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ABSTRACT 

 Lower limb exoskeletons are electromechanical devices that assist the user by 

transmitting motor torques to the user’s musculoskeletal system. Biomechanical 

effectiveness depends on alignment between the exoskeleton joints and joints of the user.  

The objective of this thesis was to quantify joint misalignment between an exoskeleton 

and user to determine what factors contribute to misalignment and if it impacts the 

performance of the user. An existing 3D motion data set of healthy users performing 

walk, jog and squat activities with and without wearing a lower-limb exoskeleton was 

analyzed to quantify the motor- knee joint centre translational offset. Correlation analysis 

was performed between the offset and motor torque, knee angle, height, weight, and gait 

speed. Offset correlation with knee angle and motor torque varied depending on the 

loading condition. The offset was not correlated with the difference in gait speed with 

and without the device. The results demonstrate that joint misalignment is present and 

varied depending on the loading condition of the leg. 
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Chapter 1: Introduction 

1.1 Physical Human-Robot Interaction (pHRI) and Biomechanical Compatibility 

In the past decade research and development of lower limb exoskeletons has 

advanced substantially. Lower limb exoskeletons have become more accepted for clinical 

rehabilitation and mobility assistance (1,2). They can be used to provide assistance to the 

wearer in everyday activities and have been proven to be a useful tool in a clinical setting 

for rehabilitation (1,3,4). However, for exoskeletons to be effective and accepted by 

patients the devices must be highly compatible with the user, with respect to control 

techniques and the physical human-robot interface (pHRI) behavior (1,2). 

Powered lower limb exoskeletons provide assistance by transmitting torques at 

desired joints using controlled actuators (5). To ensure the assistance is beneficial, many 

biomechanical characteristics must be taken into consideration when designing lower 

limb exoskeletons including degrees of freedom, range of motion and locations of joint 

actuation (6). Poor kinematic compatibility and torque assistance can result in sub-

optimal coupling of the human and robot, causing high interaction forces, undesired 

relative movement and undesired joint trajectories (7,8).  

Joint misalignment can occur when the human and exoskeleton have incompatible 

kinematics (9). Poor static joint alignment can be amplified once the participant begins 

moving (8,10). There is minimal quantitative data on what methods or techniques may 

maximize the biomechanical compatibility of exoskeleton devices and ensure joint 

alignment.   
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Exoskeletons used for gait retraining can inhibit the patient’s rehabilitation if they 

are not kinematically compatible with the user or are unable to properly guide the user’s 

limbs through the desired movements. If the device is used for mobility assistance 

purposes and the user experiences pain or discomfort from using the exoskeleton, they 

will be more likely to abandon the device and return to using their previous method of 

mobility assistance (6).   

A wide range of populations use lower limb exoskeletons, ranging from healthy 

adults to individuals with severe spinal cord injuries. As a result, there are numerous 

exoskeleton designs with different degrees of freedom, points of actuation, and fastening 

methods. Since the design and function of exoskeletons vary greatly, the evaluation of 

how the device interacts with the user is difficult to compare between devices (11).  

Biomechanical compatibility with the user is important regardless of the purpose of the 

exoskeleton and finding a way to evaluate the biomechanical compatibility across all 

exoskeletons would be extremely beneficial for exoskeleton research and future 

development.  

1.2 KeeogoTM Lower limb exoskeleton  

The exoskeleton used in this study was the KeeogoTM lower limb exoskeleton (B-

TEMIA Inc., Quebec, Canada, Figure 1 A). Data collection with the Keeogo was 

performed by Dr. Scott Brandon (former UNB Postdoctoral Fellow) and Mr. Marcus 

Brookshaw (former UNB Graduate Student) in 2015 at the University of New 

Brunswick.  
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The exoskeleton is fastened to the user by three cuffs on each leg (two thigh cuffs, 

and one shank cuff) and a belt around the waist. The Keeogo provides assistance to the 

knee by applying an assistive torque through a motor that is ideally coincident with the 

humans’ knee. The exoskeleton’s controller is tuned by a trained tester according to the 

users’ walking style and comfort. Tuning involves setting the point in each activity in 

which the motor is providing assistance or resistance, the duration the motor torque is 

applied, and the amount of assistive torque provided during each activity.  

The Keeogo is fitted so that the exoskeleton’s hip and knee axes of rotation are 

closely aligned with the user’s anatomical joints, and the controller is tuned to each 

participant’s comfort. Each cuff, and belt can be changed to fit each user and increase 

participant comfort. The KeeogoTM thigh beam length (Figure 1 B) can be extended or 

shortened to fit participants between the heights of 5’0 (152cm) and 6’4 (193cm). Onsite 

training and user manuals were provided by B-Temia to show how to fit and tune the 

device to each user. According to the manufacturer’s specifications, the best fitting would 

minimize the offset between the KeeogoTM and the knee joint centre (M-KJC) (Figure 1 

B).  
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Figure 1: A) KeeogoTM lower limb exoskeleton (Retrieved from: 

https://exoskeletonreport.com/product/keeogo/), B) Skeleton representation of Keeogo exoskeleton 

(solid line), and human limb (dashed line). The Keeogo thigh beam length measured from hip centre 

to the motor centre, and human femur length measured from the hip joint centre to the knee joint 

centre. The distance from the centre of the motor and the knee joint centre (M-KJC) in the 

anterior/posterior direction is displayed. 

1.3 Problem Statement and Objectives  

To evaluate the lower limb exoskeletons, researchers often focus on the device’s 

range of motion, degrees of freedom, number of active and passive joints and control 

strategies (1,2,6,12). Analysis of these devices are performed by using motion capture 

and force plates to compute kinematics and dynamics of the human and exoskeleton as a 

single system (13–16). The relative motion and joint misalignment between the device 

and user during dynamic movements are often ignored or not quantified during 

evaluation of the devices, despite discomfort being a common complaint by exoskeleton 
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users (12). Exoskeleton are often assumed to be rigidly attached to the user and therefore 

the relative motion between the user and the device is ignored (17). The relative motion 

between the user and the device can lead to increased joint misalignment and poor force 

transfer (8,9,11). However, to our knowledge there are no studies that have quantified 

knee joint misalignment of a lower-extremity exoskeleton during common activities such 

as walking, jogging, or squatting, or explored its relationship to fitting error (static 

offset), movements of the user, and motor torques imparted by the exoskeleton. The 

purpose of this thesis was to help fill this gap in knowledge. 

1.3.1 Aim 1  

The first aim of this thesis was to quantify the static and dynamic offset in the 

anterior/posterior direction between the marker placed on the lateral side of the motor at 

the axis of rotation and the knee joint centre (M-KJC) in the reference coordinate system 

of the tibia after fitting the user to the device using the donning protocol provided by the 

exoskeleton manufacturer. If the donning protocol is followed and the device is fitted 

properly with joint centres aligned and the device’s thigh beam length matching the 

human’s femur length, a static M-KJC offset (during standing) within +/-1cm was 

expected. M-KJC offsets are also attributable to errors in the marker tracking (18) and 

joint centre estimation(19), therefore static M-KJC offsets greater than 1cm was assumed 

to be an offset that was not caused by measurement errors, and therefore likely related to 

the exoskeleton’s interaction with the user. 

If any static M-KJC offset was present due to random error, the motor position 

relative to the KJC was expected to be evenly distributed between being anterior and 
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posterior relative to the KJC in the static position. A larger static offset may be amplified 

as the participant moves (10), therefore, a larger static offset was expected to generate a 

larger maximum M-KJC offset and greater relative motion between the motor and the 

KJC during dynamic activities: walk, jog and squat. A difference in maximum M-KJC 

offset was also expected between the various dynamic activities. The largest M-KJC 

offset was expected during the jog and squat trials because of large range of motion at the 

knee, and higher motor torque. The jog and squat were expected to experience 

significantly more M-KJC offset compared to the walk trials because of the smaller range 

of motion and lower torque application experienced in the walk. 

 

Problem Statement: Joint misalignment between exoskeletons and biological joint centres 

can lead to poor biomechanical compatibility, discomfort and high interaction forces 

(9,17). Quantifying joint misalignment during both static and dynamic activities can help 

lead to improving device design and fitting procedure. 

 

Research Question 1.1:  

A. What is the magnitude of the static joint misalignment between the motor axis of 

rotation and biological knee joint centre during standing?  

B. Is the motor consistently anterior or posterior to the KJC for the static M-KJC 

offset? 

Hypothesis 1.1:  

A. Ho: The absolute static M-KJC offset will not be significantly greater than 1cm. 

Ha: The absolute static M-KJC offset will be greater than 1cm.  
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B. Ho: The signed static M-KJC offset will not be significantly different from 0cm. 

Ha: The signed static M-KJC offset will be significantly different from 0cm.  

 

Research Question 1.2:  

A. Does the M-KJC offset change during dynamic movements?  

B. Does the magnitude of the static M-KJC offset correlate with the amount of 

movement of the motor relative to the KJC during dynamic movements?  

C. Does the static M-KJC offset correlate with the maximum M-KJC offset 

experienced during different dynamic movements?   

D. Is there a significant difference between the maximum M-KJC offsets 

experienced during three dynamic activities (walk, jog, and squat)? 

Hypothesis 1.2:  

A. Ho: The M-KJC offset will not be significantly different between the static M-

KJC offset and the M-KJC offset experienced during dynamic activities. Ha: The 

M-KJC offset will be significantly different between at least two of the dynamic 

activities: walk, jog, and squat.  

B. Ho: There will not be a linear relationship between the static M-KJC and the 

relative motion between the motor and KJC. Ha: There will be a linear 

relationship between the static M-KJC offset and the relative motion between the 

motor and the KJC.  

C. Ho: There will not be a linear relationship between the static M-KJC offset and the 

maximum signed M-KJC offset during the dynamic activities. Ha: There will be a 
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significant correlation between the static M-KJC offset and the maximum signed 

M-KJC offset during the dynamic activities.  

D. Ho: There will not be a significant difference between the maximum signed M-

KJC offsets experienced during the walk, jog, and squat trials. Ha: There will be a 

significant difference between at least two of the dynamic trials: walk, jog, and 

squat.  

1.3.2 Aim 2 

The second objective was to characterize the dynamics of the offset by examining 

the correlations between the M-KJC offset and the motor torque and knee joint angle. 

Understanding if different movements and assistive torques correlate with the M-KJC 

offset can help in future development of lower limb exoskeletons. This objective will also 

address if the magnitude of the static M-KJC offset influences the relationship between 

the M-KJC offset and the knee angle or motor torque. This information can be used to 

help characterize the pHRI as a mechanical system. If the exoskeleton were perfectly 

fitted to the user, the distance between the hip and knee would be the same for the 

Keeogo and the user. Therefore, any M-KJC offset present when the knee is extended 

was expected to decrease as the knee flexes because the two parallel systems require their 

axis of rotations (AOR) to align, otherwise the exoskeleton and human knee may be 

susceptible to binding. When the motor applies an assistive extension torque an anterior-

directed force would be applied by the cuffs on the back of the thigh and calf, and 

therefore the motor was expected to move posterior-directed relative to the KJC. The 
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opposite would occur when the motor applies a flexion torque and applies a posterior 

force on the thigh and shin, moving the motor anterior relative to the KJC.  

The correlations between the M-KJC offset and the knee angle, and the M-KJC 

offset and motor torque were both expected to be significantly different if there was a 

large vs small static offset. The small offset was expected not to shift very much and 

remain constant as the motor torque and knee angle varied, whereas the larger static 

offset group was expected to experience more movement between the M-KJC. These 

findings would demonstrate that the exoskeleton-human interface behaves as a 

mechanical system and will provide information for future modeling the biomechanical 

interaction between the user and the exoskeleton.  

 

Problem Statement: Joint misalignment can be amplified as the participant moves and the 

exoskeleton motor provides assistive torques (10). There is limited information that 

quantifies how motor torque and joint kinematics affect joint misalignment through 

various movements. 

 

Research Questions 2.1:  

A. A. Does M-KJC offset correlate with knee flexion angle during dynamic 

movements?  

B. B. Does the magnitude of the static M-KJC offset affect the relationship between 

the M-KJC offset and the knee angle during dynamic activities? 

 Hypothesis 2.1:  



` 

10 

 

A. Ho: There will not be a significant correlation between the M-KJC offset and the 

knee angle during the dynamic activity. Ha: There will be a significant correlation 

between the M-KJC offset and the knee angle during the dynamic activities.  

B. Ho: There will not be a significant difference between the M-KJC offset vs knee 

angle correlations experienced by the small and large static M-KJC offsets groups 

during each dynamic activity. Ha: There will be a significant difference between 

the M-KJC offset vs knee angle correlations experienced by the small and large 

static offsets groups during each dynamic activities.   

 

Research Question 2.2:  

A. Does M-KJC offset correlate with motor torque during dynamic movements?  

B. Does the magnitude of the static M-KJC offset affect the relationship between the 

M-KJC offset and the motor torque during dynamic activities? 

Hypothesis 2.2:  

A. Ho: There will not be a significant correlation between the M-KJC offset and the 

motor torque during the dynamic activities. Ha: There will be a significant 

correlation between the M-KJC offset and the motor torque during the dynamic 

activities.  

B. Ho: There will not be a significant difference between the M-KJC offset vs motor 

torque correlations experienced by the small and large static offset groups during 

each dynamic activities. Ha: There will be a significant difference between the M-

KJC offset vs motor torque correlations experienced by the large and small static 

M-KJC offset groups during each dynamic activity.  
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1.3.3 Aim 3 

The third objective was to determine if the user’s height and weight influences the 

M-KJC offset. While examining the offset between the user and the device the 

exoskeleton is often the only aspect considered when looking at misalignment (8,10). 

Exoskeletons are mechanical linkages and therefore have physical limitations in terms of 

accommodating individuals who are tall or short, thin, or heavy. Exoskeletons are made 

adjustable to accommodate participants of various sizes; however, it may be difficult for 

the exoskeleton to fit optimally across all sizes. The Keeogo can only fit individuals 

between the heights of 5’0 (152cm) and 6’4 (193cm), and who can be securely fastened 

to the device using the device’s cuffs and belt. While there are no weight specifications 

for fitting the Keeogo, it stands to reason that the exoskeleton will fit differently 

depending on the girth of the individual. Therefore, the M-KJC offset is expected to be 

greater for individuals near the maximum or minimum acceptable sizes of the device 

during static and dynamic activities. 

 

Problem Statement: Joint misalignment is often considered an issue with the mechanical 

design or control of the exoskeleton (8,10) and the height and weight of the user is not 

often considered.   

 

Research Question: Does the (A. height and B. weight) of the participant correlate with 

the M-KJC offset during static and/or dynamic trials? 

Hypothesis:  
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A. Ho: There will not be a significant correlation between the M-KJC offset and the 

difference between the participants height and the sample’s mean height. Ha: 

There will be a significant correlation between the M-KJC offset and the 

difference between the participants height and the sample’s mean height.  

B. Ho: There will not be a significant correlation between the M-KJC offset and the 

difference between the participants weight and the sample’s mean weight. Ha: 

There will be a significant correlation between the M-KJC offset and the 

difference between the participants weight and the sample’s mean weight.  

1.3.4 Aim 4 

 The final objective was to determine if joint misalignment affects gait speed by 

examining the relationship between M-KJC and difference in gait speed between trials 

with the KeeogoTM on (KON) and without the KeeogoTM on (NON). Kinematic 

incompatibility and large joint misalignments can lead to poor gait kinematics (8) and 

higher interaction forces (17) therefore a larger M-KJC offset is expected to result in a 

greater decline in gait speed from NON to KON trials. Knowing if the magnitude of joint 

misalignment correlates with a change in gait speed between KON and NON trials can 

provide more information on how M-KJC offset effect the performance of the device.  

 

Problem Statement: Exoskeletons’ effect on gait speed has been observed (7),  however 

the effect of the M-KJC offset has not been quantified. Joint misalignment can result in 

poor force transfer at the pHRI (10) and this could lead to the device decreasing gait 

performance compared to walking without the device.  
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Research Question: Does the M-KJC offset correlate with the change in gait speed 

between walking/jogging with (KON) and without (NON) the exoskeleton on? 

 

Hypothesis: Ho: There will not be a significant correlation between the static M-KJC 

offset and the change in walking/jogging speed KON and NON trials. Ha: There will not 

be a significant correlation between the static M-KJC offset and the change in 

walking/jogging speed KON and NON trials  

 

Chapter 2: Literature Review 

2.1 Lower Limb Exoskeleton  

For this review, only lower limb powered robotic exoskeletons will be discussed. 

Lower limb exoskeletons are electromechanical devices that can be used to help healthy 

users improve physical performance (6) or to provide gait assistance to those who suffer 

from gait pathologies or are paraplegic (1). Recently lower limb exoskeleton technology 

has become more popular for rehabilitation and assistive applications (12).  

Exoskeletons such as the Indego (20) or the ReWalk (21) can be used as assistive 

devices which are aimed at providing the ability to walk to those who would otherwise be 

constrained to a wheelchair. Other exoskeletons are used as rehabilitation devices, 

including Ekso (22) and the Rex (Rex Bionics Pty Ltd), which are meant to be used with 

the supervision and assistance of a therapist and can be used on individuals with any gait 

pathology or complete paraplegia.  
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Since assistive and rehabilitation exoskeletons are used for different purposes, 

different safety standards are required for each group.  For example, assistive 

exoskeletons are often used by individuals without supervision, so the devices must be 

able to safely assist the user as they perform everyday movements, including sit-to-stand, 

walking and stair ascent/descent (21).  

Prior to the development and advancement of lower limb exoskeletons, 

individuals with severe gait pathologies or paraplegia were limited to alternate gait 

assistive mechanisms such as knee ankle foot orthoses (HKAFO) and isocentric 

reciprocating gait orthoses (IRSO). These devices can be used to provide individuals with 

paraplegia or severe gait pathologies the ability to perform up-right ambulation. Arazpour 

et al. (23) found that exoskeletons were able to help the user walk at a faster speed while 

maintaining a lower physiological cost index when compared to the other two devices. 

Exoskeletons were also able to provide a better range of motion than the other two 

devices which enabled a more natural gait pattern (23). 

The purpose of assistive and rehabilitation exoskeletons is to provide the user 

with the ability to travel outside of a wheelchair, in an upright position, which provides 

secondary benefits such as improved blood circulation, bowel function, bladder function, 

and reduction in pain and spasticity (24). Traditional treatment for gait pathologies 

involves therapists manually moving the patient’s legs, which can be tiring for the 

therapist and limits the amount of time the treatment can be performed (25). 

Rehabilitation exoskeletons have been able to provide a more consistent predetermined 

gait pattern that can be used for a longer duration under safer conditions.  
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In addition to the benefits from gait rehabilitation and upright ambulation, recent 

studies have been exploring the neuroplasticity benefits that could help fix or mitigate 

gait pathologies (4,25). Guiding the limbs through different movement patterns can help 

nervous system learn new trajectories or re-learn old movement patterns. Neuroplasticity 

can provide mobility and coordination benefits to individuals suffering from impairments 

from stroke, cerebral palsy or spinal cord injuries (1).  

There are several applications of exoskeleton which require various outcomes 

from the device and therefore there are numerous devices with very different 

specifications. This leads to each device requiring its own unique method for quantifying 

and evaluating how well the device works, which makes it difficult to develop a guideline 

of how to test different devices or database to compare different devices (11). Brady et al. 

(5) outlines a guideline for how to safely use and train individuals with exoskeleton 

devices to try and generate consistency in the methods used with all exoskeletons, to help 

increase safety and maximize the effectiveness of exoskeleton clinical use.  

2.1.1 Exoskeleton Biomechanical Compatibility  

 A problem that arises with lower limb exoskeletons is the lack of biomechanical 

compatibility between the device and the user. A problem can arise from relative motion 

at the pHRI, lack of appropriate DOF or range of motion at each joint, and joint 

misalignment (6,8,11,12). Poor biomechanical compatibility can lead to high forces at the 

pHRI, which can lead to discomfort, heat, and even tissue damage. Poor compatibility 

can also lead to the device guiding the human through undesired movements which 

would inhibit the assistance or rehabilitation benefits of the device (11). 
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For exoskeletons to be accepted by the user they must be able to replicate any 

movements the biological limb will perform. This is difficult because of the complexity 

of biological joints (17). Pons (2) describes several uses of exoskeletons and their 

components that need to be considered when developing and using the devices. One of 

the main issues with exoskeletons is the biomechanic compatibility between the user and 

the device. For a device to be perfectly biomechanically compatible, the device would not 

interfere with the natural motion of the human and allow unrestricted movement at each 

joint (2,6). Cenciarini et al. (6) describes what kinematic properties effect the 

biomechanical compatibility which included: joint ROM,  joint DOF, joint assistive 

torque, joint angular velocity and joint angular bandwidth. Creating exoskeleton joints 

that have the same ROM and DOF as each biological joint can be done, however aligning 

the joint centres is difficult since the biological joint centres are inside the limb and the 

joint centre location can change during dynamic activities (6,26).  

Poor kinematic compatibility between the lower limb exoskeleton and human can 

lead to joint misalignment (9). Mechanical coupling has been used to align parallel shafts 

however the same concepts cannot be applied to complex biological joint (27). To 

mitigate joint misalignment, exoskeletons have been designed to have additional DOF 

(8,28), soft exosuits (27, 39) or biological inspired exoskeletal joint (27,30,31). Soft 

exosuits do not have rigid frames which allows for assistance to be provided without 

restricting the joints natural degrees of freedom (29). Soft exosuits are not capable of 

providing structural stability, which can be required depending on the application, and 

increasing the joint DOF can require more complex controls and mechanical structure 

(32). The additional DOF can also lead to forces to be applied in undesired directions 
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(33). There are great difficulties associated with the designing exoskeletons with 

exceptional kinematic compatibility between humans and robotic devices. This kinematic 

incompatibility leads to joint misalignment which leads to high interaction forces, user 

discomfort, and relative motion at the physical human interface (9,17,27,32). Solutions to 

make joints more kinematically compatible have been conceptually designed (27,30), 

however they have not yet been physically tested. 

Exoskeleton joints are mainly created using one or more revolute joints to create 

the desired DOF. Any initial joint misalignment can therefore be amplified once 

movement starts (10). Bartenbach et al. (8) and Schiele et al. (10) tried to quantify how 

much relative motion occurs between the device and the human limb. Bartenbach et al. 

(8) used a passive lower limb exoskeleton that had an additional degree of freedom that 

allowed for the cuffs to move linearly along the rigid exoskeleton structure. While 

allowing the cuffs to translate, Bartenbach et al. (8) found that there was up to 6cm of 

movement by the cuffs during gait to compensate the misalignment during gait. Schiele et 

al. (10) looked at an upper limb exoskeleton and found a relative motion between the 

wrist cuff and elbow revolute joint reached 35mm when going through various 

movements. Both studies also report that the participants had higher perceived comfort 

when an additional DOF allowed for the cuffs to translate along the exoskeleton 

structure.  

Research quantifying the interaction between exoskeletons and the users is 

relatively new and methods to evaluate the exoskeletons is still evolving. As the field 

develops, more ways to evaluate devices are emerging to include more quantitative data, 

such as motion capture and ground reaction force data (7,11,13,15) to determine the joint 
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kinematics and dynamics of the user in the device. However, there is still limited 

literature on the interaction between lower limb exoskeletons and the user (6). 

 

2.1.2 Physical Human Robot Interface (pHRI) and Interaction Forces  

Quantitatively evaluating the physical human robot interface (pHRI) of 

exoskeletons has not been greatly researched. Factors that have been used to evaluate the 

pHRI have been forces (8,10,34,35), pressure (36), relative motion (8,10) and user 

feedback (2,6,8,10,37). Torques applied at each joint transfer the forces through the cuffs 

of the exoskeleton. Poor transfer of forces at the pHRI can cause tissue damage, bone 

fractures, lesions and ulcer development (34,35). Initial fitting, physical structure, 

assistive torques and biomechanical compatibility can all cause these high forces and 

adverse effects (2,6,37). Cenciarini et al. (6) state there is very limited quantitative data 

used in justification for exoskeleton kinematic design and pHRI. They also discussed that 

more quantitative data to justify mechanical designs is needed and that the pHRI is a key 

factor in exoskeleton design.    

The effects of the high forces can become an even greater issue with spinal cord 

injury patients or any patient with decreased lower limb sensation. These populations are 

more prone to lesions and pressure ulcers because of their decrease sensation (34,35,38) 

Therefore, having quantitative data for the pHRI is important so that the user and 

therapist can be confident that the device is not causing physical damage.   

Different techniques have been used to produce quantitative results for the pHRI 

by using pressure sensors (38), load cells (10), mathematical models (10), and force 
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sensitive resistors (FSR) (34,35). Studies that use pressure sensors and FSR are only able 

to produce results to quantify the pressure that acts normal to the interaction butshear 

force is not known. Shear force at the pHRI is important to know because it causes 

friction which can lead to discomfort and abrasions. The accuracy of mathematical 

models is difficult to measure due to the variation in geometry and stiffness of the pHRI. 

Load cells can measure multiaxial forces and therefore can show axial and shear forces. 

However, load cells are expensive and cannot produce information on pressure 

distribution at the interface (36). 

 Any quantitative data, whether from pressure sensors, multiple degree of freedom 

force sensors or FSRs, can all provide at least some information that can help design safer 

exoskeletons. Quantitative pHRI information that is robust, reliable, and reproducible is 

going to be important to help ensure all rehabilitation or assistive exoskeletons are safe 

and comfortable for their targeted populations. 

2.2 Functional Methods for Estimating Joint Centres 

 The kinematics of an exoskeleton and human need to be evaluated in order to 

analyse the pHRI. Exoskeleton joint centres are easy to locate and track since they are 

most often simple revolute joints with the axis of rotation easily identifiable. The human 

joint centres are more complex and difficult to locate and track (17). To perform three-

dimensional kinematics analysis biological joint centres or joint AOR are required. Any 

error in the location of the joint centres will result in errors in the joint kinematics and 

joint dynamics (39,40). Due to the complexity of biological joints the joint centre 

locations must be estimated. 
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Joint centres are positioned inside the biological limb and there have been 

different methods used in trying to determine the location of the joint centres. Joint 

centres can be determined using predictive methods or functional methods (41).  

Predictive methods involve using reflective markers placed on anatomical landmarks to 

estimate the position of the joint centre. A difficulty with using predictive methods is 

properly locating anatomical landmarks and the shift of the markers that occurs during 

dynamic activities (18,42). Functional methods apply coordinate systems to body 

segments and determine the location of centre or rotation or AOR using the three-

dimensional movement of the limb segments adjacent to the joint (43). Functional 

methods limit the errors caused by poor anatomical landmarking (44). When compared 

with predictive methods, functional methods have been found to produce smaller joint 

location errors (43,45) 

Ehrig et al. (19) evaluated a functional method called the symmetrical axis of 

rotation method (SARA) used in determining KJCs. This method compares the rotation 

of two segments (thigh and shank) independently and determines the axis of rotation 

based on the rotation of the two segments. Using the SARA method, the axis of rotation 

is found by minimizing the objective function (Equation 1) where: c1 and c2 are arbitrary 

points on joint axis in the local coordinate frames of segment 1 and segment 2 

respectively, (Ri, ti) and (Si, di) are the transformations from an appropriate global system 

into local segment coordinate systems (19).  

              (1) 



` 

21 

 

 The SARA method allows for points to be determine (C1 and C2) on the AOR to 

be represented in the coordinated system of each segment (femur and shank) with out 

requiring an additional transformation from one segment to the other first. The AOR is 

then calculated by using singular value decomposition. The knee joint centre can be 

estimated by finding the point the AOR intersects with a mid-joint plane determined 

using medial and lateral femur condyle markers. Ehrig et al. (19) performed 1000 

simulations to determine how well the SARA method could accurately determine the 

AOR while applying various amounts of noise to individual markers and total marker set. 

Different ranges of motions of the two segments (flexion angles) were also applied, 

ranging from 5o to 90o of flexion. The SARA method outperformed, or performed as well, 

other functional methods and was able to produce errors no larger than 0.3cm when noise 

was applied to the marker set and the range of motion was only 5o. The RSME was as 

small as 0.1cm when the range of motion was increased to 90o. The SARA method has 

been used in research to determine the location of the KJC (13,46) and has been proven 

to be just as effective as new functional methods (47,48). 

 Other joints, such as the hip, do not have an AOR, but a centre of rotation. Ehrig 

et al. (49) developed a functional method for determining the center of rotation of a joint, 

called the symmetrical center of rotation estimation (SCoRE). Other methods require the 

centre of rotation of the joint to remain stationary, which involves the pelvis remaining 

stationary as the leg moves for finding the HJC. The SCoRE method only requires the 

centre of rotation to remain constant relative to the two segments (femur and pelvis) used 

to calculate the centre of rotation. For determining the centre of rotation, the objective 

function (Equation 2) is minimized to find the coordinates (c1, c2) representing the joint 



` 

22 

 

centre. SCoRE method objective function where: c1 and c2 are the centres of rotation in 

the local coordinate system, and (Ri,ti), (Si,di) are the transformations from the local 

coordinate system to the global coordinate system (49). 

             (2) 

Ehrig et al. (49) tested the method using similar process to the SARA method, but the 

motion involved a ball and socket joint performing a conical shape (Figure 2) at various 

ranges of degrees.  

 

Figure 2: Visual representation of the conical motion about the virtual hip joint centre of rotation 

used by Ehrig at al. (49) to test the accuracy of the SCoRE method. 

The SCoRE method was able to find the joint centre of rotation with an RSME of 

0.25cm even for small ranges of motion with noise applied to the marker set. Ehrig et al 

(49) did discuss that the RSME increased exponentially as the range of motion decreased 

from 20O to 5O.  
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 The movement approach Ehrig et al. (49) used was a conical revolution of the 

limb, however other movement methods have been examined to see which motion 

decreases the RSME between the actual and calculated HJC. Camomilla et al. (50) tested 

four different methods (Figure 3), to determine what method yielded the smallest joint 

gap error.  

 

Figure 3: Lower limb movements relative to pelvis (50). 

 Camomilla et al. (50) used a mechanical linkage to simulate a leg and pelvis in 

order to perform the test and found that the star arc method produced the smallest error 

using four different joint centre of rotation calculation methods (Figure 3). 

 McGibbon et al. (45) et al. also tested the four different ranges of motion seen in ( 

Figure 3) and compared the joint gap error from the SCoRE method with various 

anatomical HJC estimates. McGibbon et al. (45) found that the SCoRE method using the 

star arc trial was able to best estimate the HJC for dynamic movement. The SCoRE 

method was able to outperform the predictive joint centre estimation methods and did not 

require the pelvis to be stationary, as other functional methods do.  
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2.3 OpenSim Software 

 OpenSim software is an open source biomechanical modeling software that can 

be used for performing kinematic and dynamic analysis and neuromusculoskeletal 

simulations (33). 

2.3.1 Open Access 

Delp et al. (51) describes OpenSim as “an open source platform that can be used 

for modeling, simulating and analyzing the neuromusculoskeletal system”. Seth et al. 

(33) developed OpenSim to provide an open source platform to help advance the field of 

biomechanical simulations and modeling (51). By being open sourced researchers are 

able to adjust the models to their specific needs; this also provides other researchers the 

ability to replicate results in their studies (52–56).  

Since OpenSim is open source, many improvements and advancements have been 

published to provide other researchers with more tools. Schmitz et al. (55) created a 

discrete element knee model that includes eighteen ligament bundles to allow for analysis 

of the ligaments under various loading conditions. Marieswaran et al. (57) used in this 

knee model in a study that analyzed the strains of knee connective tissue. The study used 

passive OpenSim simulations of three-dimensional joint biomechanics analysis for each 

of the knee ligaments. The open source coding and OpenSim simulation allowed 

Marieswaran et al. (57) to make observations without requiring in-vivo or in-vitro studies.  

In addition to creating new and more complex models, new analysis techniques 

have been created. Mansouri et al. (53) developed an interface between Matlab and 

OpenSim which can add the mathematical computational power of Matlab to the 
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biomechanical simulation capabilities of OpenSim. This interface has been used in a 

study that tests the effectiveness of rectus femoris transfer study on the stability of 

children with cerebral palsy (58). The interface was also used in a study that tested 

balance response to develop neuromuscular control platform to work alongside with the 

OpenSim musculoskeletal models (54).  

The interface between Matlab and OpenSim has also been used towards 

development of optimal control predictive simulations using a direct collocation method 

(56,59). Similar to Mansouri et al. (54), the goal of predictive simulation is so that 

rehabilitation techniques, surgeries or robotic assistance can be tested through simulation 

prior to experimental or in vivo studies. The platform developed by Lee et al. (2016) has 

provided techniques that inspired more simulation work for a study that explored muscle 

coactivation of the neck (60), who used objective functions to simulate the muscles 

activations. The open access platform available with OpenSim has already provided 

many new techniques that are allowing for the biomechanical community to advance 

quickly (53–56,60). 

 

2.3.2 Musculoskeletal Modeling and Dynamic Simulations  

Musculoskeletal models and simulations of subject specific models are used to 

better understand the neuromusculoskeletal system behavior for a wide variety of 

activities. Experiments that analyze kinematics and dynamics from motion cameras and 

force plates are useful, but these data do not explain musculoskeletal sources of the 

observed movements. Prediction of internal joint loads provides a way to identify the 
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most likely muscles and/or joint structures causing any movement pathologies (61).. 

OpenSim musculoskeletal models include the muscle forces during dynamic movements 

that many motion analyses experiments do not include (33).  

OpenSim can incorporate EMG data, motion capture data and ground reaction 

forces with the combination of their dynamical musculoskeletal system (Figure 4) and the 

static optimization controller to create a musculoskeletal model and dynamic simulation 

(33). This provides predictive quantities that consider a synthesis of neural, muscular, and 

skeletal actions during the activity. A key limitation to studies that use inverse dynamics 

and kinematics, is that they are not able to predict movement characteristics to an 

intervention without new experimental data (54). Therefore, an intervention would have 

to be put in place and new experimental data would need to be collected to see if the 

intervention had any benefit. By using forward dynamics and forward simulation, the 

movement characteristics could be predicted prior to performing an intervention.    
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Figure 4: Block diagram of OpenSim’s musculoskeletal system. The block diagram displays the 

outputs generated: Generalized coordinates, q, speeds, u, and , muscle states, z as functions of time. 

(33). 

Biomechanical models have been used in many clinical applications to help 

provide important information on subjects with cerebral palsy (58,61–64), osteoarthritis 

(65–67), knee replacements (68) and hip replacements (69,70) and stroke (71).   

Clinicians treating individuals with cerebral palsy can only get a limited amount 

of information on muscle and neurological function from their assessments which can 

inhibit the treatment. Bar-On et al. (64) and Barber et al. (63) both used OpenSim models 

to predict in-vivo muscle lengths and muscle tendon units (MTU), respectively. As a 

result of OpenSim’s in depth biomechanical model Barr-On et al. (64) was able to 

estimate muscle lengthening velocity to test spasticity assessment. Barber et al. (63) used 

OpenSim to compare estimate the MTU’s of the medial gastrocnemius and soleus of 
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children with and without cerebral palsy. Both studies took advantage of the in-vivo 

estimates of the neuromuscular functions during gait which provide useful information 

for determining future treatment of individuals with cerebral palsy.  

Van der Krogt et al. (62) continued the work done by Barr-On et al. (64), by using 

forward dynamics simulations to investigate spasticity and contracture of the hamstring 

during clinical spasticity assessment. Throughout the experiment Van der Krogt et al. 

(62) validated the forward dynamic simulation by comparing knee angle and muscle 

activation estimates from the model with collected data. The experiment showed that the 

model was able to predict knee angles and muscle behavior during slow stretch situation, 

however the velocity-dependent spasticity model, had more trouble with fast passive 

stretching. The experiment’s main purpose was to look at the predictive forward dynamic 

results for individuals with cerebral palsy; however, they did display results from 

typically developing individuals and found that the predictions from the forward dynamic 

simulation closely matched the measured results for both slow and fast passive stretch. 

Van der Krogt et al. (62) also discussed the importance of providing the appropriate 

parameters to the model. For this experiment, the parameters provided were the passive 

muscle strain at maximum isometric strength and the exponential shape factor for the 

passive force-length relationship.  

OpenSim can also be used to help predict the outcome of different surgeries. 

Mansouri et al. (58) used forward dynamic simulations to predict the postural balance 

recovery caused by rectus femoris transfer surgery; which is a procedure used, and 

produces inconsistent results, for individuals with cerebral palsy who suffer from stiff 

knee gait which can affect the patients posture, balance and gait efficiency (58). The 
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model was adjusted to reposition the distal tendon of the rectus femoris, as is done in the 

surgery. The forward dynamic simulation was done using a biologically inspired 

controller to simulate the predictive behavior of the central nervous system post-surgery. 

Mansouri et al. (58) discussed that there are limitations to using the neuromusculoskeletal 

model and that future work should be done to validate the model. However, the 

discussion continues to say that the model did provide information on the biomechanical 

factors that are affected by the surgery, which provides information on ways to improve 

surgical procedures. 

Reliability and validity of musculoskeletal models is a common concern in using 

OpenSim to generate quantitative results. Kainz et al. (61) conducted an experiment to 

compare two direct kinematic models and two OpenSim inverse kinematic models. The 

study collected motion capture and force plate data of typical developing individuals and 

individuals with cerebral palsy. Standard deviation for all four models were determined 

for intra-tester and inter-tester, and the standard deviation between the Vicon Plug in Gait 

direct kinematics model and the three other models: 6-DOF-DK (BodyBuilder Software), 

3-1-1-DOF-IK (OpenSim), and 3-3-2-DOF-IK (OpenSim). Kainz et al. (61) found that 

the 3-3-2-DOF-IK model from OpenSim was able to produce mean standard deviations 

below 5o for all joints and would be reasonable to use in clinical 3D gait analysis. The 

results found in this experiment only looked at joint angles using inverse kinematics and 

therefore does not validate the model’s capabilities of producing accurate muscle 

function. The study also does not look at the reliability of forward dynamic simulations.   
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OpenSim has been used in several studies to determine in-vivo joint contact forces 

for patients who have either had joint replacement surgeries (68–70) or suffer from 

osteoarthritis (65–67).  

In-vivo knee contact force is a common factor looked at with individuals with 

osteoarthritis, however they can be measured using implanted force sensors (72) or 

estimated by using external knee loads and EMG (73). Using musculoskeletal modeling 

allows for in-vivo knee contact forces to be estimated by including the muscle forces, 

without using the invasive surgery required to put in an implanted force sensor. Richards 

et al.(66), Knarr et al. (65) and Meireles et al. (67), all used OpenSim static optimization 

of muscle forces to estimate knee joint contact forces. All three studies stated that there 

are limited studies validating the muscle forces generated by the model. Knarr et al. (65) 

did compare their results with measured values, of the participants that did have force 

sensing implants, and the model predicted the peak knee contact force within 0.5 times 

body weight. They went on to discuss that a combination of traditional clinical 

assessment, such as time up and go test, sit to stand and range of motion tests, with 

OpenSim modeling is a practical method for predicting knee contact forces.  

Hip and/or knee arthroplasty can be used as treatment for severe osteoarthritis. 

Gaffney et al. (68) used OpenSim to predict the musculoskeletal functions of hip, knee 

and ankle during more complex tasks (pivoting and stair descent) of individuals with total 

knee arthroplasty. The experiment compared the results produced by the model with 

results from previously published results for individuals with total knee arthroplasty.. 

Muscle activation waveforms matched closely with previously published EMG data and 
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peak knee contact forces, mean difference of  0.35BW, were similar to those collected 

from in-vivo force sensing implants (68). 

OpenSim has also been used in quantifying hip biomechanics after hip 

arthroplasty surgery. Rüdger et al. (69) and Harris et al. (70) both used musculoskeletal 

modeling to be able to include muscle forces when determining joint contact forces. Both 

studies used CT scans of the participant’s pelvis and femurs and developed subject-

specific models to match the participants’ hip anatomy. Validation of the model was done 

by Harris et al. (70) for the joint angles, moments, joint reaction forces and muscle forces 

by comparing against literature. The study also compared the EMG from one of the 

participants and the muscle activation from the model. The validation found that there 

were no significant differences in joint reaction forces between the model and previous 

literature. 

2.3.3 Biomechanical modeling with lower limb exoskeletons  

Since both OpenSim and lower limb exoskeletons are still emerging technologies 

that are being used in biomechanics research, there is very limited literature on the 

merging of the two topics.  Koller et al. (74) used OpenSim to calculate the inverse 

kinematics and dynamics of the gait of an individual wearing a powered ankle 

exoskeleton, however they did not look at relative motion between the device and the 

user and the main quantitative results they were interested in was EMG based on different 

control strategies. Torricelli et al. (11) used OpenSim to calculate the joint kinematics, 

including the joint angles of the hip, knee and ankle, during gait of individuals wearing a 

lower limb exoskeleton. The relative motion between the exoskeleton and the user was 
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determined using subject specific models. The model did not include any muscles and the 

exoskeleton was in a passive mode and did not provide any assistance or resistance. 

Zhang, Kong, Liu & Wang (75) used OpenSim to determine the kinematics and dynamics 

of a lower limb exoskeleton to compare to previously collected gait data of a user in an 

exoskeleton. The model and simulation only look at the exoskeleton without a user in the 

device. This study was aimed at being a preliminary study which did not produce any 

concrete solution, but rather that OpenSim can be used to simulate the motion of an 

exoskeleton. Both Torricelli et al. (11), and Zhang et al. (75), stated in their conclusions 

that computer models are valuable tools in exoskeleton research. 

 

Chapter 3: Methods  

Data collection was performed by Dr. Scott Brandon and Marcus Brookshaw, at the 

University of New Brunswick in 2015. OpenSim Biomechanical Model was developed 

by Dr. Scott Brandon. The procedure is briefly described in this chapter. The OpenSim 

model is also briefly described. The Research Ethics Board approval is in Appendix 1.  

3.1 Participants  

A total of fifteen healthy participants, eight males and seven females with an 

average age of 27 ±6.16 years volunteered to participate in the study. The volunteers 

selected were all required to be within the height range accepted by the Keeogo (5’4”-

6’2” (Keeogo Manual)).  
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3.2 Experimental Procedure 

The experiment consisted of the participant attending two visits. This section 

describes the procedure performed for each of the two visits and the equipment used for 

the data collection.  

3.2.1 Session 1: Keeogo Fitting, Tuning and Training. 

 Participants were asked to fill out a screening questionnaire (Appendix 2) to 

ensure they did not have any injuries, impairments or illnesses that would inhibit their 

ability to participate in this experiment. 

 The purpose of the first session was to fit the device and tune the motor controller 

to ensure the device was comfortable for the user. The device was fitted and tuned 

according to the protocol provided by B-Temia. Researchers donning the device on the 

participants were trained by B-Temia representative to ensure the researchers knew the 

correct fitting and tuning procedure. 

3.2.2 Session 2: Data collection  

The second session occurred within one week of the first session. A full body set 

of reflective markers were applied to each participant using double sided tape (see green 

markers in Figure 5). The marker set for the KON (Keeogo on trials) included 36 markers 

on the Keeogo (blue), 56 in the participant (red) and 4 on the backpack (yellow) for a 

total of 96 markers. For the NON (KeeogoTM not on) trials an additional 14 markers were 

required for determining the joint centres and limb lengths. The additional markers were 

placed on the following landmarks: medial and lateral ankle malleolus, medial and lateral 

femur condyles, greater trochanter, and anterior superior iliac spine (ASIS).  
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Figure 5: Reflective marker set used with Vicon motion capture system. (13) 

 

A static trial was performed where the participant stood in the middle of the 

motion capture volume in the anatomical position, seen in Figure 5, prior to each activity 

for the KON and NON trials. A star-arc trial (see Figure 8) performed without the 

Keeogo on was used for locating the hip joint centre. Squat trials with the Keeogo on 

were used for calculating the KJC and AJC.  

 Participants performed multiple jog and walk KON and NON trials. At least one 

clean foot strike with the full foot strike occurring on one force plate was required for the 

trial to be kept. One squat and one chair rise KON and NON trial were also performed. 
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During each trial, motion capture data, ground reaction forces, EMG and Keeogo motor 

torque data were collected.  

3.3 Biomechanical model 

 The biomechanical model used in this experiment, developed by Dr. Scott 

Brandon (76), uses a combination of Matlab (MathWorks, Inc., Natick, Massachusetts, 

United States) and OpenSim to calculate and estimate the joint kinematics of the human 

and KeeogoTM.  

The model used the Gait2392 OpenSim model, Figure 6A, which has 23-DOF and 

92 musculotendon actuators that are present in the torso and lower extremities. 
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Figure 6: A) OpenSim Gait2392 model, B) OpenSim Gait2392 model with KeeogoTM 

Matlab was used to customize the Gait2392 OpenSim model to include the 

exoskeleton in the model. The Keeogo has a 1-DOF actuated joint at the knee used for 

flexion and extension assistance, and 1-DOF below the knee. The tibia and femur cuffs 

were modeled with 6-DOF joints which allowed them to move relative to the user. The 

Keeogo movements were tracked using markers that were rigidly fixed to the device 
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which allowed for the exoskeleton movements to be tracked independently of the human 

limbs.  

  The Keeogo geometric and inertial properties were provided by the Keeogo 

manufacturer and geometry for each segment of the device was generated using CAD and 

imported to the model (Figure 6 B). Each model was scaled to match the size of each 

participant, which is done by using a static pose (Figure 5) and described further in the 

scaling subsection of the Methods chapter. 

The inverse kinematics and dynamics were performed using the OpenSim API via 

Matlab. To calculate the inverse kinematics and dynamics motion capture and ground 

reaction force data were used from each trial. Since the experiment involved the 

participant performing the activities with and without the Keeogo on, OpenSim was used 

to perform the inverse kinematics with and without the Keeogo. When performing the 

inverse kinematics with the Keeogo on, constraints were applied to the exoskeleton. The 

constraints ensured the Keeogo rigid frame remained intact during the dynamic 

movements. The constraints provided at the hip and allowed for the femur beam to 

change in length to fit the participants during scaling; once the scaling was finished the 

beam length was locked. The knee was only allowed to move in the sagittal plane based 

on the physical constraint of the revolute joint at the knee. The Keeogo has five small 

cables connecting the Keeogo thigh beam to the belt allows for abduction/adduction and 

internal/external rotation (Figure 7) and a revolute joint allowing for hip flexion and 

extension. The hip was modeled as 3-DOF joint using a revolute joint allowing motion in 

the sagittal plane and passive DOF allowing for adduction/abduction and internal/external 

rotation.  
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Figure 7: OpenSim model of the Keeogo hip joint. 

For each of the participants’ trials the program generated a motion file which was 

used to produce the movement of the OpenSim model. The motion file contains 

synchronized motion capture and force plate data, which OpenSim uses to perform 

inverse kinematics and inverse dynamics. This motion file was also used to simulate the 

movements of the participant and provided the visual representation of each activity. 

3.4 Model Scaling  

 Each OpenSim model required scaling of both the human and the Keeogo.  The 

joint centres, segment body lengths and orientation, and body mass were determined 

using motion capture and force plate data. The first step in scaling was creating a 

complete marker set which included real markers that were fixed on the participants 
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during data collection, and virtual markers that were created to represent joint centres and 

any missing markers. 

The hip joint centres for the human were determined by using the motion capture 

data collected during star and arc trial where the Keeogo was not on. The star and arc 

movement involved seven flexion-extension/adduction-abduction hip movements where 

the hip went from neutral position out to around 30o away from neutral. The star was 

followed by an arc movement which started at a 30o extension and continued around to 

30o hip flexion (50).  Figure 8A displays an overhead view of the AJC trajectory for a star 

and arc trial and Figure 8B displays the three-dimensional trajectory of the AJC. The 

SCoRE method was then used to determine the hip joint centre coordinates.  

 

 

Figure 8: Ankle trajectory for star-arc movement trial. A) top view, B) 3D View 
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Figure 9:  Knee joint centres calculated using KON knee flexion trial. The pink marker is the virtual 

marker used to represent the KJC in the OpenSim model. 

The SARA method was used for determining the KJC using a KON squat trial. 

The SARA method find the KJC by finding the point were the knee axis of rotation 

intersects with the plane representing the mid-point between the medial and lateral knee 

markers. A virtual marker was generated at the KJC estimate which was then used to 

determine the offset between a marker placed on the lateral side of the Keeogo motor 

along the motor axis of rotation and the KJC (M-KJC). The offset was measured in the 

reference frame of the proximal end of the tibia.  

The ankle joint centre (AJC) was determined using a KON squat trial. The 

Gait2392 model provides two DOF at the ankle joint, one allowing for dorsi flexion 

/planar flexion and one allowing for inversion/eversion rotation. The coordinates for the 

AJC were determined using the SCoRE method. A virtual marker was created for each 

joint centre which was added to the marker set used for scaling each model. The joint 

centres were all located in the reference frame of their parent segment. The HJC was 
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positioned in the reference frame of the pelvis, the KJC was positioned in the reference 

frame of the tibia and the AJC was positioned in the reference frame of the cancellous. 

Markers placed on the skin move relative to the bone, whereas the joint centres 

are not affected by the shift of the markers. Therefore, for scaling the model, a higher 

weight was applied to the virtual joint centres compared to the markers placed on the 

skin. 

 Virtual markers were also generated for markers that could not be used during 

KON trials. The virtual markers included: an anterior superior iliac crest (left and right), 

greater trochanter (left and right), lateral knee (left ang right), medial and lateral ankle 

(left and right). They were generated by locating the position of the markers relative to 

their parent body in the static standing NON trial and maintained their position relative to 

their parent body during dynamic activities. The virtual markers were also required for 

scaling and calculating the KJC using the KON squat trial, as described above.  

3.5 Data Preparation 

Participants were required to have at least one static, jog, walk and squat trial with 

motion capture, force plate and Keeogo motor data for the full trial to be used in the data 

analysis. A minimum of one and maximum of three trials for each dynamic activity was 

collected from each participant and used for the statistical analysis.  

Inverse kinematic analysis was performed on four types of trials: static standing in 

anatomical position (Figure 5), walk, jog and squat. The walking and jogging trials for 

each participant were cycled (time normalized) to one full step, which started with a heel 

strike, and ended with the succeeding heel strike of the same foot. The squat trials 
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consisted of the participant performing two to three deep squats and were similarly time 

normalized to the full squat cycle. The squat cycle started when the sacrum marker 

displaced 5cm below its position from the static standing trial and ended when the same 

marker returned to within 5cm of its standing height position. The subject specific scaled 

OpenSim models and the OpenSim API were used to execute the inverse kinematics on 

every trial. The knee flexion angle for each trial was the outcome measure from the 

inverse kinematics that was used in the statistical analysis.  

The knee angle data were first differentiated to find the knee angular velocity, and 

the data frames where the angular velocity crossed zero were used to segment the gait 

and squat trials into flexion and extension regions. The knee angles for walk and jog trials 

were divided into four segments: loaded flexion (stance flexion), loaded extension (stance 

extension), unloaded flexion (swing flexion) and unloaded extension (swing extension). 

Squat trials were split into downward flexion and upward extension segments.  

The motor torque data were retrieved from the dataset for the three dynamic 

activities: walk, jog, and squat. Motor torque data were previously synchronized with the 

kinematic data for all dynamic trials. The data were organized the same way as the knee 

angle data by having full trials for each dynamic trial and segmented data for the same 

four segments (stance flexion, stance extension, swing flexion, swing extension) for the 

walk and jog trials, and same two segments (flexion, extension) for the squat trials.  

The signed M-KJC offset was defined as the anterior\posterior (x-direction) 

displacement of the marker placed on the lateral side of the motor along the motors axis 

of rotation (Motor AORx) relative to the anatomical KJC (KJCx)(Equation 3A) in the 

tibia reference coordinate system. A positive offset represents when the motor is anterior 
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to the KJC and a negative offset represents the motor posterior relative to the motor. The 

absolute M-KJC offset is the magnitude of the distance between the motor AOR marker 

and the KJC (Error! Reference source not found.B) in the reference frame of the tibia.  

𝑴-𝑲𝑱𝑪𝑺𝒕𝒂𝒕𝒊𝒄 = 𝑲𝑱𝑪𝒙 − 𝑴𝒐𝒕𝒐𝒓 𝑨𝑶𝑹𝒙   (3A) 

𝑴-𝑲𝑱𝑪𝑨𝒃𝒔 = |𝑴-𝑲𝑱𝑪𝑺𝒕𝒂𝒕𝒊𝒄|     (3B) 

The dynamic M-KJC offset was measured throughout the time-varying tests: 

walk, jog, and squat. The maximum and minimum M-KJC offsets were determined for 

each dynamic activity which were then used to determine the range of the motor shift 

relative to the KJC (Equations 4A and 4B). The maximum M-KJC offset (M-KJCMax) 

was defined as the most anterior position the motor reached relative to the KJC during the 

dynamic movements, and the minimum M-KJC offset (M-KJCMin) was defined as the 

most posterior position the posterior position the motor reached relative to the KJC 

during the dynamic activities. There were trials where the motor was never anterior to the 

KJC, in which case the M-KJCMax would be defined as the position where the motor was 

the least posterior relative to the KJC. If the motor were never posterior to the KJC, the 

M-KJCMin would be defined as the point where the motor was the least anterior relative to 

the KJC. 

𝑴-𝑲𝑱𝑪𝑴𝒂𝒙 = 𝐌𝐚𝐱(𝑴-𝑲𝑱𝑪𝑫𝒚𝒏𝒂𝒎𝒊𝒄)    (4A) 

𝑴-𝑲𝑱𝑪𝑴𝒊𝒏 = 𝐌𝐢𝐧(𝑴-𝑲𝑱𝑪𝑫𝒚𝒏𝒂𝒎𝒊𝒄)    (4B) 

𝑴-𝑲𝑱𝑪𝒓𝒂𝒏𝒈𝒆 = |(𝑴-𝑲𝑱𝑪𝑴𝒂𝒙) − (𝑴-𝑲𝑱𝑪𝑴𝒊𝒏)|  (4C) 
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The motor torque, kinematic and M-KJC data were resampled so that each trial 

was presented as a percent cycle, from 0 to 100% cycle, and not on a time series. Data 

were resampled for the full step cycle for the jog and walk trials and the full squat trials. 

Each of the four segments of the gait trials and two segments of the squat trials were 

resampled to be displayed from 0-100% cycle. This ensured that all data had the same 

amount of data points for each activity which was required for running the statistical 

analysis. 

3.6 Statistical Analysis  

Statistical analysis was performed using Matlab 2020a, and SPSS (SPSS version 23, 

IBM). A significant threshold of (α = 0.05) was used to determine if the statistic was 

significant for all tests performed. The interpretation of the strength of the correlations 

were determined using Table 1. 

Table 1: Rule of thumb for interpreting correlation size (77). 

Correlation Value Interpretation 

0.90 to 1.00 (-0.90 to -1.00) Very high positive (negative)  

0.70 to 0.90 (-0.70 to -0.90) High positive (negative)  

0.50 to 0.70 (-0.50 to -0.70) Moderate positive (negative) 

0.30 to 0.50 (-0.30 to -0.50) Low Positive (negative) 

0.00 to 0.30 (0.00 to -0.30) Negligible correlation 

 

3.6.1 Aim 1: Static and Dynamic M-KJC Offset 

 To test hypothesis 1.1A a single sample one-tailed t-test was performed to 

determine if there was an absolute M-KJC offset over 1cm during a static standing trial. 
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The M-KJC alignment was considered to be acceptable if the motor AOR was within 

1cm of the KJC in either direction, therefore the null hypothesis for the single sample t-

test was (Ho=1).  

 To test hypothesis 1.1B a two-tailed single sample t-test was performed to 

determine if the signed value of the static M-KJC offset was significantly different from 

0. This test was to see if the motor was more likely to be anterior or posterior relative to 

the KJC. A null hypothesis (Ho=0) was compared against the signed values of the static 

M-KJC offset, where negative values represented the motor being posterior to the KJC 

and positive values represented the motor being anterior to the KJC.  

 To determine if there was a significant difference between the static M-KJC offset 

and the maximum offset experienced during each dynamic activity, two-tailed paired t-

test. The t-tests were performed for the walk, jog, and squat trials with the null hypothesis 

for hypothesis 1.2A stating that there would be no significant difference between the 

static M-KJC offset and the maximum offset experienced during the dynamic activities: 

walk, jog and squat.   

 Pearson product-moment correlations were performed to test hypothesis 1.2B to 

determine if there is a linear relationship between the static M-KJC offset and the range 

of M-KJC offsets experienced (Equation 4C). The correlations were performed for each 

dynamic activity: walk, jog, and squat. Pearson product-moment correlations were also 

performed to test hypothesis 1.2C to determine if there was a linear relationship between 

the static M-KJC offset and the largest signed M-KJC offset experienced. 

  To test hypothesis 1.2D a repeated measures ANOVA was performed to 

determine if there was a significant difference between the largest signed M-KJC offset 
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experienced during the walk, jog, and squat trials. A Mauchly’s test was performed to 

confirm that sphericity was not violated. A pairwise t-test post hoc test with a Bonferroni 

correction was performed to determine which activities were significantly different from 

each other.  

3.6.2 Aim 2: M-KJC Offset vs. Knee Angle and Motor Torque 

 Person product-moment correlations were performed to test hypothesis 2.1A and 

hypothesis 2.2A. Correlations determined if there were linear relationships between the 

M-KJC offset and the knee angle, and between the M-KJC offset and motor torque. Prior 

to performing the correlations, the data were split into two groups depending on the 

magnitude of the static M-KJC offset. One group contained participants with static M-

KJC offset greater than 2cm and one group with static M-KJC offsets less than 2cm . 

Correlations were performed for the full jog, walk, and squat trials for each group. 

Correlations were also performed on each of the following four segments in the jog and 

walk cycles: stance flexion, stance extension, swing flexion and swing extension, and two 

segments for the squat cycle: flexion and extension. The purpose of these correlations 

were to determine if the correlations change during loaded (stance/squat) and unloaded 

conditions (swing).  

 To test if the correlations for each activity and activity segment for the large and 

small offset groups were significantly different, Fisher’s r to z transformations were 

performed to convert the r values found from the correlations into z-values to be 

compared. The results from the transformations were used to test hypothesis 2.1B and 

hypothesis 2.2B. To perform the r to z transformations the r values were expected to have 
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significant p values. However, the Fisher’s transformations were still performed when the 

correlations were not significant, but the lack of significance in the correlations were 

considered when interpreting the results.   

3.6.3 Aim 3: M-KJC offset vs Mass and Height  

 Pearson product correlations were performed to test hypothesis 3A and hypothesis 

3B. The correlations were used to determine if there were linear relationships between the 

M-KJC offset and the magnitude of the difference (Mdiff) between the participant’s mass 

(Mpart) and the sample mean mass (Mave)(Equation 5A). The process was repeated 

between the M-KJC offset and the magnitude of the difference (Hdiff) between the 

participant’s height (Hpart) and the sample mean height (Have)(Equation 5B). The 

correlations were performed four times using the static M-KJC offset, and the maximum 

offset experienced during each dynamic activity: walk, jog squat.  

𝑀𝑑𝑖𝑓𝑓 = |𝑀𝑝𝑎𝑟𝑡 − 𝑀𝑎𝑣𝑒|    (5A) 

𝐻𝑑𝑖𝑓𝑓 = |𝐻𝑝𝑎𝑟𝑡 − 𝐻𝑎𝑣𝑒|    (5B) 

3.6.4 Aim 4: M-KJC vs. Walk and Jog Speed 

 Pearson product-moment correlations were performed to test hypothesis 4. The 

correlations were used to determine if there were linear relationships between the initial 

offset and the change in walking and jog speeds between KON and NON trials. This was 

used to determine if poor initial fitting causes the walking speed performance to decrease. 
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Chapter 4: Results 

4.1 Participants 

 Fourteen participants took part in the study. Every participant that participated in 

the study signed a consent form indicating they agreed to participate in the study (See 

REB approval in Appendix 1). Data from ten participants were used for the analysis: P01 

was not used because there was an error with the marker positioning which resulted in the 

KJC estimate to be positioned anterior of the patella. For P03 the model could not be 

scaled due to missing markers, and the virtual knee joint centre from the Keeogo squat 

trial could not be found, therefore the offset between the motor and the KJC could not be 

computed. The IK for P13 could not be calculated due to an error that occurred while 

loading the marker data, therefore the knee angles and motor torques were not known. 

Finally, there was no clean squat trial for P04, therefore P04 was not used for the 

analysis. 

 The data from the remaining participants were used in the data analysis. The ten 

remaining participants (five males, and five females) had an average age of (28.10 

±6.74). The average mass of the participants was (69.85kg ± 9.74kg) and the average 

height was (173.8cm ± 8.05cm).  

4.2.1 Static Joint Misalignment 

The results for the static M-KJC offsets and the mean offset of the participants are 

seen in (Table 2). 
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Table 2: Static M-KJC offset for each participant. Mean and standard deviation are also displayed. 

Data are divided into two groups based on the static M-KJC offset: OS>2cm, OS<2cm. 

Group Participant M-KJC (cm) 

 

 

Static M-KJC OS>2cm 

 

 

P02 -2.14 

P06 -2.37 

P07 -2.15 

P08 -2.67 

P09 -3.11 

Absolute Mean (SD) 2.48 (0.41) 

Signed Mean (SD) -2.48 (0.41) 

 

 

Static M-KJC OS<2cm 

 

P05 -0.07 

P10 -0.70 

P11 -0.43 

P12 1.29 

P14 0.61 

Absolute Mean (SD) 0.62 (0.45) 

Signed Mean (SD) 0.17 (0.80) 

Total Absolute Mean (SD) 1.55 (1.06) 

Signed Mean (SD) - 1.16 (1.52) 

 

 When testing hypothesis 1.1, the absolute value of the static M-KJC (M=1.55cm, 

SD=1.06) was not found to be significantly greater than 1cm (t(9)=1.65, p=0.067 ).When 

testing hypothesis 1.2, the signed static M-KJC (M=-1.16cm, SD=1.52cm) was found to 

be significantly less than 0cm (t(9)=-2.41, p=0.04).  
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4.2.2 Dynamic Joint Misalignment  

 The results from a paired t-test (Table 3) used to test hypothesis 1.2A show that 

there was a significant difference between the static M-KJC offset and the maximum 

signed M-KJC offset experienced during each dynamic activity: walk, jog, and squat. 

Table 3: Mean maximum signed M-KJC offset experienced during walk, jog, and squat trials. 

Significance determined with α=0.05. 

 Mean (SD) t-statistic (P-Val) 

Walk -1.93cm (2.20cm) -2.80 (0.021) 

Jog -3.15cm (2.86cm) -3.42 (0.008) 

Squat -3.34cm (2.05cm) -6.20 (<0.001) 

 

  

 

 

Figure 10: Linear regression between the static M-KJC offset (OS) and the range between the 

maximum and minimum offset experienced in the jog, walk and squat trials. 
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 For hypothesis 1.2B, the correlations between the static offset and the full range 

of the offsets experienced throughout each activity, varied in strength and direction; 

however, none of the correlations were significant (Figure 10). The jog trial showed a 

moderate negative correlation (r = -0.54 p=0.11), the walk trials showed a weak negative 

correlation (r = -0.33 p=0.36), and squat showed a weak positive correlation (r = 0.35, 

p=0.32).  

 

Figure 11: Linear regression between the static M-KJC offset (OS) and the maximum M-KJC 

experienced in the jog, walk and squat trials. 

When testing hypothesis 1.2C, a strong positive correlation with significance 

(α=0.05) was found between the static M-KJC offset and the maximum M-KJC offset 

experienced during each activity ( 

Figure 11). The walk trial experienced the strongest correlation (r =0.96, p<0.01), 

followed by jog (r =0.92, p<0.01) and finally the squat (r =0.85, p<0.01).  
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A repeated-measures one-way ANOVA, used to test hypothesis 1.2D, found that 

there was a significant difference in the largest M-KJC offset between at least two of the 

dynamic activities (F(2,18)=5.88, p=0.023): walk (M=-1.93cm, SE=0.70cm), jog (M=-

3.15cm, SE=0.90cm) and squat (M=-3.34, SE=0.65). A Mauchly’s test was used to 

confirm that sphericity was not violated (2 =0.759, p=0.332). A piecewise t-test with a 

Bonferroni adjustment found that there was a significant difference in the largest M-KJC 

offset experienced between the squat and walk trial (p=0.049). No significant differences 

were found between the jog and walk trials (p=0.223) or jog and squat trials (p=1.00). 

4.3 Aim 2: M-KJC offset vs. Knee Angle and Motor torque  

4.3.1 M-KJC offset vs. Knee Angle and Motor Torque: Full Trial 

 

Figure 12: M-KJC offset (Orange) overlayed with the knee angle (Blue, Row 1) and motor torque 

applied (Blue, Row 2) during jog, walk and squat trials. Data are from one participant with a static 
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M-KJC offset below 2cm. The horizontal dashed line represents the M-KJC offset from a static 

standing trial. Displays a full step for jog and walk trials, and full squat trial.  

 

Figure 13: M-KJC offset (Orange) overlayed with the knee angle (Blue, Row 1) and motor torque 

applied (Blue, Row 2) during jog, walk and squat trials. Data are from one participant who had an 

M-KJC offset over 2cm. The horizontal dashed line represents the M-KJC offset from a static 

standing trial. Displays a full step for jog and walk trials, and full squat trial.  

 Figure 12 and Figure 13 display the knee angle and motor torque data 

synchronized with the M-KJC offset for the jog, walk and squat trials for a participant 

with an static M-KJC offset less than 2cm (Figure 12) and an M-KJC offset greater than 

2cm (Figure 13). A negative knee angle represents knee flexion with an angle of 0 

representing full knee extension. Assistive extension torque is seen as a positive torque, 

and assistive flexion torque is seen as negative torque. A positive M-KJC offset describes 

the motor position being anterior to the KJC, and a negative M-KJC offset describes the 

motor position being posterior to the KJC. 
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 The correlation values between the M-KJC offset and the knee angle for the jog, 

walk and squat trials are shown in Table 4, which were used to test hypothesis 2.1A. The 

Z-scores and p-values used to determine if there was a significant difference between the 

correlations for both groups during each activity are also displayed. Correlations for the 

large offset were negligible for the jog and squat trials, and weak for the walk trials. 

Correlations found for the small offset group for all activities were negligible. There were 

no significant differences found between the two groups for any activity for any segment 

of the trial, these results were used to test a fragment of hypothesis 2.1B. 

Table 4: Correlations and p-values between M-KJC offset (OS) and knee angle. Correlations are for 

the full trial: Full step, or full squat. Data from all trials were grouped into participants with static 

offset magnitude greater than 2cm and less than 2cm. Significance determined with α=0.05. 

 Jog corr.  

(P-Val)  

Z-score 

 (P-Val) 

Walk corr. 

(P-Val) 

Z-score  

(P-Val) 

Squat corr. 

(P-Val) 

Z-Score  

(P-Val) 

M-KJC >|2cm|  -0.33 

(<.001) 

 

-0.74 (0.46) 

 -0.17 

(<.001) 

 

-0.82 (0.41) 

-0.12 

(<.001) 

 

0.067 (0.95) 

 M-KJC <|2cm| 0.020 

 (0.09) 

  0.18 

(<.001) 

-0.18 

(<.001) 

 

 The correlation values between the M-KJC offset and the motor torque for the 

jog, walk and squat trials are seen in Table 5, which were used to test hypothesis 2.2A. 

The z-scores and p-values used to determine if there were significant differences between 

the two groups for each activity are also displayed. Both groups experienced moderate 

negative correlations during the jog trials and negligible correlations during the squat 

trials. For the walk trials the large offset group experienced negligible correlations 
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whereas the small offset group had a weak negative correlation. For testing hypothesis 

2.2B, there were no significant differences found between the two groups for any activity.  

Table 5: Correlations and p-values between M-KJC offset and motor torque. Correlations are for the 

full trial: Full step, or full squat. Data from all trials were grouped into participants with a static 

offset magnitude greater than 2cm and less than 2cm.  Significance determined with α=0.05. 

 Jog corr.    

(P-Val) 

Z-Score 

(P-Val) 

Walk corr.  

(P-Val) 

Z-Score 

(P-Val) 

Squat corr.  

(P-Val) 

Z-Score 

(P-Val) 

M-KJC >|2cm| -0.68 

(<.001) 

-0.12 

(0.90) 

 -0.19 

(<.001) 

0.30 

(0.76) 

 -0.13 (<.001) -0.17 (0.87) 

M-KJC <|2cm| -0.65 

(<.001) 

 -0.32 

(<.001) 

 -0.036 

(0.001) 
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4.3.2 M-KJC offset vs. Knee Angle: Segmented Trials 

 

Figure 14: Row A and Row C display the means (solid lines) and SD (shaded areas) of the knee angle 

(blue) and M-KJC offset (red) during stance flexion and extension (Row A) and swing flexion and 

extension. Row B and Row D display M-KJC offset vs the knee angle for stance flexion and extension 

(Row B) and swing flexion and extension (Row D). Data are from the jog trials for participants with a 

static M-KJC offset of over 2cm. 
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Figure 15: Row A and Row C display the means (solid lines) and SD (shaded areas) of the knee angle 

(blue) and M-KJC offset (red) during stance flexion and extension (Row A) and swing flexion and 

extension. Row B and Row D display M-KJC offset vs the knee angle for stance flexion and extension 

(Row B) and swing flexion and extension (Row D). Data are from the jog trials for participants with a 

static M-KJC offset of under 2cm. 
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Figure 14 and Figure 15 show the mean and SD of the knee angle and M-KJC 

offset for the jog trial of participants with initial M-KJC offsets over 2cm (Figure 14) and 

under 2cm (Figure 15). Scatter plots are also displayed to show the relationship between 

the knee angles and M-KJC offset (Figure 14, Figure 15). The jog trial was split into four 

sections: stance flexion, stance extension, swing flexion and swing extension. Figures for 

the M-KJC offset for the walk and squat trials for participants with initial offsets over 

2cm and below 2cm can be seen in Appendix 3. The correlations and p-values used to 

test hypothesis 2.1A for each segment of each dynamic activity can be seen in (Jog: 

There were no significant differences found between the two groups for any segment of 

any of the activities. 

Table 6, Walk: Table 7, Squat: Table 8). The Z-scores and p-values used to 

determine if there were significant differences in the correlations between the two groups 

for each segment of each activity are also displayed, which were used to test hypothesis 

2.1B. 

There were significant positive correlations for the stance flexion phase for the 

larger offset group for the jog stance flexion (strong correlation), jog stance extension 

(weak correlation), walk stance flexion (moderate correlation), and walk stance extension 

(weak correlation). The smaller initial offset group also experienced positive correlation 

in the stance phase for the jog and walk trial trials. During the swing phase of the walk 

and jog trials the large offset group experienced weak negative correlations during the 

flexion segment and no significant correlation during the extension segment. The small 

offset had moderate positive correlations during the swing extension and negligible 

correlations during the swing flexion. Both groups experienced negligible correlations 
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during the squat trials. There were no significant differences found between the two 

groups for any segment of any of the activities. 

Table 6: Correlations and p-values between the M-KJC offset and the knee angle for jog trials. The 

trials were split into four phases. Data from all trials were grouped by static M-KJC offset. 

Significance determined with α=0.05. 

 Jog Correlation (P-Val) Z-Score (P-Val) 

M-KJC > |2cm| M-KJC <|2cm| 

Stance Flexion 0.71(<.001) 0.68 (<.001) 0.10 (0.92) 

Stance Extension 0.47 (<.001) 0.49 (<.001) -0.051 (0.96) 

Swing Flexion -0.39 (<.001) 0.041 (0.688) -0.92 (0.36) 

Swing Extension -0.064 (0.53) 0.55 (<.001) -1.41 (0.16) 

 

Table 7: Correlations and p-values between the M-KJC offset and the knee angle for walk trials. The 

trials were split into four phases. Data from all trials were grouped by static M-KJC offset. 

Significance determined with α=0.05. 

 Walk Correlation (P-Val) Z-Score (P-Val) 

M-KJC > |2cm| M-KJC <|2cm| 

Stance Flexion 0.60 (<.001) 0.44 (<.001) 0.50 (0.61) 

Stance Extension 0.46 (<.001) 0.33 (0.001) 0.36 (0.72) 

Swing Flexion -0.29 (0.003) 0.017 (0.87) -0.73 (0.47) 

Swing Extension 0.18 (0.07) 0.55 (<.001) -1.00 (0.32) 
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Table 8: Correlations and p-values between the M-KJC offset and the knee angle for squat trials. 

The trials were split into two phases. Data from all trials were grouped by static M-KJC offset. 

Significance determined with α=0.05. 

 Squat correlation (P-Val) Z-Score (P-Val) 

M-KJC >|2cm| M-KJC <|2cm| 

Flexion  0.018 (0.86) 0.15 (0.13) -0.17 (0.86) 

Extension -0.24 (0.016) 0.12 (0.24) -0.36 (0.72) 

 

 

 

 

 

 

 

 

 

 

 



` 

61 

 

4.3.3 M-KJC offset vs. Motor Torque: Segmented Trials 

   

Figure 16: Row A and Row C display the means (solid lines) and SD (shaded areas) of the motor 

torque (blue) and M-KJC offset (red) during stance flexion and extension (Row A) and swing flexion 

and extension. Row B and Row D display M-KJC offset vs the knee angle for stance flexion and 

extension (Row B) and swing flexion and extension (Row D). Data are from the jog trials for 

participants with a static M-KJC offset of over 2cm. 
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Figure 17: Row A and Row C display the means (solid lines) and SD (shaded areas) of the motor 

torque (blue) and M-KJC offset (red) during stance flexion and extension (Row A) and swing flexion 

and extension. Row B and Row D display M-KJC offset vs the knee angle for stance flexion and 

extension (Row B) and swing flexion and extension (Row D). Data are from the jog trials for 

participants with a static M-KJC offset of under 2cm. 
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Figure 16 and Figure 17 display the mean and SD of the motor torque and M-KJC 

offset for the four segments of the jog trial, of the participants with static M-KJC offsets 

below 2cm (Figure 16) and above 2cm (Figure 17). Scatter plots are also displayed to 

show the relationship between the motor torque and the M-KJC offset. Figures for the M-

KJC offset for the walk and squat trials for participants with initial offsets over 2cm and 

below 2cm can be seen in Appendix 3. The correlations and p-values, used to test 

hypothesis 2.2A, for each segment of each dynamic activity can be seen in (Jog: Table 9, 

Walk: Table 10, Squat: Table 11). The z-scores and p-values used to determine if there 

were any significant differences between the correlations for each segment of each 

activity are also displayed, which were used to test hypothesis 2.2B. 

Both groups experienced negative correlations during the stance flexion (strong 

correlations) and stance extension (weak-moderate correlations) during the jog trials. The 

two groups also experienced negligible correlations during both segments of the jog 

swing phase, with exception of swing flexion for the small offset group (weak 

correlation). 

The large offset group did not experience any significant correlations during the 

walk trials. The small offset group experienced weak negative correlations during the 

stance flexion and extension and the swing flexion, but no correlation for the swing 

extension.  

The small offset group experienced a weak positive correlation during the squat 

extension segment, and the large offset group experienced a weak negative correlation 

during the squat flexion segment. 
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There were no significant differences found between the two groups for any 

segment of any of the activities with exception to the stance flexion phase during jog.  

Table 9: Correlations and p-values between the M-KJC offset and the motor torque for jog trials. 

The trials were split into four phases. Data from all trials were grouped by static M-KJC offset. 

Significance determined with α=0.05. 

 Jog correlation (P-Val) Z-Score (P-Val) 

M-KJC > |2cm| M-KJC < |2cm| 

Stance Flexion -0.69 (<0.001) -0.73 (<0.001) 0.20 (0.85) 

Stance Extension -0.56 (<0.001) -0.44 (<0.001) -0.33 (0.74) 

Swing Flexion -0.16 (0.12) -0.32 (0.001) 0.35 (0.73) 

Swing Extension -0.19 (0.061) -0.041 (0.68) -0.30 (0.76) 

 

Table 10: Correlations and p-values between the M-KJC offset and the motor torque for walk trials. 

The trials were split into four phases. Data from all trials were grouped by static M-KJC offset. 

Significance determined with α=0.05. 

 Walk correlation (P-Val) Z-Score (P-Val) 

M-KJC > |2cm| M-KJC < |2cm| 

Stance Flexion -0.13 (0.21) -0.48 (<0.001) 0.90 (0.37) 

Stance Extension -0.19 (0.063) -0.40 (<0.001) 0.53 (0.59) 

Swing Flexion -0.054 (0.59) -0.41 (<0.001) 0.87 (0.38) 

Swing Extension -0.028 (0.79) -0.25 (0.011) 0.53 (0.60) 
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Table 11: Correlations and p-values between the M-KJC offset and the motor torque for walk trials. 

The trials were split into four phases. Data from all trials were grouped by static M-KJC offset. 

Significance determined with α=0.05. 

 Squat correlation (P-val) Z-Score (P-Val) 

M-KJC > |2cm| M-KJC < |2cm| 

Flexion -0.30 (0.002) 0.22 (0.03) -0.53 (0.59) 

Extension 0.0023 (0.98) 0.32 (0.001) -0.33 (0.74) 

 

4.4 Aim 3: M-KJC Offset vs. Height/Weight 

 

Figure 18: Linear regression between participants height and: A) Static M-KJC offset, maximum 

offset experienced during B) walk trials, C) jog trials, and D) squat trials. 
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Figure 19: Linear regression between participants weight and: A) Static M-KJC offset, and 

maximum offset during B) walk trials, C) jog trials, and D) squat trials.  

To test hypothesis 3A there were no significant correlations were found between 

the height and the initial M-KJC offset or maximum offset experienced during the walk, 

jog, or squat trials (Figure 18). To test hypothesis 3B there were no correlations were 

found between the weight and maximum offsets for each activity (Figure 19). The 

correlations between the M-KJC offset and the participants deviance from mean 

height/weight can be seen in Table 12. 
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Table 12: Correlations between participant deviance from mean height/weight and: static M-KJC 

offset, maximum offset experienced during the walk, jog and squat trials. Significance determined 

with α=0.05. 

 Height corr (Pval) Weight corr (Pval) 

Initial M-KJC 0.23 (0.53) -0.43 (0.21) 

Max walk M-KJC 0.19 (0.61) -0.31 (0.38) 

Max Jog M-KJC 0.19 (0.60) -0.40 (0.24) 

Max Squat M-KJC 0.33 (0.36) -0.47 (0.17) 

 

4.5 Aim 4: M-KJC offset vs Gait Speed 

 The mean and standard deviations of the walk speeds for NON and KON walk 

trials are seen in Table 13.  

Table 13: Mean walk speed from NON and KON trials. 

 NON-Walk Speed 

(M/s) 

KON-Walk speed (M/s) NON-KON Difference 

(M/s) 

Average 

Standard Deviation 

1.608 

0.160 

1.516 

0.177 

-0.0916 

0.0982 
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The mean and standard deviation of the jog speeds for KON and NON jog trials 

are seen in Table 14. 

Table 14: Mean jog speed from NON and KON trials. 

 NON-Walk Speed 

(M/s) 

KON-Walk speed (M/s) NON-KON Difference 

(M/s) 

Average 

Standard Deviation 

3.334 

0.418 

3.001 

0.332 

-0.298 

0.286 

 

 To test hypothesis 4 there was no correlation (r = 0.26, p=0.49) found between the 

initial M-KJC and the difference in walk speed between walking with (KON) and without 

(NON) the Keeogo on. The change in gait speeds compared to static M-KJC offset can be 

seen in Figure 20. 
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Figure 20: Linear regression between the static M-KJC offset with the change in walk speed between 

KON and NON trials.  

There was no correlation (r = 0.038, p=0.93) found between the static M-KJC and 

the difference in jog speed between jogging with (KON) and without (NON) the Keeogo 

on. The change in gait speeds compared static M-JKC offset can be seen in Figure 21. 
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Figure 21: Linear regression between the static M-KJC offset with the change in jog speed between 

KON and NON trials.  

Chapter 5: Discussion 

The purpose of performing this study was to gain a better understanding on joint 

misalignments between an exoskeleton and human. This study provides quantitative 

information on how the joint misalignment behaves during multiple dynamic activities.  

5.1 Summary of Findings  

This study found that the M-KJC offset experienced in dynamic activities was 

significantly greater than the standing static M-KJC offset present after donning the 

exoskeleton following the fitting protocol provided by the exoskeleton manufacturer. 

Dynamic activities that require greater range of motions and greater motor torques 

produced the largest M-KJC offset, and individuals with larger static M-KJC offsets 
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experienced greater maximum offsets. Ensuring a smaller static M-KJC offset will help 

minimize the offsets experienced during dynamic movements and the potential adverse 

effects from joint misalignments. 

The motor torque and knee angle were both found to influence the movement of 

the motor relative to the KJC. The way the motor moved relative to the KJC was different 

depending on the ground loading condition the leg was under. Participants with large and 

small offsets experienced similar M-KJC offset behaviours during the dynamic activities.  

The static and dynamic M-KJC offset was not found to be influenced by the 

height or the weight of the participants.  

 The static M-KJC offset was not found to be related with the change in gait speed 

when comparing gait speed during KON and NON trials.  

5.2 Aim 1: Initial Offset and Dynamic M-KJC Offset 

 The first objective was to examine the static and dynamic misalignment between 

the motor AOR and the KJC. For hypothesis 1.1A the null hypothesis failed to be 

rejected. The null hypothesis for hypothesis 1.1B was rejected. The static M-KJC offset 

was not large however the motor position relative to the KJC was biased to one side of 

the knee. The null hypothesis was failed to be rejected for hypothesis 1.2B. The null 

hypotheses were rejected for hypothesis 1.2A, hypothesis 1.2C and hypothesis 1.2D. All 

the dynamic activities produced larger offsets compared to the static trials. Larger static 

M-KJC offsets produced larger dynamic M-KJC offsets, however there was not an 

increase in relative motion between the motor and KJC.    
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The absolute value of the static M-KJC offset was not found to be significantly 

greater than 1cm. The signed value of the static M-KJC offset was found to be 

significantly different from 0cm and therefore biased to one side of the KJC. A small 

posterior initial M-KJC offset was expected after donning the exoskeleton following the 

Keeogo donning protocol. The device was initially donned while the participant was in a 

seated position, where the motor is visually aligned with the KJC. After the participant 

was in a static standing position, the muscle tone changed compared to the seated 

position allowing the straps of the device to shift as the soft tissue was compressed. This 

can allow the motor position to shift relative to the knee joint centre (9). This would 

implicate the fitting protocol (motor positioning) as a source of static M-KJC offset. 

However, it is not as simple as failure of the tester to properly position the exoskeleton’s 

motor; the true KJC is unknown and must be calculated from skin mounted reference 

markers on the subject’s thighs and shanks. 

Ehrig et al. (19) found that the SARA method was able to estimate the location of 

the knee AOR with RSME smaller than 0.3cm, and the SCoRE method was able to find 

HJC with RSME no greater than 0.5cm (49). The RSME was found as small as 0.1cm if a 

star arc motion was used for calculating the HJC (50). Peters et al. (18) performed a 

systematic review and found that the movement that markers can experience due to the 

soft tissue artifact can exceed 3cm on the thigh and 1.5cm on the tibia. The movement of 

the markers placed on the skin present a source of error in the calculation of the joint 

centres. However, even when Ehrig et al.(19,49) applied noise to the marker set to 

simulate the motion of the markers on the skin an RMSE of less than 0.3cm for the knee 

axis of rotation were still found. The possible KJC errors due to the motion of the 
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markers must be considered when discussing the M-KJC offset which is why the 

threshold of 1cm was selected when determining if a M-KJC offset was present. 

Each dynamic activity was found to produce significantly larger M-KJC offsets 

when compared to the static M-KJC offset. These results agree with the findings of other 

studies (9,17,28,31,32) which discuss that joint misalignment occurs through various 

movements because exoskeleton joints are over simplified relative to the biological 

joints. There was a large significant correlation between static M-KJC offset and the 

maximum M-KJC offset experience during the jog, walk and squat trials ( 

Figure 11). However, there was no significant correlation between the static M-

KJC offset and the range of the M-KJC offset throughout the activities (Figure 10). These 

results are not in complete agreement with Schiele et al. (10) who found that an increase 

of initial offset amplified the offsets seen during movement, which include both a larger 

range in offsets as well as a greater maximum offset. 

In this study, the largest maximum offsets, and largest relative motion between 

the motor and the KJC occurred during the jog trials, followed by the squat and finally 

the walk. The large angle range and greater motor torque resulted in greater movement 

between the device and the user, agreeing with the findings from Schiele et al.(10). The 

larger initial offset resulted in a larger maximum offset during each dynamic activity, but 

the motor only shifted 1.84± 0.5cm, 3.37±0.7cm and 2.43±0.8cm for walk, jog and squat 

trials respectively, relative to the KJC. This amount of relative motion was far less than 

that found by Schiele et al. (10) which exceeded 10cm. This suggests that the Keeogo 

straps were adequate for holding the device in place, even during movements with higher 

angular velocities.  
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The activity that generated the largest M-KJC offset was the squat trial followed 

by the jog, and finally the walk trials. The only significant difference in maximum M-

KJC offset experienced during each activity occurred between the walk and squat trials. 

As discussed above the joint misalignment occurs due to biomechanical incompatibility 

caused by oversimplification of the exoskeleton joint compared to the biological joints 

(31), and compliance at the pHRI (77). No studies were completed to our knowledge 

comparing the joint misalignment during various dynamic activities; however, most 

(10,17,31) recognize that the joint misalignment does vary as the human moves with the 

exoskeleton. Joint misalignment has been found to generate larger interaction forces 

(9,17) which can lead to potential soft tissue damage and user discomfort. Every activity 

resulted in increases in joint misalignment compared to the static fitting and ensuring 

proper fitting of the device can help mitigate large dynamic offsets. 

Torricelli et al. (11) was the only study to use OpenSim to determine the lower-

limb kinematics of an exoskeleton and human independent of each other, however the 

study did not measure the M-KJC offset. Torricelli et al. (11) does present an illustration 

of how the M-KJC offset is different depending on the method used to perform the 

kinematics. The illustration shows how the offset would differ between a rigid OpenSim 

model and a model which allows for relative movement between the device and the user, 

which supports the importance of allowing the relative motion at the interface.  

The magnitude of the static offset was not found to be significantly greater than 

the threshold of 1cm, but since the magnitude of the M-KJC offsets get significantly 

greater during dynamic activities joint misalignment greater than the accepted 

measurement errors was still present when using the exoskeleton. Larger static M-KJC 
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offset were found to be related to larger dynamic M-KJC offsets which emphasizes the 

importance of ensuring the misalignment between the motor and KJC is minimized 

during the fitting process to minimize the M-KJC offsets produced during dynamic 

activities.  

5.3 Aim 2: M-KJC Offset Vs. Knee Angle and Motor Torque 

 The second objective was to determine if there were linear relationship between 

M-KJC offset and the knee angle or the motor torque during walk, jog, and squat 

activities and if the correlations found were significantly different between the two static 

M-KJC offset groups (M-KJC offset > 2cm and M-KJC offset < 2 cm). While testing 

hypothesis 2.1 A all correlations were found to be negligible other than the full jog trial 

for the large offset group which found a weak negative correlation. All other correlations, 

other than the small offset group jog trial, were found to be significant but small 

correlations. Both groups however did experience stronger correlations when the trials 

were segmented. While testing hypothesis 2.2A, the motor torque had the strongest 

correlations during the stance phases of the gait cycle. The null hypothesis was failed to 

be rejected for both hypothesis 2.1B and hypothesis 2.2B. There were no significant 

differences in the correlations calculated between the two groups for any dynamic 

activity.   

Results discussed above strongly suggest that the M-KJC varies dynamically 

during user activity. Here we explore to what extent knee flexion angle of the user, and 

the motor torque applied by the exoskeleton, relate to the observed dynamic behaviour of 

the M-KJC.  
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Through the gait cycle (jog and walk trails), the largest motor torque was applied 

during the stance phase. The motor provided assistance for the eccentric muscle force 

during weight acceptance just after heel strike by providing an extension assistive torque. 

The motor continued to provide an assistive extension torque during the extension portion 

of the stance phase which helps propel the user towards the toe off. The motor also 

provided flexion assistance during the swing flexion segment and a short burst of 

extension assistance during the swing extension segment. The pattern of the assistive 

torques were similar for the walk and jog trials.  Figure 12 and Figure 13 show how the 

motor torque varies throughout each activity for a representative participant with a large 

and small static M-KJC offset, respectively.   

  For the squat trials, the motor was applying an extension torque as the participant 

was trying to flex their knees. As the participant approached the end of the squat the 

torque increased. Shortly after the participant started their ascent the motor turned off. 

The motor was only assisting in the direction of motion for a short period after the 

participant shifted from descending to ascending in the squat. The magnitude and timing 

of the torque applied varied between participants because of the initial motor controller 

tuning parameters, which could have affected the correlation between the offset and 

torque during the dynamic activities.  

 For the full trials, there were no correlations between knee angle and the M-KJC 

offset for the group with a static offset less than 2cm. Despite there not being a 

correlation between the M-KJC offset and knee angle there still was relative movement 

between the motor and KJC throughout the gait cycle (Figure 13). The lack of correlation 
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occurred could have occurred due to the fact that the M-KJC offset did not behave 

consistently through the changing knee angles across the full gait cycle.  

There was a moderate negative correlation between the motor torque and the 

offset for this group for the full cycle of the jog trial, and a weak negative correlation for 

the walk trial. The moderate negative correlation indicates a posterior shift of the motor 

relative to the KJC as the motor torque increased (applied an assistive extensive force). 

The relationship however was not present for the squat trials. 

The group with a static offset greater than 2cm experienced a weak negative 

correlation between the offset and the knee angle during the full jog trial, however, did 

not experience any correlation during the full walk and jog trials. Every participant in this 

group had offsets with the motor posterior to the KJC, and the motor never moved 

anterior of the KJC during any of the dynamic activities. Therefor any negative 

correlation between the knee angle and M-KJC offset describes the magnitude of the 

offset getting smaller in magnitude as the knee flexes, which was found in the full jog 

trial. The increasing knee flexion could have forced the biological KJC and exoskeleton 

axis of rotation to align to prevent binding between the exoskeleton and biological limb. 

Ajayi et al.(9), Gálvez-Zúnlga et al (17) and Li et al. (31) attribute these misalignments to 

biomechanical incompatibility due to the over simplification of the exoskeleton joint and 

compression of the human soft tissue. Another cause for the change in M-KJC offset 

could be caused by a difference in thigh length (distance from the HJC to the KJC). If the 

Keeogo thigh beam length of the device was longer than the human femur then the 

Keeogo motor will be forced anterior relative to the KJC as the knee flexes, the opposite 
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will happen if the Keeogo femur length is shorter than the femur length.  Our results, 

however, suggest the effect was minimal in the sample of subjects tested. 

 

Figure 22: Force (Fc) being applied by the cuffs on the limb and the torque applied by the motor 

(Tm).  A) During an assistive extension torque, B) During an assistive flexion torque. 

 The large offset group experienced the same negative correlations with the motor 

torque for the full jog cycle as seen with the smaller offset group. There were no 

significant differences between the correlations found for both groups for any activity. 

The motor torque correlations for the jog trials were consistent for both groups for the jog 

trial which suggests the extension assistive torque is pulling. 

The full cycles were broken into four separate segments to isolate specific loading 

conditions and kinematics. During the stance flexion and extension segments of the jog 

and walk trials both groups experienced a posterior shift of the motor during flexion, and 

an anterior shift of the motor during the extension phase. The motor applied an extension 

M-KJC M-KJC 
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assistive torque during the entire stance cycle. The motor moved increasingly posterior as 

the motor torque increased through the stance flexion, and started to move anterior as the 

motor torque decreased through the stance extension (see, Figure 16, Figure 17, Figure 

28, Figure 30).  The motor remained posterior relative to its position during the static trial 

and during the entire stance phase with an extension motor torque and was significantly 

correlated with the motor torque during the walk and jog trials for both groups (excluding 

the walk trial for the large offset group) which provides evidence that extension motor 

torque can influence the position of the motor relative to the KJC.  

The correlations between the motor torque and M-KJC offset indicated the motor 

shifts posterior relative to the KJC during an assistive extension torque (Figure 22A) and 

anterior shift during assistive flexion torques (Figure 22B). This was expected since 

during the assistive extension torque the motor is applying an anterior force on the cuffs 

which pulls the motor posterior. The opposite occurs when the motor is applying an 

assistive flexion force. Stronger correlations were found during the jog trials where the 

motor torque was greater, which provides more evidence towards the influence of the 

motor torque on how the motor shifts relative to the KJC.  

 During the stance phase the motor shifted posteriorly as the knee angle increased 

(flexed) and shifted anteriorly as the angle decreased (extended) for both groups. Both 

groups experienced stronger correlations during the jog trials, which had a larger range of 

knee angles and larger shifts in the motor position. The findings suggest that increasing 

the knee angle shifts the motor posterior, however this is not consistent when considering 

the swing phase of the gait cycle.   
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The two offsets groups did not behave the same during the swing phases. The large offset 

group experienced significant correlation describing an anterior shift of the motor 

position during the swing flexion (Figure 14,  

Figure 24), whereas the small offset group did not experience a significant 

correlation. In contrast, the small offset group experienced a significant correlation 

describing an anterior shift in the motor position as the knee was extending (Figure 15, 

Figure 26), whereas the large offset group did not experience a significant correlation. 

During the swing phase all but one participant experienced a M-KJC offset anterior 

relative to their initial M-KJC at some point. Three of the participants with the small 

offsets experienced offsets of greater magnitude in the jog and walk trials than their 

initial M-KJC during the swing phase because of how far anterior the motor moved. 

Every participant in the small offset experienced their smallest M-KJC offset during the 

swing phase. The relationship between the knee angle and M-KJC offset was not 

consistent between the swing and stance phases of the gait cycle which suggests loading 

condition should be taken into account when predicting how the motor and KJC will 

move relative to each other. The sample sizes were too small to show a significant 

difference between the correlation experienced by the two groups during the swing phase, 

however based on the plots and the correlations found, the two groups to appear to 

behave differently as the knee flexes and extends.    

During the swing phase the motor torque had a much smaller magnitude. A 

maximum of less than 5Nm for the swing phase and torques approaching 20Nm for the 

stance phase. The force was not applied for most of the swing phase and was only ever 

applied in the direction of the movement. The motor applied an assistive flexion torque at 
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the beginning of the swing flexion and an assistive extension torque at the beginning of 

the swing extension. Without the extension motor torque pulling the motor posteriorly, 

seen in the stance phase, the motor was able to shift anterior relative to the KJC which 

may help explain why the correlations between the M-KJC offset and knee angle were 

different between the stance and swing phases. The motor was more posterior to the KJC 

compared to the static M-KJC offset for a majority of each of the dynamic activities 

(Figure 12, Figure 13), therefore, participants who had a slight static anterior M-KJC 

offset experienced the smallest net offset throughout the activities. The findings for the 

walk and jog cycle show that both the motor torque and knee angle appear to influence 

the position of the motor relative to the KJC and should not be considered independent of 

each other. The motor torque and knee angle both vary throughout the gait cycle and 

therefore should not be analyzed independently but as a system, to better model the 

behavior of the M-KJC offset throughout the gait cycle.   

Squat trials were segmented by dividing into the flexion and extension segments. 

The motor torque was applying an assistive extension force prior to the beginning of the 

flexion segment because of the criteria used to signify the start of the squat. Since the 

motor was engaged the participants experienced a posterior shift of the motor relative to 

the knee joint centre prior to the start of the trial, (see Figure 29, and Figure 31). The 

motor torque then increased as the participant’s flexion angle increased; the motor then 

turned off shortly after the participant arose. No correlations were found between the M-

KJC offset and the motor torque or the knee angle. The correlations were expected to 

match those seen in the stance phase of the gait cycles. The reason for the differences 

between the two measurements could be due to the motor being engaged prior to the 
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beginning of the trial and therefore changing the M-KJC offset prior to the start of the 

trial. 

There has been limited research quantifying the joint misalignment between the 

biological joint centres and exoskeleton joints, however, researchers have acknowledged 

that joint misalignment does occur as a result of kinematic incompatibility between 

exoskeletons and the user (8,9,27,28,31,32,78). Schiele et al. (10) and Ajayi et al. (9) 

both discuss that due to kinematic incompatibility the joints misalign as the human limb 

moves, but neither discuss which motions resulted in the most joint misalignment. The 

results of the present study show that the joint misalignment does change throughout 

different movements, but the results are still not able to describe how the misalignment 

behaves during a given activity. Li et al.(31) and Niu et al. (30) both describe the knee 

joint as a complex joint which cannot be simplified to be described as a simple hinge 

joint. When the exoskeleton knee joint is simplified, the joints misalign as the joint angle 

changes (31). Gálvez-Zúniga et al. (17) discusses that if the exoskeleton and human are 

rigidly fixed at two points, the system becomes a closed loop chain. If there is any initial 

misalignment, as the knee angle changes the instantaneous axis of rotations will have 

different trajectories, and therefore increase the magnitude of misalignment (Figure 23).  
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Figure 23: Closed loop chain of an exoskeleton (red) and human (blue). ih and ir are the vectors of the 

position of the instantaneous axis of rotation for the human and exoskeleton respectively.(17) 

 Several researchers discuss that the joint misalignment due to kinematic 

incompatibility can cause higher interaction forces; however, how the application of 

motor torque relates with the joint misalignment is often not discussed (8,17,27,31). 

Ajayi et al. (9) discusses that when a user is wearing an exoskeleton they interact with the 

surrounding environment which requires control of the motors to assists or impede the 

limbs. Ajayi et al (9) does acknowledge that as the user goes through the motions with 

the exoskeleton on, joint misalignment can occur which can cause increase interaction 

forces at the pHRI, but they attribute the joint misalignment to the kinematic 

incompatibility, and not the motor torque.  

Determining how much offset is too much offset, and whether or not relative motion 

between the exoskeleton and participant is undesirable is not known and a threshold has 
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not been established by previous studies. No studies were found that quantify the 

relationship between the magnitude of joint misalignment and interaction forces or 

participant discomfort, which need to be explored to know what the threshold of joint 

misalignment can be. The motor did appear to move relative to the KJC during dynamic 

activities however, determining whether the movement was beneficial or detrimental was 

not quantified. Relative motion at the pHRI could prevent high interaction forces by 

allowing the device to move how it naturally wants too with respect to the human limb, 

however the relative motion could result in friction heat and discomfort and the pHRI. 

Future studies should measure the interaction forces and ask for user feedback to 

determine the adverse effects off joint misalignment relative motion at the pHRI. 

 After finding the Z-scores and p-values from performing a Fisher’s z to r 

transformation, no significant differences were found between any of the correlations for 

any activity or segment of each activity. The samples were very small resulting in several 

correlations being insignificant which means Fisher’s transformations should not be 

performed to determine significant difference. Fisher’s r to z transformation were still 

performed to see if any of activities or segments provided significant differences between 

the large and small offset groups, which would encourage future studies to be performed 

to strengthen the correlations, however no significant p-values were found.  

Grouping the participants into large offset groups was used to determine if the 

static offset influenced how the motor moved relative to the KJC during dynamic 

activities. Five of the ten participants had offsets with a magnitude greater than 2 cm and 

four of the participants had offsets with a magnitude less than 1cm, with only one 

participant being between 1 and 2 cm, with an offset of 1.29cm. Since the participants 
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naturally seemed to be separated into two groups with a gap between 1 and 2cm, the 

selection of having a threshold of 2cm was selected for dividing the participants. 

Dividing the participants into groups was decided after collecting the data and noticing 

the static offsets were either close to zero or greater than 2cm. The static offset however 

did not appear to have a significant influence on the behavior of the M-KJC offset. 

 The correlations found provide mixed results on the relationship between the M-

KJC offset and the motor torque and the knee angle. The motor torque and knee angle 

both appear to influence the M-KJC offset; however, how they influence the offset differs 

depending on the loading condition. In order to better assess the correlations between the 

M-KJC offset and motor torque and knee angles the two variables must be evaluated 

independently so they do interfere with each other. 

5. 4 Aim 3: M-KJC Offset vs. Height and Weight 

 The third objective was to determine if there were correlations between the height 

and weight of the participants and the M-KJC offset during static, walk, jog and squat 

trials. For hypothesis 3A and hypothesis 3B, no significant correlations were found with 

any activity and therefore the null hypotheses were not rejected. 

The participants’ heights ranged by 23.5cm and weights ranged by 35.1kg. 

Neither the height nor weight had any correlation with the static M-KJC offset or the 

maximum M-KJC offsets experienced during the walk, jog, or squat trials. Schiele et al. 

(10), however, found different results and concluded that the joint misalignment is 

directly related to the anthropometry. The Schiele et al. (10) study was performed on the 

upper limb looking at elbow misalignment, however, the lower body would be expected 
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to behave similarly.  Ajayi et al. (9) and Gálvez-Zúnlga et al. (17) both discuss how 

misalignment can occur due to the exoskeleton cuffs compressing soft tissue as straps are 

tightened or when the device is guiding the limb through a motion, so based on their 

observations, the more soft tissue that is present would result in an increase in potential 

misalignment. In this study the anthropomorphic variables selected may have been over 

simplified, since only weight and height were considered. A thigh skin fold test, or thigh 

circumference may have been a better variable to correlate with the M-KJC offset and 

could better be compared against other studies.  If the Keeogo is fitted properly, the 

height and weight appear not to be a determinant of joint misalignment.  

 5.5 Aim 4: Gait Speed Change 

The final objective was to determine if there was a correlation between change in 

gait speed in KON and NON trials and the magnitude of the M-KJC offset. For 

hypothesis 4, no correlation was found which failed to reject the null hypothesis. 

 Observations have been made that poor joint alignment can result in higher 

interaction forces (8,62); however, the relationship between the magnitude of joint 

misalignment and the change in gait speed has not been examined. For the walk and jog 

trials participants experienced a small decrease in gait speed when wearing the Keeogo. 

However, the magnitude of the static M-KJC offset was not correlated with the 

magnitude of the difference (KON vs NON) in gait speed for the jog or walk trials. This 

finding is consistent with a previous study of the Keeogo (13) that found the small (non-

significant) reduction in walking speed was more likely due to a slighter shorter step 

length and slightly wider stance width when wearing the exoskeleton. This is important 
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because the frontal plane biomechanics in the KON condition appeared to be conducive 

to reducing the knee adduction moment at the cost of a slightly slower gait. That the 

reduction in speed was not related to misalignment of the exoskeleton further strengthens 

this conclusion. 

5.6 Limitations  

 The main limitation in this study was the sample size (N=10). With such small 

samples, finding significance in any statistical analysis was unlikely. The small sample 

size allowed for outliers to have a large influence on the data set as a whole ( 

Figure 24-Figure 31) and made it unlikely for strong correlations to be found. Despite the 

small sample sizes, visual inspection of the plots offered observational trends in the 

results which can help drive future studies. As an example, no significant differences 

were found between the correlations between the large and small static offset groups, 

however the plots showed that during the swing phase the M-KJC offset behaved 

differently in the two groups. Future studies with larger sample sizes can help provide 

more statistical power to the measurements made in this study.  

 The inverse kinematics were calculated using OpenSim which calculates all joint 

kinematics from the reflective markers tracked using motion capture cameras. 

Deformation of marker triads on the tissue and tracking error by the cameras can lead to 

errors in the calculation of the joint kinematics (18). However, the mean absolute offset 

averaged out to be approximately 1.5cm and was not statistically different from the 

presumed boundary on KJC accuracy (+/-1cm). As such, the estimated error of the 

marker tracking was considered acceptable for this project (79). Error due to the marker 
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tracking were expected to be randomly distributed and therefore finding the motor to be 

significantly posterior of the KJC was due to the misalignment and not the tracking error 

or modeling error.  

 The method for measuring the misalignment was another limiting factor. A linear 

translational offset of the motor marker relative to the KJC in the anterior/posterior 

position was used to quantify the joint misalignment. The vertical displacement 

(distal/proximal) and rotation about the tibia were not considered. The reason for not 

considering the vertical misalignment was because when looking at the offset in the static 

position the vertical misalignment was consistently very small. Future studies could 

consider the rotational misalignments by comparing the AOR of the knee and the AOR of 

the motor to quantify the joint misalignment. For this study, however, the translational 

offset in the anterior/posterior was considered an acceptable measure of joint 

misalignment.  

 Manual adjustments were made in the scaling process of the OpenSim 

biomechanical model. The scaling process involves applying weights to each marker 

which determines how much influence the marker has on the scaling process. The process 

used in this project involved applying low weights on all the markers placed on the 

human’s skin, and much higher weights on the virtual markers representing the calculated 

hip, knee, and ankle joint centres. There are expected errors in the skin markers and 

calculated joint centres, however the errors on the joint centres (19,49)  were expected to 

be less than those of the skin markers (18) and therefore justified the approach used. 

 Manual constraints were applied to the Keeogo when importing the device onto 

the OpenSim model. The constrains included the assumption that the tibia and femur 
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cuffs of the Keeogo where rigid and behaved like a frictionless bushing along the upper 

and lower leg, respectively. The cuffs were allowed 6-DOF relative to the human limb 

and therefore could move in any direction within the physical constraints and geometries 

of the exoskeleton and cuff.  The constraints all treated all of the Keeogo cuffs and frame 

structure as rigid, only allowing movement of the device at the knee and hip joints. By 

treating the cuffs and frame as rigid, the deformation of the cuffs or frame while a force 

was being applied were not taken into consideration. For future studies, finite element 

analysis could be performed on the cuffs and frames to determine how much the rigid 

bodies deform during the dynamic motions.  

 For all the dynamic activities performed the correlations were performed 

independent of time. A cross correlation was performed in the analysis to determine if 

there was a time factor between the motion of the device and the participant, however the 

lag results did not provide evidence suggesting that time was a factor. This does not agree 

with the viscoelastic theory which states that the deformation of a viscoelastic material, 

like the soft tissue of a thigh, is both time and force dependent (80). Since the cross 

correlation did not show any phase relationship between any of the variables, the 

correlations were performed time independently. To help limit the influence of time 

dependencies, the full trials were split into the different segments to isolate different 

loading conditions and knee kinematics. The correlations were still performed with time 

dependent variables, however since this study was an exploratory study, the correlation 

analysis used was deemed to be an acceptable method for the purposes of this study.  

 For Aim 2, the correlations were performed on the raw data which did not take 

into account the different static M-KJC offsets. The scatter plots in (Figure 14-Figure 17, 
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Figure 24, Figure 26, Figure 28, Figure 30) show similar slopes in the data however, 

because of the different static offsets for the participants the data does not overlap. If the 

data were normalized by removing the static offset from the entire dataset the data should 

better overlap resulting in stronger correlations.  

The range of the static M-KJC was limited, -3.1 to 1.3 (4.4cm). To test how the 

magnitude of the static offset influences the behavior of the M-KJC offset during 

dynamic activities an initial predetermined offset should be implemented on the 

participant. To determine how the offset behaved for multiple activities, multiple 

different offsets should be manually applied to the same participant so that everything 

was constant with exception to the static M-KJC offset. 

Different motor controller tuning was assigned for each participant, which caused the 

initiation point of the motor and the amount of assistance for each participant to be 

different. The controller was tuned so that the device was most comfortable for each 

participant, but this in-turn caused a difference in how the device behaved for each 

participant. 

For the squat data specifically, most participants the squat trials were performed 

differently. Some participants squatted straight down and then up with no pause at the 

bottom. Other participants paused at the bottom of the squat which caused the motor to 

behave differently (Figure 29, Figure 31). Ensuring the participants performed the squat 

the same by either informing them not to pause at the bottom of the squat or providing a 

set amount of time to pause at the bottom of the squat would provide more consistency in 

the motion across all participants.  
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The correlations of the motor torque and knee angle on the M-KJC were calculated 

independent of each other despite both varying throughout out each activity 

simultaneously. During each activity, or each segment of the gait trials, the motor could 

or could not have been applying a torque at the same knee flexing and extending 

depending if the participant is in stance, swing, or squat. To understand how the M-KJC 

behaves during any given knee angle, the motor should be in neutral so no torque would 

be applied. The test could be repeated with the motor on to determine if there is a 

difference.  

5.7 Concluding statements  

 There was consistently an M-KJC offset that varied throughout different 

activities, and the offset often involved the motor being posterior to the KJC No evidence 

was found that the knee angle or motor torque could independently be used to determine 

how the motor will shift relative to the participant. Splitting the gait cycle into different 

segments showed that the motor shifts differently during the change in knee angle when 

the motor is applying assistance (stance phase and squat) and when it is not providing 

assistance.  

 The M-KJC offset was not correlated with the height or the weight of the 

participant. The device appeared to be able to fit participants across all sizes with the 

same amount of joint alignment consistency. 

 The magnitude of the M-KJC offset did not seem to be a factor in the change in 

walk or jog speed between the KON and NON trials. The KON trials were slower for 
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90% of the participants, however the change in speed could have be a result of the weight 

of the device or minimal training. 

 Future work should be done to better examine how joint misalignment can inhibit 

the performance of the exoskeleton. Testing with larger sample sizes and more 

consistency in the device settings (providing the same amount of torque assistance to 

each participant) would allow the possibility for strong correlations between the M-KJC 

and the device performance. More measurements should be collected to better determine 

why there was consistently a static initial M-KJC offset, such as measuring the 

compression of the participants soft tissue at the straps. The subject’s thigh or calf 

circumference and body fat percentage can also be used as an anthropomorphic 

measurement to determine if different body compositions experience greater M-KJC 

offsets. Finally, the motor torque and knee angle cannot be considered independently 

when trying to determine what may influence the M-KJC offset; the two variables are 

occurring simultaneously throughout each activity and therefore need to both be delt with 

as a combined system.  
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Appendix 2: Exclusion Screening questionnaire  

EXCLUSION SCREENING QUESTIONNAIRE – FOR “HEALTHY” ADULT CONTROLS 

  

This questionnaire is to be administered when potential participants make first contact with you. The 

purpose of the questionnaire is to determine eligibility to participate in the study. When contacted, please 

be sure to inform the potential participant that in order to determine eligibility you will need to ask a few 

questions about their medical history. Also inform the potential participant that this questionnaire is for 

screening purposes ONLY and no records are kept once eligibility has been determined. 

 

 

Ask potential participant: Do you have a history of one or more of the following? 

 

Heart attack or major rhythm disturbance  Yes    No   Comment: _____________   

Renal failure requiring dialysis    Yes    No   Comment: _____________ 

Recent (<2 yr) cancer with ongoing 

chemotherapy/radiation therapy   Yes    No   Comment: _____________   

Uncontrolled hypertension    Yes    No   Comment: _____________   

Uncontrolled diabetes     Yes    No   Comment: _____________   

Uncontrolled seizures     Yes    No   Comment: _____________   

Recent (<2 yr) foot ulcerations    Yes    No   Comment: _____________   

Recent (<2 yr) lower limb fracture   Yes    No   Comment: _____________   

Recent (<2 yr) stroke affecting lower limbs  Yes    No   Comment: _____________   

Recent (<1 yr) hip or knee replacement or 

 arthroscopic surgery    Yes    No   Comment: _____________   

Legal blindness      Yes    No   Comment: _____________   

Not ambulatory or regularly uses wheelchair, 

 walker or seeing eye dog to get around  Yes    No   Comment: _____________  

Inner ear disease or disorder (vestibulitis, Meniere’s ) Yes    No   Comment: _____________ 

Nerve damage/disease (to legs, torso, neck or eyes) Yes    No   Comment: _____________ 

Parkinson’s disease     Yes    No   Comment: _____________   

Alzheimer’s disease     Yes    No   Comment: _____________   

Recent (<6 months) concussion    Yes    No   Comment: _____________   

Other diseases/conditions (chronic or acute)  Yes    No   Comment: _____________   

 

 

 

ELIGIBILITY ASSESSMENT 

 

If answer to ANY question above is Yes, the participant is NOT eligible to participate 

 

Eligible to enter study based on exclusions?  Yes    No   Comment: _____________  
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Appendix 3: Walk and Squat Plots of Knee Angle and M-KJC   
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Figure 24: Row A and Row C display the means (solid lines) and SD (shaded areas) of the knee angle (blue) 

and M-KJC offset (red) during stance flexion and extension (Row A) and swing flexion and extension. Row B 

and Row D display M-KJC offset vs the knee angle for stance flexion and extension (Row B) and swing 

flexion and extension (Row D). Data are from the walk trials for participants with a static M-KJC offset of 

over 2cm.  
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Figure 25: Top row display the means (solid lines) and SD (shaded areas) of the knee angle  (blue) and M-

KJC offset (red) during flexion and extension. The bottom display M-KJC offset vs the knee angle for stance 

flexion and extension. Data are from the walk trials for participants with a static M-KJC offset of over 2cm. 
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Figure 26: Row A and Row C display the means (solid lines) and SD (shaded areas) of the knee angle  (blue) 

and M-KJC offset (red) during stance flexion and extension (Row A) and swing flexion and extension. Row B 

and Row D display M-KJC offset vs the knee angle for stance flexion and extension (Row B) and swing 

flexion and extension (Row D). Data are from the walk trials for participants with a static M-KJC offset of 

under 2cm. 
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Figure 27: Top row display the means (solid lines) and SD (shaded areas) of the knee angle (blue) and M-KJC 

offset (red) during flexion and extension. The bottom display M-KJC offset vs the knee angle for flexion and 

extension. Data are from the squat trials for participants with a static M-KJC offset of under 2cm. 



 

 

Appendix 4: Walk and Squat Plots of Motor and M-KJC   

 

 

 

 



 

 

   

Figure 28: Row A and Row C display the means (solid lines) and SD (shaded areas) of the motor 

torque (blue) and M-KJC offset (red) during stance flexion and extension (Row A) and swing flexion 

and extension. Row B and Row D display M-KJC offset vs the knee angle for stance flexion and 

extension (Row B) and swing flexion and extension (Row D). Data are from the walk trials for 

participants with a static M-KJC offset of over 2cm. 



 

 

 

Figure 29: Top row display the means (solid lines) and SD (shaded areas) of the knee angle  (blue) 

and M-KJC offset (red) during flexion and extension. The bottom display M-KJC offset vs the knee 

angle for flexion and extension. Data are from the squat trials for participants with a static M-KJC 

offset of over 2cm. 

 



 

 

  

Figure 30: Row A and Row C display the means (solid lines) and SD (shaded areas) of the motor 

torque (blue) and M-KJC offset (red) during stance flexion and extension (Row A) and swing flexion 

and extension. Row B and Row D display M-KJC offset vs the knee angle for stance flexion and 

extension (Row B) and swing flexion and extension (Row D). Data are from the walk trials for 

participants with a static M-KJC offset of under 2cm. 



 

 

 

Figure 31: Top row display the means (solid lines) and SD (shaded areas) of the motor torque (blue) 

and M-KJC offset (red) during flexion and extension. The bottom display M-KJC offset vs the knee 

angle for stance flexion and extension. Data are from the squat trials for participants with a static M-

KJC offset of under 2cm. 
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