotations are pos-
sible. However, here the order zyx is used in accordance to the rotation axes of an arm exoskeleton
developed at the TU Delft. The elbow is modelled as a hinge joint around the local y-axis to describe
flexion-extension of the elbow. The pronation-supination of the hand is caused by a combined move-
ment at the elbow and wrist. However, as we are only interested in the orientation of the hand the
pronation-supination motion is simplified to occur at the wrist. Consequently, the wrist is modelled
as a spherical joint, following the same order of rotations as the shoulder (e.g., pronation-supination,
palmar-dorsal flexion and radial-ulnar deviation). Two example positions of the arm are depicted in Fig.
2.2

As the design of the wrist support is focussed on assisting with palmar-dorsal flexion the model
can be simplified by constraining the radial-ulnar deviation of the hand. To be able to balance a mass,
either the potential energy or the generated joint torque has to be known. So, based on the model an
expression is sought for the gravitational potential energy.

According to Euler, a rotation in space can be described by three consecutive rotations around
the coordinate systems axes. Thus, it should be possible to describe the orientation of the wrist by
three rotations plus one additional rotation to describe the rotation of the hand around the wrist (e.g.,
the arm has some redundant DOFs). For this, different orders of Euler angles can be used, which
result in equations for the potential energy of varying complexity. Thus, using Euler angles the position
of the hand in space depends on 4 DOFs and therefore its potential energy can be expressed using
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Figure 2.2: Arm model in two different orientations. Upper arm (blue line), forearm (green line), hand and thumb (cyan) and hand
centre of mass (black dot). Left image 20° shoulder flexion and 70° elbow flexion. Right image 30° endorotation, 20° shoulder
flexion, 30° abduction, 110° elbow flexion and 20° palmar flexion (movement occurred in this order)

four angles. The first three define the orientation of the wrist and the fourth the level of dorsal-palmar
flexion of the hand. Based on this assumption a relatively simple expression can be found using a zxyy
order of rotations, which physically correspond to endo- exorotation (§), abduction-adduction (y) of the
shoulder, elbow flexion-extension (8) and palmar-dorsal flexion (¢). Note that in the case of shoulder
flexion-extension and pronation-supination of the forearm the physical meaning of these angles no
longer holds. However, the model still applies.

V =—-mgLcos (6 + ¢)cosy (2.1)

In this expression the angles are defined with respect to the anatomical position. Note that the potential
energy is independent of the angle § as a change of this angle does not result in a change in height of
the hand. However, as the intended use of the wrist support is for wheelchair bound people a change of
reference is more convenient (e.g., with respect to the hand lying on a desk). Therefore, the reference
position is now taken at 90° elbow flexion with the hand in a pronated position. Due to this change of
reference and coordinate system the potential energy is now given by

V =mgLsin (0 + ¢)cosy (2.2)

Where the angles are defined according to Fig. 2.3. Furthermore, the joint torques generated by gravity
can be expressed as

T =mgLcos (6 + ¢)cosy (2.3)

Based on the use case of the Wearable Robotics integration project wrist support, some constraints
can be placed on these angles. The minimum range of motion (ROM) for palmar flexion and dorsal
flexion are respectively 50 and 25°. Thus, the angle ¢ ranges from -50 to 25°. For pronation-supination
the minimum ROM is 80 and 50°, which approximately relates to iy between 10 and 140° when 6
is zero. However, as i also includes some abduction-adduction of the shoulder this range will be
somewhat larger. Based on studies investigating the required ROM for common movements [60, 61],
such as drinking from a glass, a rough estimate is made of the required 6, which is taken as -10 till 100°
(considering the fact that the support is focused on DMD patients). Although, this involves a relatively
large workspace, not all combinations of angles are performed in daily living. Additionally, the arm will
predominantly be held in only a few specific orientations for longer periods of time (e.g. arms positioned
as in working behind a desk). Consequently, not all orientations are of equal importance to consider
for the wrist support.
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2.3. Balancing a mass

A mass can be balanced actively using actuators or passively using for instance a counterweight. Some
of the drawbacks of using active balancing is its energy expenditure and the required control, which
can become complex, especially when interaction with humans occurs (as with exoskeletons). On the
contrary, passive balancing requires essentially no external energy and no control and possesses less
safety risks. However, passive balancing is less flexible, as it has to be designed for each specific
case. Nonetheless, because of its advantages passive balancing, more specifically passive gravity
compensation, will be investigated for implementation in a wrist support.

Passive gravity compensation is a topic of interest in different fields, such as exoskeletons and
robotics, as it decreases among others the requirements on actuators [62, 63]. Passive gravity com-
pensation can be considered as a form of static balancing, which relies on keeping the potential energy
constant throughout (a part) of the movement range [64]. This is generally achieved using springs
or counterweights. Using a counterweight is perhaps the easiest method of balancing a mass (Fig.
2.4), examples of this can be found in bridge design, elevators, and robotics [62]. However, the use of
counterweights is not always favourable due to its mass and required space. Springs on the contrary
are in general lighter and take up less space. However, they have their drawbacks too, as it can be
challenging to obtain the required spring characteristics.

2.3.1. 1 DOF balancer
An example of balancing a 1 DOF pendulum using a spring is depicted in Fig. 2.5. For this system the
total potential energy is given by

1
V =mgLsin¢ + Eku2 (2.4)

Here k is the spring stiffness, m the mass of the pendulum, L the arm length of the pendulum and g
the gravitational acceleration. Furthermore, the elongation of the spring u is given by u? = a? + r? —
2ar sin ¢, where r is the arm length of the spring and a the vertical offset of the spring. Accordingly,
the total potential energy can be expressed as

k
V =mgLsin¢ — karsin¢ + E(rz + a?) (2.5)

For the potential energy to be constant throughout its range motion, to compensate the weight, its
derivative with respect to ¢ must equal zero throughout its range of motion.

av

% =mgLcos¢ —karcos¢p =0 (2.6)
As this equality should hold for any value of ¢ the spring stiffness must be equal to k = ma—“iL. This
methodology can be extended to balancing of mechanisms with more DOFs [64—-67].
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Figure 2.6: Balancer using two springs

2.3.2. Orientation independent balancer

When the orientation of the reference frame is changed, as is the case in the wrist model, balanc-
ing becomes considerably more difficult as it involves a phase shift and change of magnitude of the
required balancing torque and potential energy (Equation 2.2 and 2.3). Changing the magnitude of
the output force or torque is something investigated readily in literature and can be achieved by for
instance changing the properties of the spring or its lever arm [68—71]. However, adjusting the phase
is more challenging. A possible solution is to balance the entire kinematic chain the wrist belongs to
(e.g., shoulder and elbow). When only considering motion in one plane, balancing can be achieved
as proposed by for instance Agrawal and Agrawal [66]. Furthermore, when looking at 3D-motion, only
examples can be found of balancers balancing across the shoulder and elbow joint [72, 73]. However,
the size and the pronation-supination degree of freedom limits the extension of these mechanisms to
the wrist. Two possible methods to solve this issue which will be considered next, are using a form of
approximate balancing and using two parallel springs with adjustable stiffness.

Parallel springs Using trigonometric identities, the equation of the potential energy (equation 2.2)
can be rewritten as
V =mgL cos 0 cosysing + mgL sin O cos cos ¢ (2.7)

Considering the angles 6 and ¥ to be constant, the first term behaves similar as in the example of the
1 DOF balancer and can thus be balanced in the same way. Considering the second term, this as well
can be balanced using a spring, resulting in the configuration as depicted in Fig. 2.6. To compensate
the weight the required spring stiffness can now be expressed as

mglL cos 0 cosy
k1 =

(2.8)

ar

mgL sin 6 cos

k, = = (2.9)
Here to some extent similar methods can be used as described by van Dorsser et al. [68—71] to ensure
equilibrium. Thus, either the coordinates of the spring must be changed (a and b or r) or its stiffness.
However, these methods will only work for a certain range of 8 and y as otherwise a change in sign
has to occur of either the stiffness (negative stiffness) or spring coordinates, introducing additional
difficulties. Although it is something of interest for further investigation it will not be considered any
further here.

Approximate balancing Instead of perfect balancing, requiring a complex torque profile (Equation
2.3), it is of interest to look at more simplified balancing methods. Although the required effort by the
user or system to move the mass around is no longer zero (theoretically), a reduction in movement
effort can still be achieved throughout at least a part of the range of motion. Once again, the torques
required for perfect balancing are given by the following equation of which some examples of the re-
quired balancing torques are illustrated in Fig. 2.7.

T =mgLcos (6 + ¢)cosy (2.10)
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Figure 2.7: Torque profiles for different levels of 8 and Y. The
circles indicate the required level of constant torque according
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Figure 2.8: Level of compensation using a constant torque
throughout the range of motion of the wrist for different levels
of 6 and y. Here 100% is considered as complete compen-
sation, values larger than 100% overcompensation and lower
than 100% undercompensation. Note that the level of compen-
sation for different levels of 1 overlap.

By performing a Taylor expansion around the neutral wrist position ¢=0 the required balancing
torque can be expressed as

T ~ mgL cos 6 cosy —mgLsin 6 cos Y + 0(¢p?) (2.11)

This linear torque profile is equivalent to a prestressed spring (T = k(¢—¢,), with k = —mgL sin 6 cos
and ¢, = % ). Thus, an adjustment of the (effective) stiffness and its offset (¢,) is required to
ensure the balancing. Although there are several solutions available for the adjustment of stiffness [74—
76], only a few are capable of adjusting their stiffness between positive and negative values [77, 78].
These mechanisms consist of a positive and negative stiffness element arranged in parallel of which
the stiffness of one of these elements is adjusted. Although being of interest for further investigation,
because of their complexity, an even simpler solution is sought. Consequently, considering only the first
term of the Taylor expansion of the balancing torques, results in a constant force of which the magnitude
depends only on the orientation of the mechanism/forearm. Accordingly, the balancing torque is given
by

T = mgL cos 6 cosy (2.12)

As constant force mechanisms find their application in numerous areas a considerable amount
of effort has been put in literature in the development of such mechanisms [11]. Therefore, using a
constant force seems like a good starting point for the development of a wrist support (Chapter 4).
However, as the balancing potential of a constant torque is lower than of a sinusoidal torque (Fig. 2.8)
the effectiveness of using a constant torque (as well as a linear torque) must be assessed (Chapter 3).

Conclusion

Based on an arm model a model was developed for the required torques to compensate the weight
of the hand. Because of the complex control involved with an active support it was decided to use a
(semi-) passive support. However, due to the complexity of the torque profile (e.g., dependence on
several DOFs) an expression for an approximate balancing profile was derived, resulting in a constant
torque profile of which the magnitude depends on the forearm orientation only.
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Abstract

People with muscular weakness might profit from a wrist support to compensate the weight of the hand. For the
development of a novel type of passive mechanical wrist support the effectiveness of different compensation strate-
gies was evaluated. Three different compensation strategies (applying a constant, linear or sinusoidal torque profile
as a function of the wrist flexion angle) were compared to no support by assessment of the magnitude of the mus-
cle activity through sSEMG of the wrist flexors and extensors in different forearm and wrist positions. Based on the
experiment with 8 healthy subjects it can be concluded that overall, there is a significant reduction of 47% up to
53% (p<.001) in the activity of the anti-gravity muscles (extensor muscle) in all used compensation strategies com-
pared to no compensation, while there is no significant difference between the different compensation strategies.
However, in all used compensation methods a significant increase of 44% up to 61% (p=.005) in flexor muscle
activity is observed for large levels of palmar flexion. Indicating a possible limitation of the current compensa-
tion methods. Nonetheless, compared to the theoretically ideal sinusoidal profile, for a gravity compensating wrist
support the simpler constant or linear torque profiles can be considered as effective alternatives.

1. Introduction

Muscular disorders can have a severe impact on people’s lives. An example of such a disorder is
Duchenne Muscular Dystrophy, a genetic disorder resulting in a progressive loss of muscle strength
[1]. Due to the decreased muscle strength, the active range of motion (ROM) of the arms is reduced [2].
However, by compensating the weight of the upper extremities some ROM can be regained, for instance
with a wrist support. Theoretically this requires a sinusoidal torque profile of which the magnitude and
phase depend on the hand and forearm orientation (Supplementary material A). However, as the fore-
arm can be moved in 3D space, compensating the weight of the hand over the wrist is challenging. This
is because the wrist torques depend both on the position of the hand relative to the forearm and on the
orientation in space of the forearm itself. As such, it is of interest to look at simplified torque profiles.

In literature, only a few examples can be found on studies showing the effect of wrist supports to
compensate the weight of the hand. For instance, Hasegawa et al. designed a wrist support using a
counterweight, which can generate a sinusoidal torque profile. With this they observed a considerable
decrease in muscle activity [3]. Das et al. made use of pneumatic artificial muscles to construct a glove
to assist with wrist movement. Using this glove they observed a decrease in the required muscle effort
to move the hand [4]. Other examples are given by Gopura and Kiguchi [5, 6]. In these four studies,
the evaluation was only performed with very few subjects (n=1, n=2, n=3 and n=1 respectively) con-
sequently without statistical analysis. Additionally, no articles considered the use of simplified torque
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Figure 1. Schematic of the different positions of the forearm and hand. From left to right the forearm is positioned at 50, 25 and 0° with
respect to the horizontal. Additionally, the hand can be positioned at 25° dorsal flexion (-25°), neutral (0°), 25° palmar flexion (25°) and 50°
palmar flexion (50°) indicated by the transparent hands. Hand model adapted from [7].

profiles or the different orientations of the forearm. Therefore, a more rigorous evaluation of the use of
a wrist support to compensate the weight of the hand is required. As such, the goal of this research is
to assess the effectiveness of gravity compensation using simplified torque profiles to compensate the
weight of the hand. More specifically, does a constant torque with respect to the palmar-dorsal flexion
of the wrist (the simplest approximation of the sinusoidal torque profile) result in a similar decrease of
the anti-gravity muscle effort as the theoretically ideal profile?

2. Method

2.1. Participants

For this study, healthy subjects were recruited from a university student population, with no history of
injuries to the right wrist. Ethical approval was obtained from the Human Research Ethics Committee
(HREC) from the Delft University of Technology. All participants gave written informed consent.

2.2. Experiment design
With the experiment the influence of three different factors on the muscle activity of the wrist flexor
and extensor muscles based on the magnitude of the surface electromyograms (SEMG) are considered.

* The orientation of the forearm can be adjusted between 0, 25 and 50° with respect to the horizontal
to simulate the effect of different levels of gravity loads (Fig. 1).

* The static position of the wrist at 25° dorsal flexion, 0°, 25° and 50° palmar flexion, with the hand
in a pronated position. During each measurement all four orientations are assessed, by holding the
hand in the specified position for 10 seconds, after which the hand is moved to the next position.

* The type of compensation method, involving no support, a constant, a linear, or a sinusoidal torque
profile. The characteristics of these profiles depend on the biometric properties of the subject’s
hand in combination with the forearm orientation (Fig. 2). For the forearm orientation of 0° the
linear torque profile is not considered as it behaves as a constant torque.

Both the order of the wrist positions as well as the compensation method are randomised as move-
ment direction can affect muscle activity [8] (Supplementary material C). Additionally, the orientation
of the fingers is kept constant by letting the subjects slightly hold a foam tube in their hand.

Additionally, Maximum Voluntary Contraction (MVC), Relative Voluntary Contraction (RVC) and
rest measurements were performed to allow between and within subject comparison.
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Figure 2. Torque profiles as a ratio of the maximum sinusoidal torque for the three different forearm orientations. Note that the constant
torque is only constant with respect to the wrist flexion angle, while it is different for every forearm orientation.

2.3. Biometric data collection

To determine the required level of compensation, the weight and centre of mass of the participant’s
hand must be determined. The weight of the hand is evaluated by the mean outcome of two methods. 1.)
Determining the volume of the hand by submerging the hand in a bucket of water and multiplying the
displaced volume with an average density from literature [9]. 2.) Using the predictive equation proposed
by Clauser et al. based on the dimensions of the hand [10]. The centre of mass is also determined using
the predictive equations from Clauser et al. [10] as well as based on an adaptation of the equations from
Chandler et al. [9] to adjust for the flexed position of the fingers.

2.4. Equipment

For the experiment a setup was developed which can fixate the forearm in different orientations and
can provide different torque profiles to the wrist (Fig. 3). The constant torque profile is generated
through a mass hanging from a pulley over a constant lever arm (Fig. 4). By combining from a set of
six masses the desired torque can be approximated within an error of less than 3%. The linear profile
is generated by combining the constant torque with a spring. By using different types of springs,
the slope of the torque can be adjusted. For this, a choice is made between four different springs to
approximate the desired stiffness (0.15, 0.19, 0.25 and 0.47 N/mm). The sinusoidal profile is generated
by attaching a weight to a rigid rod. By varying the distance of the weight with respect to the hinge
of the rod the magnitude of the profile can be adjusted (Fig. 4). This value can be adjusted continuously.

The EMG recordings were made using a Bagnoli™ EMG system with DE-2.1 Single Differential
Surface EMG sensors from Delsys®, consisting of an 8-channel amplifier with an output voltage range
of +/- 5V (System noise (R.T.I) < 1.2uV,,,s). The amplifier gain was set separately for each participant
to 1k or 10k depending on the signal strength, amount of powerline interference and the occurrence of
amplifier saturation. The analog signal was sampled with a frequency of 2000 Hz with a 16-bit (+/- 10
V) ADC 4ch NI® 9215 with BNC (Input noise 3.7mV,.,,s) and NI LabVIEW™ 2018. The discretized
signal was stored on a computer for offline processing with MATLAB® R2021a and IBM SPSS®
Statistic 28.

2.5. Sensor placement

EMG electrode placement is performed based on the recommendations from [8, 11] on the palpated
muscle bellies of the extensor carpi radialis (ECR) and the flexor carpi radials (FCR). The reference
electrode is placed on the lateral epicondyle of the humerus. For skin preparation recommendations
from Delsys® were followed (shaving and rubbing the skin with alcohol).



Figure 3. Overview of the setup. 1) Hand interface 2) Forearm interface 3) Elbow  Figure 4. Schematic of the application of the

support 4) Transmission pulley for application of the different torque profiles. sinusoidal (top), constant (middle) and linear (bottom)
torque profiles to the hand. Here m;, and my, are the
balance mass and the mass of the hand respectively
and F the force exerted by the spring.

2.6. Data acquisition and processing
For comparison of the compensation methods the mean magnitude of the SEMG envelope of the ECR
and FCR muscles is used as a measure of the muscle activity required to hold the hand in place.

During each experiment all three experimental factors are assessed (forearm position, balancing
method and wrist position) resulting in 44 measurements of 10 seconds. Additionally, all measure-
ments are repeated three times. The MVC is defined as the maximum filtered EMG magnitude for each
muscle from three MVC tasks of 3 seconds followed by 12 seconds rest. The two MVCs are performed
by maximally flexing or extending the hand against a rigid surface with a straight wrist in a pronated
position. During the MVC the participants are encouraged by the experimenter. For additional compar-
ison a RVC measurement is performed following the protocol from Mathiassen et al. [8, 12] and a rest
measurement by laying the forearm and hand relaxed on a table.

The digitized EMG-signal is filtered with a 2nd-order IIR Notch filter at 50 Hz to remove powerline
interference, followed by a 6th order bandpass Butterworth filter with cut-off frequencies of 20 and
450 Hz [13]. The signal is then rectified by taking its absolute value. Finally, the signal envelope is
determined through 3rd order lowpass Butterworth filtering of the signal with a cut-off frequency of
2 Hz. A low cut-off frequency is chosen to determine the envelope as the study involves quasistatic
measurements [14]. As output measure the mean magnitude of the middle 5.5 s of the SEMG envelope
of the three repetitions is used, expressed relative to the MVC [15, 16].

2.7. Statistics

For statistical analysis, a repeated measures analysis of variance (ANOVA) is performed on the outcome
measures to assess the effects of the forearm orientation, wrist position and balancing method and their
interactions on the EMG activity of the ECR and FCR muscles. Following the ANOVA, the results are
analysed using a multiple comparison with Bonferroni adjustment [17]. P-values < .05 are interpreted
as significant. Data is reported as mean + SD.



Table 1. Participant characteristics, reported as mean and standard deviation.
| Age (years) | Weight (kg) | Height (m) | Hand weight (g) | Centre of mass (mm)
N=8 | 244+07 | 71.0+1.7 | 1.78=0.11 | 38661 |  449%35
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Figure 5. Raw EMG data and the signal envelope from one participant for a single measurement of constant torque support (top graph) and
no support (bottom graph), for different levels of palmar flexion with the forearm at 0°. Note that the order of the wrist position is randomly
assigned throughout the experiments. However, for clarity the results of two experiments of the same participant are depicted which follow
the same order.

3. Results

3.1. Participants

A total of nine people participated in the experiment (five females and four males). All participants were
right-handed. One female participant had to be excluded due to a technical error during the experiment.
The characteristics of the participants are depicted in Table 1.

3.2. sSEMG activity

An example of the raw EMG data is depicted in Fig. 5 for no support (bottom) and a constant torque
(top). Overall, the extensor activity is lower for the constant torque support, while the flexor activity
increases for larger levels of palmar flexion.

3.2.1. Extensor muscle

Using Mauchly’s test it was observed that the assumption of sphericity had been violated for the main
effects of wrist position, y%(5) = 21.04,p < .001 and balance method y?(5) = 15.04,p = .011.
Consequently, the degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity.
The effect of wrist position and balance method were observed to be significant (p < .001). A pairwise
comparison showed that the activity using a form of support were 51%, 53% and 46% lower (p<.001)
than without support (0.043 +£0.012) for respectively constant (0.021 £0.0068), linear (0.020 + 0.0058)
and sinusoidal (0.023 + 0.0061). No significant effects were observed between the different types of
compensation. When looking at the interaction effects a significant interaction (p=.002) was observed
between the wrist position and the balance method. This can also be seen from Fig. 6 showing an overall
decrease in extensor muscle activity for larger levels of palmar flexion.
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Figure 6. Mean sEMG magnitude relative to the MVC of the ECR (left) and FCR (right) for different forearm positions, wrist positions and
balance methods. Reported as mean and standard deviation. * indicate a statistically significant difference. Note, for the 0° forearm position
the linear force profile is combined with the constant force profile as they are the same for this orientation (therefore no separate
measurements were performed).

3.2.2. Flexor muscle

Using Mauchly’s test it was indicated that the assumption of sphericity had been violated for the main
effects of wrist position, y?(5) = 29.78, p < .001. Consequently, the degrees of freedom were cor-
rected using Greenhouse-Geisser estimates of sphericity. The effect of wrist position (p<.001), balance
method (p<.001) and forearm orientation (p=.008) were observed to be significant. A pairwise com-
parison showed that the activity using a form of support were 50% (p=.012), 61% (p=.005) and 44%
(p=.005) higher than without support (0.018 + 0.0096) for respectively constant (0.027 + 0.013), linear
(0.029+£0.014) and sinusoidal (0.026 +£0.011). No significant effects were observed between the differ-
ent types of compensation. When looking at the interaction effects a significant interaction was observed
between the forearm and wrist position (p=.047), forearm position and balance method (p<.001) and
wrist position and balance method (p=.001). This can also be observed from Fig. 6, showing a large
increase in flexor activity at 50° palmar flexion when some form of support is used, especially at the
horizontal forearm position.

4. Discussion

This study was performed to assess if simplified torque profiles show a similar muscle activity reduc-
tion as the standard gravity compensation strategies for compensation of the weight of the hand. From
Fig. 6 it can be noticed that there is a noticeable difference between no support and with support,
while the differences between the different compensation methods (constant, linear and sinusoidal) are
only small. From the pairwise comparison it can be concluded that the difference between with and
without support is indeed significant, both for the extensor and the flexor muscle, while the differences
between the constant and sinusoidal profiles were in general non-significant. However, one important
remark must be made here. Although the results from the extensor muscle are in favour of using a form
of support. The results from the flexor muscle show a limitation of the use of the considered supports,



Table 2. Level of compensation of the simplified balancing methods compared to the sinusoidal profile for the specific wrist and
forearm positions. Larger values than 100% indicate overcompensation whereas smaller values indicate undercompensation. For the
balance method C=constant and L=linear, while the adjoining number indicates the forearm orientation. A more general overview of
the level of compensation is depicted in Fig. 2

Wrist position
Balance method -25 | 0 | 25 | 50 |
CoO 110% | 100% | 110% | 156%
LO 110% | 100% | 110% | 156%
C25 141% | 100% | 91% | 100%
L 25 112% | 100% | 109% | 141%
C50 248% | 100% | 71% 64%
L 50 119% | 100% | 108% | 131%

showing an increase of 134% (3.1 p.p. %MCV) in flexor muscle activity at 50° palmar flexion for the
constant and sinusoidal torque and an increase of 187% (4.3 p.p. %MCYV) for the linear profile with
respect to no support. However, this is still less than 10% of MVC. When comparing Fig. 6 with the
level of compensation as depicted in Table 2, overcompensation occurred when the flexor activity was
high. However, an increase is also observed when there is no overcompensation (sinusoidal and C25).
Consequently, it is hypothesised that this increase in activity for large flexion angles is (partially)
a result of the inherent joint impedance. This assumes that when no support is provided the forces
generated by gravity are large enough to overcome at least partially the joint impedance during flexion
(the hand starts hanging). However, when the weight is compensated, additional forces are required
to palmar flex the hand to overcome the joint impedance. The influence of this joint impedance is
especially of importance when translating these findings to people with muscular weakness caused by
for instance a chronic stroke or muscular dystrophy, as the joint impedance in these populations are in
general considerably higher than in healthy people [18, 19].

From the data in Fig. 6 it can be observed that the differences for some of the conditions are large,
both between and within subjects, showing a large standard deviation. This is especially the case for the
flexor data, containing more outliers. This is likely caused by the fact that the activity was close to rest
levels, making it more susceptible to noise (e.g., powerline interference). Additionally, some variation
is potentially caused by estimation errors of the hand weight and centre of mass because a deviation
in the level of compensation can influence the measured activity (See supplementary material B) [20,
21]. However, the estimated masses are comparable to literature [10, 22]. Moreover, the resolution of
the constant and linear torques was finite. This was especially an issue for the linear profile. Other
possible causes are differences in joint impedance and non-perfect alignment of the wrist joint with the
mechanisms joint (e.g., wrist does not behave as a perfect hinge). Although for small angles of wrist
flexion these effects are small, for larger angles these effects can be more dominant requiring more
force to flex the wrist. Moreover, correctly palpating the muscle belly of the FCR was challenging
in some participants, potentially resulting in a less ideal sensor placement, causing more crosstalk
from other muscles. Lastly, the test setup could have biased the measured activity (e.g. providing
already some support). However, as the activity at the 0° position of the wrist is similar to the base-
line measurement (measurement without hand interface) this source of bias can be considered as minor.

Direct comparison of the results with literature is difficult as there are, to the authors knowledge, no
articles which investigated different torque profiles to compensate the weight of the hand. Nonetheless,
some studies investigated the effect of wrist supports on EMG activity and of gravity compensation
of other parts of the body. Hasegawa et al. observed a decrease in the activity of the ECR during a
reaching task, while using a sinusoidal torque profile [3]. In literature considering gravity compensa-
tion of the entire arm, a reduction in muscle activity was observed for the anti-gravity muscles, such



as the biceps brachii [2, 20, 23, 24]. Whereas no or only a limited effect was observed in the antago-
nistic muscles (biceps brachii against triceps brachii) [20, 23]. Furthermore, Prange et al. observed an
increase (although nonsignificant) in activity of the triceps at the end of a reaching task (relatively large
elbow extension) when compensation was used [25]. Although not further discussed in their article, the
increase they observed could have been of similar nature as the increase observed in the FCR in this
study. However, the comparability of all these studies is limited as they only involve, in some way, the
use of a sinusoidal torque profile and are dynamic of nature.

5. Conclusion

This study has shown that using a constant or linear profile can be considered as an alternative for
compensation of the weight of the hand. However, the increase in flexor muscle activity for all com-
pensation methods could indicate a possible limitation of the current compensation strategies as they
do not account for joint impedance. As such, more research is needed to assess this influence of joint
impedance on compensation. Based on the findings from this study a wrist support will be developed
capable of generating an adjustable constant torque which will be used for further validation with gen-
eral movements in healthy people and people suffering from muscular weakness. Lastly, although this
study only considered the wrist, the use of a constant torque could potentially be used for other joints
in exoskeletons and orthoses, allowing for possibly simpler designs and/or controllers.

Supplementary material A: Torque models. When looking at current wrist supports [26, 27], which aim to support the hand
against gravity, such as the Ambroise Dynamic Wrist Orthosis [28], they primarily focus on supporting palmar-dorsal flexion
of the wrist. As such gravity compensation of the hand for palmar-dorsal flexion is considered here. Consequently, as only one
degree of freedom of the wrist is considered it can be simplified as a revolute joint. Thus, the required torque to compensate the
weight of the hand can be expressed as

T =mgLcos (0 — @) cos ()

Where m is the mass of the hand, L the distance from the wrist joint to the hand’s centre of mass, g the gravitational
acceleration, ¢ the angle of the wrist with respect to the forearm, 6 the inclination of the forearm and ¢ the pronation-supination
angle at zero inclination (Fig. 7). The weight of the hand can be perfectly compensated by attaching a balance weight opposite to
the centre of mass (Fig. 8), resulting in a sinusoidal torque profile. To simplify the required torque profile, it can be approximated
using Taylor expansions. Here the Oth and 1st order expansion will be considered. The Oth order expansion around the neutral
wrist position ¢g = 0 can be expressed as

T = mgL cos 6 cos ¢ 2)

From this it can be noticed that the required torque only depends on the orientation of the forearm and no longer on the
position of the wrist. Thus, the torques are constant for each position of the wrist. The 1st order expansion is given by

T =mgL (cos 0 + ¢ sin 0) cos ¢ (3

Consequently, the torque depends linearly on the wrist position. This linear term can be considered as a torque generated by
a linear spring with torsional stiffness kg = mgLsin @ or k = mgrL2 sin @ for an ordinary coil spring attached to a pulley of
radius r.

The orientations considered during the experiment correspond to ¥=0°, =0, 25, 50° and ¢=-25, 0, 25, 50°. The angle ¢ is
achieved physically through a combination of predominantly pronation of the forearm and a slight abduction of the shoulder. The
different angles of @ are achieved through a combination of elbow and shoulder flexion. The different angles of ¢ are achieved
through dorsal and palmar flexion of the wrist.

Supplementary material B: Effect of different levels of compensation. To assess the effect of different levels of compensa-
tion an additional experiment was performed for the constant torque by using different weights. This experiment was performed
with one subject and each measurement was performed five times. In sets of three and two. This was done to reduce the experi-
ment time as changing the weights costs time. The order of the level of compensation was randomised as well as the order of the
wrist positions. The orientation of the forearm was held constant throughout the experiment.

The biometric data of the participant are depicted in table 3. The results of the experiment are shown in Fig. 9. From this it
can be concluded that using more compensation results in a larger reduction in the activity of the anti-gravity muscle (extensor).
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Table 3. Participant characteristics, reported as mean and standard deviation.

Gender | Age (years) | Weight (kg) | Height (m) | Hand weight (g) | Centre of mass (mm)
Male | 24 | 61 | 188 | 33 | 3.6

Effect of different levels of constant torque
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Figure 9. Mean normalised EMG amplitude for different levels of constant torque compensation of the extensor carpi radialis (left) and
flexor carpi radialis (right). Error bars are one standard deviation.

However, a larger level of compensation results in an increase in the flexor muscle activity for palmar flexion. This can also be
expected as for larger levels of compensation overcompensation occurs, requiring additional effort of the flexor muscles. When
comparing these findings with literature, Coscia et al. observed a decrease in muscle activity of the anti-gravity muscles when
increasing the level of support from no to full support [20]. Here they used perfect balancing which is comparable to the sinusoidal
profile as discussed in this article. Note that in this experiment non-perfect balancing is used (a constant torque) and the levels
are increased beyond the full compensation. A similar effect was observed by Runnals et al. [21]. Comparing the results of this
additional experiment with the main experiment it can be observed that for the extensor the outcomes are similar when looking at
0% and 98% support. However, the flexor amplitude is considerably higher when support is used, compared to the mean results
from the main experiment. However, this is likely caused by interindividual differences as also in the main experiment some
participants showed similar results.

Supplementary material C: Effect of movement direction. To assess the effect of the movement order of the wrist on the
muscle activity a separate experiment was performed. This experiment was performed with one subject and each measurement
was performed 10 times. The participant was asked to move his hand form 25° dorsiflexion to 0° and then to 25° and 50 ° palmar
flexion, after following the same order backwards. The orientation of the forearm was held constant throughout the experiment
and no support was provided.
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Figure 10. Mean normalised EMG-amplitude of the extensor carpi radialis (left) and flexor carpi radialis (right) for two movement
directions. Error bars are one standard deviation.

The biometric data of the participant are depicted in Table 3. The results of the experiment are depicted in Fig. 10 showing in

general a higher activity when moving from palmar to dorsal (against gravity) than from dorsal to palmar (with gravity). The first
case (dorsal to palmar flexion) involves a concentric contraction (muscle shortens during contraction) while the second (palmar
to dorsal flexion) involves an eccentric contraction (muscle lengthens during contraction). These results are also expected as in
general the measured activity during a concentric contraction is larger than during eccentric contraction [8].
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ARTICLE INFO ABSTRACT

Keywords: Adjustable constant force mechanisms find their use in numerous applications, such as in the
Static balancing field of gravity compensation. However so far, only a few mechanisms have been developed
Adjustable constant force which can continuously adjust their constant force output across a negative to positive range,
Zero stiftness which is beneficial for implementation in for instance a wrist support. Consequently, this article
Negative stiffness investigates the development of a novel adjustable constant force mechanism. This adjustable

constant force is achieved by combining fixed guided beams, having a negative stiffness, with a
set of coil springs, having a positive stiffness, resulting in a zero-stiffness mechanism. Through
prestressing of the coil spring, the level of constant force can be adjusted. Additionally, a novel
configuration of the fixed guided beams is proposed to enable a compact design while still
achieving a large stroke, by stacking the beams in different parallel planes. The performance
of the mechanism is evaluated through simulations and experiments, showing a subtstantial
difference in stiffness between the simulations and experiment. Nonetheless, from the experiment
it could be concluded that the mechanism is capable of providing a constant force, which is
adjustable towards both positive and negative levels of force.

1. Introduction

Passive gravity compensation has gained a lot of interest in the fields of robotics and exoskeletons to decrease
the required actuator power or the user’s effort [1, 8]. Providing some form of gravity compensation can be among
others helpful for people with severe forms of muscle weakness to regain some freedom of movement. However,
passive gravity compensation can be challenging as the required balancing forces depend on the orientation of the
body part. This is especially an issue for the hand. As it can be moved in 3D space, the required balancing forces are
both dependent on the wrist and forearm orientation, making it difficult to compensate. However, the required effort
to move the hand against gravity can also be decreased by more approximate balancing methods, such as applying
a constant torque, of which the magnitude only depends on the forearm orientation. Such a constant torque/force
mechanism is a mechanism of which the output force remains constant across a range of input displacements [33]. For
such a mechanism to be applicable in a wrist support the mechanism must be compact and capable of adjusting its
constant output force between negative and positive force levels. This article investigates the development of such an
adjustable constant force mechanism.

Adjustable constant force mechanisms can be found in various areas such as vibration isolation [4, 21], robotics
[7, 18] and medical instruments [20]. However, the reasons for using a constant force within these areas differ, such
as to prevent excessive forces during grasping or to suppress external vibrations. These devices can be divided in two
groups. The first group consists of mechanisms having a fixed constant force in combination with a transmission to
obtain different outputs [2, 3, 4, 16, 20]. For instance, Lan et al. changed the lever arm of a constant torque mechanism
to adjust the constant force output of a surgical forceps [20]. A similar method has been used by Keung and Chen
where the constant force is achieved with a spring-cam mechanism [16]. Using a roller along a variable elliptic curve
Asai et al. made a force amplification mechanism to variably amplify the force of a constant force spring [4]. The
second group consists of mechanisms where the properties of the constant force mechanism themselves are adjusted
through preloading of a spring. Examples are mechanisms consisting of a combination of negative and positive stiffness
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elements [7, 10, 11, 24], of which the positive element is preloaded, or a specifically oriented combinations of springs
[6, 17, 18, 19, 21, 25, 34] of which one is preloaded. To obtain the required negative stiffness Liu et al. used a cam
in combination with a coil spring [24]. Using a set of three springs Lan et al. designed an adjustable constant force
mechanism, by mounting two of the springs oblique to the movement direction. By prestressing the straight spring the
level of constant force can be adjusted, whereas by prestressing the oblique springs the flatness of the load-displacement
curve can be tuned [21]. Although it is a simple mechanism capable of obtaining both a negative and a positive output,
a large device is required to obtain the desired properties as the constant force region is otherwise very small. On the
contrary, Chen and Lan made use of a monolithic design consisting of a shape-optimized bi-stable beam and a planar
spring [7]. Similarly, Gan et al. used a fixed guided beam and a circular beam to obtain the negative and positive
stiffness respectively [10]. Hao et al. also made use of fixed guided beams, but used a planar spring for the positive
stiffness [11]. These three different mechanisms have in common that they cannot adjust their constant force output in
both positive and negative ranges. Additionally, just as in the design proposed by Lan et al. the mechanisms become
very wide if a large negative stiffness region is required. Consequently, although their working mechanisms do show
potential, the proposed mechanisms are not directly applicable to a wrist support.

The objective of this paper is to propose a new design for an adjustable constant force mechanism. This mechanism
differs from similar mechanism found in literature, as it is capable of adjusting its constant force output in a range of
positive till negative forces, whereas in most examples from literature only one direction is considered. Additionally, a
novel configuration is proposed, making use of a parallel stack of flexures, which enables a more compact design, while
still achieving a large stroke. This paper is structured as follows. In the method section an overview will be presented
on how to obtain a constant force. Followed by a discussion on modelling of the mechanism and the presentation of a
case study. Subsequently, the result section consists of two parts. First of all, the experimental results of the adjustable
constant force mechanism will be presented. Secondly, the negative stiffness mechanism will be discussed in more
detail as it is a key component of the constant force mechanism. In the discussion section a comparison will be made
between the results of the simulations and experiments, for both the adjustable constant force mechanism and the
negative stiffness mechanism. Consequently, some of their limitations will be discussed and suggestions will be made
for improvements of both the simulations and the design.

2. Method

2.1. Obtaining a constant force

There are various methods to generate a constant force [33]. These mechanisms rely either on a variable
transmission ratio, obtained with for instance cams [26] or linkages [19], or on the combination of a negative stiffness
with a positive stiffness, such that they cancel each other out. For this, the stiffness magnitude of the positive and
negative elements must be the same, but with a different sign across the desired motion range. By connecting these two
elements in parallel, the negative and positive stiffness add up resulting in a zero-stiffness mechanism (Fig. 1). This
combination of negative with positive stiffness can be inherent, through for instance the optimisation of a beam shape
such that the geometrical and material stiffness cancel each other out [15, 30, 31]. Another solution is by combining
a separate negative and positive stiffness spring or mechanism. Using this last method has some advantages. First
of all, similar to the optimised beams, friction is minimal as no moving contact potentially occurs. Additionally, the
mechanism can be made adjustable relatively straightforward, requiring only an additional preloading of the positive
stiffness element (e.g., ordinary coil spring). As such, this article will focus on this type of mechanism.

The constant positive stiffness can be obtained relatively straightforward with the help of for instance an ordinary
coil spring. Obtaining the constant negative stiffness is more challenging and is in general only achieved approximately.
Some examples of techniques used to obtain a negative stiffness are through cams, magnets, oblique springs or buckling
of beams [22]. The current design will be based on buckling of beams. Using buckled beams, an approximately
constant negative stiffness can be achieved in three manners; prestressing straight flexures [32], pre-curved beams,
e.g., by mimicking the buckled shape of the previous method [29] or inclined straight flexures (fixed guided beam)
[14, 23, 35, 36]. Of these the inclined straight flexures are the easiest to use, as they do not require prestress to obtain
the negative stiffness. On the other hand, pre-curved beams are more difficult to fabricate, while the flexures for the
fixed guided beam can be cut out of a flat sheet. Consequently, the fixed guided beam is chosen as the method to obtain
the desired stiffness.
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Figure 1: Obtaining an adjustable constant force mechanism, Figure 2: Negative and positive spring configuration.
by combining a negative stiffness spring with a positive Here F and x denote the input/output force and
stiffness spring displacement respectively and x, denotes the

displacement for adjustment

2.2. Modelling of the mechanism

As the fixed guided beams involve large displacements no simple analytical models are available to simulate its
performance. Common methods used are Finite Element Analysis (FEA) [9], elliptic integrals [12, 14] and the beam
constrained model [27]. With FEA, extra attention must be paid to the modelling as it could otherwise give physically
unrealistic buckling modes (only the 1st and 2nd mode generally occur). Thus the model must be forced in these lower
buckling modes, either by applying a small initial curvature [9] or an offset load or displacement. Here both FEA and
elliptic integrals will be used. The FEA is used to simulate the influence of boundary conditions and imperfections,
while due to its low computational expenses the elliptic integral method is used for a sensitivity analysis. The used FEA
code makes use of a co-rotational Euler-Bernoulli beam formulation based on the work of Battini [5]. For the elliptic
integral method, code based on the book “Handbook of Compliant Mechanisms” has been used [14]. Both methods
neglect the effect of shear, however as long as the flexures are thin compared to their length this effect is negligible.

2.3. Constant force model

During buckling the fixed guided beams show an approximately constant negative slope (e.g. Fig. 8). As such, to
simplify the consecutive model, the fixed guided beams will be modelled as a linear spring with a negative slope, being
loaded as depicted in Fig. 2. Accordingly, the forces within this spring can be expressed as

F,=k,x+ F, ey

Where k, is the approximated linear stiffness of the fixed guided beams, x the displacement and Fj, the offset force.
Here an offset force F, is required as the approximate linear part of the load-displacement curve of the fixed guided
beams do not intersect the origin (e.g., Fig. 8). The forces exerted by the positive stiffness spring with the adjustment
are given by

F,=k,(x —x,) 2)

Here k, is the spring stiffness and x, the adjustment displacement. Combining these two forces and assuming the
stiffness of the positive and negative spring to cancel each other out perfectly (k, = —k,) the output force can be
expressed as a function of the adjustment.

F = Fy—k,x, ®)

Rewriting this equation gives an expression for the level of adjustment x, required to obtain the desired force output

X, = “)

Although adjustment in both directions is possible only positive values for x, will be considered as this is required to
go from a positive to a negative output force.
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Figure 3: Two different configuration for the fixed guided beams. Left, standard configuration. Middle, proposed
configuration. Right, 3D-view of proposed configuration

2.4. Design

In literature the fixed guided beams are constructed in one plane. Although this allows for a monolithic design
it results in a wide mechanism. If, however the width of the mechanism is constrained, as in a wrist support, the
use of such a configuration is limited. However, these flexure can also be stacked resulting in an adaptation of the
Cross-Axis Flexural Pivot as depicted in Fig. 3 [13]. To prevent in-plane deflections during loading the mechanism
must be symmetric. For this, three sets of flexures can be used by mounting them in alternating order (e.g., right, left,
right). Here the outer two sets must be twice as small as the central set to ensure the symmetry (or the central set can
be constructed of two sets similar to the external once). With this new configuration the width of the mechanism can
be decreased by half. Additionally, changing the number of flexures has the same effect on the stiffness as changing the
flexures width. As such, by increasing the number of flexures the overall thickness of the mechanism can be minimised.
By connecting this element in parallel with a positive stiffness spring having the same stiffness, such as a coil spring,
a constant force mechanism can be constructed.

To evaluate the performance of this adjustable constant force mechanism a prototype was made. Based on a use
case for a wrist support the following requirements were determined. Constant force range of at least 12 mm, with a
total range of at least 18 mm and a constant force adjustability of +25 N. Additionally, the free length of the flexures
was set at 50 mm (dimensional constraint), with a desired stiffness of 2.5 N/mm (corresponding to the stiffness of a set
of coil springs). Consequently, 16 flexures being 5.1 mm wide each were used, which were grouped in sets of four (Fig.
4). To obtain the required stroke under the given dimensional constraint the flexures are placed under an angle of 18°.
The flexures are cut to size from 0.2 mm stainless spring steel sheets (ANSI 301) having a tensile strength of 1500-1700
MPa. The prestress was controlled electronically using an actuator (Pololu 100:1 Micro Metal Gearmotor HP 6V) and
an Arduino nano. The level of adjustment was determined using a quadrature encoder attached to the motor shaft. To
transmit the rotational motion of the motor to a linear motion for prestressing the spring, a transmission with a power
screw was used. As the power screw is non-backdriveable no power is consumed by the motor once the desired level
of adjustment has been achieved.

2.5. Experimental setup

To determine the characteristics of the mechanism tensile and compressive test were performed, with a 45 N
load cell (futek) and a motion stage (PI M-505.4DG) (Fig. 5) . The force and displacement were recorded using NI
LabVIEW™ 2018. Further data processing is performed using MATLAB® R2021a. For the measurement of the
constant force four adjustment levels are considered (6.25, 12.5, 18.75 and 25 mm). Besides the total mechanism, also
the characteristics of the separate components were evaluated. The adjustment is performed at the initially unloaded
position. To estimate the stiffness from the experimental data, a linear curve fit is performed through the region of
interest.
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Figure 4: Overview of the mechanism. A DC motor, power transmission and electronics have been added to control the
adjustment.

Figure 5: Constant force mechanism and test setup. 1. Motion stage, 2. Force sensor, 3. Constant force mechanism, 4.
Electronics for adjustment mechanism

3. Results

3.1. Adjustable constant force mechanism

The results of the experiment to verify the adjustability and the load-displacement characteristics are shown in Fig.
6. From this figure it can be observed that the force output of the mechanism can be varied from positive till negative
levels of force, while achieving an approximately constant force across a range of 12 mm. During the experiment it
was observed that contact occurred between two flexures, which can be seen as the small force peak between 12 and
14 mm in Fig. 6. Additionally, some contact occurred between the negative stiffness element and the sidewalls due to
a minor rotation of the element.
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Figure 6: Load-displacement relation for four levels of adjustment. The dotted lines indicate the results of different
experiments whereas the solid represents the mean of this data.

A comparison of the adjustment model to the data is depicted in Fig. 7. For the magnitude of the constant force
the mean force is taken between a displacement of 5 and 17 mm of the mechanism. The parameters of the model are
obtained from the experimental results of the separate components (e.g., coil spring and negative stiffness mechanism).
From this figure it can be observed that although the simulation results match the experimental results there is a
considerable difference in stiffness deviation.

3.2. Negative stiffness mechanism
As the negative stiffness element is the critical component in the overall behaviour of the mechanism some
additional simulations and experiments were performed to assess the influence of different parameters on its behaviour.

3.2.1. Sensitivity analysis

A sensitivity analysis was performed using the elliptic integral method to assess the influence of the different
parameters on the stiffness (K), negative stiffness range (s) and maximum stresses (o,,,,). From this study it was
observed that the different parameters are approximately proportional to

max

3
K« f(7) (%) Ew (5)
s« Lsiny (6)
Gy & %Ey )

The dependency of the stiffness on the angle can be expressed by the following expression. The value of 0.425 is an
estimate based on the sensitivity analysis.

f() ~ (1 —-0425cosy) ®)

However, for small angles the stiffness remains nearly constant as from 3° to 30° the stiffness increases by only
9%. This is also observed experimentally as depicted in Fig. 8, showing a difference of approximately 2%. This is
different from the observations made by Hao et al. who stated that the stiffness was independent of the angle [11].
Furthermore, increasing the angle also influences the linearity of the negative stiffness curve, as a larger angle results
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free length of 50 mm were used.

in larger differences in stiffness (Fig. 9). Additionally increasing the angle even further, up to approximately 60° a nearly
constant force can be achieved throughout a part of the motion range [28]. However the adjustment of the output force
using the method discussed in this article is no longer possible.
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3.2.2. Influence of support stiffness

With the elliptic integral method it is assumed that the support of the flexures is rigid. However, in reality this is
rarely the case (e.g., in the current prototype the support frame is 3D-printed from PLA). Consequently, the influence
of this support structure is assessed experimentally using two different clamps for the flexures. 1.) The flexures are
mounted in a 3D-printed block of PLA. 2.) The same blocks, but now reinforced with steel platting. The results of
these two clamping methods are depicted in Fig. 10, showing an increase in the negative stiffness region by increasing
the support stiffness. When comparing the experimental results with simulations using the same parameters a clear
difference can be observed. First of all, the simulation immediately starts with a negative stiffness. Secondly, the
stiffness from the simulation is considerably higher compared with the experiments (1.4 N/mm compared to 0.9 N/mm).
Thirdly, a difference can be observed between the locations of the unstable and stable equilibria. Using FEA, the effect
of some support stiffness was considered as well (k = 2E5N /m), showing a more similar result with experiment than
with the simulations with a rigid support.

4. Discussion

4.1. Adjustable constant force mechanism

Based on the results of the experiment as depicted in Fig. 6 it can be concluded that the proposed mechanism is
capable of providing a constant force for both positive and negative forces. However, there is still room for improvement
of the mechanism. For instance, the hysteresis within the mechanism is quite high. This can be attributed to several
factors. First of all, during compression the negative stiffness element started to rotate slightly, coming into contact
with the sidewall. Secondly, due to the loading of the coil springs the two halves of the negative stiffness element came
into contact. Thirdly, some contact occurred between two flexures, resulting in a noticeable force spike between 12-14
mm (Fig. 1).

Considering the model of the constant force mechanism it can be concluded from Fig. 7 that both the model
parameters based on the experimental data of the separate components as well as the model parameters of the simulation
match with the experimental results. However, for the simulation model there is a considerable offset in stiffness, caused

B.J. van der Burgh et al. Page 8 of 11



by the higher negative stiffness obtained from the simulations. Due to this large deviation, direct comparison with the
simulation results is not of interest. Nonetheless, when considering the experimental results of the separate components
a good agreement is obtained, showing the validity of the model. This is in line with the observations made by Chen
and Lan [7] and Hao et al. [11].

Although adjustable constant force mechanisms find their application in numerous areas, this article focused on
the application of a wrist support. Based on the experimental results, it can be concluded that the mechanism indeed
shows promise for application in a wrist support as it meets the requirements on both adjustability and range of motion.
However, the current prototype served as a proof of principle and thus is not fully optimised. Nonetheless, the total
device already only weights 260 g. Thus, there is still room for improvement on for instance its weight, size and output
force. By using stiffer springs and increasing the number of flexures the output force can be increased. Additionally, by
combining the mechanism with a transmission the required stroke of the mechanism can be decreased, which allows
for further miniaturisation of the mechanism.

4.2. Negative stiffness mechanism

When comparing the results of the experiments with the simulations a considerable difference in stiffness and
overall behaviour could be observed. These differences are a result of several factors related to the manufacturing and
the loading conditions. With the elliptic integral method, it is assumed that the flexures are perfectly straight. However
the presence of some curvature is very likely to occur. Simulating the flexures with some initial curvature using a
nonlinear FEA solver does show a significant influence of the curvature on the overall behaviour, as also observed
by Hao et al. [11]. Another factor which can have a considerable effect is the free length, as a 1% increase in free
length already results in a decrease in stiffness of 3%. This increase in free length can be a result of manufacturing
inaccuracies, but also due to the occurrence of microslip in the clamping of the flexures. After the experiment, it was
observed that the flexure sets had become slightly bigger, as the flexures had moved inside the clamping. This did
not only result in an increase of free length, but also in the build-up of compressive stresses. Since the flexure sets
are placed opposite to one another, any change in length will result in a build-up of compressive stresses inside the
mechanism. However, the presence of these compressive stresses does not necessarily has a negative influence on the
mechanism’s behaviour. Instead, based on some preliminary investigation with FEA it seems as if the approximate
linear region of negative stiffness increases through the application of compressive stresses. Consequently, applying
prestress to a fixed guided beam is something worth further investigation.

Other factors which influence the mechanism’s behaviour, although their effect is minor, are slight differences in
angle and width of the flexures. Due to these small errors the buckling directions differed between some of the flexures
causing them to come into contact with each other.

When considering the loading conditions, in the simulations it is assumed that the support of the flexures is rigid.
However, in reality the support has some elasticity of which the influence could already be observed by reinforcing the
flexure mounts. Thus, when simulating similar mechanisms, which have a relatively low support stiffness, the stiffness
must be included in the simulation as it has a considerable impact on simulation behaviour.

As previously mentioned, some rotation occurred inside the negative stiffness mechanism during compression.
Which is caused by the relatively low torsional stiffness of the negative stiffness mechanism in combination with some
off-centre loading. To increase the torsional stiffness, the flexures can be placed further apart within each flexure set.
However, a trade-off has to be made here as placing the flexures further from the centre line, will increase the overall
size of the mechanism. Additionally, by mounting the flexures away from the centre line, the distance between some
of the flexures becomes smaller, increases the risks of flexures coming into contact if they exhibit opposite buckling
modes. However, from the experiments it was observed that when opposite buckling occurred away from the centre
line there is a larger torsional stiffness than if the flexures buckled towards the centre line or in the same direction. This
increase in torsional stiffness is expected as buckling away from the centre line results in a larger second polar moment
of area and thus a larger torsional stiffness. Thus, controlling the buckling mode through for instance the addition of
imperfections is a possible method to influence the torsional stiffness.
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5. Conclusion

This paper presented a new adjustable constant force mechanism based on a novel configuration of fixed guided
beams, to enable a compact design with a large constant force stroke. This constant force can be adjusted continuously
over a large range of forces. This was evaluated with a prototype showing a constant force region of approximately 12
mm and an output force which can be varied between 425 and -25 N. Upon future improvements, such as a reduction
of hysteresis, the proposed mechanism will be further investigated for possible implementation in a novel wrist support
to assist people with muscular weakness.

Besides the experimental analysis of the constant force mechanism, the performance of the negative stiffness
mechanism has been evaluated both experimentally and numerically. This showed a significant difference between
the numerical and experimental results. However, the observed errors are of predictable nature, such as manufacturing
imperfections, curvature of flexures, influence of support stiffness and the occurrence of microslip. Consequently,
extra care must be taken when simulating buckling behaviour in the presence of a low support stiffness. Additionally,
optimisation of the negative stiffness mechanism, such as its torsional stiffness, are of interest for future research.
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Design of a wrist support

In the previous chapters the mechanism to generate a constant force and the applicability of a constant
force to a wrist support have been discussed. In this chapter a more elaborate discussion regarding
the design decisions of the mechanism and interface is presented. Additionally, the incorporation of
the different components in a prototype of a wrist support is briefly addressed.

5.1. Design case

Based on the use case from the Wearable Robotics integration project wrist support, the required range
of motion is determined as 50° palmar flexion to 25° dorsal flexion. Furthermore, as the goal is to com-
pensate the weight of the hand an estimate of the mass and centre of mass is required. Based on
a combination of several studies investigating the anthropometric properties of the human body, the
hand’s mass is assumed to be 420 g and the centre of mass located 54 mm from the wrist joint [79-82].
For this estimate only anthropometric data of males was considered as DMD patients are almost ex-
clusively males. Thus, based on the hand’s mass and centre of gravity the maximum torque required
for balancing is 0.22 Nm. Comparing this to the maximal torques available in healthy people and DMD
patients in Table 5.1, it can be observed that the torques required for balancing the hand against gravity
are for DMD patients already a large fraction of the maximum torques they can exert. Consequently,
compensating the weight of the hand is likely to assist these patients.

For a wrist support to be wearable, the size and mass are also important factors to consider. How-
ever, as the current design is a proof of principle no clear constraints are set on these parameters.
Nonetheless, during the design process some attempts are made to decrease the overall size. Further-
more, as the mechanism needs to adjust itself during an orientation change of the arm, the adjustment
must be quick enough. However, for now no constraints are placed on the adjustment speed.

5.1.1. Adjustable constant force

Before coming to the final concept of an adjustable constant force mechanism other solutions were
investigated focussing on compensation of the full torque profile by for instance using a change of
stiffness or a transmission. For this, the problem was divided in three subproblems: energy storage,
creating the required torque/force profile and adjusting the profile. Examples of solutions of these sub-
problems can be found in Appendix K. Furthermore, some of these solutions were combined in more

Table 5.1: Required torque to lift the hand against gravity compared to the maximum available wrist torques generated by the
flexors and extensor muscles, for healthy subjects and DMD patients. Maximum wrist torques obtained from Janssen et al. [27].
Note the relatively small sample size of the DMD patients.

Healthy Brooke 1 Brooke 2 Brooke 3 Brooke 4 Brooke 5
(n=20) (n=5) (n=7) (n=3) (n=3) (n=2)
2.6% 7.6% 1% 15% 20% 27.5%
2.8% 6.9% 10% 12% 55% 27.5%

Wrist flexors
Wrist extensors
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1

Xy

Figure 5.1: Schematic of the three springs mechanism. Here x; and x,, correspond to horizontal and vertical adjustment of the
mechanism.

complete concepts, which are depicted in the second part of Appendix K. However, most of these so-
lutions were fundamental solutions and not necessarily design solutions (e.g., their function had yet
to be proven). Consequently, the following process followed more an exploratory search instead of a
design process. Following on this, it was decided to focus on the simplification of the problem by using
a constant force (Chapter 2).

As already discussed in the previous chapter an adjustable constant force can be obtained in two
ways. The first method involves a constant force spring in combination with a variable transmission,
such as a lever arm. Thus, when a different output force is required the length of the lever arm is ad-
justed. The second method involves combining a positive with a negative stiffness spring, by prestress-
ing the positive stiffness spring the output force can be adjusted. When comparing the two methods
the design challenge of the first method is in the transmission (as off the shelf (constant force) springs
can be used), requiring the output to be scaled between positive and negative forces. Whereas, in
the second method obtaining the constant force can be considered as the most challenging, while the
adjustment is performed by prestressing a spring of which solutions are readily available. However,
examples of mechanisms capable of generating a constant force can be found in literature [11]. For
both methods some ideas were investigated (Appendix K). This resulted in two concepts, called the
3D-cam mechanism and the three springs mechanism, which were evaluated through simulations and
prototyping.

The 3D-cam mechanism relies on a cam to generate the constant force profile, while energy is
stored in springs through movement of the follower as a result of a rotation of the cam. To enable
different levels of constant force output the shape of the cam is varied in its thickness direction, such
that by moving the position of the follower in the thickness direction of the profile a different output force
is generated. A more detailed description of the mechanism can be found in Appendix C.

The three springs mechanism is based on the vibration isolator discussed by Lan et al. [83]. This
mechanism relies on two oblique springs (generating a negative stiffness) and one vertical spring (pos-
itive stiffness) (Fig. 5.1). By adjusting the level of prestress in the vertical spring the magnitude of
the output force can be adjusted. Additionally, by prestressing the oblique springs the flatness of the
constant force region can be adjusted. However, a more detailed description of the mechanism can be
found in Appendix D.

Based on the prototypes it was observed that for the 3D-cam adjustment was still a challenge due
to the friction between the cam and follower. Additionally, the manufacturability of a 3D-cam with the
required surface hardness is something of concern. Although these problems are likely not insurmount-
able, it was decided to continue with the working principle of the three springs as it already showed the
desired behaviour. However, although the three springs mechanism did show the desired behaviour
(e.g., adjustability and approximately constant force) the overall size of the mechanism was large. Con-
sequently, although continuing with the same same working principle as the three springs mechanism,
another solution for the negative stiffness was sought.
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Figure 5.2: Load displacement curve of the different types of flexures using approximately the same properties (e.g. material,
length, thickness and width). El: Elliptic Integral method, FEA: Finite Element analysis. For the FEM solution of the inclined
flexure a small curvature was added to the beam to force the physically correct buckling mode to occur [88]. Note that the
prestressed curves are shifted to the right, while in fact it is symmetric around zero.

Table 5.2: Comparison of the maximum stresses for the different flexures, having approximately the same dimensions

| Inclined Prestressed Curved
Tension 1.1E7 1.3E7 2.6E7
Compression | -1.3E7  -1.4E7 -4.4E7

5.1.2. Negative stiffness

As discussed in chapter 4 there are several methods to obtain a negative stiffness, such as through
buckling of beams, cams, and magnets. However of these methods the use of magnets is restricted in
a wrist support due to possible interference with nearby electrical components.

Considering the buckling of beams there are three possible solutions, using pre-curved beams, pre-
stressed beams, or straight beams under an inclination (fixed guided beams). Each of these methods
was investigated further.

Using pre-curved beams allows for more flexibility to tune the stiffness characteristics of the curve.
In literature several articles can be found on the optimization of a beam shape to obtain a specific force-
deflection behaviour [84—86]. Here however, the beam shape is based on the work of Qiu et al. [87].
Although these beams are capable of generating a negative stiffness (See Appendix D), manufacturing
the flexures with the required stiffness is more difficult than using the other two methods. Namely, for
the other two methods the flexures can be cut out of a flat sheet. Consequently, the use of prestressed
beams was investigated. However, applying the right amount of prestress posed to be challenging
in the proposed flexure configuration, resulting in a more complex design. As such, the use of fixed
guided beams was investigated as they did not require additional prestress. Consequently, making the
design of the negative stiffness mechanism considerably simpler.

To compare the different methods, simulations were performed using a set of flexures of approxi-
mately similar dimensions and material properties (PLA, width=0.01 m, length=0.05 m, thickness= 0.4
mm). Comparing the force displacement behaviour of the different methods it can be observed that the
magnitude of the negative stiffness is nearly the same (Fig. 5.2). The region of negative stiffness is for
the curved and prestressed beams approximately equal, but for the fixed guided beam it is significantly
smaller. Looking at the maximum stresses occurring in the flexures (Table 5.2) it can be noticed that the
stresses inside the curved flexures are the largest, while the stresses in the inclined and prestressed
beam are comparable. Despite the smaller negative stiffness region, it was decided to use the inclined
flexures, because it resulted in the simplest design (Appendix E). Additionally, as the inclined flexures
can be cut from a flat sheet it allows for thinner flexures than could be achieved for the curved flexures.
Although thinner flexures decrease the stiffness it also decreases the stresses allowing for a smaller
design. Nonetheless, the use of prestressed or curved flexures is worth further investigation.
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5.1.3. Positive stiffness

To obtain the positive stiffness it was decided to use coil springs, due to their availability, costs, ease
of use and linearity of the load-displacement curve. The use of beams subjected to bending was also
investigated. However, it was observed that for the desired stroke the length of the beams became too
large or for shorter beams the force-displacement started to deviate too much from a linear behaviour
to be of use to compensate the negative stiffness.

5.1.4. Transmission

One of the requirements of the transmission mechanism for the adjustment was that it should be non-
backdriveable. This is of importance to decrease power consumption of the mechanism, as the actuator
can be turned off when the desired level of adjustment is achieved. Additionally, as the adjustment in-
volves a displacement of the springs, the output of the transmission should be a linear motion. Possible
solutions to ensure non-backdriveability is through a worm wheel, ball screw, lead screw, high trans-
mission ratio or a rachet and paw. To generate a linear motion possible solutions are ball screws,
lead/power screw, rack and pinion, belt drive or linkage. Both ball screw and lead screw are both so-
lutions for the backdriveability and the linear motion. As ball screws are considerably more expansive
than lead screws it was decided to use a lead screw for the adjustment mechanism. To actuate the
lead screw a geared DC motor was used, because of its small size. Furthermore, to control the level of
adjustment a quadrature encoder was attached to the motor shaft resulting in a theoretical resolution
of 0.7 ym, ignoring backlash and play.

5.1.5. Complete mechanism design

For the mechanism to be capable of generating a constant torque ranging from -0.22 Nm to 0.22 Nm
the required stroke and output force should be determined. For this, it is useful to look at the required
energy consumed during motion. Thus, when considering the required range of motion of 75° (50°
palmar flexion and 25° dorsal flexion) the work done by the constant torque equals 0.29 J. Thus, for
the stroke and maximum output force of the mechanism it should hold that

E,s > 0.29] (5.1)

So, a trade-off has to be made here between the output force and the stroke. Based on the sensitivity
analysis in the previous chapter it can be noticed that the stroke is proportional to L siny. Thus, if a
large stroke is desired either the length of the flexures or the level inclination must be large. Increasing
the level of inclination increases the stresses in the material while decreases the linearity of the negative
stiffness region. Consequently, the allowable increase of y is limited. Increasing the length to increase
the stroke results in a larger mechanism. When aiming for a large force instead of a large stroke either
the level of adjustment must be increased or the stiffness of the positive and negative elements. A large
force results in larger forces being exerted on the support structure, thus requiring a stiffer structure.
Additionally, a large force requires a larger adjustment stroke, potentially requiring longer springs. The
increase in adjustment stroke can be prevented by using stiffer springs, but this increases the demands
on the motor and the size of the negative stiffness mechanism. Based on this trade-off it was decided to
design the mechanism with a negative stiffness stroke of 12 mm and a force of 25 N. However, further
optimisation is still possible.

5.1.6. Interface

An issue which is often faced in exoskeleton design is aligning the mechanism with the body such
that the assistive forces are applied correctly. If the mechanism is not properly aligned it can result in
additional (unwanted) forces being exerted on the body, resulting in discomfort or even pain and injury
[89]. Proper alignment is often difficult because the human joints do not act as standard mechanical
joints (e.g., revolute joint) and the exact axis of rotation is often unknown. For example, the wrist
consists of two joints working in tandem, as such the centre of rotation shifts during movement, resulting
in a potential misalignment of the exoskeleton joint for large flexion angles. An example to solve this
problem is presented by Ates at al. for a wrist support assisting wrist extension [90, 91]. Here they
used a double parallelogram mechanism to transmit the wrist flexion-extension to an elastic tension cord
attached to the forearm (Fig. 5.3). Using this mechanism, the rotation is decoupled from the translation,
preventing misalignment between the device and the human joint. However, the mechanism has some
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Figure 5.3: Mechanism of the SCRIPT passive orthosis using Figure 5.4: Schematic of the proposed interface. The support

a double parallelogram mechanism to prevent misalignment. force is always directed perpendicular to the hand. As the point

Retrieved from [91] of application of the force can move slightly with respect to the
hand, misalignment is prevented

drawbacks. It is relatively large and the relation between the input and output is nonlinear. Thus, if a
constant force is provided as an input, the same force magnitude is no longer applied to the output.
Consequently, other solutions are investigated (Appendix F). Instead of a rigid mechanism a flexible
connection (such as strings) can be used to prevent misalignment. However, this also results in a
nonlinear relation between input and output as the moment arm changes depending on the position of
the wrist. Additionally, strings are only capable of providing a tensile force, thus an interface with both
the palmar and dorsal side is required. As such, it was decided to use a hinge attached to the side
of the wrist, which is attached through a lever to the hand. To prevent misalignment some sliding is
allowed between the lever and the attachment point to the hand (Fig. 5.4). Although this introduces
some deviation, it results in only a minor error in the torques. For instance, based on a mathematical
model of the mechanism (Appendix G) a misalignment of 5 mm results in a maximum deviation from
the constant torque of 10% at 50° palmer flexion.

5.2. Design

Taking all the previous design steps into account results in the final prototype as depicted in Fig. 5.5
and Fig. 5.6. To convert the rotary motion of the hand to the linear motion of the mechanism a tooth
rack is used in combination with a gearbox to obtain the correct angle-displacement relation. Addition-
ally, the gearbox is used to pass the gap between the mechanism and the joint axis of the wrist as
the mechanism cannot be mounted directly on top of this axis as it would hinder wrist motion. These
components are used because of their availability and costs. However, they are not necessarily the
best solution and thus it is a topic for further investigation.

With the prototype of the wrist support some preliminary experiments were performed to test its
functioning. However, as the experiments were primarily exploratory the results will not be considered
here, but are discussed in Appendix H.

Figure 5.5: Render of the final version of the prototype Figure 5.6: Photograph of the prototype






Discussion

This study focused on the use of a simplified torque profile (constant torque with respect to the wrist
flexion angle) for gravity compensation of the hand, for (future) implementation in a wrist support for
DMD patients. From the results of the Chapter 3, it can be noticed that using a constant torque re-
sults in a similar decrease in activity of the anti-gravity muscle (extensor muscles) as the sinusoidal
profile, which is considered as the theoretically ideal method of balancing. When considering the an-
tagonists (flexor muscle) an increase in activity was observed for all compensation methods at 50°
palmar flexion. Indicating a possible influence of the joint impedance, which is not accounted for in the
different compensation methods. Furthermore, using constant torque balancing results in some under-
or overcompensation when the wrist is at a flexed position compared to the sinusoidal profile. Although
non-significant, a general trend was observed in the presence of under- or overcompensation. For
instance, overcompensation resulted in a slightly larger decrease in the extensor muscle activity and
slightly larger increase in flexor muscle activity compared to the sinusoidal profile. The opposite was
true for undercompensation. However, this under- or overcompensation is only with respect to the si-
nusoidal profile, which is also an approximation of the physically required torque profile. Consequently,
based on this research it is difficult to draw conclusions on how much better or worse a constant torque
is compared to the sinusoidal torque. Nonetheless, for the considered orientations there is on average
no significant differences between the two methods. However, a somewhat more elaborate discussion
of the results of the experiment, focussing on the different interaction effects can be found in Appendix I.

In this study the hand was modelled as a frictionless pendulum, which can be considered as an over-
simplification, due to among others the presence of joint impedance [92—-95]. Consequently, based on
the experiments it is hypothesised that especially for larger flexion angles the joint impedance is of sub-
stantial influence on the level of required compensation. Subsequently, when translating the findings
of this study to DMD patients, the presence of joint impedance becomes a concern, as it is elevated
in most of these patients compared to healthy people. Nevertheless, it is expected that despite this
increased joint impedance, the patients will benefit from the presented wrist support, as the increase
in flexor activity is primarily observed for larger flexion angles. Additionally, by incorporating the joint
impedance in the model for the required balancing torques, it is also potentially possible to compensate
for, at least partially, this impedance using a constant torque.

Although this study focussed on compensation of the weight of the hand, the proposed balancing
methods can be used to compensate for an additional weight, e.g., when picking something up. This
can be achieved by adjusting the level of constant torque, as otherwise done when to orientation of the
arm is changed. However, for this to be possible the weight of the picked-up mass must be known or
estimated during the process, which is currently a topic of active research. Additionally, the required
level of constant torque is currently determined based on the neutral position of the wrist ¢ = 0, but it
is not limited to this. For instance, if a more palmar flexed position is preferred, the amount of torque
can be adjusted to this position, e.g. adjustment is also possible for a fixed forearm orientation.
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The current prototype of the adjustable constant force mechanism has shown to be able to be ad-
justable and generate a constant force (showing an average increase of stiffness across its constant
force motion range of at most 0.25 N/mm). This deviation from the constant force is partially caused
by the deviation in stiffness between the negative stiffness element and coil springs. Additionally, al-
though in the modelling it is assumed that the negative stiffness mechanism generates a constant
negative stiffness throughout its range of motion, this is not the case. So, still improvements can be
made to increase performance of the constant force mechanism. First of all, by including an addi-
tional transmission the required constant force stroke can be reduced, making it possible to place the
flexures under a smaller inclination, resulting in a more constant behaviour (for smaller angles the neg-
ative stiffness region behaves more linearly). However, this requires a larger output force, but this can
be achieved relatively straightforward by increasing the stiffness through adding additional flexures or
making the flexures a bit wider. Secondly, reconsidering the use of pre-curved flexures. Although with
these flexures manufacturing constraints and tolerances are more of importance, the advantage is that
the shape of the flexures can be tuned to improve the negative stiffness behaviour.

Within the prototype a considerable amount of hysteresis was observed. This friction has primarily
two origins: contact between the two halves of the negative stiffness elements and contact between the
negative stiffness mechanism and the support structure. The first point is a result of misalignment during
loading, resulting in a slight twist of the mechanism. By increasing the tolerances between the two parts,
preventing contact, a considerable reduction in friction can be achieved (Appendix E). Another solution
is including some form of constraints, through for instance bearings, constraining the mechanisms
motion. This will also be a solution to the second issue, as this is caused by a minor rotation of the
mechanism during motion. However, adding bearings is not the ideal solution as it also adds friction,
while the mechanism itself is compliant. A better solution would be to increase the torsional stiffness of
the mechanism, preventing the occurrence of contact in the first place. A straightforward solution is to
place the flexures further away from the centre line (e.g., considering stacking of a couple of flexures).
Another solution would be to reconsider pre-curved flexures as they can potentially be optimised for a
higher torsional stiffness.



Conclusion

In this thesis it has been shown experimentally that using an adjustable constant torque shows a similar
performance in reducing the muscle effort than the commonly used compensation methods for differ-
ent positions of the wrist and arm. Consequently, using an adjustable constant torque seems to be
an alternative for compensation of the weight of the hand. What furthermore becomes clear from the
experiment is the possible influence of joint impedance on the weight compensation. This will be espe-
cially something to consider when translating these findings to DMD patients as their joint impedance
is significantly higher than in healthy people.

To implement this torque profile in a wrist support an adjustable constant force mechanism was
designed and validated experimentally. These experiments showed an approximately constant force
across the required range of motion, while being able to adjust this force between positive and negative
values. However, there is still room for improvement of the mechanism as a considerable amount of
hysteresis was observed inside the mechanism.

7.1. Recommendations

Although this research provided some new answers it also resulted in new questions which are worth
investigating. First of all, the influence of joint impedance. As this thesis focussed on balancing the
weight of the hand, the joint impedance was ignored. However, from the experiments it could be
observed that joint impedance potentially influences the level of required compensation. Consequently,
it is of interest to investigate the interaction between joint impedance and gravity compensation, by
for instance performing the experiment with people with an increased joint impedance, such as DMD
patients. Secondly, in this research only a few positions of the arm were considered. Consequently, an
area of future research is to investigate the influence of using adjustable constant torque compensation
in the case of general motion. However, for this the proposed wrist support should be developed further.
Thirdly, the adjustable constant force mechanism has not been optimised thoroughly and thus there
is still room for improvement related to its weight and size. Possible areas worth investigation are:
reconsidering curved flexures by using 3D printing or waterjet cutting, a monolithic design (e.g. see the
second part of Appendix J for an example) or using a larger transmission such that the negative stiffness
mechanism can be decreased in size. Fourthly, although being investigated in the experiment the
generation of a linear profile has not been considered in the design of the wrist support yet. Although for
the investigated range of motion the linear profile did not show any advantages over the constant profile,
this might be the case for larger motion ranges or increased levels of joint impedance. Fifthly, currently
the adjustment requires a considerable amount of force, which is delivered through a motor. However,
applying a prestress is something which can be theoretically statically balanced, further reducing the
power consumption of the mechanism and perhaps allowing for a fully passive device. Lastly, this study
has only focussed on the wrist. However, the proposed method of using a constant torque for gravity
compensation is potentially also of interest for gravity compensation across other joints, as it simplifies
the control and in theory decreases energy consumption compared to fully active systems.
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Description of the experimental setup

For the experiment to assess the effectiveness of different torque profiles for gravity compensation of
the hand a test setup was developed. This setup needed to be able to fixate the arm in different po-
sitions, while additionally being able to apply different forces to the hand. As the setup was going to
be used with an experiment involving human subjects HREC guidelines were followed in the design,
requiring approval of the design by one of the TU Delft safety officers.

The design had to fulfil the following requirements

* Fixating/positioning the forearm in different positions
» Applying a force/torque to the hand

» Generating different torque profiles

+ Indicate the flexion/extension angle of the wrist

To limit the safety risks involved with the setup it was decided to make the setup completely passive,
thus relying on purely mechanical means to generate the required forces and indicating the position of
the hand. Furthermore, to limit the complexity of both the experiment and test setup only static mea-
surements were performed (e.g., measuring the muscle activity when the hand is held still in a specific
position).

A.1. Fixating and positioning the forearm

The frame of the setup is constructed from aluminium frames in which holes are drilled to be able to
adjust the angle of the forearm position. With these holes the forearm can orientated at 0, 25 and
50° with respect to the horizontal plan (Fig. A.2). To attach the forearm to the setup, the forearm is
placed in a cup following the shape of the forearm where it is fixated to through elastic bands with
Velcro®. As the length of the forearm varies between participants the forearm mount can be shifted
sidewards and forward and backwards by loosening a set of bolts. However, because of the flexibility
of the skin with respect to the underlying structures some movement of the arm is still possible. So, to
provide additional support to the arm a cloth covered pad is placed underneath the elbow (Fig. A.5). To
accommodate different arm sizes and the different positions of the mechanism the position and height
of the pad can be adjusted.

A.2. Applying a force to the hand

The forces are applied to the hand through a rod attached to the medial side of the hand and a pulley
(Fig. A.1). Thus, rotation of the pulley results in a movement of the hand. The interface with the hand
consists of a 3D printed part following the shape of the hand, with a mount for the rod (For a more
detailed description see Appendix F). The printed part is covered with cloth for comfort and is fixated
to the hand through elastic bands with Velcro®. The centre of the pulley can be aligned with the centre
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Figure A.1: Close up of the main pulley used to Figure A.2: Frame of the setup in the different orientations. From left to right
apply the different torque profiles to the hand 0°, 25° and 50°

L L L

Figure A.3: Schematics of the application of the different torque profiles using the main pulley. From left to right sinusoidal,
constant and linear. Here my, is the mass of the hand and m,, the balance mass. F;; and F;, are the forces applied by the spring

of rotation of the wrist by adjusting its position on the frame. Additionally, the position of the forearm
mount can be adjusted as previously discussed. Lastly, the connection between the hand and the rod
is not a rigid connection but a cylindrical joint, thus the position along the rod can vary for different
hand sizes. An additional advantage of this degree of freedom is that it compensates any remaining
misalignment between the wrist joint and the pulley.

A.3. Generating the different force/torque profiles

With the setup three different force profiles can be generated a constant, linear and sinusoidal profile
(Fig. A.3). The constant force is generated by hanging a set of weights with a cable on the main pulley.
However, as the space near the main pulley is limited a set of two small pulleys is used to guide the
cable, such that the weights can hang off the table the setup is placed on. By varying the mass hanging
from the cable the level of compensation can be adjusted.

The linear profile is generated by attaching a spring to the main pulley. However, as changing the
orientation of the setup results in a length change of the cable attached to the spring, the mounting of
the spring needs to be adjustable. This adjustment is also required as the free length of the springs dif-
fers. One of the issues with using a cable to transmit the forces is that it can only sustain a tensile force.
However, a force should be exerted by the springs during both palmar and dorsal flexion. To solve this,
two cables are used which are wrapped in opposite directions around the main pulley. Through a set of
two smaller pulleys the two cables are guided to the spring. Thus as the wrist palmar flexes, the upper
cable becomes taut while the bottom cable relaxes. On the contrary, if the wrist is flexed dorsally the
upper cable relaxes and the lower cable becomes taut, puling the spring. To prevent the wires coming
loose from the main pulley when they become slack, a cable guide is attached to it. To decrease the
required stroke of the spring the radius of the main pulley is smaller for the spring (R=20 mm) than for
the weights (R=30 mm). By changing the springs in combination with the weights, different levels of
compensation can be achieved.

The sinusoidal profile is generated by hanging a weight on a rod attached to the axis of the main
pulley. By adjusting the position of the weight along the rod, the level of compensation can be adjusted.
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Figure A.4: Schematic of the pulley. Note that the axis the pulley is mounted on (light grey) is slightly smaller than the centre
hole of the pulley, as in the case of a journal bearing there is always some play between the components.

Table A.1: Parameters of the pulleys, r indicate the inner radius of the pulley, R the outer, 8 the wrapping angle and u the friction
coefficient. Note that the first two pulleys have the same dimensions (r; and R, ) where as the main pulley has a variable lever
arm (R, and R3). As the dimensions of the first two pulleys are the same it is assumed that their coefficient of friction are both
equal to p,

7’1‘TZ‘R1‘R2‘R3‘B1‘32‘33‘#1‘#2
1.5mm [ 2mm | 6 mm | 30 mm | 50 mm | 30° | 50° | 100° | 0.05 | 0.05

To minimise the friction in the system all pulleys are mounted on ball bearings. The friction has to be
low to prevent its influence on the balancing. To make an estimate of the influence of the friction on the
provided balancing forces some simple calculations have been performed. Based on the friction model
of a journal bearing [96] the ratio between the input and output tension of a pulley can be expressed as
(assuming motion is in the direction of F2 and the reaction force is the bisector of the angle between
F1 and F2)

F, R-—rcos (%ﬁ + arctan u) A1)
Fi  R—rcos (%B — arctan u) '

Here R is the radius of the pulley, r the radius of the journal bearing, 8 the wrapping angle and p the
coefficient of friction between the pulley and its axis. However, as the experiment is performed statically
the level of friction is unknown and thus this equation can only be used for estimating the upper and
lower bounds. Considering the more general case of a variable radius pulley (as is the case here with
the main pulley), the expression is given by

F, Ry —rcos(y+arctanp) A2

F, R, —rcos(f —y — arctan ) (A-2)

y = arctan i & —cosf (A.3)
sinff \ Ry

As in total three pulleys are used for both the constant as the linear part the total influence of friction
can be obtained by multiplying the previous two equations. For the constant torque profile, the friction
is the highest when the forearm is placed in the horizontal position as the wrapping angle is the largest.
For the calculation the parameters from Table A.1 are used. This results in a maximum deviation of
approximately +/-3% of the balancing force. Thus the influence of the transmission will only be small.

A.4. Indicating the position of the hand

To indicate the level of flexion/extension of the hand a method is required by which the wrist position
can be easily read by the participant. For this a dial is used attached to the axis of the pulley (Fig. A.6),
because of its design simplicity and its ease of reading. The dial consists of four markings indicating
the four levels of flexion/extension. After a short instruction about which marker correspond to which
level of palmar-dorsal flexion, the participants had no problems of moving to the right position.
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Figure A.5: Top and side view of the setup during an experiment. Consent was given for publication of this picture
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Figure A.6: Render of the test setup, including model of the hand. 1. Main pulley. 2. Dial. 3. Hand interface. 4. Forearm mount.
5. Pulley system. 6. Spring for linear profile. 7. Wire for constant profile. 8. Rod for sinusoidal profile. 9. Height adjustable
baseplate of the elbow support.



Three springs

One of the simplest mechanisms for generating a nearly constant force across a certain range can
be made with three springs (Fig. B.1). Two horizontally mounted compression springs are used to
generate a negative force profile. The third spring, which is vertically mounted, generates a positive
force profile, which if combined with the negative force profile results in an approximately constant force
across a certain range. By changing the prestress in the vertical spring, the magnitude of the constant
force can be varied between positive and negative values.

B.1. Model

Based on the model proposed by Lan et al. [83] the forces in the vertical direction of the horizontal (F,)
and vertical (F,) springs can be expressed as

Lo
E, = —kpy -1 (B.1)
,,(ao - xh)z + y?
E, = kp(y + hy —xy) (B.2)

Here k, is the stiffness of the horizontal springs, k,, the stiffness of the vertical spring, L, the initial
length of the horizontal springs, a, the initial horizontal distance of the horizontal springs, h, the initial
vertical distance of the horizontal springs, y the displacement of the three springs in the vertical direction
and x; and x, the prestress length of the horizontal and vertical springs respectively (Fig. B.1). Note
that L3 = a2 + h3. Thus, the total force is given by

(=)
F=k,(y+hy—x,)— kny -1 (B.3)
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Figure B.1: Model of the three springs mechanism. Retrieved from [83]
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Figure B.2: Normalised load-displacement graph for different values of w and 8

For a constant force it must hold that Z—; = 0 at y = 0, which puts the following requirement on the
stiffness of the springs

kn Ao — Xp

E B 2(Lo — ag + xp) B.4)

B.2. Sensitivity analysis

Making the variables dimensionless the behaviour of changing the variables can be studied more easily.
By considering the input force to be a result of a mass lying on top of the system (e.g., the hand’s mass)
the following relations are used k,, = ar;ll—f, = ’;—” and w = a, — x,. Here m is the weight of the hand,
a a scaling factor of the weight as a result of fgr instance a transmission and 2w the width of the
mechanism. So, by considering all the variables of unit length with respect to hy (W = w/hy ,9 = y/hg

and %, = x,,/hy) the total force can be expressed dimensionless as

A 1
F . . . W(l‘l‘ﬁ)
o= ——=@+1-2%) 289 ~=—=Z

amg W2 + 2

Based on this equation, the force profile can be tuned by changing x,,8 or w. Changing x, only in-
fluences the magnitude of the constant force region, while changing B or w affects the width of the
constant force region. The effect of changing  or w is depicted in Fig. B.2. For a large constant
force region, it is desired that the first and the consecutive derivatives of the force with respect to the
y-displacement are zero. Considering these derivatives at zero displacement both the first and second
derivatives are already zero. However, the third derivative is unequal to zero and is given by

-1 (B.5)

1
g 6(B+3)
dy3 w2
From this expression two things can be noticed. First of all, a small increase in w results in a larger
increase in the constant force region than a small change in 5. Decreasing  towards zero will at a

(B.6)
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Figure B.3: Prototype of the mechanism Figure B.4: Test setup, consisting of a scale and CNC xy-stage

certain stage no longer have a significant effect on the constant force region, because the %2 will become
dominant. However, when also allowing for negative values of B a perfect constant force region can

be obtained for f = —%. This requires the horizontal springs or the vertical springs to have a negative

stiffness profile. However, g = —% results in a physically infeasible solution, because the normalised
Lo and a, can be expressed as
W A
Ly = ﬁ +w (B.7)
ao = LO - 1 (BS)

Thus as f = —% Lo = 0 and thus a, becomes an imaginary number. Thus, for a physically meaningful
solution it should hold that

) 1
(1 + 55) > 1 (B.9)

As a result of changing x,, the spring can become subjected to either tension or compression during
motion. So, because of this the spring must be capable of providing both tensile and compressive
forces, ideally in the range of £2h,. However to be able to both compress and elongate a spring extra
attention must be paid to mounting of the spring. So instead, when restricting the springs to work only
in compression a different type of spring configuration is required. This can be achieved by mounting
springs on opposite side of the sliding mechanism (Fig. B.3). These two springs exert opposite forces,
thus depending on the movement direction of the mechanism one of the two springs will be compressed
and thus applying a force.

B.3. Experimental validation

To validate the working of the mechanism a prototype was constructed to determine the force displace-
ment relation (Fig. B.3). This prototype was constructed using additative manufacturing with PLA. For
the springs coil springs were used with a spring stiffness of approximately 383 N/m. The value for the
spring stiffness was determined by measuring the dimensions of the spring from which the stiffness
can be calculated. However, because the material properties are unknown an estimate had to made.
Thus the actual value of the spring stiffness could be significantly different. For the measurement a
computer controlled X-Y table was used to control the step size (Fig. B.4). The force were measured
using a scale. The displacement was applied in steps of 2 mm after which the weight (force) was read
off from the scale. This was done for a total displacement of 24 mm. Additionally the location of the
positive spring was adjusted to change the total force profile. For this five different settings were used.
In each setting all the measurements were repeated five times resulting in a total of 325 data points.

From the results, it can be seen that the mechanism has an approximate constant force region of
which the magnitude can be changed by changing the pretension in the positive stiffness spring (Fig.
B.5). However the magnitude of the force is considerably higher than expected from the model, which
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Figure B.5: Experimental results, showing the load-displacement characteristics for five adjustment levels

predicted forces in the range of +5 N. This difference is likely caused by the friction inside the mech-
anism, a wrong reference point of the force (the weight was measured relatively) and different spring
properties then used in the model. In the model it has been assumed that the springs are linear, how-
ever because the springs are compressed significantly some nonlinearities can be expected here.

To improve the device performance a possible solution is to use flexures instead of springs to gener-
ate the negative stiffness part. The occurrence of this negative stiffness is generally a result of buckling
of the flexures. The use of flexures enables a larger constant force region. Furthermore, with a flexure
there are more possibilities for optimisation. Especially, when considering the flexure as a spatially
curved beam, the spatial shape of the beam can be used as an additional optimisation parameter to
produce the required force profile while aiming for a compact design.



3D cam

Instead of using a special configuration of springs the desired torque or force profile can also be con-
structed with a cam-follower mechanism. Although a standard cam-follower mechanism is capable of
generating a large variety of torque profiles, these profiles can often not be changed directly. Thus,
there are two methods to change the torque profile. Either change the properties of the spring or change
the profile of the cam. By giving the cam a 3D shape instead of the more commonly used planar design
is one possible method to change the torque profile. When moving the follower up or down along the
additional dimension the desired torque profile, for the given orientation, can be chosen. This cam
can be constructed by combining the individual planar profiles. However, for this the separate planar
profiles must be determined. From a manufacturing point of view constructing such 3D shapes can
become challenging using conventional manufacturing techniques such as milling or turning, however
due to improvements in additive manufacturing techniques fabricating such complex surfaces can be
done relatively easy. However, obtaining the desired surface hardness is still a point of concern.

C.1. Model

To determine the required profile a relation needs to be found between the displacement of the spring
and the generated torque [97, 98]. Ignoring friction, the energy balance can be written as
1 .
U= Eks2 —mgLsin (8 + ¢) cos Y (C.1)

Taking the torque fixed with respect to the flexion/extension of the wrist (a constant torque mechanism)
the equation can be simplified to

U= ks ~T(6,9,00)9 (€2)

Here k is the stiffness of the spring, s the displacement of the spring and T the torque as a function
of the orientation of the arm. Assuming equilibrium across the entire motion range requires the total
energy to be constant. This can be formulated as

du ds
@=ks@—T=0 (C3)

Solving this differential equation results in the desired displacement profile of the follower, which results

in the compression/extension of the spring.
T
s = ZE(P +C (C.4)

To ensure real values for the displacement, C is set equal to

55



56 C. 3D cam

T T T T T
T=-0.314 Nm
T=-0.157 Nm
0.05F T=0 Nm -
T=0.157 Nm
T=0.314 Nm
0.04 -
003
E
£
> 0.02
001 b
0F o .
-0.01 - h
I 1 1 I I I 1 1 I
-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
x[mm]

Figure C.1: Cam profiles to generate different constant torque outputs

T,

C=2 n;cax Dmax (C.5)

From the equation of the spring deformation an expression can be found for the cam profile using

various methods. Here the method proposed by Flores [97] is used to compute the cam profile. For
this the pitch curve has to be determined first, which is given by

e

xp=(R+r)*sin¢>+arcsinr+R+s*sin¢> (C.6)
e

yp=(R+r)*cos¢>+arcsinr+R+s*cos¢> (C.7)

Here R, r and e stand for the base radius of the cam, radius of the follower and the eccentricity of
the follower with respect to the cam respectively. Based on the expressions for the pitch curve the
expression for the cam profile can be determined using

dp
a¢
Xe = Xp + T —— Cc.8
T [an?a? 2
¢ d¢
dxp
a¢
=y +r Y/ C9
Ye = Yp = o (C.9)
a¢ ¢
The resulting cam profiles for different levels of constant torque for k=400 N/m, €=0, r=5 mm, R=0
and Tmax=0.314 Nm is shown in Fig. C.1. By offsetting these different profiles in the z-direction a
three-dimensional cam surface profile can be constructed.

To verify that the different profiles result in a constant torque, simulations have been performed
using COMSOL, from which can be concluded that the formulation of the shape is correct. However,
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Figure C.2: Prototype of the 3D-cam mechanism Figure C.3: Cam profile capable of generating the sinusoidal
torque profile with a phase shift

friction has not been included in the models, although it can potentially play a significant role because
of the large contact forces.

C.2. Prototype

To further verify the functioning of the mechanism a simple prototype was constructed (Fig. C.2). All
the parts were 3D printed out of PLA and joined together with bolts and nuts. From this prototype the
following conclusions can be drawn

* Friction plays a significant role in the device performance.

» Due to the high friction and large contact forces adjusting the mechanism by moving it up or
down along the cam surfaces requires a considerable amount of force. This can be improved
by changing the follower to a ball (which can rotate freely) instead of a wheel. However, the
issue with a ball is that it can come into contact with other levels of the cam during movement.
Consequently, the curvature of the cam and the radius of the ball are limited.

» The dimensions of the cam pose a limitation on the overall dimensions of the mechanism. This
means that further minimisation of the device becomes difficult. This is especially a matter of
concern for the thickness because some offset is required between the different cam surface
curves. Nonetheless there is still room for optimisation.

» The surface hardness was too low. Although this was somewhat expected from the use of PLA
for the cam and follower, a substantial amount of wear was observed.

Since the profile of the cam can be adjusted to generate various torque profile, the mechanism is not
limited to constant torques. In fact, “perfect” balancing is possible with this mechanism. An example
of a cam surface capable of generating the required torque profile (a phase shift) is depicted in Fig.
C.3. However, this perfect balancing can only be achieved for in-plane motion (only ¢ and ). This is
because the cam-surface can be considered as a two degrees of freedom system, while for balancing
in space three degrees of freedom are required. Since the balancing of this third degree of freedom
(y) only requires a scaling of the torque magnitude, it could potentially be achieved by changing the
properties or pretension in the spring. However, in this case extra requirements are put on both the
spring and the cam surface to ensure contact between the cam and follower throughout its range of
motion.






Curved and prestressed flexures

D.1. Curved flexures

Instead of using two opposing springs to generate the negative stiffness it is also possible to use buck-
ling beams. The use of such beams has a couple of advantages over the ordinary springs but also
some drawbacks. Some advantages are

+ Larger negative stiffness range, thus allowing for a smaller design
» More possibilities for optimization because the shape of the beam can be tailored [87, 99].

Nonetheless there are some drawbacks

» No straightforward analytical models. Only for simple geometries analytical models are available.
For more complex shapes numerical methods such as finite element or elliptic integral methods
are required.

» Smaller tolerances required on material properties and dimensions.

For an initial shape of the beam the geometry as discussed by Qiu et al. [87] is used, which is
a double clamped beam of thickness t and length L (Fig. D.1). The shape can be described by the
following equation.

=1 —2cosan? D.1
W—Z( cosnL) (D.1)

Here h is the height at the centre of the beam. For the remaining discussion the y coordinate is
defined with respect to the centre line passing through the clamped sides of the beam. Thus in the
original shape of Fig. D.1 the beam centre is located at y=h. When a force is in the negative y direction
at the centre of the beam, the beam will start to buckle. The buckled shape depends on the boundary
conditions. Here it is assumed that the rotation of the centre of the beam is constrained, as several
beams will be connected in parallel. Based on the beam equation and assuming the displacement to

Original g@pe

Figure D.1: Shape of the flexure. Retrieved from [87]

59



60 D. Curved and prestressed flexures

remain small with respect to the length, the forces in the negative stiffness regime can be expressed
as (For a derivation see [87] or [100] for a more general discussion on buckling).

Elh
3
Combining this with the previously discussed vertical spring (Appendix B). The total force can be ex-
pressed as

E, = (8n4 - 6114(% + 1)) (D.2)

4 2y Elh
szp(y+h—xv)+(87r —6n (E+1))L_3 (D.3)
Based on this equation the stiffness required for neutral stability can be expressed as
4EI
kp =6n L_3 (D4)
From this the required adjustment for the different force levels can be expressed as
4y _Fo —
3 K for F =F,
Xy = %h for F=0 (D.5)
id R - _
3h+ K for F = —F,
The displacement of the vertical spring can now be expressed as
Ymin T h — Xvmax fu< Ymax T h— Xymin (D-G)

From this it can be noticed that the vertical spring will be subjected to both tensile and compressive
forces, because of this it is more convenient to use two springs which are only compressed (similar
to the prototype discussed in Appendix B). By choosing the required force range, stiffness and initial
height the properties of the springs can be determined.

D.2. Prestressed flexures

Another possibility is to use straight flexures, which by prestressing buckle in approximately the same
shape as the curved flexures. The advantage of using straight flexures is they can be cut from a flat
sheet of which the thickness is more accurately controlled than in the case of additive manufacturing.
The downside is that a proper prestress has to be applied to ensure the desired behaviour.

The first buckling mode of the beam is given by

_h L 27X D7
w=3 (1 —cos I ) (D.7)
The required lateral displacement (for prestressing) to obtain the desired stroke can now be approx-

imated using the equations from [100] resulting in

1 (Y dw 1 _h?

A= E_L (a)zdx = ZT[ZT (DS)

An expression of the force generated during buckling is now approximately equal to (For derivation see
[101])

EI
Fo=—6317y 3 (D.9)

When considering the positive stiffness spring, the required adjustment range changes, because for
the prestressed straight flexures the force-displacement relation is symmetric. The adjustment range
can now be expressed as

Fo

— for F =F,
P
X, =10 forF =0 (D.10)
Lo forF= -F
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Giving a total displacement range of the positive stiffness spring as

k__)’minSuSk_+Ymax (D-11)

D.3. Experimental evaluation
D.3.1. method

To verify the validity of the model and test if the pre-curved beams can be used for a constant force
mechanism a prototype was made. For this prototype the pre-curved flexures were 3D-printed out of
PLA, with a thickness of 0.4 mm, length of 100 mm and height of 9.76 and 10 mm. The flexures were
grouped in a set of three. Additionally, instead of one long flexure as depicted in Fig. D.1 the flexures
were split down the middle, which is allowed because of the symmetry of the boundary conditions (sim-
ilar configuration as in Chapter 4).

So, to assess the performance of the prototype the load-displacement behaviour was measured us-
ing a motion stage (Pl M-505.4DG) in combination with a 45N force sensor (futek). The stage applies
a predefined displacement to the mechanism, while in the meantime the force sensor measures the
required force. With this, two different tests were performed. First the load-displacement behaviour of
two different types of flexures was determined without the coil springs attached. This has been done to
assess the validity of the production technique. The second experiment was done to assess the perfor-
mance of one of the flexures sets in combination with a coil spring. Additionally, the level of pretension
in the coil springs was varied.

For the first experiment two flexure sets were evaluated, one with a theoretical height of 9.76 mm
and the other of 10 mm. The flexures were 3D printed using a Creality Ender 3 v2 out of PLA with a noz-
zle size of 0.4 mm. The flexures had a width of only one layer, thus having a thickness of approximately
0.4 mm. Due to issue with slicing such small features, two different slicers were used for comparison.
The first flexure set was sliced using Ultimaker Cura 4.12.1 and the second using PrusaSlicer 2.4.1. A
displacement of 20 mm was applied with respect to the neutral position after which it was moved back
to the neutral position. During both the forward and backward motion, the forces were measured. For
each flexure set the measurement was repeated three times. For the 9.76 mm an additional measure-
ment was performed using a slower displacement speed, resulting in a higher measurement resolution.

For the second experiment the 9.76 mm flexure set was used in combination with two coil springs
(Fig. D.2) having a stiffness of 440 N/m (as determined by the manufacturer). The method of performing
the measurements were similar to the previously discussed methods for the independent flexure sets.
However, the pretension in the coil springs was varied by applying a prescribed displacement using a
separate motion stage. For this, four levels of pretension were used, expressed as the displacement
of the motion stage (-9.39, 0, 13.33 and 36.06 mm). For each level of pretension five measurements
were performed resulting in a total of twenty measurements. These measurements were randomized to
accommodate for nuisance variables such as the occurrence of plasticity or fatigue inside the flexures.

D.3.2. results and discussion: Experiment 1
During the experiments the following observations could be made

+ Some of the flexures initially did not deform or deformed in the opposite direction, after which
they suddenly snapped and continued following the expected path just as the other flexures. The
snapback was clearly audible and could also be seen in the force-deflection data as a sudden
jump in force.

» The 10 mm flexure sets contained a thickening near the centre of one of the flexures, which was
caused by the start-stop point of the printer.

» The 9.76 mm flexure set contained discontinuities in some of the layers, however no large differ-
ences in thickness were observed.

» The forces at the neutral position were not equal to zero due to pretension inserted in the system
during mounting of the force sensor.
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Figure D.2: Image of the prototype. Note that the coil springs are not shown in this image

Figure D.3: Load-displacement graph of the two different flexures

these results the following observations can be made

Some of these finding can be explained as follows
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The results of the first experiment for the two different flexure sets are depicted in Fig. D.3. From

» The difference between the three measurements is small, almost completely overlapping each
other, especially for the 9.76 mm flexure.

» The forward motion (upper part) and the backward motion (lower part) do not coincide thus indi-

cating a considerable loss of energy in the system.

» The slope of the forward and backward motion is nearly the same for the 9.76 mm, both being
approximately equal to -340 N/m. This is noticeably smaller than the stiffness the flexure set was

designed for, namely 440 N/m.

* The 10 mm flexure shows only during the backward motion a nearly constant stiffness. The

forward motion is more erratic.

» The energy loss (hysteresis) is caused by hysteresis inside the material and (primarily) the fric-
tion between the flexure set and the supporting frame. Thus, when improving the prototype the
friction between the different parts must be reduced, by for instance preventing contact between

components.

» The stiffness is noticeably different than designed for. This can be attributed to four things. The
thickness of the flexures was not equal to 0.4 mm. As the stiffness scales cubic with the thickness
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Figure D.4: Comparison between simulation and experiment of the load-displacement characteristics of the flexures

a small deviation in the thickness can have a significant effect on the stiffness. The material
properties were not known exactly. Thus, there was possibly a difference between the material
properties used in the simulations and the actual properties of the filament. Due to the limited
resolution of the printer the height of the flexures was not exactly equal to 9.76 mm. Lastly, the
flexures showed some discontinuities. Although this has not a large effect on the overall stiffness
it does have a large effect on the total strength.

» The jumps in force for the 10 mm flexure correspond to the fact that not all flexures moved similarly
and even making contact at some times, followed by a snapping of one of the flexures. This
behaviour is likely the result of a thickness variations inside each flexure and between the different
flexures. This was also observed when looking at the flexures, where one of the flexures showed
a considerable thickening near the centre as a result of the start-stop location of the print head.

The occurrence of the first buckling mode is likely caused by a low torsional stiffness of the flex-
ure set and imperfect alignment. Because of the long flexures in combination with an imperfect
alignment can results in a small rotational deviation, making the system to follow the first buckling
mode. Additionally, a small rotation of the flexure set can have a considerable impact on the
width of the negative stiffness region.

Comparing the results from the experiment with the FEM simulations, as depicted in Fig. D.4. It
can be observed that the simulated 0.4 mm thick flexures have a higher stiffness than the fabricated
flexures. Taking a thickness of 0.37 mm follows the experimental results better. This difference is likely
the result of the previously discussed issues with the manufacturing of the flexures. A similar problem
was observed by Qiu et al. [87]. Additionally, the experimental results seem somewhat shifted to
the right, correcting this causes the FEM results and experimental results to better overlap each other.
Note that this shifting does not influence the stiffness of the flexures, since the slope remains the same.
However, the endpoints no longer coincide. This difference is likely caused by the presence of initial
stresses in the setup.

D.3.3. Conclusion: Experiment 1

Based on the experiments and the comparison with the FEM solutions it can be concluded that using
pre-curved flexures is an option to obtain a nearly linear negative stiffness profile. However, the fabri-
cation of these flexures is a matter of concern, because of the small thickness of the flexures. Using
FDM printing to produce the flexures is possible, but extra attention must be paid to the slicing process
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Figure D.5: Experimental load-displacement graph of the constant force mechanism for four different levels of adjustment

to obtain uniform flexures. Other production methods worth considering are waterjet cutting and wire
edm. Another possible solution would be to use strips cut from a metal sheet, because the thickness of
these sheets is considerably more accurate. However, this requires the metal strips to be pretensioned.
Furthermore it can be concluded that FEM can be used to model the behaviour of the flexures, how-
ever extra attention must be paid to the manufacturing constraints and the material properties, since
a slight change in thickness can have a considerable impact on the stiffness both experimentally and
in simulations. Additionally, misalignment of the components can have a considerable impact on the
mechanism’s behaviour. Consequently, care must be taken during manufacturing and assembly.

D.3.4. Results and discussion: Experiment 2

The results of the second experiment where the flexures were used in combination with an ordinary coil
spring are depicted in Fig. D.5 and Fig. D.6. In Fig. D.5 the four different experimental conditions are
shown separately. Fig. D.6 shows the combined results of the second, third and fourth experimental
condition. For clarity the first experimental condition has been omitted in these figures. Based on these
two figures the behaviour of the mechanism can be explained as follows

» The difference in force between the forward and backward path is likely the result of friction within
the system.

» The jump around the zero-force crossing in EC3 is likely the result of play in the system. Thus, a
change in the direction of the force results in a small movement of the coil springs thus resulting
in a different force magnitude.

» The difference in stiffness between the forward and backward motion especially for EC2 and
EC4 is likely caused by a direction dependent stiffness term, which also makes the effect more
pronounced in EC2 and EC4 compared with EC1 and EC3 as the forces in the first two are larger.
The exact origin of this additional stiffness could not be found in the system but is likely caused
by the presence of some form of contact. Having a large stiffness under compression and a low
stiffness under tension.

» The fact that all the measurements start at a negative value is the result of prestress inserted in
the system during mounting of the force sensor.

» The difference within the results for the different EC’s cannot necessarily be attributed to the

presence of plasticity in the flexures as the results for EC3 do not change between the first and
last run.
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Figure D.6: Experimental load-displacement graph of the second, third and fourth level of adjustment

D.3.5. Conclusion: Experiment 2

From the experiments it can be concluded that the mechanism is adjustable across the desired force
range. However, the stiffness of the flexures should be tuned more thoroughly to the stiffness of the coil
springs. Additionally, the stiffness of the support structure must be taken into account as well, because
some form of parasitic stiffness can be observed in the results.

D.4. Conclusion

One of the issues with using curved beam is the manufacturing process, because of the small feature
size. The initial prototypes were made using an FDM printer with PLA. The thickness of the flexures
was similar to the nozzle size thus limiting the accuracy of the flexure thickness. Additionally, the
slicing of the flexures resulted in some issues, either the flexures showed discontinuities or start-stop
points resulting in a local thickening. Especially this local thickening can have a considerable impact
on the stiffness of the flexures. A possible solution would be to use a smaller nozzle size. However,
the thickness accuracy remains an issue as the nozzle size has also limitations. Another drawback of
FDM printing is the low stiffness of the materials such as PLA. However, for the intended application a
stiffness of 1000-3000 N/m is required. As a single PLA flexure with a thickness of 0.4 mm and length
of 100 mm can generate a negative stiffness of around 100 N/m a considerable number of flexures is
required. Thus, for a more compact design stiffer materials such as titanium are desired. However,
manufacturing such thin flexures is challenging using 3D printing or waterjet cutting, especially because
for stiffer materials thinner flexures are likely required to prevent yielding.






Experimental results of inclined flexures

To validate the performance of inclined flexures several experiments have been performed with several
configurations of the flexures. For this experiment the same setup has been used as discussed in
Appendix D. The experiment involved measuring the force displacement characteristics of a mechanism
consisting of straight flexures under inclination (Fig. E.1). Due to the way the mechanism is made the
flexures can be mounted in two ways, resulting either in a compression or a tensile unit. All flexures
are made of stainless spring steel of 0.2 mm, with a width of 4.2 mm and a free length of 50 mm. The
following conditions have been evaluated.

* 4 flexures under an inclination of 15 degrees in the tensile configuration (one flexure per set) (C1)

+ 8 flexures under an inclination of 18 degrees in the compressive configuration (two flexures per
set) (C2)

* 4 flexures under an inclination of 15 degrees in the compressive configuration (one flexure per
set) (C3)

+ 8 flexures under an inclination of 15 degrees in the tensile configuration (two flexures per set)
(C4)

+ 8 flexures under an inclination of 19 degrees in the compressive configuration (two flexures per
set) (C5)

+ 8 flexures under an inclination of 18 degrees in the compressive configuration with reinforced
mount (Two flexures per set) (C6)

The 8 flexures under 15° was not evaluated in the compressive configuration as this experiment
was performed in an earlier stage after which the set of flexures was no longer available, because the

Figure E.1: Setup for measuring the load-displacement characteristics of the inclined flexures. The mechanism shown consists of
16 flexures, consisting of four flexures per set (as used in the final configuration). Note that the mechanism is already compressed
by the motion stage.
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flexures were reused to construct to other sets of flexures. The 8 flexures under 18° (C2) was only
tested in the compressive configuration because the tensile configuration would not fit in the support
structure as this was originally designed for the 15°. The same applies to C5.

During the experiments a couple of observations could be made

» During the C2 experiments it was observed that one of the flexures buckled in the opposite direc-
tion. This is likely caused by manufacturing errors as the flexures already showed some curvature
in the undeformed shape.

* During the C2 experiments the first two measurements were performed with a lower total dis-
placement.

» During the C5 experiments it was noticed that multiple flexures buckled in the opposite direction.
This is likely caused by manufacturing errors as the flexures already showed some curvature in
the undeformed shape. Additionally, some plastic deformation might have occurred in the flexures
from previous experiments, as the flexures have been reused.

» For the C5 measurement a sharp increase in stiffness was observed at the end of the mea-
surement. This increase was caused by mechanical contact between the mechanism and the
measurement setup. This was not an issue during the other measurements as during those
measurements an additional spacer was placed between the measurement setup frame and the
mechanism.

E.1. Results and discussion

When looking at the C1, C3 and C4 measurements in Fig. E.2. it can be noticed that the differences
within each experiment are relatively small. However, when looking at C2 some larger differences can
be observed especially between the first two and the consecutive measurements. This difference is
likely caused by some initial plasticity occurring in one of the flexures, possibly in the flexure which
buckled in the opposite direction as the other flexures.

When comparing the results from the elliptic integral method with the measurements, two distinct
differences can be observed. First of all, for all configurations the stiffness is significantly different from
the simulation. This is likely caused by the influence of the stiffness of the support structure which acts
in series to the flexures, thus decreasing the overall stiffness. When looking at C1, C3 and C4 it can be
observed that the negative stiffness range is considerably smaller. The difference at the beginning can
be explained due to the finite stiffness of the support structure, while the difference at the end is likely
caused by some differences between the flexure length, inclination angle and support stiffness. How-
ever, when looking at the C2 measurement the last part of the negative stiffness range is almost similar.

Comparing the different experiments with each other it can be noticed that changing the inclination
angle will considerably increase the negative stiffness range, while having a little effect on the stiffness
itself. This is also in accordance with the results from the simulations. Another remarkable thing which
can be observed is that the zero-crossing (the unstable equilibrium point) occurs at roughly the same
location for the simulations and the experiments.

Some small differences can be observed between C1 and C3. One of the possible causes of the
difference is the alignment with the force sensor. As the mechanism had to be removed and reassem-
bled between the different experiments it is possible that the mechanism was slightly tilted during the
connection to the force sensor. This has likely the largest effect on C1 and C3, while they have a very
low torsional stiffness. In fact, in this configuration these types of flexures are also used for compliant
hinges and are called cross-flexural hinges.

For the calculation of the stiffness a linear curve is fitted through the data of the forward and back-
ward part of the curve between 4 and 12 mm for C1, C3 and C4, between 5 and 15 mm for C2 and 6 and
16 mm for C5 as the movement range for C2 and C5 is larger. Since the first two measurement of C2
are different from the rest they are not considered in determining the stiffness, the same applies to the
higher resolution measurements. The results are tabulated in Table E.1 from which can be concluded
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Figure E.2: Load-displacement graphs of the different experiments

Table E.1: Stiffness (N/m) of the flexures in the negative stiffness regime. Obtained by performing a curve fit through a part of
the region

| C1(n=5) | C2(n=3) | C3 (n=5) | C4 (n=4) | C5 (n=6) | C6 (n=6)

Forward -0.48 -0.97 -0.45 -0.94 -0.95 -0.95
Backward -0.48 -1.02 -0.48 -0.91 -1.03 -0.95
Mean -0.48 -0.99 -0.46 -0.92 -0.99 -0.95
Simulation -0.64 -1.29 -0.64 -1.28 -1.29 -1.29

that there is a large difference between the simulations and experiment. Additionally, some difference
can be observed between the forward and backward motion, which differ by at most 6%. As C2 and
C3 involve a different flexure orientation as C1 the results of the forward and backward motion cannot
be compared directly.

To study the effect of the support stiffness of the flexures experiments were performed using a
reinforced flexure mount. This flexure mount was made by plating the original 3D printed block with
stainless steel plates. Comparing the results of C2 and C6 a noticeable influence of this increased
support stiffness can be observed as the initial phase in the load-displacement graph (Fig. E.2) is
shorter.

E.2. Evaluation of final configuration

For this experiment the same setup was used as in the previous section. The experiment involved
measuring the force displacement characteristics of a mechanism consisting of straight flexures under
an inclination of 18°. All flexures are made of stainless spring steel of 0.2 mm, with a width of 5.08 mm
and a free length of 50 mm. A total of sixteen flexures were used, which were mounted in groups of
four (Fig. E.1). Each mount was made of PLA and reinforced on both sided and the bottom with 0.5mm
stainless steel plates, cut in the same profile is the PLA. The stiffness of each run is determined for a
displacement of 5 till 12 mm.

E.2.1. results and discussion

Based on Table 2 the mean stiffness is equal to -2.60 N/mm, which was slightly larger than expected
(7.4%) as it was designed for -2.42 N/mm. This design was based on the stiffness value determined
during the C6 experiment by looking at the total width of the flexures. Changing the width of the flexures
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is the easiest parameter to tune, as the (negative) stiffness scales linearly with the width. So, for the
C6 experiment the total flexure width was equal to 4.2*8=33.6, which resulted in a stiffness of -1 N/mm.
By extrapolating this to a stiffness of -2.42 the required flexure width is 88.312 mm, dividing this by
sixteen flexures results in a flexure width of 5.08. The fact that now a higher stiffness is observed than
expected can be attributed to several factors

» Manufacturing errors. The flexures were cut to size, however with this it is difficult to cut with an
accuracy lower than 0.1 mm, thus the width of the C6 flexures can deviate a bit from 4.2 mm
(used for C6) and the same applies to the new flexures.

* Presence of pretension. When disassembling the flexures, it was observed that a considerable
amount of plasticity had occurred and the length of the different sets was different. The change
in length is also likely caused by microslip of the flexures inside the mount, causing them to move
partially out of the mount.

» Contact between flexures

 Higher overall stiffness. Looking at the stiffness in the first part of the C6 and the current exper-
iment (linear positive stiffness), which can to some extent be considered as a measure of the
systems stiffness. The initial stiffness during the current experiment was slightly larger than for
the C6 experiment (25 against 19 N/mm). As a lower stiffness of the support structure results in
a lower negative stiffness, this can possibly explain the higher negative stiffness as the system
stiffness is somewhat larger. Note however that having more flexures also results in a higher
stiffness (e.g., when comparing C1 (6 N/mm) and C4 (12 N/mm) of the previous experiment).

E.3. Constant force mechanism

As extensively discussed in Chapter 4 the inclined flexures were combined with a coil spring having a
similar stiffness to generate a constant force mechanism. While the hysteresis in both the coil springs
and negative stiffness element was observed to be small (e.g. Fig. E.2) after combining them the
hysteresis was considerable larger. One of the origins of this hysteresis is the occurrence of contact
between the two components of the negative stiffness element. Although this was not an issue in the
separate configuration, a slight eccentric loading caused the parts to come into contact. So a new proto-
type was fabricated with a larger spacing between the two parts of the negative stiffness element. The
load-displacement characteristics were again evaluated experimentally (Fig. E.3) showing a similar
constant force region as the results from Chapter 4. Comparing the results between the two experi-
ments it can be observed that as a result of the increased spacing the width of the hysteresis curve
decreased by almost a half (Fig. E.4). Another source of hysteresis is the contact between the side-
walls of the mechanism and the negative stiffness mechanism. Although not considered further, this
can be solved by increasing the spacing between the sidewalls and the negative stiffness mechanism,
by increasing the overall width of the mechanism.



Interface

For a wrist support the interface with the body is of importance to consider. As such, different types of
interfaces were investigated. The design of the interface involves two factors. The transmission of the
force and the attachment to the hand and forearm.

F.1. Transmission

Different methods of force transmissions have already been investigated by Haarman [7] for the finger
in the development of a hand orthosis. However most of these mechanisms can be directly translated
to the wrist. An overview of these transmissions including additional ones are given in Fig. F.1.

Hinge Slider hinge Double Parallelogram

Bowden cable (Push-Pull)

=i

Leaf spring

Figure F.1: Overview of different methods to apply a force or torque the hand

For choosing the type of transmission two important points must be taken into account the relation
between the input-output torque must be constant and the prevention of misalignment. The constant
relation is of importance as the output should be an approximately constant torque around the wrist
when a constant force is provided as input. Misalignment should be prevented as it results in exces-
sive forces being exerted on the wrist joint and hand potentially causing discomfort. When considering
the linearity between the input and output only the hinge is capable of providing a constant relation.
However, when a rigid hinge is used a small misalignment of the hinge joint axis and the wrist joint axis
can already cause problems. All other proposed methods are capable of handling some misalignment.
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Open shell Two open shells Closed shell

Handle Glove

Figure F.2: Overview of different methods to interface with the hand and forearm

Figure F.3: First prototype of the interface, the mounting holes  Figure F.4: Second prototype of the interface, the elastic band

can be used for the attachment of a transmission in combination with the Velcro® strap allow for easy donning
and doffing of the interface. The transmission can be attached
through a hole at the side of the interface

Of these methods the slider hinge is the most favourable as it is cable of handling some misalignment
whereas the relation between input and output is almost constant (if no misalignment is present the
mechanism behaves similar to the hinge)(Appendix G). On the other hand, for the other methods the
relation between input and output forces depends on the position of the wrist, resulting in a non con-
stant transmission. Another drawback of most transmissions placed on top of the hand (e.g., link or
cable), is that due to the small lever arm, a large force must be exerted to balance the weight. However
this large force has to be taken up by the wrist, potentially causing some discomfort

F.2. Attachment

Besides the transmission the method of connecting the mechanism to the hand and forearm is of
importance. Some possible solutions are depicted in Fig. F.2. For the attachment of the mechanism to
the hand several factors must be considered, which are the comfort, ease of donning and doffing and
restriction of movement. When considering the ease of donning and doffing a glove or a closed shell is
less favourable as they have to be moved over the hand, whereas the other methods can make use of
for instance Velcro® straps to tighten or loosen it. When looking at the restriction of movement having
arigid part located in the palm of your hand is less favourable as it obstructs closing of the hand. Based
on these considerations the use of an open shell was further investigated through some prototype.

F.2.1. Prototypes

The first prototype is depicted in Fig. F.3. It was made using a thermoplastic material, which can be
easily modelled to the hand’s shape upon heating with hot water. Velcro® straps were used to attach it
to the hand and forearm. However based on some user feedback it become clear that donning-doffing
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Figure F.5: Model of the shell for the hand interface. The rims Figure F.6: Model of the shell in combination with a model of
are included to increase the stiffness of the shell. To block on the hand. From this image it can be observed that the interface
the left side contains a hole for the attachment of the transmis-  follows the curvature of the hand

sion

was challenging due to the configuration of the Velcro® straps, while sufficiently tightening it was also
challenging. Additionally this prototype was not suitable for combining with a hinge type of transmis-
sion as the connections are located at the dorsal side of the hand. As such a new prototype was made
(Fig. F.4), which was also used in the test setup of the experiment (Appendix A). The shell part of this
prototype was 3D printed (Fig. F.5 and Fig. F.6) based on a CAD model of the hand [102]. To improve
the comfort the shell was covered with cloth. The interface can be donned-doffed using a Velcro® strip
and an elastic band, which also allows tightening of the interface to accommodate different hand sizes.

The comfort of this prototype was evaluated during the experiment. In general it was considered as
comfortable, but for some participants it was a bit too small or too large. Consequently, using various
standard sizes, such as S, M or L would be a solution. As the prototype is based on a CAD model of
the hand, making different sizes for the interface can be achieved relatively straightforward by scaling
the CAD model.






Interface models

To determine which type of interface to choice from, some mathematical models were made to evaluate
the required compensation force/torque and its deviation from the constant input force.

G.1. Cable and Bowden cable

Applying the forces using some form of cable, the required balancing force can be expressed as

VL% +a? + b% + ¢ — 2aL sin ¢ + 2bL cos ¢ — 2ac cos ¢ — 2bc sin ¢

Fy = mgLy cos (¢ +0) cosy al.cos¢ —acsing + bL sin¢ + bccos ¢

(G.1)
Here the variables are defined according to Fig. G.1. Additionally, the cable length and the stroke are
given by

1(¢p) = VL2 + a? + b2 + 2 — 2aL sin ¢ + 2bL cos ¢ — 2ac cos ¢ — 2bc sin ¢ (G.2)
s = 1(¢2) — U(¢1) (G.3)

This model depends on several variables. An example of the influence of changing one of these
parameters is depicted in Fig. G.3 and Fig. G.4. From this it can be observed that especially for large
angles the forces start to deviate when an offset is applied. Consequently, b should preferably be as
small as possible. Although these variables can be considered as design variables, some uncertainty
in these values should be taken into account as the location of the wrist joint centre is in general not
exactly known.

Figure G.1: Schematic of the cable transmission Figure G.2: Schematic of the slider hinge transmission
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Figure G.3: Influence of horizontal offset on the required bal- Figure G.4: Influence of horizontal offset on the stroke of the
ancing force based on the cable model. Showing the force for mechanism based on the cable model.

the same conditions as in Chapter 5 and a=20 mm, b=0 mm,

¢=15 mm and L=50 mm.

G.2. Slider hinge

Applying the forces using a slider in combination with a hinge to accommodate misalignment the re-
quired balancing force can be expressed as

J(a—Lsing)? + (b + Lcos ¢)?2
L? + bLcos¢p —alsing

L
F, = mgTh cos (¢ +0)cosyp

\/az + b2 + L2 — 2L/ a? + b? cos (n — ¢ — arctan %) (G.4)

Here the variables are defined according to Fig. G.2. Note in the case there is no misalignment (a,b=0)
the equations can be simplified to the equation for an ordinary hinge

Fy =mgLr—h cos (¢ +0)cosy (G.5)

Additionally the stroke of the mechanism can be expressed as

¢ sin (4) + arctan (%))
\/az + b? + ¢? + 2ccos (q,') + arctan(%))\/az + b?
s = U(¢2) — (1) (G.7)

Which for no misalignment simplifies to

(G.6)

l(¢) = rarcsin

l(p)=r¢ (G.8)

The influence of the misalignment can be observed from Fig. G.5, showing a shift and slight defor-
mation of the torque curve compared to the case of no misalignment. Consequently as the delivered
torque is based on the hinge model the delivered torque will underestimate the required torque in the
case of a misalignment. Additionally from Fig. G.6 it can be observed that there is an offset between
the input and output angle, but the relation remains approximately linear
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Figure G.5: Influence of misalignment based on the hinge slider
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Figure G.6: Influence of misalignment on the relation between
the input and output angle. Here the input angle is considered
as the flexion of the wrist (¢p) and the output angle the rotation
of the hinge where the forces are applied to.






Wrist support evaluation

To evaluate the performance of the wrist support a prototype was made. However from this prototype it
immediately became clear that a considerable amount of friction was present in the transmission from
the constant force mechanism to the hand. Although these issues were not insurmountable it required a
redesign of the transmission, requiring manufacturing of a large part of the device over again. However
by using a different transmission based on a cable and a pulley the majority of the mechanism could be
retained. The drawback of using this different transmission is that the forces no longer behave perfectly
constant, making it inappropriate for evaluating the use of a constant force. Despite these limitations
an experiment was performed as an initial investigation of the device.

H.1. Method

For this exploratory experiment the same setup was used as in the main experiment as discussed
in Chapter 3. However in the current experiment the forces are generated through the wrist support
mounted to the forearm. Furthermore for this experiment the same protocol (e.g., sensor placement,
MVC measurements and forearm orientation) as the main experiment. However due to restrictions of
the mechanism the 50° palmar flexion of the wrist could not be evaluated. Besides no support, four dif-
ferent levels of compensation were evaluated based on four different adjustment levels of the constant
force mechanism (17, 18, 19 and 20 mm). These four adjustment levels approximately correspond to
an output force of the mechanism of respectively 2.7, 5.2, 7.8 and 10.4 N (based on the model pre-
sented in Chapter 4). The order of both the wrist position and level of compensation was randomised
and the measurements were repeated five times. However the measurements for no support were
repeated six times, three times before and three times after the measurements with compensation, to
limit the required donning and doffing of the mechanism.

H.2. Results

The experiment was performed with one participant of which the characteristics are depicted in Ta-
ble H.1. The results of the experiment is depicted in Fig. H.1, showing the influence of the different
compensation methods.

H.3. Discussion

From the results of the experiment it can be observed that there is an effect of the wrist support. How-
ever these effects are not all expected. For instance when considering the activity of the extensor
muscle at 25° dorsal flexion an increase in activity is observed when the level of support is increased.

Table H.1: Participant characteristics, reported as mean and standard deviation.

Gender | Age (years) | Weight (kg) | Height (m) | Hand weight (g) | Centre of mass (mm)
Male | 24 | 61 | 188 | 353 | 436
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Figure H.1: Mean sEMG magnitude relative to the MVC of the ECR (left) and FCR (right) for different forearm, wrist positions
and balance methods

This increase is likely a consequence of how the forces are applied by the cable and pulley system,
resulting in an opposing force instead of an assisting force at the level of dorsal flexion. During the ex-
periment it also became clear that friction had a substantial influence, as clearly a stick-slip motion was
observed, causing the cable to become slack at some instances, consequently providing no support.
This was especially of an issue with the 17 mm adjustment, which is also something to be expected as
the output force is close to zero. Considering the results of the flexor muscle the outcomes are more
in line with the expectations based on the main experiment, showing an increase in activity for palmar
flexion when a form of support is used. Nonetheless, the increase is larger than observed in the main
experiment, which primarily showed an increase at 50 palmar® flexion.

H.4. Conclusion

Based on this experiment the following recommendations can be made related to the future design of
the wrist support. First of all, more attention must be paid to the transmission of the forces to the hand,
as the current implementation of a cable-pulley system is unable to provide a constant torque and has
a limited motion range as the cable must be kept taut. Second, the friction should be decreased, which
became especially apparent due to the occurrence of stick-slip motion. Despite these issues related to
the transmission and friction, it can be concluded from the experiment that the mechanism is wearable
and with some improvements is capable of being implemented in a wrist support.



Interaction effects

As in Chapter 3 only a part of the experimental results could be considered a more extensive overview
of the results is presented here. Although the main results are considered here as well the focus of this
section is on the interaction effects between the three different experimental factors (forearm position,
wrist orientation and balancing method)

l.1. Extensor muscle

Using Mauchly’s test it was observed that the assumption of sphericity had been violated for the main
effects of wrist position, y?(5) = 21.04,p < .001 and balance method x2(5) = 15.04,p = .011. Con-
sequently, the degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity.
The effect of wrist position and balance method were observed to be significant (p < .001). When
considering the effect of balance method, a significant main effect was observed of the method on
the EMG activity, Fi31918 = 28.93,7 = 0.87. Contrasts showed that the activity using a form of
support were 51% (p < .001,F,, = 62.234,r = 0.95), 53% (p < .001,F,, = 73.243,r = 0.96),
and 46% (p < .001,F;; = 70.027,r = 0.95) lower than without support for respectively constant,
linear and sinusoidal. Additionally the overall activity reduction for the linear profile is significantly
higher than the sinusoidal profile (p = .041,F;, = 6.23,r = 0.68). When looking at the interac-
tion effects a significant interaction was observed between the wrist position and the balance method
(p = .002,F; 931342 = 10.06,7 = 0.65) and the wrist position, balance method and forearm position
(p < .001,F;77 3637 = 7.66,1 = 0.47).
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Figure 1.1: Interaction plot showing the interaction between the Figure 1.2: Interaction plot showing the interaction between the
balance method and the wrist position balance method and the forearm position
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Figure 1.3: Interaction plot showing the interaction between the wrist position and the forearm position

1.1.1. Interaction effects

To further investigate the interaction effects, contrasts were performed. For this the no support, 0° wrist
flexion and 0° forearm position were considered as baseline. Considering the interaction between the
wrist position and balance method the following observations can be made. For dorsal flexion only a
significant interaction effect was observed for the sinusoidal profile (p = 0.007,F; ; = 14.52,r = 0.82).
This can also be observed from Fig. I.1, showing a steeper slope than the other balancing methods.
For 50° palmar flexion a significant effect is observed for all compensation methods (constant (p =
.009,F; ; = 12.531,r = 0.80), linear (p = .044,F; ; = 6.04,r = 0.68) and sinusoidal (p = .028,F, ; =
7.567,r = 0.72)), showing a lower decrease in activity than for no support. Besides comparing no
support to any type of support this study also investigated the difference between the sinusoidal torque
profile and the simplified torque profiles. Consequently, performing again contrast, but now with the
sinusoidal torque profile as a reference some additional observations can be made. For dorsal flexion
only a significant interaction effect was observed for no support (p = .007,F;; = 14.52,r = 0.82),
constant (p < .001,F,;; = 3791, = 0.92) and linear (p = .006,F; ; = 15.458,r = 0.83). This can
also be observed from Fig. |.1, showing a steeper slope than the other balancing methods. When
considering the other interaction graphs (Fig. 1.2 and Fig. 1.3) no large differences in slope are present,
indicating only a small interaction.

l.2. Flexor muscle

Using Mauchly’s test it was indicated that the assumption of sphericity had been violated for the main
effects of wrist position, y?(5) = 29.78,p < .001. Consequently, the degrees of freedom were cor-
rected using Greenhouse-Geisser estimates of sphericity. The effect of wrist position (p<.001), bal-
ance method (p.<001) and forearm orientation (p=.008) were observed to be significant. Contrasts
showed that the activity using a form of support were 50% (p = .002,F,, = 22.76,r = 0.87), 61%
(p < .001,F ; = 30.66,r = 0.90) and 44% (p < .001,F;, = 31.13,r = 0.90) higher than without
support for respectively constant, linear and sinusoidal. Additionally the activity increase for the linear
profile is significantly higher than for the constant profile (p = 0.016,F; ; = 10.06,r = 0.77). When
looking at the interaction effects a significant interaction was observed between the forearm and wrist
position (p = 0.047,F; 19832 = 5.20,r = 0.62), forearm position and balance method (p <.001, Fg 4, =
5.64,r = 0.34) and wrist position and balance method (p = .001, F; 4431001 = 16.75,7 = 0.79)

1.2.1. Interaction effects

To further investigate the interaction effects, contrasts were performed. For this the no support, 0° wrist
flexion and 0° forearm position were considered as baseline. Considering the interaction between the
wrist position and balance method the following observations can be made. For all levels of palmar
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flexion there is a significant interaction effect for all compensation methods except the sinusoidal profile
at 25° palmar flexion. This can also be observed from Fig. 1.1, where the constant and linear profile
start to deviate from no support after 0° palmar flexion and the sinusoidal after 25° palmar flexion. Con-
sidering the interaction between the forearm and wrist position only a significant interaction is observed
at 25° palmar flexion for the forearm at 50° (p = .024, F; ; = 8.26,r = 0.74). This can also be observed
from Fig. 1.3, showing an increase in activity from 0° to 25° palmar flexion for the forearm at 0°, whereas
for the forearm at 25° and 50° there is no increase or even a slight decrease. Considering the interac-
tion between the forearm position and balance method all compensation methods show a significant
interaction effect for the different forearm positions with respect to the horizontal position except for
the sinusoidal profile with respect to no support. This can also be observed from Fig. 1.2, showing an
overall decrease of activity for increasing forearm orientation for the constant and linear torque profile,
whereas the sinusoidal profile and no support start to increase slightly after the 25° position. When
considering the sinusoidal torque profile as the reference for the contrasts the following observations
can be made. For the interaction between the wrist position and balance method, besides the signifi-
cant interaction effect for no support, there is also an effect for the linear profile at 25° palmar flexion
(p = 0.047,F;; = 5.79,r = 0.67). There is no significant interaction effect for forearm and balance
method considering the different forearm positions and balance methods.

.3. Discussion

When comparing the results presented in this section with the results from Chapter 3 it can be noticed
that some conditions are considered as significant which were not the case in the Chapter 3. This is a
consequence of the fact that here simple contrast were used instead of a post hoc test. Here contrasts
are used for the investigation of the interaction effects and it allows for more straightforward calculation
of the effect sizes. Chapter 3 involved a post hoc test as it was not yet a clear if the simplified torque
profiles would result in a smaller or larger effect on the muscle activity compared to the sinusoidal
torque profile (e.g., no assumptions on the direction of the hypothesis). The differences in outcomes
are caused by the fact the post hoc test can be considered as more conservative [103] and the post hoc
test assumes a two-tailed hypothesis, while the contrasts assume a one-tailed hypothesis. Although
between the two methods there are some differences between what is considered as significant, the
general conclusions are the same, showing an overall increase in activity of the anti-gravity muscle
when a form of support is used, while the difference between the different compensation methods are
small.

Another remarkable thing which can be observed is the limited effect the forearm orientation has
on the extensor activity, while the torques generated by gravity show a far larger decrease. However
this ignores the influence of the wrist position, when only considering the neutral position of the wrist
a decrease of activity of 24% is observed compared to a decrease in the required balancing torque of
36%. Some differences between these two values are expected as for the calculation of the required
torque itis assumed that the wrist behaves as a frictionless pendulum. Additionally the relation between
activity and torque is not necessarily linear [104].






Manufacturing

J.1. Prototype

A large part of the adjustable constant force mechanism was 3D printing using an FDM printer and can
thus be easily replicated. However the manufacturing of the flexures sets was a bit more complicated
and thus deserves some elaboration.

Each flexure set consisted of several components which were glued together using an epoxy.

+ Stainless spring steel flexures, cut from a flat sheet of 0.2 mm thick

* PLA mounting block, for mounting of the flexures. The challenge in designing this block was
determining the required gap width to allow insertion of the flexures. After some tests using
various gap sizes it was concluded that a width of 0.23 mm was the most appropriate, enabling
relatively easy insertion of the flexures, while having only a limited amount of play.

+ Stainless steel reinforcements. As the stiffness of the PLA mounting block is relatively small,
whereas the forces exerted on it by the flexures are relatively high, it was decided to reinforce the
mounting blocks, to limit the influence the mounting block has on the behaviour of the flexures.
As such, 0.5 mm stainless steel plates were cut to the same profile as the mounting block and
glued to the sides of the mounting block. Consequently, the flexures are fixed in both the stainless
steel plate and the mounting block.

The assembly of the flexure sets from this components consisted of two steps. First the stainless steel
reinforcements were glued on to the mounting block. After this, two of these components were mounted
in a frame, as a reference for the shape of the flexure set (Fig. J.1). Second, with the reinforced
mounting block fixed in place in the frame the flexures were glued inside the mounting block. This
process was repeated for each flexure set.

Sl d

Figure J.1: Flexures and the reinforced mounting block attached to the frame used for keep the position of the mounting block
fixed during insertion of the flexures.
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Figure J.2: Prototype of the monolithic negative stiffness mech- Figure J.3: Prototype of the monolithic negative stiffness mech-
anism using inclined flexures in its undeformed state anism using inclined flexures in its deformed state

V)
i

JAVAVAVAVE §

Figure J.4: Prototype of the monolithic negative stiffness mech- Figure J.5: Prototype of the monolithic constant force mecha-
anism, using curved flexures, in its undeformed shape nism

J.2. Monolithic design

Although the adjustable constant force mechanism was largely 3D printed, manufacturing and assem-
bly took a considerably amount of time, especially the construction of the flexure sets. To decrease
the assembly time some initial investigations were performed in making the design at least partially
monolithic.

As an initial test an FDM printer was used for the fabrication of the monolithic prototype. The first
prototype was based on the same design as the negative stiffness mechanism, but with the flexures
now being an integral part of the mechanism. However, as the mechanism contains free hanging sur-
faces, such as the flexures, support material had to be printed. The flexures were printed having a
thickness of 0.4 mm, consisting of a single line, as the printing nozzle was of the same size. The
printed prototype is depicted in Fig. J.2 and Fig. J.3 proving the possibility of using an FDM printer to
print such structures. Note however that the negative stiffness generated by this design is in sufficient
to be of use in the wrist support prototype.

Instead of the inclined flexures, the use of pre-curved flexures was also investigated. As such a
separate prototype was made using curved flexures, which is depicted in Fig. J.4. Although, some
snap-through behaviour was observed the mechanism did not show a bi-stable behaviour as expected
from simulations. This is likely caused by a combination of manufacturing uncertainty and the limited
stroke as the stroke was limited by endstops to prevent accidentally damaging the part.

Lastly, as printing the negative stiffness element was succesfull an attempt was made to make the
complete adjustable constant force mechanism out of one part. Thus, combining both the positive
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stiffness element and the negative stiffness element in one design. Based on a combination of FEM
simulations and the elliptic integral method the stiffness of the positive and negative stiffness elements
were calculated and tuned such that they were approximately equal (although not validated experi-
mentally). The prototype of this mechanism is depicted in Fig. J.5. Proving that it is also possible to
completely 3D printing the mechanism, decreasing the difficulties of manufacturing. However, using
PLA the obtainable level of constant force is too small for application in a wrist support. However using
different materials having a higher stiffness implementation should be possible. An additional advan-
tage is that the mechanism can be easily scaled, although it is still dependent on the available printing
resolution.






Concept generation

The initial concept generation did not focus on obtaining the adjustable constant force mechanism as
the maijor part of this thesis is concerned with. Instead, initially solutions were investigated capable
of potentially perfect compensation of the weight of the hand. A large part of this initial investigation
focussed on methods to change stiffness to adjust the torque profile for different orientations of the
arm. Some possible methods to change stiffness are depicted in Fig. K.1 which are to a large extent
based on literature [74-76, 105].
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Figure K.1: Various solutions to the three sub-problems, storing energy, generating the required torque profile and adjusting the
profile for different orientations of the arm
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