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Preface

This research is the thesis for the master Biomedical Engineering at the University of Twente, located
in Enschede. The work had been performed at the Department of Biomechanical Engineering, which
specializes in integrating various engineering disciplines to analyse and improve human functioning. A
focus of the department is committed on balance and exoskeletons. The research on exoskeletons to
improve mobility of patients suffering from spinal cord injuries is highly developed.



Abstract

This study presents a controller design and a trajectory generator for the Symbitron Exoskeleton, a lower
limb exoskeleton developed for people with a spinal cord injury (SCI). This trajectory generator com-
prises three different generated trajectories: from a fixed library, with one fixed step length and width;
an adjustable library with adjustable step lengths and widths; and a partly adjustable library with a
fixed step width and adjustable step lengths. The aim of this study was to develop and experimentally
evaluate these libraries, enabling pilots to adjust their step sizes during gait. This is particularly useful
for the ‘Stones’ task of the Cybathlon 2024, an assistive technologies championship. In this task, partici-
pants traverse a path of fixed stones without knowing the distances between them and without touching
the ground between each stone.

The (partly) adjustable libraries allow the pilot to select from different step sizes, instead of being limited
to a single option. This functionality was achieved by computing different step sizes through the trajec-
tory generator and arranging them sequentially according to the pilot’s preference. To ensure seamless
transitions between these steps, polynomials were incorporated into the controller, effectively smoothing
the trajectory. Two experiments were executed involving one healthy male participant. In the first
experiment, the pilot was instructed to walk in the lab while making steps of different step sizes. During
the second experiment, targets were placed on the ground to indicate desired step lengths and widths.
The goal was to evaluate the performance of the libraries in terms of accuracy, precision, task load,
and time. Findings from the experiments indicated that fixed and adjustable libraries outperformed the
partly adjustable library in terms of accuracy, precision, task load and time. The results of the first
experiment were precise but lacked accuracy, particularly in step width performance. In the second
experiment, the accuracy, mean error < 5 cm, and precision, standard deviation < 5 cm, were met for
step width using the fixed and adjustable libraries. The precision requirement was also met for the step
length of those libraries, however, the accuracy requirement only for some of the step lengths. The partly
adjustable library exhibited the highest task load, while the fixed library had the lowest. Furthermore,
both the fixed and adjustable libraries met the time requirements.

Recommendations for improving the exoskeleton include enhancing joint angle tracking, torque regula-
tion, and expanding the range of available sizes. Future experiments with SCI patients could further
validate the performance of the different libraries. Using the (partly) adjustable libraries, the pilot was
able to choose between different step sizes, which was not possible before. With this implementation,
pilots can now select from different step sizes, enhancing the functionality and usability of the Symbitron
exoskeleton for individuals with a SCI.

ii



Contents

1

Introduction
1.1 Clinical picture . . . . . . . . . o e
1.2 Cybathlon . . . . . . . . o e
1.3 Stateof theart . . . . . . . . . . . e e
1.4 Symbitron exoskeleton . . . . . ...
1.4.1 Hardware and controller . . . . . . . . . . .. L L
1.4.2 Trajectory generator . . . . . . . . . . ... e
1.5 Goalof thestudy . . . . . . . . . . .
Methodology
2.1 Adjusted trajectory generator and high-level controller . . . . . . . .. .. ... ... ...
2.1.1 Step SIZes . . . . .. e
2.1.2 Requirements . . . . . . . . . e e e
2.1.3 Polynomial trajectory generation . . . . . . . . ... ... L L.
2.1.4 Libraries . . . . . . . ..o e
2.1.5 Continuous and smooth signal . . . . . ... ... L 0 0L
2.1.6 High-level controller . . . . . . . . . . . ...
2.2 Experimental evaluation . . . . . . . ... L e
2.2.1 Participants . . . . . . .. e
2.2.2  Experimental equipment . . . . . . ... ...
2.2.3 Protocol . . . ...
2.24 Data analysis . . . . . . .. e
Results
3.1 Accuracy and precision of steps . . . . ... L.
3.2 Taskload . . . . . . . e
3.3 Task completion time and Transition time . . . . . . . . . ... ... ... ... ......
3.4 Joint tracking error . . . . ..o Lo e
3.5 Torque tracking error. . . . . . ...
3.6 Saturation error. . . . . .. L. Lo e
3.7 Upper body movement . . . . . . . .. ... L e
Discussion
4.1 Performance of the trajectory generators . . . . . . . .. . ... ... ... ... ...,
4.1.1 Performance metrics . . . . . . ... Lo
4.1.2 Taskload . . . . . . . . . e
4.1.3 Time of task and transition time . . . . . . . . .. ... .. .. ... ... ...
4.2 Tracking errors . . . . . . . L
4.3 Upper body movement . . . . . . . . . .. L L
4.4 Limitations of the study . . . . . . . . . . . . .. .
4.5 Future directions . . . . . . . . . e e
4.6 Conclusion . . . . . . . . . e e e
Acknowledgement
Appendix
6.1 State machine . . . . . . . ..
6.2 Protocol: Evaluation of Three Trajectory Generators for the Symbitron Exoskeleton
6.3 Normal distribution of the step lengths and widths . . . . . .. .. ... ... .. ... ..
6.4 Task load scores . . . . . . . . . . e e e
6.5 Output trajectory generator for the adjustable library . . . . .. ... ... ... ... ..
6.6 NASA-TLX . . . . o

iii

10
10
11
16
19
20
20
20
21
22

29
29
34
35
36
38
40
41

44
44
44
45
46
46
47
48
49
50

51



1 Introduction

1.1 Clinical picture

A spinal cord injury (SCI) is damage to the spinal cord which can lead to paralysis. It is estimated that,
globally, between 250.000 and 500.000 people suffer from SCIs each year. The prevalence in 2020 was
1.298 cases per one million individuals, with numbers continuing to rise [1]. The location and severity of
the SCI are important factors for the impact of the injury [2]. The location of the injury can be anywhere
along the spinal cord. More body functions will be lost when the location of the injury is more superior.
A SCI is referred to as paraplegia when the legs, trunk and pelvic organs are affected. While tetraplegia
involves the arms and hands in addition to these areas. The severity of the injury is determined by the
completeness of the damage. Patients experiencing an incomplete SCI retain some sensory and/or mo-
tor function below the lesion, while an complete SCI results in the loss of all sensory and motor functions.

The impact of SCIs on patients’ lives is tremendous. These injuries not only affect patients’ ability to
walk but also have social, mental, and emotional consequences. Those factors have such a big impact
that 37 percent of the people with a SCI suffer from depression as well [3]. This is substantially higher
compared to the number of the whole population suffering from depression, which is 3.8 percent [4]. To
improve their mobility and quality of life, wearable exoskeletons have been developed. These technical
devices, attached to the body, provide support or assistance in physical activities, enabling SCI patients
to achieve a level of walking that can allow them to participate more comprehensively in their commu-
nities [5]. Nowadays, the acquisition of exoskeletons is too expensive for the personal-use market. The
cheapest available model, the ReWalk, is priced at 70.000 dollars [6]. Consequently, exoskeletons are
predominantly utilized in experimental settings to advance exoskeleton technologies and in rehabilita-
tion applications. Research has demonstrated the effectiveness of exoskeletons in the rehabilitation of
patients with an incomplete SCI. Training the musculoskeletal system using a wearable exoskeleton is
crucial for patient’s health, preventing cardiovascular disease, weight gain, and other negative outcomes
[7].

1.2 Cybathlon

Wearable exoskeletons have significant added value for people suffering from an SCI, and research is
ongoing to improve the quality of walking using these devices. One example of a platform promoting the
development of assistive technologies is the Cybathlon, which is a championship competition focused on
technologies that enhance human performance [8]. The aim of this competition is to encourage techno-
logical advancements which can improve the quality of life of people with disabilities. The first edition
of this competition was held in 2016 [8]. The upcoming Cybathlon in 2024 has eight disciplines; arm
prosthesis, assistance robot, vision assistance, brain-computer interface, exoskeleton, functional electrical
stimulation bike, leg prosthesis, and wheelchair race [9]. This edition of the event includes tasks with
varying terrains made up of both moving and stationary obstacles which make them way harder to exe-
cute. Because of these variations, pre-programmed paths are not sufficient, since the devices need to be
able to react to their environment and change their path during the movement. This pushes researchers
and engineers to improve their assistive devices.

This study focuses on the exoskeleton race, where the pilot must be capable of completing ten tasks.
In the second version of the Cybathlon, held in 2020, the following tasks were included; ‘sit and stand’,
‘slalom’, ‘rough terrain’, ‘stairs’, ‘tilted path’, and ‘ramp and door’. The winning team, Angel Robotics
1, successfully completed the entire set of tasks within 3 min and 47 s [10].



Figure 1: Tasks for the Cybathlon 2024 categorized. They are arranged from the hardest (left)
to the easiest (right) tasks.

Figure 1 shows all tasks for the upcoming Cybathlon categorized. For tasks falling within the “crutch

free' category, the exoskeleton must maintain balance without relying on crutches. Within the category

“Using crutches', a speci ¢ sub-category involves a xed path. The paths for tasks in these categories
are all pre-computable. During task execution, the pilot will not need to make decisions, resulting in

relatively fast computational times due to a single available choice. This is not feasible for tasks with

varying paths, as the pilot and exoskeleton must react to the environment. There will be more potential

options, so the state machine of the exoskeleton will be more complex.

The crutch-free walking or standing task, as well as the one involving moving objects with varying paths,
are beyond the scope of this study. The exoskeleton used for this study, see section 1.4, is already capable
of executing most of the tasks in the ~ xed path' category using its current trajectory generator [11] and
controller [12]. Adapting the implemented trajectory generator could potentially address all tasks with

a varying path. However, due to time constraints, the focus of this study will be on the stepping stones
tasks. Figure 2 shows a CAD model of this task [13]. The pilot has to walk over a series of stepping
stones without touching the red surface, the crutches are allowed to tough this surface. The ability of
the pilot to accurately place their feet on locations, which are unknown to them beforehand, is being
assessed. To complete this task, the pilot must be able to change step sizes during the gait.

Figure 2: CAD model of the stones task for the Cybathlon 2024. The pilot has to walk over a
sequence of 9 stones, without stepping on the red surface [13].



1.3 State of the art

Nowadays, most exoskeletons, including the exoskeleton used in this study, are equipped with a real-time
controller. However, the reference trajectories are often non-real-time and rely on pre-de ned trajecto-
ries. Typically, both commercial and research exoskeletons feature four degrees of freedom (DOFs),
incorporating active hip and knee joints [14, 15]. These exoskeletons commonly rely on gait pro les de-
rived from healthy human subjects to generate trajectories. Reference trajectories are established based
on pre-recorded patterns of healthy individuals, which are subsequently replicated within the exoskeleton
[16]. The desired joint trajectories are typically parameterized based on various postures, improving the
usability and exibility of the controller. This approach is used for subjects who lost their voluntary
movements partly/completely. However, there are several disadvantageous associated with this approach.
Generating su cient paths requires the recording of numerous walking patterns, which, in turn, demands

a relatively large amount of storage. Unfortunately, the availability of such storage can be limited, and

it is extremely time consuming to compute all the individual steps. Furthermore, pre-recorded walking
patterns lead to partly/completely loss of voluntary movements. The method allows for limited length
[17] and speed changes [18]. This occurs because the prede ned and xed patterns, being recorded in
advance, may restrict the individual's ability to freely control or modify their movements during the
walking process.

Some exoskeletons incorporate an active ankle joint in addition to the standard con guration. Certain
systems generate ankle trajectories in task space and employ inverse kinematics to execute these motions
[19]. This method has demonstrated exibility in adjusting step height and length. However, challenges
arise when the model encounters singular con gurations or when pilot joint limits restrict motion. Alter-
natively, when integrating an active ankle joint, another approach involves replicating the gait patterns

of healthy individuals [19]. This methods adapts healthy gait patterns to modify high-level gait tasks,
sharing similar limitations with trajectory generators used for four DOF exoskeletons.

Moreover, some exoskeletons feature an additional active joint for hip ab-/adduction, thereby expanding
the DOFs in the frontal plane. These systems also utilize gait pattern generators based on healthy users
to enhance exibility [12]. However, due to the increased complexity resulting from multiple degrees of
freedom across di erent planes, manual adaption of these patterns becomes complex and challenging.
Moreover, this process is often time-consuming, with adaptations typically represented in form of poly-
nomials and splines.

Model-based trajectory generation is another often used method. It calculates the desired joint positions
and torques directly, considering the zero moment point criterion, gravity compensation, and providing
additional instructed support [20]. The zero moment criterion is a speci ¢ point on the interface be-
tween the ground and the robot at which the net dynamic and static external forces and moments are
in balance. This can be done real-time or non-real-time. However, due to the computational complexity
of solving dynamic equations, optimization and approximations, this is mostly done non-real-time. The
model-based method is employed to assist individuals with muscular weakness, aiding them in mobility
and daily activities. It requires various sensors and a high accuracy of the exoskeleton's performance,
recognizing dynamic and kinematic variables. Implementing this method becomes hazardous when uncer-
tainties exist regarding the accuracy of the sensors. Running multiple simulations with slightly di erent
input parameters is necessary to nd the optimal trajectory, which is why this process is not conducted
in real-time.

The approaches used for humanoid robotg are also sometimes used in exoskeletons. The Wandercraft
exoskeleton [22] adopts the hybrid zero dynamics approach [23], one of several approaches in this eld.
This approach focuses on generating dynamic gaits that ensure stability by carefully coordinating both
the continuous dynamics of the system (e.g. walking) and discrete events (e.g. foot-ground contact).
This approach allows for more natural and human-like movement patterns while maintaining stability
and exible motions in the exoskeleton. Notably, this method stands out for its e ectiveness in generat-

1Humanoid robots are robots designed to resemble and mimic human characteristics, typically in their appearance,
movement, or behavior. These robots often feature a bipedal structure with arms, legs, and a head, allowing them to
navigate and interact with their environment in ways similar to humans [21].



ing trajectories for exoskeletons capable of crutch-free walking, relying on precise knowledge of both the
pilot's and the exoskeleton's dynamic parameters. Most exoskeletons depend on crutches, which gener-
ally makes the requirements for approaches such as hybrid zero dynamics too demanding for such systems.

A commonly employed approach involves the development of simple models that incorporate boundary
condition for joint trajectories at speci ¢ waypoints, followed by the tting of a mathematical curve to
these trajectories [24]. This is a relatively straightforward method to apply with great adaptability to
the user and the gait. However, this approach does not allow changing walking parameters during gait,
making it impossible to avoid obstacles or navigate in di cult situations. IHMC Robotics also utilized
waypoints in its approach [25, 26].

IHMC Robotics secured second place in the Cybathlon 2016 with the Mina v2 exoskeleton [26] and
fourth place in the Cybathlon 2020 with the Quix exoskeleton [25]. Both exoskeletons shared the same
trajectory generation design. The swing leg trajectory was computed using four Cartesian positions
and velocity waypoints. The start and end point were waypoints, and two intermediate waypoints were
included. The swing trajectory is parameterized by step length, swing duration, initial foot position,
waypoint height, and waypoint fraction. An online gradient descent optimization is used to minimize the
intermediate waypoint velocities by varying the segment durations, creating the trajectories. The stones
task was included in the Cybathlon 2016, and IHMC Robotics was one of the two teams who completed
this task [26]. However, in contrast to the stones task in the Cybathlon 2024, the sequence of stones was
known in the 2016 edition. During the Cybathlon 2020, the stones task was replaced by the a rough
terrain obstacle, including unavoidable wooden logs [25]. The principle of the tasks remains the same,
using visual input to determine the appropriate placement of the feet while avoiding speci ¢ locations.

IHMC Robotics attributes their success in the Cybathlon 2016 to the high exibility in the walking
patterns due to Cartesian waypoints for the swing foot [26]. This trajectory design allows for easy ad-
justments of step lengths and times. Consequently, the Quix' trajectory design is well-suited for the
aforementioned tasks, as well as other tasks of the Cybathlon. However, it is crucial to note that in the
Cybathlon 2016, all paths were prede ned and known. In the Cybathlon 2024, where the sequence of
the stones is unknown, this method would not be e ective, as the pilot must be able to change their
step length and width during gait to execute this task. The inclusion of an interface to switch between
trajectories is essential.

Because of the varying terrain of the Cybathlon 2024 “Stones' task, having a real-time trajectory generator
would be advantageous, allowing for updating the walking parameters at any time, and enabling the pilot
to select the next step during gait [27]. Kazemi and Ozgoli propose a real-time minimum jerk walking
pattern generator for the Exoped exoskeleton [24]. In this method, the walking parameters (step length,
maximum foot clearance, stride time) can be changed without discontinuity in the second derivative
of the trajectories during the stride. The joint position feedback controller is designed to ensure the
system's output satis es the boundary conditions of the trajectories. A minimum jerk cost function
is implemented to convert the trajectory planning problem into an optimal control problem, including
changeable nal states. It is important to note that, since the walking parameters are computed in
real-time in this method, the stability of the robot it not fully taken into account, potentially leading to
safety risks (e.g. falling). Additionally, real-time trajectory generation is currently not frequently used
due to the long computational time and the considerable amount of computational power needed.



1.4 Symbitron exoskeleton
1.4.1 Hardware and controller

The University of Twente is set to participate in the Cybathlon 2024 with the Symbitron exoskeleton,
designed for pilots su ering from Paraplegia [2]. Two crutches are demanded for support while walking
in this exoskeleton, with mechanical buttons on one crutch serving as the control interface. One button
initiates weight shifts and steps, while another button handles the weight shift and stepping phase of
the closing step [12]. The exoskeleton comprises a total of ten DOFs, including eight active and two
passive [11]. Figure 3 gives an schematic overview, including all joints and actuators. Active DOFs con-
trol the hip ab- and adduction, hip exion and extension, knee exion and extension, and ankle dorsi-
and plantar exion. Notably, each leg possesses four active joints, resulting in a cumulative count of
eight active DOFs for the entire exoskeleton across both legs. Meanwhile, the hip internal and external
rotation, as well as the ankle inversion and eversion, are passive joints, and can be locked if demanded [12].

The Symbitron exoskeleton has a two-part control structure consisting of low-level and high-level control
[12]. The low-level control involves individual joint control, where the desired torque for each joint's
output shaft is generated. To accomplish this, the required motor torque is determined by a disturbance
observer. Using this method, the system disturbances are estimated by employing the inverse of the nom-
inal plant model, and a high-bandwidth low-pass lIter. The bandwidth of this low-pass lIter has the
purpose to maximize disturbance estimation within the system's robustness constraints [28]. The high-
level control, which will be the focus of this study, regulates the exoskeleton's behavior by determining
the amount of torque to be exerted on each joint. A speed-dependent reference joint trajectory generator
algorithm is implemented and controls the hip and knee joint trajectories by providing reference trajec-
tories for continuous walking [29]. The current trajectory generator used in the Symbitron exoskeleton is
the optimization-based trajectory generator developed and implemented by Rampeltshammer et al [11].

Figure 3: CAD-model of the Symbitron exoskeleton. lllustrating all active, hip ab-
/adduction (HAA), hip exion/extension (HFE), knee exion/extension (KFE) and ankle dorsi-
/plantar exion (ADP), and passive, hip internal and external rotation (HIE) and ankle inver-
sion/eversion (AIE) joints [12].



1.4.2 Trajectory generator

The output of the trajectory generator constitutes a stance trajectory, which allows for exible position
shifting by the pilot when in double stance, and swing trajectory, which generates an optimized trajectory
when in swing phase. The reference trajectories are obtained non-real-time using a technique similar to
that implemented in the Mina v2 and Quix exoskeletons, outlined in Section 1.3. This technique involves
deriving boundary conditions of the joint trajectories and tting them to a polynomial curve [11, 24].
When the exoskeleton is in double support phase, it performs a weight shift in both the sagittal and
frontal planes. The objective of this motion is to transfer the center of mass (COM) from the trailing
leg to the leading leg, facilitating a smooth transition between steps. This weight transfer is followed by
the stepping phase, during which the exoskeleton moves the leg through the step cycle. The currently
used trajectory generator computes joint trajectories in the form of time polynomials. A fth-order
time polynomial was used to represent the desired motion, ensuring continuity and meeting boundary
conditions. These polynomials were concatenated to achieve the desired motion, with specic phases
like weight shift and stepping consisting of multiple fth-order polynomials sequenced to maintain mo-
tion continuity. Section 2 will delve deeper into the characteristics and applications of these polynomials.

This trajectory generator computes a path that has an opening step, an intermediate step and a closing
step. The initial pilot parameters, representing the con gurations of the exoskeleton in the initial state
(a stationary parallel stance), are used as the starting values for the optimization. These values are
utilized to determine the polynomial coe cients for the weight shift of the opening step. The optimized
polynomials of the weight shift for that step are employed to obtain the polynomials for the stepping
trajectories of that opening step. The output of one optimization is a set of polynomial parameters, the
output polynomial de nes the beginning of the next one, ensuring a connection between the motions.
The same principle applies to the intermediate and the closing steps, where the optimized output values
of the weight shift for each respective step are taken to obtain the corresponding polynomial coe cients
for the stepping trajectories. For the weight shift of the intermediate step, the output values of the
stepping motion from the opening step are employed. For the weight shift of the closing step, the output
values of the stepping motion from the intermediate step are taken. Figure 4 describes the required
inputs to obtain the polynomials. Since all steps have the same step length, height, and width, a closing
step can also be executed after an opening step, and an intermediate step after an intermediate step.
After completing the closing step, the pilot should stand in parallel stance. However, the joint angles
might not perfectly match the desired neutral position. Hence, the exoskeleton requires homing to en-
sure it returns to the correct alignment after the stepping phase of the closing step. This is done by
implementing a rst-order polynomial between the end values and the desired begin positions.

Figure 4: Diagram describing the required input polynomials to obtain the output polynomials
for the weight shifts (WS) and stepping phases (SP) of all three step types.



The gait cycle consists of distinct phases; the single support phase and the double support phase, each
characterized by nonlinear constraints, which constitute the high-level gait tasks. These tasks involve
initiating movement, coordinating weight transfer, ensuring foot clearance, adjusting step height, and
reaching the step target. By including nonlinear constraints and a parametrization of joint trajectories,
the joint angle trajectories can be optimized to achieveC? continuity and ful Il high-level gait tasks,
respectively [11]. C? continuity is achieved in a polynomial when its acceleration exhibits smoothness
over time. One of the requirements of the used trajectory generator is that the joint trajectories must
be C? continuous, ensuring comfort for the user. ThisC? continuity is a constraint that completely

de nes three parameters per polynomial. The other polynomial coe cients are obtained through the
constrained minimization of the cost function (Equation 1) [11].

Z
J= , i G, + dielidy, + iixid, + i alif,dt 1)

After the optimization parameters are obtained, comfortable motions are ensured by this cost function
that minimizes joint jerk ( §’), joint acceleration (¢g) and COM velocity (x) of the trajectory, as well as
keeping the trunk orientation as steady as can be [11]. The latter is achieved by determining the error
between the desired lean angle ) and the actual lean angle ().

A major advantage of the currently used trajectory generator is its exibility compared to similar sys-
tems, especially the ones using prede ned gait trajectories [16]. This trajectory generator easily adapts
to various gait patterns by customizing individual high-level gait tasks, so fast adjustments of parameters
(e.g. step height) is possible, as well as adapting to the sizes of the pilot [11]. The pilot for the Cybathlon
2024 is not yet determined, allowing the possibility of selecting a pilot at a later stage. The shift of the
COM in the double support phase is very well-controlled by the high-level controller using this trajectory
generator due to the highly constrained motions. However, the used implementation of the trajectory
generator generates a single opening step, an intermediate step, and a closing step. Consequently, this
design limits the pilots' control over their walking path, as they cannot adjust the step size during gait,
except for initiating the steps and stopping the gait. The implementation of multiple step sizes has not
been investigated for this trajectory generator thus far.

1.5 Goal of the study

This study aims to develop and experimentally evaluate a trajectory generator and controller for the
Symbitron exoskeleton, allowing pilots to adjust their step sizes during gait for tasks such as the Cy-
bathlon 2024 “Stones' task.

The goal of this study is to design a trajectory generator and controller with speci ¢ outcome metrics
for a downscaled version of the “Stones' task: step size accuracy and precision less than 5 cm, a task
completion time under 2 min, and a transition time, the duration needed to select and operate a single
step, under 20 s. The currently used trajectory generator and controller in the Symbitron exoskeleton
serve as a foundation for developing a new trajectory generator to achieve these goals. Three di erent
types of trajectories were incorporated, called libraries: a xed, adjustable, and partly adjustable. The
xed library computes one step length and one step width. The adjustable library develops steps with

di erent step lengths and widths. The partly adjustable library generates steps with a xed step width

and varying step lengths.

Speci cally, the study poses the research question: “Which of the three libraries from the trajectory
generator and controller achieves the best accuracy, precision and fastest transition and task completion
time when completing a downscaled version of the Cybathlon 2024 "Stones' task?' The three di erent
libraries will be tested by performing experiments, further details about the experiments will be elabo-
rated in the next section.



This paper will discuss the rationale behind the obtained requirements and modi cation made to the
trajectory generator and high-level controller (Section 2.1), the experimental setup and evaluation process
(Section 2.2), the results obtained (Section 3), and the conclusions drawn from the ndings, as well as
the limitation and utility of the study (Section 4).



2 Methodology

This section represents a trajectory generator and high-level controller with three distinct libraries, in-
cluding an adjusted high-level controller. The requirements for the design are outlined, followed by a
detailed explanation of the three libraries and their implementation. Those designs were experimentally
evaluated and compared with each other, by executing two experiments.

Throughout the entire study, the following coordinate system conventions were used; the x-axis corre-
sponds to the walking direction, the z-axis represents the right-lateral direction, and the y-axis denotes
the direction opposite to gravity.

2.1 Adjusted trajectory generator and high-level controller

The trajectory generator, including three libraries, and controller were developed based on specied
requirements. The design decisions are detailed and clari ed in this section.

2.1.1 Step sizes

For the Cybathlon 2024 “Stones' task, two distinct options for step length (0.525 and 0.252 m) and step
width (0.525 and 0.375 m) are prescribed. These step dimensions signi cantly di er from the typical
step sizes, being both longer and wider (typical step length = 0.35 m and step width = 0.47 m).

The given step dimensions pose a challenge for the algorithm responsible for computing step sizes.
Speci cally, aiming for such large and small target step lengths and widths leads to the violation of both
linear and nonlinear constraints within the exoskeleton's design. From the linear constraints, the hip
ab-/adduction joint angles are violated. Additionally, nonlinear constraints associated with step height

of the foot, target ankle, target foot, and target COM are also breached. These constraint violations
have consequences for the trajectories. The trajectory generator, responsible for obtaining them, fails
to reach an optimal solution. A proper kinematic behavior cannot be reached without adhering to both
linear and nonlinear constraints. To address the constraint violations, a solution was investigated: mul-
tiplying the virtual lengths of the exoskeleton in the trajectory generator by a factor of 1.3. While a
pragmatic approach, it becomes clear that increasing segment lengths is necessary to achieve the required
step lengths and widths. This adjustment does lead to an optimal solution without violating any of the
linear or nonlinear constraints. This means the problem is too constrained for all nonlinear and linear
constraints which are implemented in the trajectory generator. Violating these constraints prevents task
satisfaction and results in compromised kinematic behavior of the exoskeleton. This results in trajec-
tories which are not continuous. When this occurs, the controller of the exoskeleton detects the breaks
in the trajectories and cannot process them, therefore generating an error. Table 1 shows the segment
lengths of the exoskeleton for reference.

Table 1: Segment lengths of the exoskeleton

Upper leg: 0.430 m
Lower leg: 0.400 m
Foot height: 0.125m

Ankle to toe distance: 0.230 m
Heel to ankle distance: 0.058 m

Given the unfeasibility of executing step sizes of both large and small magnitudes from a kinematic
standpoint, this study employs more moderate step sizes (step length = 0.3 and 0.35 m, step width =
0.5 and 0.45 m). It is crucial that all combinations of step length and width remain feasible. Thus
avoiding extremes in size, neither too large nor too small, is necessary. This approach ensures accurate
and precise assessment of the libraries without encountering issues arising from excessively large or small
step sizes, which could introduce errors or deviations. Consequently, the two experiments, to be discussed
later in this study, utilized these moderate step sizes.



2.1.2 Requirements

This section speci es the requirements for the trajectory generator. The diameter of the stones used
in the Cybathlon is 25 cm. To ensure the pilot's stability and prevent the risk of falling o the stone,
the midpoint of the pilot's foot should remain within a 15 cm diameter. This allowance provides a 5
cm safety margin on all sides. In this scenario, the pilot positions at least two-thirds of their foot onto
the stone. Considering the foot's total length of 28.8 cm (sum of 23 cm and 5.8 cm, see Table 1) and
accounting for the measurement from the foot's midpoint, half of the foot is always located on the stone.
Incorporating the 5 cm safety margin, the foot is always on the stone with at least 19.4 cm, which exceeds
two-thirds of the total foot length. This minimizes the chance that the pilot will fall o the stone. Figure

5 illustrates the stepping stone including the maximum error area. To accomplish this, the mean error

with respect to the stepping stone center location Enean = —2= (Step sizeeror ) with N = the amount
of steps taken during the trials) should be less than 5 cm. Add|t|onally, the standard deviation (STD)
should not exceed 5 cm.

Figure 5: Stepping stones and the maximum error area. The orange and blue circles together
describe the diameter of the stepping stone. The blue circle depicts the area where the pilot is
allowed to position the midpoint of their feet.

In the Cybathlon 2020, the winning time for a similar task was 32 s [10]. However, the “Stones' task at
the Cybathlon 2024 is more challenging due to the varying terrain. This will likely result in a decreased
task completion speed. Therefore, the time for completing the task was set at 2 min. Each individual
step, including the selection of the desired step size, should not take too long either; therefore, the
requirement of the transition time of one step is set to less than 20 s. It is important to consider
that task completion is more crucial compared to the task's speed, as failure to complete the task
would eliminate the participant from that segment of the competition. Consequently, the accuracy and
precision requirements are considerably more stringent compared to the time. Table 2 summarizes these
requirements.

Table 2: Requirements of the design

Accuracy: mean error <5cm
Precision: STD <5cm
Time of task: <2 min

Transition time of one step: <20s

2.1.3 Polynomial trajectory generation

Like mentioned in the introduction, the trajectory is constructed of several polynomials. To be specic, a
fth-order time polynomial. Equation 2 describes a simple fth-order polynomial. The rationale behind
this order will be explained later in this section.

q(t) = ag + apx + apx? + asx® + asx* + asx® )
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The six parameters @g, a1,a2,a3,a4,a5) were computed such that the boundary conditions are satis ed.
These boundary conditions de ne the initial and nal positions ( ;¢ ), velocities (g;¢ ) and accel-
erations (¢;& ) of the polynomial. The desired motion is achieved by concatenating several of these
polynomials one after the other. To achieve continuity in the motion, the starting point of a polyno-
mial is de ned by the ending point of the previous motion. The weight shift and stepping phase consists
of two and four fth-order polynomials, respectively, put behind each other to achieve the desired motion.

During the double support phase, the constraints ensure that both feet remain on the ground and that
the COM is shifted from the trailing leg to the leading leg. During single support phase, the constraint is
to maintain the COM over the leading leg. In addition to the nonlinear constraints, linear constraints are

also implemented to ensure that the trajectories adhere to the kinematic limitations imposed by either
the exoskeleton or the pilot. These constraints account for upper and lower limits in the joint angles,
velocities and accelerations.

Equation 3 describes the joint trajectories for each jointd [11]. The trajectories are a combination ofN
polynomials of the K order. The indication function p determines whether polynomialp is active.

Wt = o (p(t) Koo ((apt) = 5o (p(H)a5 T); ®3)

wheret is time, T is vectorized time, dak;p are the polynomial coe cients, and dag are the vectorized
coe cients. %a] represents a combination of the coe cients in %ay,, with time instances T up to the
K™ order. K is set to 5 to have enough unconstrained parameters and achiev@? continuity. N = 2 in
the double support phase and N = 4 in the single support phase. Those are selected in order to minimize
the number of unknowns [11]. Equation 4 describes how the polynomial coe cients are computed.

3

2
dag

dAzg é:APQ Qo+ P 'A @
da,

with Qo as the initial and A as optimized parameters. C2 continuity is achieved by multiplying the
projection matrices A Pq and AP, with those parameters.

2.1.4 Libraries

Three di erent libraries were implemented in the trajectory generator and the controller of the exoskele-
ton. The rst library, referred to as xed library, is based on the original trajectory generator developed
by Rampeltshammer et al [11]. This library computes steps with uniform lengths and widths for all
steps, with prede ned values of L = 0.35 m, W = 0.47 m for this study. This width remains the original
implemented width in the trajectory generator without any additional width. The selection of this step
length is based on its compatibility with the chosen width. This combination had been found to produce
a smooth and e ective gait pattern. The second and third library, referred to as the adjustable library
and partly adjustable libraries, respectively, are modi ed versions of this original trajectory generator.
These modi cations enable the generation of steps with varying lengths and widths during the gait. The
adjustable library has adjustable step lengths and widths. Conversely, the partly adjustable library has
an adjustable step length and a xed step width. In this library, the pilot must manually change their
heading, direction which the pilot is facing, to guide the foot to the correct target. This is done by placing
the crutches, and adjusting the upper body posture. The step sizes were computed non real-time in the
trajectory generator. However, the controller is determining which step will be performed real-time, as
well as computing the polynomials, making this a partly real-time exoskeleton.
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As previously stated, the xed library remains the currently used trajectory generator unchanged. The
principles of generating steps in the (partly) adjustable libraries are similar to that of the xed library,
described in section 1.4.2.

For the experiments, two di erent step lengths and widths were utilized, resulting in four possible step
sizes. This results in four opening steps, four intermediate steps, and one closing step. The closing step,
designed to transition the pilot to a parallel stance, remains constant regardless of the step length or
width. Each of those steps were created to allow the pilot to transition from each opening step to every
intermediate step and closing step. Additionally, from every intermediate step, another intermediate
step and the closing step were obtained. In total, there are 44 weight shifts and 44 stepping phases,
ensuring a possible transition between all required steps. Figure 6 provides a visual representation of
how this total is computed. During operation, the pilot only needs to select from the four available step
sizes. The controller will subsequently determine the right choice among the 44 possible weight shifts
and stepping phases. This determination considers the previous step size, the next step size, and the
type of step (i.e. initial, intermediate, or closing).

Figure 6: Overview of the computation of the amount of step options for the (partly) adjustable
libraries.
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As previously mentioned, the adjustable library maintains step lengths and widths that correspond to
those used in the experiments. Alternatively, the partly adjustable library utilizes a xed step width
(SW =0:47). To compute the step lengths in this library, the diagonal between the desired step length
and width was calculated. Once this diagonal was determined, the xed step width was used to compute
the step lengths, using the Pythagorean theorem, as shown in Equation 5. This was possible since the
diagonal is the same for both steps. A schematic overview of this calculation is depicted in Figure 7.
Table 3 displays the step lengths and width for the di erent libraries.

q
Slnew = (diag)2 (SWrixed )2; with
5)

q
diag = (SLoriginaI )2 +( SWoriginal )2

Step length computation of partly adjustable library

(@) (b)

Figure 7: Schematic top view of the pilot taking a step. The diagonal between the original step
length (SLorigina ) @and width ( SWoriginai ) is computed to generate the step length SLpew ) for
the partly adjustable library, considering the xed step width ( SWrixeq ) 0f 0.47 m. SLriginal
and SWoriginai - are perpendicular, as well asSLpew and SWrixeq . The diagonal in both gures is
the same length, which proves that this computation is valid.

Fixed Adjustable Partly adjustable

Step size 1 (m)| S =035 | SL=035 SL=0.39
P SW=047 | SW=05 SW = 0.47

) SL=035 SL=032

Step size 2 (m) - SW = 0.45 SW = 047
) SL=03 SL=035

Step size 3 (m) - SW=05 SW = 0.47
) SL=03 SL=027

Step size 4 (m) - SW = 0.45 SW = 0.47

Table 3: Step lengths (SL) and widths (SW) for the di erent libraries corresponding to the four
step size numbers.
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In the original design, all steps maintained the same duration. However, given the variations in step
dimensions, it is reasonable to adjust the duration to ensure consistent velocities across all steps. The
duration was calculated using Equation 6. The virtual velocity was set to 0.32 m/s, being set as default
in the exoskeleton's controller. This “virtual velocity' is not a true velocity since the velocity is not
constant throughout the entire step. Instead, it serves as a guideline to determine the correct duration
so that this duration across all step sizes is evenly distributed.

Duration = M (6)
virtual velocity

Figure 8 presents the outcomes of the trajectory generator for the di erent libraries. The gure illustrates
that the actual step length aligns with the desired step length across all libraries. However, the desired
step width only corresponds to the actual step width in the adjustable library. For the other two libraries,
it deviates by 0.02 m. Similarly, the desired step height deviates by 0.02 - 0.03 m across all libraries. It
is worth noting that the validation of this study does not include the integration of step height, making
it less critical for the analysis.
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Evaluation of the computed walking parameters

(a) Fixed library
SLges = 0.35 M, SWges = 0.47 m, and SHges = 0.13 m,
SLact =0.35m, SWaet =0.49 m, and SHyae = 0.16 m.

(b) Adjustable library
SLges = 0.35 M, SWges = 0.5 m, and SHges = 0.13 m,
SLact =0.35m, SWaet =0.5m, and SHa: = 0.15 m.

(c) Partly adjustable library
SLges = 0.39 M, SWges = 0.47 m, and SHges = 0.13 m,
SLact =0.39 m, SWaet =0.49 m, and SHae = 0.15 m.

Figure 8: Simulated outcome parameters of the trajectory generator with the di erent libraries
including the desired step length SLges), step width (SWyes), step height(SHges), and the actual
step length (SLaet), step width (SWyt ), step height(SHact ).
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2.1.5 Continuous and smooth signal

Figure 9 shows the hip ab-/adduction joint trajectory with the acquired parameters for the adjustable
library. It demonstrates gaps in between the stepping phase of the previous step, and the weight shift of
the next step.

Hip ab-/adduction joint angle during four simulated steps using the adjustable library

Figure 9: Simulation of the trajectories with the acquired parameters of the adjustable library.
The red graph illustrates the weight shift and stepping phase during the opening step with the
right leg, while the blue graph represents the corresponding phases of an intermediate step with
the left leg. Similarly, the purple and green graphs represent subsequent steps in the sequence.

When executing consecutive steps, it is essential for the initial position of each step to match the nal
position of the previous step. Di erent step sizes can lead to di erent nal positions, creating a discon-
tinuity where the initial position of one step does not align with the nal position of the previous step.
To resolve this issue, a proposed solution is hecessary to ensure continuity in the sequence of steps.

From Figure 9, it is evident that there is no gap between the opening step (step 1) and the rst in-
termediate step (step 2). The weight shifts of the intermediate steps were computed using the output
polynomials of the stepping phase of the opening steps. This approach ensures a smooth connection
between all opening steps and subsequent ones.

When transitioning from an intermediate step (step 2) to another intermediate step (step 3), a gap is
observed. The polynomials for step 3 are derived from the output polynomials of step 2. However, when
the step before the previous step is di erent, the polynomials may not be exactly the same. This incon-
sistency appears due to optimization, where the output values are not always identical. Additionally,
while the location of the end e ector may be the same, this does not imply the outcome of all joint
con gurations is the same as well, this could lead to a incontinuous signal. Due to this complexity, just
considering the current en previous step size is insu cient. Resulting in a computation of (4 4 =) 16
step sizes being inadequate.

To ensure smooth transitions between steps, it would be theoretically possible to compute all possible
steps from every possible preceding step. However, this approach would results in an excessive nhumber of
steps, calculated as (448 1 =262:144). This number is obtained by multiplying the number of options

at each step throughout the sequence of ten steps: one openings step, eight intermediate steps, and one
closing step. The number of options grows by a factor of 4 at each step, since there are four options for
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each next step. This is highly ine cient and would require substantial computational resources.

Therefore, an alternative solution has been implemented to address this issue. To Il the gaps between
the steps, a fth-order polynomial was computed by the controller in real-time. This polynomial acts as
a exible connector, smoothly interpolating between known points in the trajectory to ensure continuity
and accuracy. The order of this polynomial ensures that the trajectory remainsC? continuous, main-
taining the same smoothness as the rest of the trajectory. A gap is detected when the di erence in angle
between the previous time step and the current time step exceeds the threshold value, which is set at
0.01 radians. When the gap is smaller than this threshold, the controller is capable of compensating for
the gap itself by linearly interpolating the path between the points.

The polynomial is generated using the angle @), angular velocity(d) and angular acceleration@) at the
end of the polynomial before the gap Py) as starting condition. The g, g and ¢ of the beginning of the
polynomial after the gap (Px+1) are used as end conditions. The parameter values for the polynomials
are obtained using equation 7. This computation needs to be performed separately for each joint.

parameters= F 1 Q (7
using,
2
1 0 O 0 0 0
17T T2 T8 T4 TS
80 1 0 0 O 0
F=80 1 or 3r2 4718 574 (8)
0O 0 2 0 0 0
0 0 2 e 1212 2013
2 3
CendP x
OstartPx  +1
_ GendP x
= 9
Q GstartPx  +1 ©)
€endP x
SstartPx +1

T is the time interval for one polynomial, ranging from 0 to 1. This value for T is taken for the general
computation of the polynomials. Afterwards, this polynomial, together with the weight shift and stepping
phase polynomials, will be scaled to their actual duration, velocities, and acceleration. Equations 10, 11,
and 12 are used for that, respectively.

0= Tmat paramameters (10)
0= Tmat Rmar paramameters (11)
€= Tmat Rmat Rmat paramameters (12)

The function Tng, as de ned in Equation 13, ensures the correct allocation of parameters to each
joint, while also scaling them appropriately based on given time instances. On the other hand, using
the function Ry, , described in Equation 16, the derivatives of joint angles were calculated, thereby
facilitating the computation of joint velocities and accelerations.
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Tmat =eye(n) rate©@; (13)

with n being the amount of joints, which is 11 in this case, was inserted in an identity matrix. The
rate represents the time instant within the current polynomial, Equation 14. The rate transitions from
exponent 0 to 5 since it is a fth-order polynomial like described in Sections 1.4.2 and 2.1.3.

rate = mod(time location; 1 + eps) (14)

This method uses Equation 15 to compute the time location, which represents the time instant within the
current weight shift or stepping phase. This information is crucial for determining the active polynomial
within that part of the step.

. . time
time location = ——— n (15)
duration

The variable time represents the time instant within the gait cycle of the exoskeleton, ranging from 0
to the duration of each weight shift (including gap lling) or stepping phase. n represents the number
of polynomials: two for the weight shift, three for the weight shift including gap lling, and four for the

stepping phase. Therefore, the gap lling is an additional polynomial implemented before the weight shift.

Rmat is calculated using Equation 16.

Rmat = dt diff matrix; (16)

with dt and the di erentiation matrix given by Equations 17 and 18, respectively.

1
~ duration (17
diff matrix =eye(n) diag(l:5;1) (18)

n is the amount of joints, 11, inserted in an identity matrix. On the main diagonal of this 6 times 6
matrix, the vector 1:5 is taken, with one diagonal above the main diagonal lled with zeros.

Once the polynomial to Il the gap was determined, it was integrated into the signal. The gap lling
was incorporated into the intermediate step between the stepping phase of the previous step and the
weight shift of the upcoming step, provided that the gap between the polynomials is at least 0.01 radians.
Figure 10 illustrates the trajectory of the hip ab-/ adduction joint including the polynomials that lled

the gaps. The gap lling process takes place within the high-level controller and was implemented for
the (partly) adjustable libraries.
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Hip ab-/ adduction joint angle during four simulated steps using the adjustable library
including gap lling

Figure 10: Simulation of the trajectories with the acquired parameters of the adjustable library
including polynomials to Il the gaps. The red graph illustrates the weight shift and stepping
phase during the opening step with the right leg, while the blue graph represents the corresponding
phases of an intermediate step with the left leg. Similarly, the purple and green graphs represent
subsequent steps in the sequence. The black lines illustrate the gap llings.

2.1.6 High-level controller

Adjustments were made to the high-level controller to enable the selection of the correct path and ex-
ecution of trajectories e ectively. These modi cation are applied to the currently utilized high-level
controller. The primary modi cations in this controller involve the state machine and parameter imple-
mentation. The state machine will be discussed rst.

Several adjustments were made to the state machine. Firstly, pilots now have the capability to change
the starting leg, allowing them to choose which leg to start with. This feature has been implemented
across all libraries. Secondly, a new modi cation allows pilots to adjust the step size of the next step.
This adjustment can occur at two distinct time instances: during parallel stance, and prior to a weight
shift. It is not possible to change the step size after the weight shift. The weight shift facilitates the
transfer of the COM from the trailing leg to the leading leg, preparing the exoskeleton for the subsequent
stepping phase. Any attempt to modify the step size between the weight shift and stepping phase would
result in mismatched polynomials, leading to disconnecting trajectories. For a more detailed exposition
of the implementation, please refer to Appendix 6.1.

Within the parameter implementation, modi cations were made in both the parameters selection and
angle computations. In the (partly) adjustable libraries, a total of 44 distinct steps had been implemented

for both left and right legs. The determination of the correct polynomial for the chosen step involves
considering the active leg, the previous step size, the step type, and the desired step size. Appendix
6.1 provides an elaborated overview of how the step sizes can be chosen and executed. Furthermore,
a graphical user interface (GUI) was created to facilitate straightforward interaction with the system.
Figure 11 demonstrates this GUI, providing pilots with clear visibility of the selected and facilitating
ease of adjustment. Additionally, awareness of the gait type and starting leg is essential for the pilot
to anticipate upcoming movements. Furthermore, an algorithm detects gaps between step transitions,
lled by gap- lling polynomials outlined in Section 2.1.5.
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Figure 11: Screen shot of the part of the GUI important for the pilot. Showing the step type,
step size and active leg, among other things.

2.2 Experimental evaluation

Two experiments were executed to compare the accuracy, precision, task load, task completion time,
and transition time of the three di erent libraries. These experiments are based on the Cybathlon 2024
"Stones' task.

2.2.1 Participants

One healthy pilot (male, age= 28) of good physical condition was included in the study.

2.2.2 Experimental equipment

For this study, the Symbitron exoskeleton from the EU Symbitron Project was used [12]. The experiment
was performed in the Wearable Robotics lab at the University of Twente. This lab includes a ten camera
motion capture system (Qualisys AB, Geteborg, Sweden), and a ZeroG Gait and Balance system
(Aretech, Sterling, USA). For this experiment 26 re ective markers were used. The sample frequency
of the marker data recordings was 128 Hz. The joint positions, velocities and torques were recorded at
1000 Hz in the exoskeleton.

2The ZeroG Gait and Balance system is a robotic tool designed to provide dynamic body weight support during
rehabilitation therapy. It utilizes overhead tracks and a harness to enable patients to walk safely [30]
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2.2.3 Protocol

The markers were placed by the researcher using the Plug-In-Gait lower-limb model and additional
markers on C73, sternum, the shoulders, and one additional marker on each foot, shown in Figure 12.
These markers were used for accurate and precise capture of movements of those speci ¢ points for gait
analysis. The exoskeleton and Qualisys system were turned on, and the Qualisys system was calibrated.
The ZeroG system was attached to the exoskeleton to prevent the pilot from falling. During the rst
experiment, the pilot was instructed to walk ten predetermined steps in the Symbitron exoskeleton in
three di erent trials, conducted for all three libraries. This process was repeated three times. After each
trial, the pilot used the ZeroG system to turn around. Given the absence of visual input, no targets
displayed on the ground, the pilot relied solely on the movements of the exoskeleton. The objective of
this experiment was to assess the accuracy, and precision of the libraries while the visual information for
proper foot placement guidance was missing.

In the second experiment, the pilot was instructed to traverse a prede ned sequence of targets, as
depicted in Figure 13a. The di erent colors represent three sequences of steps that the pilot must walk
through. These varied sequences allow for more step combinations, while keeping short trials. Figure 13b
shows one of the trials including step lengths and width between the targets. The pilot was instructed
to position the midpoint of the foot on the center of the cross. The pilot walked again in the exoskeleton
using all proposed libraries three times in each trial. After completing each trial, the pilot was turned
by the ZeroG system and brought back to the beginning of the path. The goal of this experiment was to
evaluate the performance of the libraries when the pilot is aware of the target. The complete protocol
for these experiments can be found in Appendix 6.2.

Figure 12: Human body diagram including the required markers according to the Plug-In-
Gait lower-limb model and additional markers on C7, sternum, the shoulders, and one additional
marker on each foot.

3C7 refers to the seventh cervical vertebra, which is the lowest bone in the neck (cervical spine) region. It plays a
crucial role in providing structural support and facilitating movement of the head and neck [31].
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Experimental setup

(@) (b)

Figure 13: Experimental setup A) utilized during the experiment, with three colored tapes
indicating the sequences of target steps. B) A scaled schematic overview, featuring yellow circles
representing the error areas of the targets, blue arrows denoting step width distances, and green
arrows indicating step length distances. This illustration corresponds to the green trial.

Lastly, the participant was asked to complete the NASA task load index (NASA-TLX), Appendix 6.6.
This questionnaire was employed to assess the demands and di culty levels of the libraries during the
experiment. Every part was assessed on a scale of 21 gradations indicating whether the load is high,
medium, or low. The higher the score, the more intense the work load.

2.2.4 Data analysis

The output of the three libraries and high-level controller were validated with the data from a single
pilot. The Qualisys data was used to compute the lengths and widths of each step, with the Qualisys
interface determining the moments when the the pilot was in double stance. The three di erent libraries
were validated through assessing their performance based on the accuracy and precision of the steps.
Alongside computation of the task completion time and the transition time of each step. Furthermore,
the output of the exoskeleton's controller was examined to ensure alignment with the desired output.
The markers on the upper body were used to determine whether there were variations in the posture and
movements of the pilot across the di erent libraries and experiments. This validation process provided
insights into the functionality and e ectiveness of the trajectory generator and controller, including the
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three libraries, providing information on whether the output data was aligned with the desired data.

The Qualisys data was imported into MATLAB (R2023a) for analysis. The step length and width for
each step were computed. In Experiment 1, markers were placed on the lateral side of the ankle to deter-
mine these step length and width errors. These markers were reliably detected by the Qualisys cameras,
which was advantageous for accuracy. However, the kinematic model of the exoskeleton considers the
middle of the foot in the frontal plane as the end e ector. Unfortunately, the marker on the medial side
of the ankle was not visible throughout the whole trial. Consequently, it was impossible to compute the
mean between the medial and lateral ankle markers to determine the precise step width. To address this
issue, adjustments were made based on the marker's known lateral position, which is 5 cm away from
the midline. To account for the 5 cm on each foot, 10 cm were subtracted from the width calculation.
This discrepancy does not impact the calculation of step length as long as the markers are in the same
position on the sagittal plane.

The walking direction for this experiment was not along either the global x-axis or the z-axis but a
rotation around the y-axis was included, the position of the markers placed on the lateral sides of the
hips (see Figure 12 for reference) was used to determine this rotation (Figure 14). Equation 19 shows
the equation how the angle between the hips was calculated, using the markers placed on both hips.

W = tan () (19

The step length and width were determined using Equation 20 and 21, respectively. The length and
width were determined when the pilot was in double stance.

length = m (20)
o z
width = oo 1) (21)
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Figure 14: Schematic top view of the pilot taking a step. This gure is used to calculate the
step length (SL) and width (SW). The red dots represent the left hip marker (LH) and right hip
marker (RH). The green arrows represent the di erence in x- and z-coordinates of the left lateral
ankle marker (LLA) and the right lateral ankle marker (RLA).

To determine the accuracy and precision of the step length, the mean error (Equation 22) and STD
(Equation 23) were calculated, respectively. The same procedure to compute the mean error and STD
was performed for the step width as well.

P
(SLi  SlLges)

Mean error =
total numbers of steps

(22)

SL; represents the actual step lengths, whileSL,,s denotes the desired step length. The desired step
length and widths can be found in Table 3.

S

STD =

P
(SLi S|—mean )2. (23)
number of steps ’

with SLmean being the corresponding mean of the lengths, which was computed with Equation 24.

P
SL;
SL = 24
M8 ™ total numbers of steps (24)
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For Experiment 2, the target steps were positioned to align with the global x- and z-axis for the step
length and width, respectively. This arrangement ensured that the step width corresponded to the dif-
ference in z-coordinates of the ankle markers, while the step length corresponded to the dierence in
x-coordinates of the same ankle markers. x and z were utilized to calculate the step length and
width, respectively.

When computing the step length and width using the same methodology as in Experiment 1, cumulative
errors may arise due to potential in uence of errors from previous steps on subsequent ones. To address
this issue, the x- and z-position of the targets were computed using Qualisys, and the position of the
placed feet was then subtracted from these target locations. Step length and width errors were determined
using markers placed on the medial and lateral sides of the both ankles. The actual foot position was
computed by taking the mean of the z-coordinates of the medial and lateral markers. The step width
error (ewigth ) wWas calculated using Equation 25.

(Zmedial * Ziateral ) (25)

€width = Ztarget 2

The step length error (eength ) Was calculated similarly using the x-coordinates, as shown in Equation
26. Additionally, 5 cm was added to account for the marker positions, considering they are not located
at the midpoint of the foot.

X ia T X
elength - Xtarget ( medial 5 lateral )+0:05 (26)

The mean error of the width for Experiment 2 was calculated using Equation 27.

P
Cwidth

27
numbers of steps 27)

Mean error =

Additionally, the STD of the width for this experiment was computed using Equation 28. The same
equations were used to calculate the mean error and STD of the step length.

i
TD = idth . 2
S number of steps’ (28)
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For Experiment 2, the task completion time and the transition time of each step were determined. This
is relevant as Experiment 2 serves as a representative simulation of the “Stones' task of the Cybathlon.
The task completion time was calculated as the mean duration across all trials for the three di erent
libraries. One trial is when walking one of the sequences of 9 steps. This time is from the moment the
researcher instructed the pilot to start and provided the rst step size, until the pilot reached the nish
line. This method also accounted for the time needed to choose the initial step size and starting leg.
The transition time of each step was computed as the mean duration from the moment the pilot landed
in double stance until they returned to double stance again. This ensured that the time taken for step
selection was appropriately factored into the time of the subsequent step.

The exoskeleton's controller data was used to compute the tracking errors. The desired joint angles
(Cuesired ) @and measured joint angles @neasured ) Were used to compute the joint tracking error (goint ).
using Equation 29. The torque tracking error (e ) was computed with the desired torque ( gesired )
and the measured torque (measured ), USiNg Equation 30. The measures are useful to determine the
performance of the controller's regulation of the joint angles and torques.

€oint = Omeasured Odesired (29)

€ = measured desired (30)

The saturation error (esawration ) Was determined to check whether the desired torques exceeds the torque
boundaries. Equation 31 described how this was calculated using the desired torquegtsireq ) @and the
limited torque ( imited ). This is necessary to see if, and how often the desired torques exceed the torque
limits.

€saturation =  limited desired (3 1)
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The posture of the upper body could also have an in uence on the positioning of the feet. To investigate
this, the roll, pitch and yaw were calculated through the locations of the sternum, and the left and
right shoulder markers. These angles correspond respectively to the lateral tilting, forward or backward

inclination, and rotational adjustments of the pilot's body on the vertical axis. Figure 15 gives a overview
of these rotations.

Figure 15: Schematic overview of the roll, pitch and yaw angles [32].

To get these rotation angles, two vectors were computed to determine the displacement from poin®;

(sternum) to point P, (right shoulder), and from point P; to point P3 (left shoulder), Equation 33 shows
the computation of those vectors.

V1 = P2 Pl (32)
V=P P (33)

The next step was to compute the vector representing the Z-axis of the body frame, Equation 34, and
afterwards normalize this value, Equation 35.

Z=Vi V, (34)

The X-axis vector was determined using Equation 36, and normalized using Equation 37.

x = (Pt P2) > P2, p, (36)
X
X = kX k 37)
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The Y-axis vector was computed using Equation 38. This is already a unit vector since X and Z are also
unit vectors.

Y=z X (38)

The rotation matrix representing the orientation of the body- xed frame is represented by Equation 39.

2 3
X1 Y1 Zp
R = 4X2 Y2 225 (39)
X3 Y3 Z3

The roll, pitch and yaw were computed with Equations 40, 41, and 42, respectively. Theatan2 is
employed to calculate the roll and pitch angles. This ensures a comprehensive angle representation
regardless of the signs of its arguments.

Roll = atan2( Z;;Z3) (40)
Pitch = asin(Z) (41)
Y aw= atan2( Yi;Z;) (42)

Statistical analysis

To evaluate signi cant di erences among the output data of the libraries, a one-way analysis of variance
(ANOVA) was performed using the Matlab function anoval [33]. The resulting F-statistics and p-values

were obtained. The F-statistic quanti es the ratio of variance observed among group means to the vari-
ance observed within the groups. Meanwhile, the p-value indicates the probability of observing the data
(or more extra data) assuming there is no signi cant di erence between the groups.
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3 Results

In this section, the validation and comparison of the three libraries were performed.

3.1 Accuracy and precision of steps

Figure 16 provides a visual representation of the errors in step length and width, along with their distri-
butions for various step sizes with the three libraries, obtained in Experiment 1. Each individual data
point is depicted in a scatter plot, with step length and width errors plotted along the x-axis and z-axis,
respectively. The red cross denotes the position where there is no error in either step length or width,
while the red circle represents the area of the maximum error. This circle serves to visually assess whether
the pilot successfully reaches the stepping stone. It is important to note that these visual aids are for
reference only. Above and right from the scatter plot, distributions of data for step lengths and widths
are displayed, including their mean and STD. A black stripe within the distribution indicates zero error,
indicating perfect accuracy. The ne lines next to this line display the edges of the red circle, which will
be referred to as target boundaries. These gures were generated using the Scatter distribution gure
function developed by Eline Zwijgers is used [34]. The dataset adheres to a normal distribution (see
Appendix 6.3), and so Gaussian distributions were employed to generate these gures. Details regarding
mean error and STD can be found in Table 4.

Table 4. The mean error and STD of the absolute step lengths en widths, for the di erent libraries

for Experiment 1. It is presented in the form: mean error STD.
W = 047 (xed) | SL7 035 SL=03 SL=03
SW= 0.5 (others) SW=0.45 SW= 0.5 SW=0.45
Length (m) | Fixed library -0.023 0.037
Adjustable library 0.044 0.037 0.043 0.041 | 0.119 0.035 | 0.096 0.039
Partly adjustable library | 0.053 0.037 0.057 0.051 | 0.116 0.040 | 0.111 0.057
Width (m) Fixed library -0.173 0.019
Adjustable library -0.193 0.025 -0.113 0.049| -0.201 0.022| -0.153 0.016
Partly adjustable library | -0.207 0.013 -0.113 0.058| -0.199 0.019]| -0.155 0.022

Regarding the step lengths, Figure 16a illustrates that the results of the xed library (mean error =
0.023 m) fall within the accuracy requirement, which necessitates a mean error of less than 0.05 m. The
gure also shows that the peak of the distribution is close to zero, and most data points fall within the
target boundaries. The other sub gures show that this is not consistently observed for the (partly)
adjustable libraries, contributing to the larger mean errors. While the adjustable library meets accuracy
requirements for some step lengths, it fails to do so for others. The partly adjustable library does not
meet the step length accuracy requirement for any of the step lengths. The precision requirement (STD
must be less than 0.05 m) is met for all step lengths of the xed and adjustable libraries. However,
for the partly xed library, this does hold for step sizes 2 and 4. This was also observed by the spread

evident in the distribution plots.

No signi cant di erence in step lengths was observed between di erent step sizes of the (partly) ad-
justable libraries. For the step lengths, the f-statistic was 0.95, and the p-value was 0.33. Those values
indicate no signi cant di erences among group means and states that the variance among group means
is relatively similar to the variance within groups. This means there is no signi cant di erence between
the libraries. The signi cance di erence between the step length and widths of the (partly) adjustable
libraries compared to the xed library cannot be computed due to the smaller amount of data points.

Concerning step width data, it is notable that none of the data points fall within the target boundaries.
This is due to the deviant step widths, explaining the signi cant mean errors in all cases. None of the
libraries meet the accuracy requirement for the step width. The STD's of the step widths are generally
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smaller than those for step lengths. The precision requirement (STD must be less than 0.05 m) is met
for all step widths, except for step size 2 of the partly adjustable library, which is 0.058 m. For the step
width, the f-statistic was 0.24, with a p-value of 0.63. These values indicate no signi cant di erences
among group means and states that the variance among group means is relatively small compared to the
variance within groups. This indicates there is no signi cant di erence between the libraries.
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Distribution of the di erent step sizes of Experiment 1

(@ SL =350 mm & SW = 470 mm

(b) SL =350 mm & SW = 500 mm (c) SL =350 mm & SW = 450 mm

(d) SL =300 mm & SW =500 mm (e) SL =300 mm & SW = 450 mm

Figure 16: Scatter plot showing the data points and the distributions on the x- and z-axis for A)
Fixed library, B) (Partly) adjustable library with step size 1, C) (Partly) adjustable library with
step size 2, D) (Partly) adjustable library with step size 3, and E) (Partly) adjustable library with
step size 4. The black strip indicates the point in the distribution where there is zero error, while
the thin black lines show the target boundaries. The red circle highlights the area of maximum
error, and the red cross indicates the position where there is no error in either step length or

width.
31



Figure 17 shows the distribution and scatter plots of the step length and width errors for Experiment
2. The data follows a normal distribution, as calculated similarly to the approach detailed in Appendix
6.3). Consequently, a Gaussian distribution is employed to generate these gures. The values for the
mean error and STD can be found in Table 5.

Table 5: The mean error and STD of the absolute step lengths en widths, for the di erent gait
types for Experiment 2. It is presented in the form: mean error STD.
SL=0.35 SL=0.35 SL=0.3 SL=0.3
SW= 0.5 SW=0.45 SW= 0.5 SW= 0.45
Length (m) | Fixed library -0.055 0.035]| -0.039 0.019| -0.035 0.031| -0.037 0.049
Adjustable library -0.055 0.029| -0.043 0.017| -0.046 0.030| -0.052 0.030
Partly adjustable library | -0.083 0.028| -0.084 0.017| -0.072 0.022| -0.070 0.024
Width (m) Fixed library -0.030 0.035]| -0.005 0.023| 0.016 0.033 | 0.002 0.027
Adjustable library -0.010 0.020| -0.001 0.028| 0.017 0.041 | 0.023 0.035
Partly adjustable library | -0.035 0.047| -0.005 0.042| 0.003 0.062 | 0.023 0.054

Figure 17a shows that the step length errors for all libraries deviate signi cantly from zero, failing to
meet the accuracy requirement (mean error must be less than 0.05 m). The mean error of both the xed
and adjustable libraries are the same, while the partly adjustable library exhibits a larger mean error.
However, the STD for all libraries met the precision requirement, which mandates a STD of less than
0.05 m, for this step size. In Figure 17b, similar proportions of step length errors were observed for all
three libraries, with a signi cantly smaller STD compared to Figure 17a. Figure 17c shows comparable
proportions of step length errors, with the STD for xed and adjustable libraries being similar, and
slightly smaller for the partly adjustable library. Figure 17d demonstrates that the xed library has the
mean error closest to zero, followed by the adjustable library, and then the partly adjustable library with
the largest mean error. For this step size, only the xed library meets the accuracy requirement, while
all libraries meet the precision requirement.

Overall, the xed library meets the accuracy requirement for most step sizes (three of out four), followed
by the adjustable library (two out of four). The partly adjustable library performed poorly, failing to
meet the accuracy requirement for any step size. However, all libraries meet the precision requirement for
all step sizes. Despite these di erences, no signi cant di erences were found between the three libraries.
The f-statistic was 0.98, and the p-value was 0.38 from the ANOVA performed. Those values indicate no
signi cant di erences among group means and states that the variance among group means is relatively
similar to the variance within groups.

Regarding step width, Figure 17a illustrates that nearly all data points from the adjustable library fall
within the target boundaries, with a very small mean error of 0.01 m. The mean errors of the xed and
partly adjustable libraries are similar but slightly larger compared to the adjustable library. Additionally,
the STD is smallest for the adjustable library, followed by the xed library. All libraries meet both the
accuracy and precision requirement for this step size. In Figure 17b, the mean errors of the libraries are
close to zero and relatively consistent. While the STD varies slightly between the libraries, it remains
su cient for all libraries, ensuring that both accuracy and precision requirements are met. The step
width data in Figures 17c and 17d exhibit similar behavior, with errors remaining small and meeting
the accuracy requirement for all libraries and step sizes. However, the STDs di er among libraries, with
the xed library having the smallest STD, followed by the adjustable library. Notably, the STD of the
partly adjustable library is the largest and fails to meet the precision requirement.

Overall, all libraries meet the accuracy requirement for the step width across all step sizes, and most
meet the precision requirement except for step sizes 3 and 4 with the partly adjustable library. The
ANOVA performed gave a f-statistic of 1.63, and a p-value of 0.20, indicating no signi cant di erences
between the libraries.
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Distribution of the di erent step sizes of Experiment 2

(@ SL =350 mm & SW = 500 mm (b) SL =350 mm & SW = 450 mm

(c) SL =300 mm & SW = 500 mm (d) SL =300 mm & SW = 450 mm

Figure 17: Scatter plot showing the data points and the distributions on the x- and z-axis for
A) Step size 1, B) Step size 2, C) Step size 3, and D) Step size 4. The black strip indicates
the point in the distribution where there is zero error, while the thin black lines show the target
boundaries. The red circle highlights the area of maximum error, and the red cross indicates the
position where there is no error in either step length or width.
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3.2 Task load

The outcomes of the NASA-TLX are presented in Table 7. The results indicate that the mean workload
is lowest for the xed library, followed by the adjustable library. The di erences in the mean workload
among each library were relatively minor. The speci c scores are available in Appendix 6.4.

The mean scores for the partly adjustable library exhibits the highest values, indicating a greater task
load, compared to the other libraries. Particularly in terms of mental demand and frustration. The hard
mental demand can be explained due to the necessity for the pilot to simultaneously adjust both heading
and step size using this library. The frustration score correlates with these challenges and the pilot's
fatigue. Additionally, the xed and partly adjustable library scored higher for the physical demand
compared to the adjustable library. The pilot needed to adjust the heading using these libraries, leading
to notably high scores.

The longer the experiment took, the more fatigue the pilot got, leading to discomfort in the hands due
to reliance on the crutches and increased leaning, especially when changing the heading himself. The
pilot reported that changing the heading caused considerable discomfort in the hands. Caused by the
heavy load (both horizontal and vertical forces) from both the pilot himself and the exoskeleton on the
crutches. For the adjustable library, steps with the widest width, step types 1 and 3, exhibited a slight
wobble, causing discomfort for the pilot. This wobble can also be seen in the output of the trajectory
generator, see Appendix 6.5.

NASA-TLX comparison for the di erent libraries.

Figure 18: Visualisation of the outcome of the NASA-TLX for the three di erent libraries.
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3.3 Task completion time and Transition time

The trials conducted with the xed library were executed in the smallest task completion time, followed
by the adjustable library. The task completion time was the largest for the partly adjustable library.
Figure 19a shows a bar plot of the task completion times.

The libraries achieved identical rank here as for the task completion time. Figure 19b shows a bar plot
of the transition times per step.

The time requirement was set to a maximum of 2 min. This criterion was met for the xed and

adjustable libraries but not for the party adjustable library. However, the transition time per step
met the requirement, a maximum of 20 s, for all libraries.

Mean time and STD

(@)

(b)

Figure 19: Bar graph depicting the mean time and STD (STD) per trial (a) and step (b), across
the three libraries.
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3.4 Joint tracking error

Figure 20 depicts the joint tracking error across all eight active joints for Experiments 1 and 2. Repre-
senting one single stance phasé depicting the mean error with the corresponding STD obtained from
all stance phases. Those are obtained from the trajectories of the xed library.

For Experiment 1, the mean joint tracking error for hip ab-/adduction of both leading and trailing legs

is close to zero degrees, with a slightly small STD. Conversely, in Experiment 2, this mean error is
larger and predominantly positive. This implies that the measured joint angles were larger than the
desired joint angles when the joint angles were positive, and conversely, it signi es the opposite when the
torques were negative. The STD in Experiment 2 is slightly larger compared to the STD in Experiment 1.

Regarding hip exion/extension, the mean tracking error in Experiment 1 is relatively close to zero
degrees compared to Experiment 2 for both leading and trailing legs. In Experiment 2, the mean error
varies between negative and positive for both legs. A negative error indicates that the measured joint
angles were smaller than the desired joint angles when the joint angles were positive, while conversely,
when the torques were negative, the situation was reversed. The STD is slightly larger in Experiment 2.

For knee exion/extension of the leading leg, the mean joint tracking error is both negative and positive
and relatively close to zero for Experiment 1. For Experiment 2, the mean behaves quite stable just
above zero. The STD in Experiment 1 is larger compared to Experiment 2. Regarding the trailing leg,
in Experiment 1, the mean error remains consistently around 1 and 2 degrees, with a very small STD.
In Experiment 2, the mean error is again positive but closer to zero degrees, with a slightly larger STD
compared to Experiment 1.

Concerning ankle dorsi-/plantar exion of the leading leg, in Experiment 1, the mean joint tracking error
ranges from -2.5 to 0 degrees, with a relatively large STD. For Experiment 2, the mean ranges from 0.25
to 7.5 degrees, with a large STD. For the trailing leg in Experiment 1, the mean error is quite constant
and slightly above zero degrees, with a stable STD. In Experiment 2, the mean error hovers around zero
degrees, with a STD comparable to Experiment 1, with more deviations.

In general, the joint tracking error is smaller in Experiment 1 compared to Experiment 2. Large joint
tracking errors can have weighty in uences on the position of the end e ector, which will be discussed
in Section 4.

4Single stance phase occurs during the gait cycle when only one foot is in contact with the ground while the other
foot is swinging through the air [35].
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