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ABSTRACT
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Mechatronics Engineering, Master’s Thesis, July 2022

Thesis Supervisor: Prof. Volkan Patoğlu

Keywords: Physical human-robot interaction, rehabilitation robotics, interaction
control, series elastic actuation, force-feedback exoskeletons, self-alignment,

compliant mechanisms, human subject experiments.

The demand for the treatment and rehabilitation of lower and upper extremities
is expected to increase due to various reasons, such as the growing world popula-
tion and increasing neurological disorders. Robot-assisted rehabilitation is preferred
for the administration of physical therapies, as repetitive and physically demanding
rehabilitation treatments can be delivered with high intensity and accuracy, while si-
multaneously ensuring the safety of patients. Furthermore, these devices can provide
quantitative measurements of patient progress thanks to their integrated sensors and
administer customized assistance to satisfy the individual needs of each patient.

In this thesis, we present a self-aligning robot-assisted knee exoskeleton to improve
the mobility of patients. The knee exoskeleton features self-alignment based on a
compliant mechanism to ensure the ergonomic movements of the knee. Thanks to
this self-aligning property, the knee exoskeleton enables the translational movements
of the knee joint in the sagittal plane, in addition to the main flexion/extension
movements. Furthermore, a Bowden cable-based series elastic actuator is utilized
for the remote placement of the actuators while enabling high-fidelity interaction
control.

As a novel feature, a large stroke XY-stage compliant mechanism is proposed to
address the misalignment problem between the human knee joint and the exoskele-
ton. A compliant mechanism with high rotational and low translational stiffness
levels is designed such that the self-alignment mechanism can be implemented in a
compact and light-weight form, while featuring no backlash and friction. Through
the compliant alignment mechanism, a close match between the human knee joint
and the exoskeleton joint axes is achieved by automatically aligning the joint axis
of the exoskeleton, such that parasitic interaction forces induced on the user are
minimized.
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A Bowden cable-driven series elastic actuator is utilized for the knee exoskeleton
to actively control the interaction torques applied to the knee joint, such that as-
sistance torques can be provided to the user. Bowden cable transmission enables
the actuator and harmonic reduction units to be placed at a remote location, en-
abling the exoskeleton to feature low mass and inertia and relieving the user from
the burden of carrying this weight. Thanks to its series elastic actuation, the knee
exoskeleton displays high-fidelity torque tracking performance, while also featuring
active back-driveability within the control bandwidth and passive compliance for
excitations above this bandwidth.

We also present a comprehensive set of human subject experiments designed to eval-
uate the ergonomic improvements provided by the self-alignment feature of the knee
exoskeleton. The results of these human subject experiments provide evidence that
the self-alignment feature of the knee exoskeleton decreases the parasitic interaction
forces due to misalignment and ensures that the exoskeleton does not significantly
interfere with the knee kinematics.
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ÖZET
KENDİNDEN HİZALAMALI DİZ DIŞ İSKELETİNİN

TASARIMI, KONTROLÜ VE KULLANICI DEĞERLENDİRMELERİ

ÇAĞATAY IRMAK

Mekatronik Mühendisliği, Yüksek Lisans Tezi, Temmuz 2022

Tez Danışmanı: Prof. Dr. Volkan Patoğlu

Anahtar Kelimeler: Fiziksel insan-robot etkileşimi, rehabilitasyon robotları,
etkileşim kontrolü, seri elastik eyleme, kuvvet geri-beslemeli dış iskelet, kendinden

hizalama, Bowden kablolu güç iletimi, esnek mekanizmalar, insanlı deneyler.

Kalabalıklaşan dünya nüfusu, nörolojik sorunlar ve yaralanmalar gibi çeşitli neden-
lerle alt ve üst ekstremitelerin tedavi ve rehabilitasyonuna olan ihtiyaç artmaktadır.
Robot destekli rehabilitasyon, fizyoterapilerdeki yoğun egzersizleri, yüksek yoğun-
luk ve doğrulukla tekrarlayarak güvenli bir şekilde uygulayabildiği için sıklıkla ter-
cih edilmektedir. Ayrıca bu cihazlar, sensörleri sayesinde hastanın tedavisindeki
ilerlemenin nicel ölçümlerini yaparak hastaya özel yardım sağlayabilmektedir.

Bu tezde, hastaların hareket kabiliyetini arttıran kendinden hizalamalı bir robot
destekli diz dış iskeleti sunuyoruz. Diz dış iskeleti, tasarımında yer alan kendin-
den hizalamalı esnek mekanizması sayesinde, fleksiyon/ekstansiyon hareketlerine ek
olarak, sagital düzlemde öteleme hareketlerine de olanak sağlayarak, dizin hareket-
lerinin ergonomik bir şekilde olmasını sağlar. Ayrıca, Bowden kablolu seri elastik
eyleyici kullanımı sayesinde motor ve dişli ünitesi dizden uzağa yerleştirilebilir ve
yüksek başarımlı etkileşim kontrolü sağlanabilir.

İnsan diz eklemi ile dış iskelet arasındaki hizalanma sorununu çözmek için X ve Y
yönlerinde yüksek hareket alanına sahip olan özgün bir esnek mekanizma öneril-
miştir. Yüksek dönme ve düşük öteleme esnekliğine sahip olan bu mekanizma,
boşluk ve sürtünme içermeyen seviyede, kompakt ve hafif bir biçimde hayata geçiri-
lebilecek şekilde tasarlanmıştır. Kendinden hizalamalı esnek mekanizma sayesinde,
dış iskeletin dönme ekseni otomatik olarak hizalanarak, insan dizinin ve dış iskeletin
eksenleri arasında eşleşme sağlanır. Böylece kullanıcının dizine etki eden istenmeyen
etkileşim kuvvetleri azaltılır.

Diz eklemine uygulanan etkileşim torklarını aktif olarak kontrol etmek için Bowden
kablo tahrikli bir seri elastik eyleyici kullanılmıştır. Bowden kablo iletimi, motor ve
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harmonik dişli ünitelerinin daha avantajlı bir yere yerleştirilmesini sağlayarak, dış
iskeletin daha düşük kütle ve atalete sahip olmasını sağlar ve kullanıcıyı bu ağırlığı
taşıma zorunluluğundan kurtarır. Diz dış iskeleti, seri elastik eyleyicisi sayesinde
yüksek duyarlılıkta tork kontrol performansı sergilerken, aynı zamanda kontrol bant
genişliği içinde aktif geri sürülebilirlik ve bu bant genişliğinin girdiler içinse pasif
uyumluluk sağlar.

Diz dış iskeletinin kendinden hizalamalı özelliğinin sağladığı ergonomik iyi-
leştirmeleri değerlendirmek için kapsamlı insanlı deneyler tasarlanmıştır. Bu insanlı
deneylerin sonuçları, diz dış iskeletinin kendinden hizalanma özelliğinin, hatalı hiza-
lanma nedeniyle oluşan istenmeyen etkileşim kuvvetlerini azalttığına ve dış iskeletin
oturup kalkma ve yürüyüş kinematiğini önemli ölçüde etkilemediğine dair istatiksel
öneme sahip kanıtlar sunmaktadır.
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Chapter 1

INTRODUCTION

1.1 Robot-Assisted Rehabilitation

Robotic exoskeletons are especially interesting for assistance and rehabilitation be-
cause of their correspondence with users, higher flexibility, and the possibility for
use in at-home settings. Exoskeletons created for medical uses have a long history,
with the first active walking exoskeleton being created by Miomir Vukobratovic in
Belgrade, during the late 1960s and early 1970s. Due to their size and weight, these
early concepts, however, largely proved to be infeasible. Actuator technology has
historically placed restrictions on exoskeleton development, with weight being the
main issue. Battery technology is a secondary issue as batteries with high energy
density are needed to power an mobile exoskeleton.

Exoskeletons have become substantially more feasible over the past two decades
thanks to advancements in actuator and battery technology. This has greatly ben-
efited research on rehabilitative exoskeletons. Since then, numerous full-body ex-
oskeletons have been created, including research-based exoskeletons, like Berkeley’s
BLEEX, and exoskeletons created by for-profit companies, such as Raytheon and
ReWalk exoskeletons.

A large number of these exoskeletons were initially intended for military usage. For
example, DARPA funds were used for the initial development of both BLEEX and
Sarcos exoskeletons. But, as is the case with Sarcos, the same technology is also
currently being repurposed for more civil and commercial uses. Although these full-
body exoskeletons are stunning, their high cost and complexity prevent them from
capturing a wide target market.

Focusing on only helping a few joints is an alternative approach and significantly
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more cost-effective technique in the field of rehabilitation. Hip and knee flexion and
extension, as well as ankle dorsi and plantar flexion are commonly focused joints.

Kong, et al. [16] describe an assistive knee device based on this methodology. A spur
gear and a worm gear are assembled to the Brushed DC motor in order to supply the
torque required for human assistance. They converted their actuator into a compact
Rotary Series Elastic Actuator (cRSEA) by inserting a rotary spring between the
spur and warm gears in order to precisely control and adjust the torque generated
by the exoskeleton. The spring’s deflections are used to determine torques. The
main advantage of this system is to enable an energy buffer between the human
and the actuator by filtering motor noise. The main disadvantage of this system is
spring-related hysteresis.
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1.2 Anatomy of Human Knee

Figure 1.1 Six degrees of freedom of human knee joint [1]

It is possible to create a precise six degrees of freedom (DoF) kinematic model of the
human knee joint [17]. However, strong ligaments and muscles restrain most of these
DoFs, significantly limiting the range of motion of this joint. This makes it possible
to accurately characterize knee kinematics using simplified knee joint models with
less DoF [18].

Although the main motion of the knee in the sagittal plane is flexion-extension,
the human knee in this plane cannot be accurately described by a simple revolute
joint. Considerable anterior-posterior translations are caused by the tibia and femur
rolling, with motions above 19 mm in the sagittal plane [19, 20, 21]. The physical
structure of the femur and tibia, as well as the geometry of the articulated surfaces,
have a significant impact on the precise nature of anterior-posterior translations,
which are linked to the knee’s rotational flexion-extension. Therefore, this anterior-
posterior motion is unique to each individual.

As well as these motions in the sagittal plane, the human knee joint can also rotate
internally and externally up to 50 degrees when the human knee is extended. How-
ever, the human knee’s capacity to rotate both internally and externally is severely
constrained when it is fully extended or supporting the body weight [22].
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1.3 Joint Misalignment Problem

Figure 1.2 Misalignment between human knee and exoskeleton [2]

Designing ergonomic rehabilitation robots utilizing exoskeleton technology is an ac-
tive research area. Exoskeletons are linked to human limbs at several points of
contact, and they move in synchronization with human joints. These devices are
favored because they can control the torques of targeted joints and measure the
corresponding movements of every joint individually.

For exoskeleton-type robots, the alignment of the robot axes with human joint axes is
a critical design consideration. Human joints’ complex kinematics make it impossible
to model them as simple combination of kinematic pairs. The positions of human
joints cannot be determined from the outside, the exoskeleton’s location relative to
the human limb varies for each attachment, all of which causes misalignment [23, 24].

The misaligned joint axis of an exoskeleton causes the patient to feel undesired
parasitic forces at the joint and attachment parts which can lead to pain, suffering,
and even long-term damage under repeated usage. The axis misalignment that
causes compensatory motions is the most significant factor since the adverse nature
of these motions can slow healing and impair real-world usage of the limb [25].
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1.4 Contributions

In this thesis, we present a self-aligning robot-assisted knee exoskeleton to improve
the mobility of patients. The knee exoskeleton features self-alignment based on a
compliant mechanism to ensure the ergonomic movements of the knee. Thanks to
this self-aligning property, the knee exoskeleton enables the translational movements
of the knee joint in the sagittal plane, in addition to the main flexion/extension
movements. Furthermore, a Bowden-cable based series elastic actuator is utilized
for the remote placement of the actuators while enabling high-fidelity interaction
control. We present a comprehensive set of human subject experiments designed to
evaluate the ergonomic improvements provided by the self-alignment feature.

The contributions of this study can be listed as follows:

• As a novel feature, a large stroke XY-stage compliant mechanism is proposed
to address the misalignment problem between the human knee joint and the
exoskeleton. A compliant mechanism with high rotational and low transla-
tional stiffness is designed such that the self-alignment mechanism can be
implemented in a compact and light-weight form, while featuring no backlash
and friction. Through the compliant alignment mechanism, a close match
between the human knee joint and the exoskeleton joint axes is achieved by
automatically aligning the joint axis of the exoskeleton, such that parasitic
interaction forces induced on the user is minimized.

• A compact rotational complaint series elastic element has been designed and
implemented for use with the Bowden cable-driven series elastic actuation.
The Bowden cable transmission enables the actuator and harmonic reduction
units to be placed at a remote location, enabling the exoskeleton to feature
lower mass and inertia and relieving the user from the burden of carrying this
weight.

• The interaction control of the knee exoskeleton has been implemented and
experimentally verified. It has been shown that through its series elastic actu-
ation, the knee exoskeleton displays high-fidelity torque tracking performance,
while also featuring active back-driveability within its control bandwidth and
passive compliance for excitations above this bandwidth.

• A comprehensive set of human subject experiments has been designed and
implemented to evaluate the ergonomic improvements provided by the self-
alignment feature of the knee exoskeleton.
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• Quantitative and qualitative evaluations of user performance have been col-
lected through motion capture devices, force sensors mounted at the user in-
teraction points, and usability questionnaires. Evidence has been provided
indicating that the self-alignment feature of the knee exoskeleton decreases
the parasitic interaction forces due to misalignment and ensures that the ex-
oskeleton does not significantly interfere with gait kinematics.
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1.5 Outline

The rest of the thesis is organized as follows:

Chapter 2 presents a review of the state-of-art of knee exoskeletons and overviews
the compliant mechanisms in the literature.

Chapter 3 presents the design requirements of the knee exoskeleton, details mecha-
tronic design of the proposed knee exoskeleton, analysis of the compliant self-aligning
mechanism and the compliant torsional spring, and experimental characterization
of the system.

Chapter 4 presents the interaction control of the knee exoskeleton. In particu-
lar, velocity sourced-impedance control of series elastic actuator and experimental
characterization of active back-driveability and torque tracking performance of the
system are provided.

Chapter 5 presents the experimental setup and details the experimental procedure
used for the human subject experiments with the knee exoskeleton. Quantitative
and qualitative results from the experiments evaluating the effect of self-alignment
on ergonomy are presented.

Chapter 6 concludes the thesis and discusses future research directions.
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Chapter 2

Related Work

In this chapter, a comprehensive review of related work in the literature about knee
exoskeletons and compliant mechanisms is presented.

2.1 Review of Knee Exoskeletons

Knee exoskeletons can be studied in terms of actuation and power transmission,
sensor and control system, human-exoskeleton attachment, and joint alignment.

2.1.1 Actuator and Transmission Designs

Efficiency, portability and output torque are directly affected by actuator and power
transmission design [26]. There are active, quasi-active, and passive actuated knee
exoskeletons and active ones are the most commonly used [3].

Figure 2.1 Different actuation ways [3].
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2.1.1.1 Active Actuation and Transmission

As well as the most used action type is electrical, pneumatic and hydraulic actuation
are also used for exoskeletons.

Different transmission ways such as cable drives, belt drives, and gear drives can be
used with electrical actuation that have high precision and controllability. Bowden
cable transmission that enables actuation unit to be placed remote is implemented
by [27, 28]. However, this way introduces high friction to the system. Also, Capstan
cable is implemented by [29], while cable-pulley and belt are implemented by [30, 31].
Moreover, gear drives are also implemented by using different mechanisms such as
4-bar linkage [32, 33] and 5-bar linkage [34]. Note that these kind of rigid drives are
bulky, heavy and uncomfortable for exoskeleton user.

Pneumatic actuation are generally used for grounded type exoskeletons. Pump and
air compressor are placed remote, and pneumatic artificial muscle [35] and pneumatic
cylinder can be used for transmission.

Although hydraulic actuation systems are complex and have large oil pump system,
they are suitable for load carrying exoskeletons [3].

2.1.1.2 Quasi-passive and Passive Actuation and Transmission

A spring is typically used for quasi-passive or passive actuation. Those actuation
types are popular these days thanks to a less complicated design with low volume
and inertia.

Elliott et al. [36, 37] used a knee device with clutch-spring for the quasi-passive
actuation storing and releasing energy during running. To store and release energy,
Dollar et al. [38] employed a spring carriage, and Rogers et al. [39] employed an air
spring. A pulley, tendon, and spring-based variable stiffness mechanism were used
by Shamaei et al. [40, 41] for the weight assistance.

In order to store and release energy after the knee angle passed 60 degrees,
Chaichaowarat et al. [42, 43] used a planar spiral spring and a 4-bar linkage for
the passive actuation. Teflon and compression spring with an eccentric pulley were
employed by Yuan et al. [44] and Li et al. [45] to aid in weight assistance. In order
to retain the bio mechanical energy lost at the knee during the descent part of a
squatting cycle and release it during the ascending phase, Ranaweera et al. [46] used
pulley disks, wire cables and springs.

9



2.1.2 Control Systems

Sensing and control systems significantly affect the exoskeletons’ accuracy, efficiency,
smoothness, and wear comfort.

Recent works about rehabilitation training have highlighted the significance of the
motion intention of humans [26]. In the high level controller, data gathered from
sensors in the human body, exoskeleton, or interaction force/torque sensors between
them can be used to predict motion intention and implement a suitable control
strategy. Position, velocity, force/torque, and impedance control of actuators are
made at the low-level controller using the desired trajectory coming from the high-
level controller.

Impedance control, as opposed to position/velocity control and force/torque control,
can control not just the position/velocity or the force/torque but their relationship,
governing the interaction between the knee exoskeleton and the human, so that com-
fort and coordination of human and machine can be improved. A general structure
of impedance control can be seen in Figure 2.2.

Figure 2.2 Typical cascaded impedance control system [3].

2.1.2.1 Control System Based on Wearable Sensors

In this type high-level controller structures, signals measured from human body is
used. Skin surface EMG [47, 4, 48] and the electroencephalogram (EEG) [49, 50]
are the most commonly used signals.

EEG-controlled exoskeleton technology has advanced significantly in the previous
years [51, 52]. The BETTER project used exoskeletons or gait orthoses along with
brain signals to enhance the physical rehabilitation of individuals with gait abnor-
malities due to amyotrophic lateral sclerosis, spinal cord injury or stroke [53, 54].
EMG signals are also employed in this study to operate the lower limb exoskeleton,
whereas EEG signals are used to discrete directives, such as the intended action
[55, 56].

There are still several drawbacks for commonly used EEG-based interfaces in the
estimation of motion intention [26]. The primary drawbacks of wearable EEG mea-
suring technology are the balance between training time and accuracy, their rela-
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tively high sensitivity, and the overlapping of distinct electrical activity produced
by various brain regions [57, 58].

There are a lot of studies about the EMG signals to diagnose human disorders and
to track the healing of patient [59]. Thanks to linearity between the EMG signal
and the joint torque [47, 59], it is also possible to estimate the intention effectively
using relatively weak EMG signals. The calibration of the EMG signals is one of
the key problems that must be resolved when utilizing the EMG signals to predict
human intention.

Fleischer et al. [59, 4] used human musculoskeletal model and EMG signals for
walking intention. EMG signals are recorded at the chosen muscles that control the
flexion and extension motion of the knee joint. Pose sensors are utilized in addition
to EMG sensors to record the wearer’s postures. Estimation of torques are done
by using the EMG data and EMG-to torque function. The forward dynamics of
the human body model is then applied to the torques to determine the necessary
angular accelerations for the knee joints.

Figure 2.3 EMG based control of exoskeleton robot [4].

2.1.2.2 Control Systems Based on Interaction Torque Measurements

In this type of controls systems, the interaction torque can be directly measured
from the attachment area, while it can be calculated by using the deformation of
torsional elastic part and its stiffness.

The floor reaction force (FRF) is used by HAL-5 [60] for the estimation of the motion
intention. Three phases of the walking motion are used while assisting a particular
patient: swing, landing, and support phase. Reference torque trajectories can be
estimated for each phase during assistance.
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Exoskeletons have been utilized under impedance control, also. The exoskeleton
supplies an interaction torque to assist the human to track natural gait when their
movement deviates from it. This is called assist as needed. A virtual tunnel which
enables foot to deviate a certain range from desired trajectory was designed [61].
The deviation area and the impedance force can both be modified by changing the
width of the virtual tunnel.

2.1.2.3 Control Systems Based on Exoskeleton Sensors

For this type control systems, sensors on exoskeleton are used. Typically, this type
of control system is created using the models of exoskeletons or the human body. To
estimate human motion intention, the BLEEX exoskeleton [62] uses torque sensors
which are placed at the hip, knee, and ankle joints. Particularly, a high degree of
sensitivity is required for the control system to react to the forces and torques applied
by the wearer. To improve sensitivity, the dynamics of exoskeleton is modelled by
using realistic model of exoskeleton and wearer’s inertia. The wearer can move
the exoskeleton legs with little force thanks to the gravity compensation and the
sensitivity amplification approach.

2.1.3 Human-Exoskeleton Attachments

Figure 2.4 a) lateral-support layout; b) improved lateral-support layout;
c) two-side-support layout; d) anterior/posterior-support layout [3]

The user’s comfort is greatly impacted by the human attachment interfaces that
deliver the torque from the actuator to the knee. Distributing the torque and mini-
mizing the undesired tangential forces are necessary [3]. Two key factors affect the
design: the configuration and the layout of the attachment parts [63].

2-attachment points and 4-attachment points constitute a large partion of the at-
tachment configuration. Witte et al. [28] placed the attachment bands slightly
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above the knee and slightly above the ankle for 4-attachment points. In order to
ensure knee flexion clearance, [63] positioned the proximal calf band and distal thigh
band as close to the knee as possible. The distal lower leg band was placed above
the ankle, while the proximal thigh band was put close to the pelvis. Kardan et
al. [64] positioned the thigh band at 0.3 m above the knee and the shank band at
0.25 m below the knee for 2-attachment points. The attachment bands were placed
at 0.10 m and 0.18 m above and below the knee, respectively by Maeda et al. [65].
About half of the knee exoskeleton design in the literature includes 4-attachment
points [3].

As shown in Figure 2.4, there are four different types of mechanical frame layouts
based on where the support is located: lateral-support layout, improved-lateral-
support layout, two-side-support layout, and anterior/posterior-support layout.

The mechanical structure on the lateral side of the lower limb is known as the
lateral support layout. As a drawback of lateral support layout, parasitic forces can
be increased since torque passes through flexible attachment parts. Examples of this
layout can be seen in Wehbi et al. [66], Felix et al. [67] [68], Nikitczuk et al. [69],
and Shan et al. [70].

To minimize parasitic forces, improved lateral support layout, which enables trans-
lational movements in sagittal plane of knee, is used by Rifai et al. [30] [31], Luo et
al. [71], Celebi et al. [27], ONYX (Lockheed Martin Inc.), Keeogo (B-Temia Inc.),
Levitation (Sping-Loaded Technology Levitation Inc.), and Elevate Robotic Ski Xo
(Roam Ski Inc.).

To decrease undesired parasitic forces another layout is two-side-support layout
which places a mechanical support structure on the lower limb’s central side. How-
ever, Chandrapal et al. [72] and Ranaweera et al. [46] revealed that this design
could result in interference between two legs.

Another layout type is anterior/posterior-support layout, which places a mechanical
support structure on the lower limb’s anterior or posterior side. Configuration of
this layout is complicated compared with other layouts. Examples of this layout
can be seen at anterior/posterior-support layout means the mechanical Kardan et
al. [64] [73], Liao et al. [34], and Sridar et al. [74] [75].

Lateral-support layout and improved-lateral-support-layout are mostly used accord-
ing to [3].
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2.1.4 Knee Joint Designs

Figure 2.5 Different mechanisms to solve misalignment problem [3].

Knee exoskeletons can also be compared in terms of their joint kinematics. To solve
misalignment problem between human knee and exoskeleton, there are different
approaches.

To minimize misalignment, one way is to design a mechanism mimicking polycentric
motion of human knee. Four-bar mechanism [76, 77, 32, 33, 42, 43], five-bar linkage
with gear meshing mechanism [34, 78, 45], and rolling joint [63] are used.

Celebi et al. [27] use under-actuated Schmidt coupling mechanism which directly
transmits torque and enables passive translational movements. Furthermore, Ergin
et al. [29] uses 3-RRP mechanism with three active DoF.

Soft structured designs are used to minimize misalignment, such as Sridar et al.
[75, 74]. Moreover, Saccares et al. [79, 80] utilize 6 DoFs by using two articulated
parallelograms and a universal joint in iT-knee for self-aligning between human
knee and exoskeleton. The flexion and extension are actively controlled in the knee
exoskeleton of Witte [28] while the motion of the other 5 DoFs are passively allowed
thanks to compliance in these directions.

According to [3], misalignment problems are not considered in the design of most
knee exoskeletons.
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2.1.4.1 Advantages/Disadvantages of Different Approaches to Misalign-
ment Compensation

Two of the misalignment compensation approaches are based on just adjusting the
length of exoskeleton links or the position of thigh-shank cuffs [81, 82]. Although
these approaches are generally used in the exoskeletons designed with revolute joint
to minimize initial mismatch, due to the anatomy of human joints, the mismatch
becomes problematic when the rotation starts [83].

Another misalignment compensation approach makes use of self-aligning mecha-
nisms [27, 84, 63, 85]. Thanks to these mechanisms, undesired interactions forces
can be reduced, but these mechanisms may introduce additional inertia and result
in more complex designs and control less [86].

Another misalignment compensation approach is to use passive DoFs at the human-
exoskeleton interface [87, 88, 89]. This method can also decrease undesired interac-
tion forces. Not focusing on minimizing assistive torques is the disadvantage of this
method [86].

Fixation design of brace is another approach for misalignment compensation [90].
The advantage of this approach is to increase torque/force transmission and to
reduce undesired interaction forces.
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2.1.5 Proposed Self-Aligning Knee Exoskeleton

In Table 2.1 and Table 2.2, self-aligning knee exoskeletons have been compared in
terms of application area, actuation, transmission, sensors, DoFs, control system,
mass, motion range, and human subject experiments. As it can be seen from this
comparison, our study provides more comprehensive human subject experiments for
the locked/unlocked case, interaction forces, and evaluate comfort on a large number
of volunteers.

AssistOn-Knee is a non-compliant version of the knee exoskeleton proposed in this
thesis. AssistOn-Knee actively controls the flexion and extension motion of knee, as
well as passively enabling translational motions of instantaneous center of rotation.
The motion of device is restricted in the sagittal plane for compact and lightweight
design [27]. To solve the misalignment problem, a rigid Schmidt mechanism is
used in the joint. This planar parallel mechanism has one rotational DoF and two
translational DoF. To be able to place motor and reduction unit remotely, Bowden
cable transmission is used. Also, compression springs are used to implement a series
elastic actuator. AssistOn-Knee has a range of motion from -10 to 170 degrees. The
translational workspace of self aligning mechanism of AssistOn-Knee covers a circle
with 24 mm radius. AssistOn-Knee has 35.5 Nm continuous torque output.

Major difference between the proposed self aligning knee exoskeleton and AssistOn-
Knee is due to the design of the self-aligning joint design. Instead of using a relatively
bulky rigid Schmidt coupling, a novel compliant XY stage has been used in the
proposed design. Furthermore, instead of utilizing linear helical springs, a compliant
rotational mechanism has been designed as the series elastic element.

Overall, the compliant design enables for more compact and light-weight implemen-
tations, while minimizing friction and backlash. However, the compliant XY stage
introduces some stiffness against the passive translations, which has been minimized
to enable high levels of passive self-alignment.

16



Ta
bl

e
2.

1
R

el
at

ed
wo

rk
so

n
se

lf-
al

ig
ni

ng
kn

ee
ex

os
ke

le
to

n
in

te
rm

so
fa

pp
lic

at
io

n
ar

ea
,a

ct
ua

tio
n,

tr
an

sm
iss

io
n,

se
ns

in
g

sy
st

em
,a

nd
D

oF

St
ud

y
A

pp
lic

at
io

n
A

ct
ua

ti
on

T
ra

ns
m

is
si

on
Se

ns
in

g
sy

st
em

D
oF

O
ur

st
ud

y
K

ne
e

re
ha

bi
lit

at
io

n
B

ru
sh

ed
D

C
m

ot
or

G
ea

r
an

d
B

ow
de

n
ca

bl
e

O
pt

ic
al

en
co

de
r

3

W
an

g
et

al
.

[9
1]

St
an

ce
ph

as
e

of
wa

lk
in

g
as

sis
ta

nc
e

Br
us

he
d

D
C

m
ot

or
2

st
ag

e
tim

in
g

be
lt

IM
U

se
ns

or
4

C
el

eb
ie

t
al

.
[2

7]
K

ne
e

fle
xi

on
/

ex
te

ns
io

n
as

sis
ta

nc
e

Br
us

he
d

D
C

m
ot

or
G

ea
r

an
d

Bo
w

de
n

ca
bl

e
3

op
tic

al
en

co
de

rs
2

Ta
ng

et
al

.
[8

5]
R

eh
ab

ili
ta

tio
n

-
D

riv
in

g
ca

bl
e

-
3

C
ho

ie
t

al
.

[9
2]

Pr
om

ot
io

n
ac

tiv
e

da
ily

liv
es

fo
r

el
de

rly
Br

us
hl

es
s

D
C

m
ot

or
T

im
in

g
be

lt,
pu

lle
y,

an
d

ba
ll

sc
re

w
3

en
co

de
rs

,t
or

qu
e

se
ns

or
an

d
IM

U
se

ns
or

s
3

N
iu

et
al

.
[8

4]
R

eh
ab

ili
ta

tio
n

Li
ne

ar
m

ot
or

Fi
ve

ba
r

m
ec

ha
ni

sm
Pr

es
su

re
se

ns
or

3
Sa

rk
isi

an
et

al
.

[9
3]

R
eh

ab
ili

ta
tio

n
Li

ne
ar

m
ot

or
Sl

id
er

Po
sit

io
n

se
ns

or
3

C
ai

et
al

.
[9

4]
R

eh
ab

ili
ta

ito
n

St
ep

pe
r

m
ot

or
C

ab
le

dr
iv

e,
an

d
fri

ct
io

n
dr

iv
e

di
sk

To
rq

ue
se

ns
or

,
pr

ec
isi

on
po

te
nt

io
m

et
er

6

Sa
cc

ar
es

et
al

.
[7

9]
Si

t
to

st
an

d
as

sis
ta

nc
e

Br
us

le
ss

D
C

m
ot

or
G

ea
r

To
rq

ue
se

ns
or

6
Er

gi
n

et
al

.
[2

9]
K

ne
e

re
ha

bi
lit

at
io

n
Br

us
he

d
D

C
m

ot
or

Be
lt

an
d

3-
R

R
P

rin
gs

O
pt

ic
al

en
co

de
rs

3

K
im

et
al

.
[3

2]
W

al
ki

ng
an

d
sit

to
st

an
d

as
sis

ta
nc

e
Br

us
le

ss
D

C
m

ot
or

G
ea

r
an

d
fo

ur
ba

r
m

ec
ha

ni
sm

FS
R

,t
or

qu
e

se
ns

or
an

d
en

co
de

r
2

Le
e

et
al

.
[9

5]
W

al
ki

ng
as

sit
an

ce
fo

r
pe

rs
on

al
us

ag
e

Br
us

le
ss

D
C

m
ot

or
T

im
in

g
be

lt,
ro

ui
ng

pu
lle

y,
an

d
st

ee
lc

ab
le

Pr
es

su
re

se
ns

or
2

17



Ta
bl

e
2.

2
R

el
at

ed
wo

rk
s

on
se

lf-
al

ig
ni

ng
kn

ee
ex

os
ke

le
to

n
in

te
rm

s
of

co
nt

ro
ls

ys
te

m
,m

as
s,

m
ot

io
n

ra
ng

e,
lo

ck
ed

/u
nl

oc
ke

d
te

st
,c

om
fo

rt
te

st
,a

nd
vo

lu
nt

ee
r

nu
m

be
r

St
ud

y
C

on
tr

ol
sy

st
em

M
as

s
(k

g)
M

ot
io

n
ra

ng
e

(d
eg

re
e)

Lo
ck

ed
/

un
lo

ck
ed

te
st

ed
?

In
te

ra
ct

io
n

fo
rc

es
ca

pt
ur

ed
?

C
om

fo
rt

ra
te

d?
V

ol
un

te
er

nu
m

be
r

O
ur

st
ud

y
V

el
oc

it
y

so
ur

ce
d

im
pe

da
nc

e
co

nt
ro

l
-1

0-
17

0
Y

es
Y

es
Y

es
8

W
an

g
et

al
.

[9
1]

To
rq

ue
co

nt
ro

l
3.

2
-

Ye
s

N
o

N
o

-
C

el
eb

ie
t

al
.

[2
7]

To
rq

ue
co

nt
ro

l
1.

4
-1

0
-1

70
N

o
N

o
N

o
1

Ta
ng

et
al

.
[8

5]
-

-
-

N
o

N
o

N
o

-
C

ho
ie

t
al

.
[9

2]
To

rq
ue

co
nt

ro
l

-
0-

16
0

N
o

N
o

N
o

-
N

iu
et

al
.

[8
4]

-
1.

6
-

N
o

Ye
s

N
o

1
Sa

rk
isi

an
et

al
.

[9
3]

To
rq

ue
co

nt
ro

l
-

-
Ye

s
Ye

s
Ye

s
14

C
ai

et
al

.
[9

4]
To

rq
ue

co
nt

ro
l

-
-1

00
-1

00
N

o
Ye

s
N

o
1

Sa
cc

ar
es

et
al

.
[7

9]
To

rq
ue

co
nt

ro
l

3.
75

0-
12

0
N

o
Ye

s
N

o
-

Er
gi

n
et

al
.

[2
9]

Im
pe

da
nc

e
co

nt
ro

l
-

0-
90

N
o

N
o

N
o

-

K
im

et
al

.
[3

2]
Fo

rc
e,

da
m

pi
ng

,p
os

iti
on

,
an

d
im

pe
da

nc
e

co
nt

ro
l

3.
5

0-
12

0
N

o
N

o
N

o
1

Le
e

et
al

.
[9

5]
-

2.
4

0-
15

9
N

o
Ye

s
N

o
1

18



2.2 Review of Compliant Mechanisms

Structures known as compliant mechanisms offer guided motion through the elas-
tic deformation of the compliant constituent parts. Compliant mechanisms can be
produced very compact and light-weight structures and are commonly easier to fab-
ricate than conventional mechanisms that make use of various types of joints. They
are also virtually frictionless, do not experience backlash or wear. As a result, they
offer smooth and consistent guided motion, require low maintenance and potentially
indefinite life [96, 97]. Thanks to these advantages, compliant mechanisms have wide
range of application areas.

Compliant mechanisms should have low stiffness in the intended path’s direction,
also known as the degree of freedom (DoF), and higher stiffness in all other direc-
tions, also known as the degree of constraint (DoC).

Compliant flexure hinge mechanisms can be categorized into two groups: leaf spring
(flexure beam) and notch type as it can be seen in Figure 2.6. Notch type mech-
anisms have higher DoC and lower DoF stiffness as compared to leaf spring mech-
anisms. Also, notch type mechanisms are vulnerable to fatigue deformation and
stress concentration [5].

Figure 2.6 Leaf spring and notch type flexure hinges, respectively [5]

Beam based parallelograms have very important advantages. Their manufacturing
and assembly is relatively easy. By serially connecting, DoF direction stiffness can
be reduced and workspace can be increased. Also, by parallel and symmetrically
connecting these mechanisms, DoC direction stiffness can be increased. Moreover,
thanks to the well known force-displacement relationship of beams, their mathemat-
ical modeling is relatively easy.
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Since the behavior of a flexure beam is well known, different combinations of them
have been developed to compose more complex compliant structures. For different
purpuses, the parallelogram (P) [98, 99], double-parallelogram (DP) [100, 101], and
double double-parallelogram (DP-DP) [102, 103] have been proposed as can be seen
in Figure 2.7.

Figure 2.7 the parallelogram (P), double-parallelogram (DP), DP-DP, with order

Moreover, as it can be seen in Figure 2.8, rigid parts can be added between beams
to increase DoC direction stiffness [6]. However, manufacturing of these type mech-
anism becomes harder and DoF direction stiffness becomes larger.

Figure 2.8 DP-DP with rigid parts [6]

2.2.1 Compliant XY Stage Mechanisms

Planar compliant mechanism that translates along X and Y directions can be de-
signed by connecting the compliant parallelograms in different configurations ac-
cording to design requirements like workspace, DoC and DoF direction stiffnesses,
and load bearing capacity. The most used configurations in the literature is to con-
nect multi stage parallelograms symmetrically and serially in a planar manner. For
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example, monolithic XY stage mechanism is made of 3 stage multi parallelograms
[7] in the Figure 2.9. It has centimeter range workspace.

Figure 2.9 monolithic XY stage mechanism [7].

Note that this mechanism have large workspace, but its size is too large. To solve
this problem, compliant Oldham mechanism in Figure 2.10 uses different configu-
ration for planar motion. It is designed by connecting two paired double parallel-
ogram serially with 90 degree offset [8]. The design’s planarity makes it ideal for
manufacturing-restricted applications such as micro/mesoscale power transmissions.
Thanks to its relatively compact structure, this mechanism is very suitable for ex-
oskeleton’s joint designs. By using multistage parallelograms, its workspace can be
increased.

Figure 2.10 Compliant Oldham Coupling [8].

Moreover, a notch-type compliant XY stage in Figure 2.11 is designed for transla-
tions in the x and y axes [9]. This mechanism has large workspace also, but it has
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relatively low fatigue life due to notch type structure.

Figure 2.11 Notch-type compliant XY stage [9].

The HexFlex in Figure 2.12 that is a single-layer, multi-axis spatial positioning
control mechanism is used for both macro and micro applications that demand
precise positioning [9]. Note that fatigue life of those kind of notch type compliant
mechanism is not good compered to beam based compliant mechanisms.

Figure 2.12 Hexflex [9].
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2.2.2 Compliant Rotary Motion Mechanisms

Cross-axis flexural pivot in Figure 2.13 has two flexible beams that are at an certain
angle. Since the rotation axis also translate, this mechanism should be restricted
at that point for some application like series elastic actuation. Also, for many
applications, sizes of this mechanism becomes too large especially in the out of
plane direction.

Figure 2.13 Cross-axis flexural pivot [9].

To solve axial shift problem, flexure beams can be connect co-axially. Large Angle
Flexure Pivot (LAFP) in Figure 2.14 propose a mechanism that has large workspace
up to 180◦ with a very low center shift about 10 m [10]. However, its allowable torque
capacity is about 0.5 Nm.

Figure 2.14 Cross-axis flexural pivot [10].
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To increase allowable torque capacity, the number of beams can be increased and
truncated beams can be used. In the open-source robotic leg prosthesis [11], a spring
disk that is produced with Al 7075 is proposed, as it can be seen in Figure 2.15.
This compliant element has 4.3 mm thickness and 10 cm diameter. Stiffness of this
compact design is about 100 Nm/rad and it has 15 Nm torque bearing capacity.
Thanks to high torque bearing capacity, this mechanism is very suitable for torque
sensing at exoskeleton’s knee joint.

Figure 2.15 Spring disk [11].
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Chapter 3

Mechatronic Design

In this chapter, the design requirements and the detailed mechatronic design of the
proposed knee exoskeleton, the analysis of the compliant self-aligning mechanism
and the compliant torsional spring, and the experimental characterization of the
system are presented.

3.1 Design Requirements

Rehabilitation robot design is challenging from different aspects, including guaran-
teeing safety, adjustability, and ergonomy.

The mechatronic design and the interaction control of the exoskeleton affects the
safety of physical human-robot interaction. The part of exoskeleton that interacts
with human has to be light-weight with low inertia, and the actuators and joints
must have low friction and backlash [104]. Knee exoskeleton workspace must be
singularity free in the necessary range of motion so that natural gait is not restricted.
The coupled stability of interaction with human must be ensured in the control of
the exoskeleton. There exists fundamental limitations causing strict limits on stable
control gains in the closed-loop force control [105], [106].

Ergonomy is another important factor to consider throughout the design process.
The connections between the human and exoskeleton should be flexible outside the
human limb and lack of any sharp ridges to prevent hurting patients. Moreover, the
exoskeleton should not need too much mental and physical effort to operate.

Other important factors include the adjustability and ease of usage. For example,
gait exoskeletons should be customized to a patient in a short period of time to
ensure minimal donning and doffing duration.
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3.1.1 Torque and Power Requirements

A healthy person may exert an average of 80 Nm during walking and 200 Nm during
running [107]. The walking torque is used as a baseline, since the knee exoskeleton
is designed as a rehabilitation device for patients. Moreover, sit to stand tasks
require a maximum torque of 82.6 Nm. Based on these two investigations, it can
be concluded that an average patient needs about 80 Nm of torque to accomplish
the majority of daily knee movements. To be effective, an assistive device does not
necessarily need to supply all of the torque. Too much torque can be harmful for
patients, because it would enable the exoskeleton to entirely override their muscles
rather than just directing and assisting them. The majority of knee exoskeletons
for mobile walking assistance are designed to deliver up to 30% of the users’ own
muscle torque, that is about 24 Nm.

Figure 3.1 Torque requirement of knee joint[12]
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Figure 3.2 Power requirement of knee joint [12]

3.1.2 Design Requirements for the Compliant Self-Aligning
Mechanism

In the self-aligning knee exoskeleton, a compliant mechanism is used for the motions
in sagittal plane instead of a rigid Schmidt coupling. The design requirements for
this compliant mechanism are determined as follows:

• It should have at least [-19mm, 19mm] workspace along X and Y directions.

• It should have as low stiffness as possible along X and Y directions to enable
high passive backdrivability.

• It should have a rotational stiffness that is at least 10 times higher than the
rotational stiffness of the compliant element of the series elastic actuator.

• It should support at least 30 N along translational directions to ensure suffi-
cient load-bearing capacity.

27



3.2 Design of the Self-Aligning Knee Exoskeleton

The knee exoskeleton features a self-alignment mechanism based on a compliant
mechanism to ensure the ergonomic movements of the knee. Thanks to this self-
aligning property, the knee exoskeleton enables the translational movements of knee
joint in the sagittal plane, in addition to the main flexion/extension movements.

As it can be seen from Figure 3.3, a large stroke XY-stage compliant mechanism
is utilized to address the misalignment problem between the human knee joint and
the exoskeleton. A compliant mechanism with high rotational and low translational
stiffness is designed such that the self-alignment mechanism can be implemented in
a compact and light-weight form, while featuring no backlash and friction. Series
elastic element is based on a compliant torsional spring with 218.4 Nm/rad rotational
stiffness.

Figure 3.3 The self-aligning knee exoskeleton
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Figure 3.4 Solid model of the remote actuation unit

A Bowden cable-based series elastic actuator is utilized for remote placement of
the actuators while enabling high-fidelity interaction control. The remote actuation
unit in Figure 3.4 includes a 200 W brushed DC motor with an 500 count per count
optical encoder, a harmonic derive with 1:50 reduction ratio. Moreover, there exist
a 4:7 disk ratio between actuation unit and series elastic element. As a result, up
to 43.84 Nm continuous torque can be generated by the system.
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3.3 Design of the Compliant Mechanisms

3.3.1 Compliant XY Stage of the Self-Aligning Mechanism

Due to the large workspace and low transitional stiffness requirements of the self-
aligning mechanism, a serially connected multistage parallelogram compliant mech-
anism is selected as the underlying compliant kinematics. To increase the rotational
stiffness and to decrease parasitic motions, a symmetrical parallel connection of two
multistage double parallelogram mechanisms is preferred. Note that since the be-
havior of a flexure beam is well studied, the analytical modeling of multi-stage xy
mechanism is possible.

3.3.2 Stiffness Modelling of Multistage Parallelogram

Figure 3.5 Force and displacements in single beam

Force-displacement relationship of a single beam in the beam constraint model can
be simplified for fixed end boundary conditions as follows [108, 109]

(3.1) δx = Fl3

12EI
.

where E is the Young’s modulus of the material, b is the out-of-plane thickness, h
is the in-plane thickness, l is the beam length, and area moment of inertia is given
by I = bh3/12.
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Figure 3.6 Forces and displacements in double parallelogram

The transverse stiffness of a double parallelogram is presented in [109] as

(3.2) KDP = Ebh3

l3
.

While the rotational stiffness of double parallelogram is shown as [110]

(3.3) Kτ,DP = 2β2
1β2

2ke(
β2

1 +β2
2

) .

where βi is the vertical distance of the ith beam to the center, and ke = 12l2

h2 .

Figure 3.7 Multistage compound DP

The transverse stiffness of a multistage compound double parallelogram (DP) is
derived as [109]

(3.4) KmDP = Ebh3

Nnl3
.
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Accordingly, since they are serially connected, the rotational stiffness of the multi-
stage compound DP can be derived as

(3.5) Kτ,mDP = 2β2
1β2

2ke

Nn

(
β2

1 +β2
2

) .

Figure 3.8 Multistage compound DP-DP

The transverse stiffness of a multistage compound DP-DP as shown in Figure 3.8
becomes [109]

(3.6) KmDP DP = 2Ebh3

Nnl3
.

Accordingly, since they are symmetrically parallel connected, the rotational stiffness
of a multistage compound DP-DP can be shown to be

(3.7) Kτ,mDP DP = 4β2
1β2

2ke

Nn

(
β2

1 +β2
2

) .
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Figure 3.9 Solid model of the compliant self-aligning mechanism

The translational stiffnesses of the overall compliant XY stage mechanism along the
X and Y directions are identical and equal to

(3.8) Kx,XY stage = Ky,XY stage = KmDP DP = 2Ebh3

Nnl3
.

Moreover, since two multistage compound DP-DP are connected serially, the rota-
tional stiffness of the overall compliant XY stage mechanism becomes

(3.9) Kτ,XY stage = 2β2
1β2

2ke

Nn

(
β2

1 +β2
2

) .

3.3.3 Workspace and Maximum Force Capacity of Multi-
stage Parallelogram

The maximum deflection of the compliant XY stage mechanism can be determined
as

(3.10) ∆xmax = Fmax
K

= σmaxl2

3Eh
.

where σmax is the yield strength. The maximum deflection also characterizes the
maximum force limit, based on the stiffness of the mechanism.
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3.3.4 Optimization of the Design Variables

To satisfy the minimum workspace and the maximum force/torque requirements, to
ensure as low transitional stiffness as possible and a sufficient level rotational stiff-
ness, an optimization of the design variables of the compliant XY stage is performed.

In this optimization problem, the cost function is taken as the translational stiff-
ness of the multistage DP-DP mechanism. The minimum workspace and rotational
stiffness values are imposed as constraints.

The design variables are taken as the length (l) and in-plane and out of plane
thicknesses (h and b, respectively) of the beams.

The design parameters are selected as the material properties (E and yield strength
(σmax) ), the vertical distance of the beam to the center (β), and the number of DP
stages (Nn). Note that the number of DP stages is selected as three, since for the
knee exoskeleton, the mechanism becomes too bulky for larger number of stages.
Due to production costs, PLA is used as the underlying material for prototyping.

The optimization problem can be expressed as:

minimize K = 2Ebh3

Nnl3

subject to 2β2
1β2

2ke

Nn(β2
1+β2

2) > 2000Nm/rad

∆xmax = σmaxl2

3Eh > 19mm

0 < l < 45mm

0 < b < 25mm

0 < h < 3mm

A grid search technique is used to solve the optimization problem. The optimal
design variables are determined as follows:

• The thickness of the beams (h): 2 mm

• The length of the beams (l): 43 mm

• The width of the beams (b): 25 mm

As a result of this design optimization, the compliant mechanism possesses the
following properties that satisfy design requirements:

• Transverse stiffness: 3.93 N/mm
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• Rotational stiffness: 2179.1 Nm/rad

• Workspace: 19.51 mm

• Maximum allowable force: 76.7 N

3.3.5 Alternative Optimal Designs using Different Materials

Due to EDM production cost of Al7075, PLA material has been chosen for the
prototype implementation. In this subsection, some alternative optimal designs for
different materials are presented in Table 3.1. More compact and strong compliant
mechanisms can be implemented with materials with low elastic modulus and high
yield strength. For example, as it can be seen from table, much more compact
designs are possible if titanium is used.

Table 3.1 Alternative Optimal Designs for Different Materials

Material
Thickness
of beam

[mm]

Width
of beam

[mm]

Length
of beam

[mm]

Stiffness
[N/mm]

Rotational
stiffness

[Nm/rad]

Workspace
[mm]

PLA 2 25 43 3.93 2179.1 19.5
Al7075 0.3 8.5 28.8 0.46 2858.9 19.4
Steel 0.3 10 32.8 0.04 2046.8 19.2
Titanium 0.3 5 27.2 0.51 2029.9 19.1
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3.3.6 Experimental Verification of the Translational Stiff-
ness

A prototype of the self-alignment mechanism has been built using PLA material. Its
workspace has been characterized as 19.5 mm, as it can be seen from Figure 3.10.

Figure 3.10 Workspace verification of self aligning mechanism

Also, its translational stiffness has been characterized as 3.73 N/mm with R2 = 0.995,
as it can be seen from Figure 3.11.
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Figure 3.11 Experimental translational stiffness verification of self aligning
mechanism

Moreover, its torsional stiffness has been characterized as 218.4 Nm/rad with R2 =
0.997, as it can be seen from Figure 3.12.
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Figure 3.12 Experimental torsional stiffness verification of self aligning mechanism

3.3.7 Compliant Torsional Mechanism

The compliant torsional mechanism has been designed based on the series elastic
element presented in [11]. The compliant torsional mechanism in Figure 3.13 has
been customized for the self-aligning knee exoskeleton by changing number of beams
and thickness of mechanism for the required rotational stiffness of 200 Nm/rad which
is close to the maximum torsional stiffness of the human knee [111] and 25 Nm
maximum torque. In particular, 10 trapezoidal beams are used with the thickness
of 6 mm made of Al 7075 material.

Figure 3.13 Solid model of the compliant torsional stiffness mechanism
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3.3.8 Experimental Verification of the Torsional Stiffness

Figure 3.14 Experimental verification setup for compliant torsional stiffness
mechanism

The torsional stiffness of compliant torsional mechanism has been calculated by ap-
plying sinusoidal torques (0.4 Nm, 0.8 Nm, and 1.2 Nm) under different frequencies
(0.5 Hz, 1 Hz, and 2 Hz) via experimental setup in Figure 3.14. As it can be seen
from figure 3.15, the torsional stiffness of the compliant mechanism has been cal-
culated as 218.4 Nm/rad for 0.5 Hz with R2 = 0.995, 218.7 Nm/rad for 1 Hz with
R2 = 0.997, and 218.2 Nm/rad for 2 Hz with R2 = 0.991, respectively. Therefore,
any frequency dependent stiffening/softening effect has not been observed.
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Figure 3.15 Experimental verification of compliant torsional stiffness mechanism
for different frequencies
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Note that under/overestimation of stiffness of SEA changes the stiffness that is
rendered by velocity sourced impedance control; but underestimation of stiffness in
model reference force control is a necessary condition for passivity, as shown in [112].

3.4 Specifications of the Knee Exoskeleton Pro-
totype

Table 3.2 presents the specifications results of the compliant self-aligning knee ex-
oskeleton. The continuous end-effector torque output is determined as 4 Nm for
the PLA based prototype. The end-effector resolutions are calculated as 0.09◦ for
rotations since the optical encoder on the compliant element has 1000 cpr resolution.

A compliant rotary mechanism with 218.4 Nm/rad are used to estimate joint torque
with resolution of 0.3 Nm. The exoskeleton possesses a translational workspace of
-19.5 mm - 19 mm along the X and Y directions, while it is capable of performing
up to 180◦ rotations about the perpendicular axis.

Table 3.2 Specifications of the Knee Exoskeleton Prototype

Criteria X Y Z
Cont. Torque N/A N/A 4 Nm
Max. Speed N/A N/A 43.5 rpm
Min. Res. Torque N/A N/A 0.3 Nm
Translational Stiffness 3.73 N/mm 3.73 N/mm N/A
Rotational Stiffness N/A N/A 218.4 Nm/rad
Resolution N/A N/A 0.09 [◦]
Workspace -19.5-19.5 mm -19.5-19.5 mm -10◦ −170◦
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Chapter 4

Interaction Control of the Knee
Exoskeleton

In this chapter, the high and low-level controllers designed for interaction control
are presented.

4.1 High-Level Controller

High-level controllers are implemented for the sit-to-stand and walking tasks. The
desired torque profiles based on the knee angles are determined as the input to the
low-level impedance/torque controller.

4.1.1 High-Level Controller for the Sit-to-Stand Task

Due to coupled stability challenges, position-based torque controllers are preferred
for sit-to-stand tasks, rather than a time-based or EMG-based controllers [13].

Using the knee torque as a function of the knee angle allows for timing flexibility and
consistency during power transmission, and reduces the errors in the knee torque.
This technique performs very similarly to a gravity compensation scheme if it is
assumed that the hip is fixed. Also, the implementation of a position-dependent
controller is relatively easy because there is no need for additional sensors to estimate
the task cycle.

To be effective, an assistive device does not necessarily need to supply all of the
torque. Too much torque can be harmful for patient because it would enable the
exoskeleton to entirely override their muscles rather than just directing and assisting
them. The majority of knee exoskeletons are made to deliver up to 30% of the
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wearer’s own muscle torque [113]. Therefore, the weight normalized torque-angle
curve for able-bodied sit-to-stand is used for the torque-knee angle relationship [114]
with 30% scaling. In this plot, shown in Figure 4.1, there is a quick increase in torque
right after seat-off. To solve this problem, a initial torque is added and slope of the
curve is flattened.

Figure 4.1 Torque profile for a sit-to-stand task [13]

4.1.2 High-Level Controller for the Walking Task

Position dependent controllers can also be used for walking tasks, thanks to their ad-
vantages, such as not needing additional sensors to estimate the walking phase, and
providing timing flexibility, consistency during power transmission, and less error
in the knee torque. The torque-position curve of walking is computed using mus-
culoskeletal simulation of recorded walking experiments by using OpenSim software
[14].

As shown in Figure 4.2, the weight normalized torque-angle curve for able-bodied
walking is used for the torque-knee angle relationship [14] with 30% scaling.
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Figure 4.2 Normalized torque-angle curve for the walking task [14]

4.1.3 Limitations of Position Dependent High Level Con-
trollers

The sudden rise in torque that occurs after standing is one of the drawbacks of
position depended sit-to-stand controller [115]. Since the timing of torque is very
responsive to the chair height and the rotational knee position, a sudden increase in
torque during assistance may become uncomfortable.

Due to the possibility of excessive deflection of the self aligning mechanism, applying
torques on the right axial position can become harder. This may introduce more
undesired forces on the knee muscles.

Moreover, the proposed high-level controllers depend on the position of the human
knee and the weight of the user, therefore customized torques cannot be applied.

Assist-as-needed control strategy that provides assistance in case of an important
deviation from the desired motion is commonly used in rehabilitation. As opposed
to the position based strategy, it improves the active participation of the user, so
learning and healing has the potential to improve [116].

Furthermore, as compared to the position based high level controller, a high-level
controller that uses the shank’s orientation, as in iT-Knee [80], may provide more
effective assistance to the knee when performing quasi-static motions with different
body postures and knee loading.
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4.2 Low-Level Controller

4.2.1 Series Elastic Actuation

Thanks to the Bowden cable transmission, the actuator and harmonics drive unit
can be placed remotely, therefore inertia exerted on human knee can be reduced.
However, harmonic drive and Bowden cable introduces high friction, so the actuation
are not passively backdriveable.

A compliant element is added between Bowden cable-driven disk and the end effector
to reduce output impedance and to enable high fidelity force/torque control. This
control approach is known as Series Elastic Actuation (SEA) [117, 118]. By mea-
suring the deflection of this compliant element via a digital encoder, force/torque
sensing is implemented. The stiffness of this compliant element of SEA is (about
an order of magnitude) lower compared to conventional force/torque sensors, so the
force/torque control gains can be selected much higher for more responsive and ro-
bust force/torque control against disturbances. Thanks to SEA, low cost actuation,
reduction and transmission systems that have friction and stiction can be used.
Also, this approach eliminates the requirement for expensive force/torque sensor
with high precision, and precise robust force/torque control can be implemented
through the robust motion control of the deflections of the compliant element.

Because motion controllers with high gains can be applied, the system behaves as a
motion source within device’s motion control bandwidth, without the need for high
precision actuators or transmission components. SEA assures active backdrivability
within device’s force/torque control bandwidth. Furthermore, the series elastic ele-
ment of SEA functions as a physical filter for the frequencies above this bandwidth.

There is a trade-off between the force/torque control bandwidth and the force/torque
resolution in the design of SEA. By using more compliant elements in SEA, the
force/torque resolution can be increased, but, on the other hand, the force/torque
control bandwidth decreases [106]. Relatively low control bandwidths are sufficient
for exoskeletons as the bandwidths of patients are lower [119].
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4.2.1.1 Velocity Control Bandwidth

Figure 4.3 Inner loop velocity controller [15]

To determine the inertia J and the damping b of device, a close loop system iden-
tification is performed by applying sinusoidal velocity inputs in frequencies ranging
from 0.1 Hz to 20 Hz. The velocity controller gains Pm and Im have been tuned for
robust motion control, and are known. No external torque has been applied during
the system identification and motion controller rejects the torque on SEA that acts
as a disturbance. The transfer function of system from the desired velocity to the
measured velocity can be modelled as follows

(4.1) ωm

ωd
= Pms+ Im

Js2 +(Pm + b)s+ Im
.

By using System Identification Toolbox of Matlab, the transfer function is estimated
as

(4.2) TFest = 0.0589s+3.525
0.00231s2 +0.1929s+3.525 .

The stiffness of device has been already identified as K=218.4 Nm/rad in Chapter 3.
Using the estimated transfer function, inertia and damping of device can be found
as presented in Table 4.1.

Table 4.1 Velocity controller gains and identified system parameters

Symbol Value
J 0.0023 kgm2

b 0.1340 Nms/rad
K 218.4 Nm/rad
Pm 0.0589 Nms/rad
Im 3.525 Nm/rad
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The cut off frequency of inner velocity controller is 24 Hz, as it can be seen from
Figure 4.4.
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Figure 4.4 Experimental system identification of device

4.2.1.2 Torque Tracking Performance and Bandwidth

Figure 4.5 Torque controller [15]

The torque controller gains, Pm and Im, have been tuned to maximize the torque
control bandwidth. The motion controller gains have already been tuned for robust
motion control to reject the disturbances. The controller gains are presented from
Table 4.2.
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Table 4.2 Controller gains used for torque control characterization

Symbol Value
Pm 0.0589 Nms/rad
Im 3.525 Nm/rad
Pt 0.072 rad/Nms
It 0.375 rad/s2Nm
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Figure 4.6 Torque tracking performance

The torque tracking performance of SEA under the cascaded torque controller for
the chirp input with 4 Nm amplitude and frequencies from 0.1 to 5 Hz is presented
in Figure 4.6. SEA displays a maximum of 0.3 Nm tracking error with RMSE of
2.4%.

The torque control bandwidth has been characterized as 11 Hz by applying chirp
input with 4 Nm amplitude and frequency range from 0.1 to 15 Hz.
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Figure 4.7 Torque control bandwidth

4.2.2 Velocity-Sourced Impedance Controller

Figure 4.8 Velocity sourced impedance controller [15]

To control SEA to provide assistance, velocity-sourced impedance controller (VSIC)
has been used as the low-level controller. The velocity-sourced impedance controller
consists of an inner-most velocity control loop, an intermediate torque control loop
and an outer-most impedance control loop. The inner most velocity control loop
handles friction and stiction and makes the device behave as an ideal motion source.
In the intermediate loop, interaction force/torque is controlled by using the de-
flection of compliant element of SEA. Constant disturbances can be dealt with by
closed-loop control thanks to the use of integrator gains [119]. Moreover, tuning
of controllers in VSIC is relatively easy since the dynamic model of actuator is not
required [15].

As it can be seen from Figure 4.8, in the inner velocity controller and intermediate
torque controller, PI controllers are used, which are Pm − Im for motion and Pt − It

for torque control. Also, an impedance controller with the desired impedance Zd

around the equilibrium point θd of end-effector is used at the outermost loop to
generate references to the torque controller.

Since exoskeletons interact with humans, it should be safe. The coupled stability
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of controlled SEA and human is necessary for the interaction safety. Human may
be assumed as passive element in closed loop analysis, since it is assumed that
human does not intentionally try to destabilize the system [120, 121]. As a result,
if the passivity of SEA under velocity sourced impedance control is guaranteed, the
coupled stability of the human and exoskeleton can be achieved.

To select gains that guarantee coupled stability via passivity for SEA under VSIC,
theoretical bounds for null impedance and spring rendering have been presented by
Tosun and Patoglu [15].

In Equation (4.3), passivity condition for null space rendering is presented [15].

(4.3) J <
(Pm + b)(1+PmPt)

PmIt +PtIm
∧ b <

PtIm

It

where J is the motor inertia and b is the motor damping.

In Equation (4.4), passivity conditions for spring rendering are presented [15].

(4.4) J <
(Pm + b)(∆KPmPt +K)

∆K (PmIt +PtIm) ∧ b <
PtImi

It
∧Kd < Kmax

d

where Kd is desired virtual stiffness and Kmax
d is maximum renderable stiffness,

∆K := K −Kd and Kmax
d = K β

β+αK , α = PmIt +PtIm, and β = PtI
2
m − bImIt.

Considering the controller gains used for the knee exoskeleton presented in Table
4.2 and the plant parameters in Table 4.1, it can be shown that coupled stability of
interaction is ensured for VSIC. In Equation 4.5, the passivity of null space rendering
has been verified. Moreover, in Equation 4.6, the passivity of spring rendering of 60
Nm/rad has been verified.

(4.5) 0.0023 < 0.6876∧0.134 < 0.6768

(4.6) 0.023 < 0.9469∧0.134 < 0.2538∧60 < 136.69
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4.2.2.1 Spring Rendering Performance

The virtual stiffness levels of 60 Nm/rad and 120 Nm/rad were used as the desired
stiffness under VSIC. Known static torques from 0.5 Nm to 2 Nm were applied to
the end-effector. Then, the rendered stiffness levels were calculated by using the
angular displacement of the end-effector. The rendered stiffness is 61.43 Nm/rad
with RMSE 5.2% R2 = 0.996 for 60 Nm/rad desired stiffness. while the rendered
stiffness is 121.56 Nm/rad with RMSE 9.2% R2 = 0.979 for 120 Nm/rad desired
stiffness.
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Figure 4.9 Spring rendering with 60 Nm/rad
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Figure 4.10 Spring rendering with 120 Nm/rad
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4.2.2.2 Null Space Rendering Performance

The active back-driveability of SEA has been determined for null space rendering
under VSIC. SEA aims to provide zero torque under this controller. To be able to
provide small torques, a potato chip is commonly used to evaluate active backdrive-
ability. In particular, the end-effector was pushed by a potato chip without breaking
it. Figure 4.11 presents that a maximum of 0.69 Nm is require to drive the system.
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Figure 4.11 Chip test
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Chapter 5

Human Subject Experiments

In this chapter, we present the experimental setup and detail the experimental pro-
cedure used for the human subject experiments with the compliant knee exoskeleton.
The quantitative and qualitative results of the experiments evaluating the effect of
self-alignment on ergonomy are presented.

5.1 Experimental Setup

The experimental setup consists of a compliant self-aligning knee exoskeleton, a
treadmill, a chair, a Cortex Metalyzer 3B spirometry device to capture metabolic
energy consumption, an i-Sens inertial motion capture system, and two 6-axis ATI
force sensors to capture the interaction forces at the human connected interface, as
can be seen in Figure 5.1.

Figure 5.1 Cortex Metalyzer 3B spirometry device, I-sens inertial motion capture
system, ATI force sensor
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5.2 Participants

Eight healthy volunteers participated in the experiments. None of the participants
had any sensory-motor impairment or gait disorders, and all participants signed a
consent form approved by the IRB of Sabanci University. Moreover, volunteers with
BMI indices lower than 18 or higher than 30 were not allowed to participate in the
study. In Figure 5.2, a volunteer who don the self-aligning exoskeleton and motion
capture sensors can be seen.

Before the experiments began, the knee exoskeleton was explained to the volun-
teers, and they were given an emergency stop button in case they felt unsafe or
uncomfortable.

Figure 5.2 A volunteer during a sit-to-stand task
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5.3 Hypothesis

The following hypothesis are tested.

Hypothesis 1: The self-aligning property of the knee exoskeleton significantly im-
proves the users’ ergonomy of its users and their perceived comfort, while reducing
the interaction forces with the device for all tasks.

Hypothesis 2: The self-aligning knee exoskeleton does not significantly interfere with
the natural sit-to-stand and walking kinematics of its users.

5.4 Tasks and Experimental Conditions

Sit-to-stand and walking tasks were used to conduct for the ergonomy evaluation ex-
periments of the self-aligning mechanism. For each task, the following experimental
conditions were tested:

• Clockednon: Self-aligning locked and no assistance: The self-aligning mech-
anism is locked and no assistance torque is provided.

• Clockedun: Self-aligning unlocked and no assistance: The self-aligning
mechanism is unlocked and no assistance torque is provided.
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5.5 Experimental Protocol for the Evaluation of
Self-Alignment

5.5.1 Sit-to-Stand Task

Figure 5.3 Sit to stand task

The inertial motion capture system was donned by volunteers to record kinematics
of their lower limbs, and the force sensor was attached to the upper brace of the
knee exoskeleton to record interaction forces/torques.

At the beginning of each session (under the locked and unlocked conditions), vol-
unteers tried 3 to 5 sit-to-stand transitions to familiarize themselves with this con-
dition. First, 20 sit-to-stand tasks were asked to be performed by volunteers before
donning the knee exoskeleton. Then, the volunteers tried 20 sit-to-stand tasks from
a standard-height chair (46 cm tall) under locked/unlocked condition.

Volunteers were blinded to the conditions (locked or unlocked). Randomly, the self-
aligning mechanism was left unlocked to begin the testing for half of the volunteers.
At the end of each task, a questionnaire was filled by the volunteers. The System Us-
ability Scale (SUS) was used as the questionnaire. Between two sessions, volunteers
were given a rest for 3 minutes, as can be seen in Figure 5.4.
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Figure 5.4 Experimental protocol of sit to stand task without assistance

5.5.1.1 Experimental Protocol for the Walking Task

Figure 5.5 Walking task

In the walking task, there were two sessions (locked and unlocked conditions) pre-
sented in a randomized order, in addition to the initial baseline session. For the
baseline session, 2 minutes walking of volunteers were recorded before the donning
device. In each session, kinematic and interaction force data collection started im-
mediately. Two minutes breaks were scheduled between the sessions to minimize
any fatigue effects and to lock/unlock the self-aligning mechanism, as can be seen
in Figure 5.6. Kinematic data is collected from the first 30 seconds of each session.
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Figure 5.6 Experimental protocol of walking task without assistance

5.6 Performance Metrics

The effectiveness of the exoskeleton’s interactions with participants and the signif-
icance of allowing for self-alignment of exoskeleton with human knee during sit-
to-stand and walking tasks were assessed by using a variety of quantitative and
qualitative metrics.

The range of motion during flexion/extension of the knee was measured by the
motion capture system and the exoskeleton. For the walking task, gait kinematics
data captured by I-sens were also compared for different conditions. To understand
the self-aligning mechanisms effects for all tasks, interaction forces were recorded by
using ATI mini 56 force sensors attached to upper knee brace.

As a qualitative metric, volunteers were asked to fill a questionnaire for System
usability scale (SUS) to evaluate their subjective preferences for the device. Also,
comfort levels were asked to volunteers to compare without exoskeleton, self-aligning
locked and unlocked cases.
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5.7 Statistical Analysis

One-way repeated measures ANOVA was used to determine significant differences
in the quantitative metrics. Box plots are used to show any significant differences.
SPSS (ver. 28.0, IBM, New York, USA) was used for statistical analysis.

5.8 Results of Sit to Stand Task

5.8.1 Interaction Forces and Torques

The self-aligning property of the exoskeleton is evaluated by studying the undesired
interaction forces. For all experiments, undesired interaction forces were captured
by using the force sensor attached to the upper knee brace of the volunteers.

5.8.1.1 Interaction Forces along X Direction

Mean values and standard deviations of undesired interaction forces between the
left upper brace and the knee along the x direction is shown in Figure 5.7.
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Figure 5.7 Mean values and standard deviations of undesired interaction forces
between the left upper brace and the knee along the x direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the left upper brace and the knee along the x
direction is shown as box plot in Figure 5.8. One-way repeated measures ANOVA
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was conducted to study the effect of the self-aligning on the interaction forces along
y direction between left knee and exoskeleton. The effect of self-aligning was found
to be statistically significant for this forces at p<0.05 level (F(1,14)=4.876).
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Figure 5.8 Mean values and standard deviations of the maximum of absolute value
of the undesired interaction forces between the left upper brace and the knee along

the x direction

Table 5.1 Effect size of undesired interaction forces between left upper brace and
knee in x direction

Point Estimate
95 Confidence Interval
Lower Upper

Eta-squared 0,107 0,000 0,403
Epsilon-squared 0,043 -0,071 0,361
Omega-squared Fixed-effect 0,040 -0,067 0,346
Omega-squared Random-effect 0,040 -0,067 0,346

Mean values and standard deviations of undesired interaction forces between the
right upper brace and the knee along the x direction is shown in Figure 5.9.
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Figure 5.9 Mean values and standard deviations of undesired interaction forces
between the right upper brace and the knee along the x direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the right upper brace and the knee along the x
direction is shown as box plot in Figure 5.10. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
y direction between right knee and exoskeleton. The effect of self-aligning was found
to be statistically significant for this forces at p<0.05 level (F(1,14)=0.840).
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Figure 5.10 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the right upper brace and the

knee along the X direction
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Table 5.2 Effect size of undesired interaction forces between right upper brace and
knee in x direction

Point Estimate
95 Confidence Interval
Lower Upper

Eta-squared 0,057 0,000 0,343
Epsilon-squared -0,011 -0,071 0,296
Omega-squared Fixed-effect -0,010 -0,067 0,282
Omega-squared Random-effect -0,010 -0,067 0,282

5.8.1.2 Interaction Forces along the Y Direction

Mean values and standard deviations of undesired interaction forces between the
left upper brace and the knee along the y direction is shown in Figure 5.11.
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Figure 5.11 Mean values and standard deviations of undesired interaction forces
between the left upper brace and the knee along the y direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the left upper brace and the knee along the y
direction is shown as box plot in Figure 5.12. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
y direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this forces at p<0.05 level (F(1,14)=0.304).
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Figure 5.12 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the left upper brace and the knee

along the y direction

Mean values and standard deviations of undesired interaction forces between the
right upper brace and the knee along the y direction is shown in Figure 5.17.
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Figure 5.13 Mean values and standard deviations of undesired interaction forces
between the right upper brace and the knee along the y direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the right upper brace and the knee along the y
direction is shown as box plot in Figure 5.14. One-way repeated measures ANOVA
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was conducted to study the effect of the self-aligning on the interaction forces along
y direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this forces at p<0.05 level (F(1,14)=0.125).
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Figure 5.14 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the right upper brace and the

knee along the y direction

5.8.1.3 Interaction Forces along the Z Direction

Mean values and standard deviations of undesired interaction forces between the
left upper brace and the knee along the z direction is shown in Figure 5.15.
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Figure 5.15 Mean values and standard deviations of undesired interaction forces
between the left upper brace and the knee along the z direction
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Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the left upper brace and the knee along the z
direction is shown as box plot in Figure 5.16. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
z direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this forces at p<0.05 level (F(1,14)=0.001).
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Figure 5.16 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the left upper brace and the knee

along the z direction

Mean values and standard deviations of undesired interaction forces between the
right upper brace and the knee along the z direction is shown in Figure 5.17.
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Figure 5.17 Mean values and standard deviations of undesired interaction forces
between the right upper brace and the knee along the z direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the right upper brace and the knee along the z
direction is shown as box plot in Figure 5.18. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
z direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this forces at p<0.05 level (F(1,14)=0.746).
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Figure 5.18 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the right upper brace and the

knee along the z direction
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5.8.1.4 Interaction Torques along the X Direction

Mean values and standard deviations of undesired interaction torques between the
left upper brace and the knee along the x direction is shown in Figure 5.19.
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Figure 5.19 Mean values and standard deviations of undesired interaction torques
between the left upper brace and the knee along the x direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the left upper brace and the knee along the x
direction is shown as box plot in Figure 5.20. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
x direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,14)=0.000).
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Figure 5.20 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the left upper brace and the

knee along the x direction

Mean values and standard deviations of undesired interaction torques between the
right upper brace and the knee along the x direction is shown in Figure 5.21.
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Figure 5.21 Mean values and standard deviations of undesired interaction torques
between the right upper brace and the knee along the x direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the right upper brace and the knee along the
x direction is shown as box plot in Figure 5.22. One-way repeated measures ANOVA
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was conducted to study the effect of the self-aligning on the interaction torques along
x direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,14)=0.034).
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Figure 5.22 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the right upper brace and the

knee along the x direction

5.8.1.5 Interaction Torques along the Y Direction

Mean values and standard deviations of undesired interaction torques between the
left upper brace and the knee along the y direction is shown in Figure 5.23.
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Figure 5.23 Mean values and standard deviations of undesired interaction torques
between the left upper brace and the knee along the y direction
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Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the left upper brace and the knee along the y
direction is shown as box plot in Figure 5.24. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
y direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,14)=0.018).
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Figure 5.24 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the left upper brace and the

knee along the y direction

Mean values and standard deviations of undesired interaction torques between the
right upper brace and the knee along the y direction is shown in Figure 5.25.
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Figure 5.25 Mean values and standard deviations of undesired interaction torques
between the right upper brace and the knee along the y direction
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Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the right upper brace and the knee along the
y direction is shown as box plot in Figure 5.26. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
y direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,14)=0.537).
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Figure 5.26 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the right upper brace and the

knee along the y direction
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5.8.1.6 Interaction Torques along the Z Direction

Mean values and standard deviations of undesired interaction torques between the
left upper brace and the knee along the z direction is shown in Figure 5.27.

0 20 40 60 80 100
% Sit to stand

-5

0

5

10
T

or
qu

e 
[N

m
]

SD of locked
Locked
SD of unlocked
Unlocked

Figure 5.27 Mean values and standard deviations of undesired interaction torques
between the left upper brace and the knee along the z direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the left upper brace and the knee along the z
direction is shown as box plot in Figure 5.28. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
z direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,14)=0.009).
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Figure 5.28 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the left upper brace and the

knee along the z direction

Mean values and standard deviations of undesired interaction torques between the
right upper brace and the knee along the z direction is shown in Figure 5.29.
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Figure 5.29 Mean values and standard deviations of undesired interaction torques
between the right upper brace and the knee along the z direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the right upper brace and the knee along the
z direction is shown as box plot in Figure 5.30. One-way repeated measures ANOVA
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was conducted to study the effect of the self-aligning on the interaction torques along
z direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,14)=0.447).
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Figure 5.30 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the right upper brace and the

knee along the z direction
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5.8.2 Knee Kinematics during Sit to Stand Task

Mean values and standard deviations of angle of the left knee for without exoskele-
ton, unlocked, and locked case during sit to stand task can be seen from Figure 5.31.
One-way repeated measures ANOVA with Post-Hoc Tukey was conducted to study
the effect of the self-aligning on the knee angle range for sit-to-stand task. The
effect of self-aligning was not found to be statistically significant for the sit-to-stand
kinematic of the left knee at p<0.05 level (F(1,14)=0.079).
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Figure 5.31 Mean values and standard deviations of angle of the left knee for
different cases

Rotational motion range of left knee for different cases is shown in the Figure 5.32.
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Figure 5.32 Rotational motion range of left knee for different cases
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Mean values and standard deviations of angle of right knee for without exoskeleton,
unlocked, and locked case during sit to stand task can be seen from Figure 5.33.
One-way repeated measures ANOVA with Post-Hoc Tukey was conducted to study
the effect of the self-aligning on the knee angle range for sit-to-stand task. The
effect of self-aligning was not found to be statistically significant for the sit-to-stand
kinematic of the right knee at p<0.05 level (F(1,14)=0.368).
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Figure 5.33 Rotational motion range of right knee for different cases

Rotational motion range of left knee for different cases is shown in the Figure 5.34.
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Figure 5.34 Rotational motion range of right knee for different cases
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5.8.3 Comfort Rate of Sit-to-Stand Task

Comfort rate has been asked to the volunteers after each condition.
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Figure 5.35 Comfort rates of different volunteers

Mean and standard deviations of comfort rates of sit-to-stand task for each con-
dition can be seen in Figure 5.36. Also, ANOVA results with Post-Hoc Tukey for
comfort rates for sit-to-stand task can be seen in Table 5.3. The effect of self-
aligning was found to be statistically significant for sit-to-stand task at p<0.05 level
(F(1,4)=60.143).
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Figure 5.36 Mean and standard deviations of comfort rates for each condition
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Table 5.3 ANOVA results with Post-Hoc Tukey for comfort rates of sit-to-stand task

95 Confidence Interval
Main
Difference

Std. Error Sig.
Lower
Bound

Upper
Bound

Locked
Unlocked -2.0000* 0,68139 0,021 -3,7175 -0,2825
Without
exo

-5.2500* 0,68139 0,000 -6,9675 -3,5325

Unlocked
Locked 2.0000* 0,68139 0,021 0,2825 3,7175
Without
exo

-3.2500* 0,68139 0,000 -4,9675 -1,5325

Without exo
Unlocked 5.2500* 0,68139 0,000 3,5325 6,9675
Locked 3.2500* 0,68139 0,000 1,5325 4,9675
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5.9 Results of Walking Task

5.9.1 Interaction Forces and Torques

The self-aligning property of the exoskeleton is evaluated by studying the undesired
interaction forces. For walking task, undesired interaction forces were captured by
using the force sensor attached to the upper knee brace of the volunteers. Note that
all the results below are for three volunteers who have participated the walking task.

5.9.1.1 Interaction Forces along X Direction

Mean values and standard deviations of undesired interaction forces between the
left upper brace and the knee along the x direction is shown in Figure 5.37.
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Figure 5.37 Mean values and standard deviations of undesired interaction forces
between the left upper brace and the knee along the x direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the left upper brace and the knee along the x
direction is shown as box plot in Figure 5.38. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
y direction between left knee and exoskeleton. The effect of self-aligning was found
to be statistically significant for this forces at p<0.05 level (F(1,4)=0.005).
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Figure 5.38 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the left upper brace and the knee

along the x direction

Table 5.4 Effect size of undesired interaction forces between left upper brace and
knee in x direction

Point Estimate
95 Confidence Interval
Lower Upper

Eta-squared 0,107 0,000 0,403
Epsilon-squared 0,043 -0,071 0,361
Omega-squared Fixed-effect 0,040 -0,067 0,346
Omega-squared Random-effect 0,040 -0,067 0,346

Mean values and standard deviations of undesired interaction forces between the
right upper brace and the knee along the x direction is shown in Figure 5.39.
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Figure 5.39 Mean values and standard deviations of undesired interaction forces
between the right upper brace and the knee along the x direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the right upper brace and the knee along the x
direction is shown as box plot in Figure 5.40. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
y direction between left knee and exoskeleton. The effect of self-aligning was found
to be statistically significant for this forces at p<0.05 level (F(1,4)=1.011).
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Figure 5.40 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the right upper brace and the

knee along the X direction
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Table 5.5 ANOVA effect sizes of interaction forces along x direction for the right
knee

Point Estimate
95 Confidence Interval
Lower Upper

Eta-squared 0,057 0,000 0,343
Epsilon-squared -0,011 -0,071 0,296
Omega-squared Fixed-effect -0,010 -0,067 0,282
Omega-squared Random-effect -0,010 -0,067 0,282

5.9.1.2 Interaction Forces along the Y Direction

Mean values and standard deviations of undesired interaction forces between the
left upper brace and the knee along the y direction is shown in Figure 5.41.
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Figure 5.41 Mean values and standard deviations of undesired interaction forces
between the left upper brace and the knee along the y direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the left upper brace and the knee along the y
direction is shown as box plot in Figure 5.42. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
y direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this forces at p<0.05 level (F(1,4)=1.278).
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Figure 5.42 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the left upper brace and the knee

along the y direction

Mean values and standard deviations of undesired interaction forces between the
right upper brace and the knee along the y direction is shown in Figure 5.47.
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Figure 5.43 Mean values and standard deviations of undesired interaction forces
between the right upper brace and the knee along the y direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the right upper brace and the knee along the y
direction is shown as box plot in Figure 5.44. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
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y direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this forces at p<0.05 level (F(1,4)=1.515).
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Figure 5.44 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the right upper brace and the

knee along the y direction

5.9.1.3 Interaction Forces along the Z Direction

Mean values and standard deviations of undesired interaction forces between the
left upper brace and the knee along the z direction is shown in Figure 5.15.
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Figure 5.45 Mean values and standard deviations of undesired interaction forces
between the left upper brace and the knee along the z direction

Mean values and standard deviations of the maximum of absolute value of the
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undesired interaction forces between the left upper brace and the knee along the z
direction is shown as box plot in Figure 5.46. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
z direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this forces at p<0.05 level (F(1,4)=0.940).
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Figure 5.46 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the left upper brace and the knee

along the z direction

Mean values and standard deviations of undesired interaction forces between the
right upper brace and the knee along the z direction is shown in Figure 5.47.
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Figure 5.47 Mean values and standard deviations of undesired interaction forces
between the right upper brace and the knee along the z direction
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Mean values and standard deviations of the maximum of absolute value of the
undesired interaction forces between the right upper brace and the knee along the z
direction is shown as box plot in Figure 5.48. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction forces along
z direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this forces at p<0.05 level (F(1,4)=1.420).
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Figure 5.48 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction forces between the right upper brace and the

knee along the z direction
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5.9.1.4 Interaction Torques along the X Direction

Mean values and standard deviations of undesired interaction torques between the
left upper brace and the knee along the x direction is shown in Figure 5.49.
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Figure 5.49 Mean values and standard deviations of undesired interaction torques
between the left upper brace and the knee along the x direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the left upper brace and the knee along the x
direction is shown as box plot in Figure 5.50. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
x direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,4)=0.528).
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Figure 5.50 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the left upper brace and the

knee along the x direction

Mean values and standard deviations of undesired interaction torques between the
right upper brace and the knee along the x direction is shown in Figure 5.51.
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Figure 5.51 Mean values and standard deviations of undesired interaction torques
between the right upper brace and the knee along the x direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the right upper brace and the knee along the
x direction is shown as box plot in Figure 5.52. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
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x direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,4)=0.149).
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Figure 5.52 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the right upper brace and the

knee along the x direction

5.9.1.5 Interaction Torques along the Y Direction

Mean values and standard deviations of undesired interaction torques between the
left upper brace and the knee along the y direction is shown in Figure 5.53.
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Figure 5.53 Mean values and standard deviations of undesired interaction torques
between the left upper brace and the knee along the y direction

Mean values and standard deviations of the maximum of absolute value of the
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undesired interaction torques between the left upper brace and the knee along the y
direction is shown as box plot in Figure 5.54. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
y direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,4)=0.132).
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Figure 5.54 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the left upper brace and the

knee along the y direction

Mean values and standard deviations of undesired interaction torques between the
right upper brace and the knee along the y direction is shown in Figure 5.55.
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Figure 5.55 Mean values and standard deviations of undesired interaction torques
between the right upper brace and the knee along the y direction

88



Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the right upper brace and the knee along the
y direction is shown as box plot in Figure 5.56. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
y direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,4)=0.411).
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Figure 5.56 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the right upper brace and the

knee along the y direction

5.9.1.6 Interaction Torques along the Z Direction

Mean values and standard deviations of undesired interaction torques between the
left upper brace and the knee along the z direction is shown in Figure 5.57.
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Figure 5.57 Mean values and standard deviations of undesired interaction torques
between the left upper brace and the knee along the z direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the left upper brace and the knee along the z
direction is shown as box plot in Figure 5.58. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
z direction between left knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,4)=0.374).
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Figure 5.58 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the left upper brace and the

knee along the z direction

Mean values and standard deviations of undesired interaction torques between the
right upper brace and the knee along the z direction is shown in Figure 5.59.
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Figure 5.59 Mean values and standard deviations of undesired interaction torques
between the right upper brace and the knee along the z direction

Mean values and standard deviations of the maximum of absolute value of the
undesired interaction torques between the right upper brace and the knee along the
z direction is shown as box plot in Figure 5.60. One-way repeated measures ANOVA
was conducted to study the effect of the self-aligning on the interaction torques along
z direction between right knee and exoskeleton. The effect of self-aligning was not
found to be statistically significant for this torques at p<0.05 level (F(1,4)=1.010).
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Figure 5.60 Mean values and standard deviations of the maximum of absolute
value of the undesired interaction torques between the right upper brace and the

knee along the z direction
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5.9.2 Knee Kinematics during Walking Task

Mean values and standard deviations of angle of the left knee for without exoskele-
ton, unlocked, and locked case during walking task can be seen from Figure 5.61.
One-way repeated measures ANOVA with Post-Hoc Tukey was conducted to study
the effect of the self-aligning on the knee angle range for walking task. The ef-
fect of self-aligning was not found to be statistically significant for the sit-to-stand
kinematic of the left knee at p<0.05 level (F(1,14)=0.652).
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Figure 5.61 Mean values and standard deviations of angle of the left knee for
different cases

Rotational motion range of left knee for different cases is shown in the Figure 5.62.
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Figure 5.62 Rotational motion range of left knee for different cases

Mean values and standard deviations of angle of right knee for without exoskeleton,
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unlocked, and locked case during sit to stand task can be seen from Figure 5.63. One-
way repeated measures ANOVA with Post-Hoc Tukey was conducted to study the
effect of the self-aligning on the knee angle range for walking task. The effect of self-
aligning was not found to be statistically significant for the sit-to-stand kinematic
of the right knee at p<0.05 level (F(1,14)=1.675).
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Figure 5.63 Rotational motion range of right knee for different cases

Rotational motion range of left knee for different cases is shown in the Figure 5.64.
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Figure 5.64 Rotational motion range of right knee for different cases
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5.9.3 Comfort Rate of Walking Task

Comfort rate has been asked to the volunteers after each condition, as in Figure
5.65.
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Figure 5.65 Comfort rates of different volunteers

Mean and standard deviations of comfort rates of walking task can be seen in Figure
5.66 for each condition. One-way repeated measures ANOVA with Post-Hoc Tukey
was conducted to study the effect of the self-aligning on comfort level. The effect of
self-aligning was not found to be statistically significant for walking task at p<0.05
level (F(1,4)=60.143).
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Figure 5.66 Mean and standard deviations of comfort rates for each condition
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5.9.4 Discussion of Results

As it can be seen from results of sit-to-stand task, undesired interaction forces along
the X direction are significantly lower when self-aligning mechanism is used. Note
that undesired interaction forces along Y direction becomes lower thanks to self-
aligning mechanism but this change is not significant. This is because translational
motion of axis of human knee along x direction of sagittal plane is higher than
motion along y direction.

Moreover, undesired interaction forces along z direction and undesired interaction
torques along x, y and z directions are not significantly different for both locked and
unlocked case of self-aligning mechanism. Since the self-aligning mechanism allows
motion only in sagittal plane, motions of human knee along other directions are
restricted for both unlocked and locked cases of self-aligning mechanism. Therefore,
interaction forces/torques have not changed significantly for both cases.

Furthermore, the results of comfort rate for the sit-to-stand task show that unlocked
case of the self-aligning mechanism is significantly more comfortable than the locked
case. This shows the ergonomic improvement of the self-aligning mechanism for sit-
to-stand task. Also, unlocked case is slightly more comfortable according to mean
values of comfort rates of walking task, but this difference is not significant.

Also, results of the knee kinematics for both walking and sit-to-stand tasks show that
there is not significant difference between locked, unlocked and without exoskeleton
cases. Therefore, it can be concluded that self-aligning knee exoskeleton does not
interfere with human knee kinematics.
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Chapter 6

Conclusions and Future Work

We have presented the self-aligning compliant mechanism design, interaction control,
experimental characterization, and user evaluations of a powered compliant self-
aligning knee exoskeleton.

To solve the misalignment problem between the human knee and the knee exoskele-
ton, a large stroke XY stage compliant mechanism with low backlash and friction,
and high rotational and low translational stiffness is designed in a compact and light
form.

Thanks to its self-aligning property, the knee exoskeleton enables the translational
movements of knee joint in the sagittal plane as well as the main flexion/extension
movements. An ideal match between human knee and the exoskeleton axis is
achieved by automatically aligning its joint axes so that the parasitic forces are
reduced. Self-alignment of the knee exoskeleton not only guarantees ergonomy and
comfort throughout the therapy, but also significantly shortens the setup time re-
quired to attach a patient to the exoskeleton.

By using a Bowden cable-driven series elastic actuator, the knee exoskeleton actively
controls the rotational movement of the knee joint. Actuator and harmonic reduction
unit are placed to a remote location through Bowden cable transmission to lower the
inertia of exoskeleton on the human. Moreover, the knee exoskeleton provides good
torque tracking characteristics, active back-driveability within its control bandwidth,
and passive compliance for excitations above this bandwidth.

We present a comprehensive set of human subject experiments designed to evaluate
the self-aligning feature of the self-aligning knee exoskeleton. Our human subject
experiments provide evidence that the self-aligning knee exoskeleton does not signifi-
cantly interfere with the gait kinematics and its self-alignment property significantly
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reduces parasitic interaction forces, when compared with the case with no self align-
ment.

Our future work includes improving of the mechanical design of the prototype to en-
able application of higher torques and performing case studies with assistant torques.

For a more compact design, the self-aligning compliant mechanism will be produced
with Al 7075 material by using an EDM machine, instead of the low-cost 3D print-
ing with PLA material. To improve transmission efficiency, flexible shafts may be
employed for the power transmission, instead of Bowden cables. For more secure
connection, human connections may be designed to feature two attachment parts
for the upper leg and two attachment parts for the lower leg.
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