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When starting this master thesis six months ago, I expected a project in which I could further hone my existing strengths. I
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am very grateful, as I believe these new skills are important, and this process has made me more complete as an engineer.

I started this project with very limited knowledge about optimizations and created an extensive double-loop optimization.
Furthermore, the existence of tendon-based robots was practically unknown to me before starting this project. I learned a lot
about the strengths and working principles of these robots. Moreover, I learned about the complexity of overactuation in robots
and how to work in different spaces using Jacobians. Lastly, I have always felt that my MATLAB skills were not on par with
my fellow students. I have primarily worked in MATLAB for this thesis, which developed my skills and let me catch up to
my peers.

I’'m very grateful to Laura Marchal-Crespo for giving me this opportunity and to Heike Vallery for jumping in without
hesitation to become co-supervisor of the project. I want to thank them both for their guidance during this project, pointing
me in the right direction when needed while giving me enough freedom to make decisions about the project and figure things
out myself.

Furthermore, I would like to thank Jesper Kreuk for his technical insights, Laurence Koopman for always listening and
thinking along, and Raphael Raetz for his insights in the optimization. Lastly, I’d like to thank Jacqueline de Hoog for always
being there for me and cheering me up when needed.
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A MATE for post-stroke gait rehabilitation; design optimization of a
minimally actuated tendon-based gait rehabilitation device

Bram Haanen

Abstract—Robots can be powerful tools in post-stroke gait
rehabilitation. However, state-of-the-art robots are often expen-
sive machines containing rigid links with high inertia. Their
expensiveness could limit their availability, and their high inertia
reduces transparency, which could hinder rehabilitation progress.
These factors raise the need for a minimalistic transparent
robot that can effectively fill this gap. This research aims
to design and validate such a device, a minimally actuated
tendon-based exercise environment. The device is synthesized
using an optimization algorithm that considers possible system
configurations and optimizes both these configurations and their
respective design parameters. Validation is done based on a
reconstructed simulation of gait using motion capture on the
optimal design to check whether it could be used for real-life
rehabilitation. It was found that the most simplistic solution is
not yet adequate for rehabilitation; thus, a slightly more complex
design is required. While not providing the final solution, this
research provides an important stepping stone towards designing
a minimally actuated, simplistic, and transparent rehabilitation
device.

I. INTRODUCTION

Stroke is the third leading cause of disabilities worldwide
[1]]. This is not surprising, given the fact that about 13.7 million
stroke occurrences are reported worldwide, every year [2].
Most of the survivors are left with sensorimotor disabilities,
which are severe enough to leave 2 out of 3 patients without
independent walking ability [3]]. Significant improvements in
gait function can be made with rehabilitation, as shown by
review papers [4]-[7]. The most vital improvements in gait
function are made during the first 11 weeks after a stroke [3]].
These early stages are thus critical in the overall rehabilitation
process, emphasising that patients should receive sufficient and
effective therapy during this time.

While conventional post-stroke gait rehabilitation has
proven its effectiveness by improving gait function [4]], [5],
[7], the availability of therapy during the critical early stages
following stroke could be increased. Assisting patients suf-
fering from post-stroke disabilities can be labour intensive
for therapists [8]], as it requires the therapists to physically
support the patient and assist the movement of the paretic
leg [9]. Up to three therapists could be required to assist a
patient walking on a treadmill [[10]]. This limits the availability
of therapists, which limits therapy intensity, which is crucial
for effective rehabilitation. Robotic solutions could relieve
therapists, taking over the labour-intensive aspects, and thus,
reduce the existing limits on therapy intensity [[11]].

Because robots are promising prospects for gait rehabili-
tation, the research field of rehabilitation robotics has been
rapidly growing and evolving over the last 20 years. Many
prototypes and commercial products emerged during this time
[11]-[13]. Previous research has already indicated rehabilita-
tion robots can significantly improve gait function when used

in conjunction with conventional rehabilitation, as shown by
review papers [11[], [[14].

Although state-of-the-art rehabilitation robots are potent,
they do still suffer from two major intrinsic drawbacks. Firstly,
they commonly are heavy, high inertia systems. Adding inertia
to the leg movement produces additional unwanted forces dur-
ing gait, decreasing transparency [8]]. Transparency indicates
the degree to which unwanted interaction forces between the
subject and robot are present [[15]], where low transparency can
be detrimental to the effectiveness of gait rehabilitation [8].
This inertia effect could be partially compensated with control
strategies using gravitational compensation; however, some
inertia residue will always remain [|16]]. The second drawback
is that rehabilitation robots can be highly sophisticated, and
thus, expensive. The Lokomat (Hocoma AG, Switzerland), a
state-of-the-art gait rehabilitation exoskeleton, costs around
€330,000.00, with annual maintenance costs being around
10% of the initial purchase cost [[17]]. These high prices limit
their availability, especially in less developed countries.

Robot transparency could be increased by tendon-based
robots, as they are intrinsically lightweight, consisting of only
tendons and winches [18]. Some early research has already
been conducted on these robots with both exoskeletons [[19]
and end-effectors [20]. Some preliminary research already in-
dicates the effectiveness of tendon-based robots in rehabilitat-
ing gait function [21]-[23]]. However, state-of-the-art tendon-
based robots are still very sophisticated robots consisting of
many components, which could indicate expensiveness. This
second drawback of state-of-the-art gait rehabilitation robots,
expensiveness, could be improved by striving for minimal
actuation. This could reduce the number of motors, sensors,
and power required, which would lessen costs. Importantly,
minimal actuation also has some additional benefits. It simpli-
fies ensuring subject safety, as less powerful motors are used
[18]. Furthermore, it encourages patients’ active participation,
which is crucial in neurorehabilitation [24].

Based on the clinical need for a transparent and affordable
gait rehabilitation robot, the Minimally Actuated Tendon-
based Exercise environment (MATE) has been developed.
Transparency is increased by using tendons instead of rigid
links. Affordability is achieved by striving for minimal actu-
ation. Stroke patients are often hemiparetic [25], i.e. disabled
on one side of the body. This implies that the assisting forces
can be provided by the non-paretic leg, requiring only the
minimal actuation provided by the treadmill. Therefore, MATE
connects both legs via tendons, effectively creating an end-
effector type “robot”, with a possible design displayed in
Figure [T} This approach has to our knowledge, not been
researched yet. Therefore, it is unknown whether connecting
the legs alters the gait pattern by producing unwanted, parasitic



forces. This research aims to determine whether the legs can be
directly connected such that MATE does not alter a normal gait
pattern, i.e. checking whether only minimal parasitic forces are
produced during healthy gait.

Achieving this aim requires an optimal design, which is
validated against forces known to alter healthy gait. Multiple
potential configurations were systematically determined and
used in conjunction with gait data from six healthy subjects
to create a simulation of subjects using MATE. This simulation
was used to optimize both the configuration and its respective
design parameters on four out of six healthy subject simula-
tions. The best performing of these designs was chosen as the
optimal design, for which the parasitic forces were evaluated
against force thresholds known increase step length on the two
remaining subject simulations.

Fig. 1: Overview of the MATE robot on a subject. MATE
connects both legs via a total of four tendons, each given a
different color here for clarity.

II. METHODS
A. Possible configurations for MATE

The design of MATE mimics an end-effector type robot by
directly connecting tendons to the legs without any orthoses.
This approach is selected as it further reduces the mass on the
legs, compared to exoskeleton type robots that require orthoses
[13]. Moreover, using orthoses could also further increase the
cost of MATE. Tendons are connected to a single cuff per leg
to reduce mass and cost even further.

The assumption that the tendons connect to a single point on
each leg was taken for further calculations, as the cuffs’ dimen-
sions are small. This assumption implies that only translational
control of the x-, y-, and z-position is possible, i.e. three
Degrees of Freedom (DoF) per leg. A drawback of tendons
is that they can only provide tension forces, and therefore
tendon-based robots often require over-actuation [26]]. MATE
also suffers from this drawback, requiring four tendons at each
leg to control the three translation DoF, as shown in Figure [I]

To find the optimal design for MATE, a systematic approach
was used to find as many of the potential system configurations
as possible. The robot has identical working principles on
both sides of the coronal plane, i.e. the front and back of

the subject, so only one side was checked for potential tendon
configurations. The resulting configurations were evaluated for
both sides. The first step of the systematic search was finding
the total number of available configurations n .. This relies
on the number of pulleys 7, the pulleys used per tendon n, ¢,
and the number of possible pulley configurations ny, .. Their
relation is defined by Equation [T}

np!

L. (1)

Net =
Np,t

The second step of the systematic search was defining all
Ne, potential configurations and evaluating them on two
feasibility criteria. These criteria are that configurations must
allow for full control of all three DoF and that configurations
should not result in tendon collisions during normal use. The
configurations that satisfy these criteria, C;, will subsequently
be used to determine the optimal design. Appendix [A] contains
a more detailed explanation about the systematic search and
these feasibility criteria.

B. Obtaining and pre-processing of gait data

MATE is designed to stimulate a healthy gait pattern,
and thus, it is both optimized and validated on healthy gait
data. Therefore, marker position recordings from 6 healthy
subjects during free treadmill walking were used. This data
was provided by Saher Jabeen from yet to be published
work. The markers used to recreate the gait in a simulation
with MATLAB (R2021b, Mathworks) are shown in Figure |ZI
The reasoning behind this marker placement is explained in
Appendix [B] Subjects were reconstructed in simulation using
the FMH markers to represent the hips, the average of FLE
and FME for the knees, and the middle of MM and LM for
the ankles. Subjects ranged from 23 to 30 years old, four were
male and two female, and ranged between 155 cm to 186.5 cm
in height and 51 kg to 72.5 kg in mass. A full overview of the
demographic and anthropomorphic information of all subjects
is shown in Table [l] These ranges provide a potential spread
of healthy gait patterns, useful for evaluating the designs for
general implementation, i.e. the use on different patients.

The obtained data was collected using a system of 12
infrared motion tracking cameras (Oqus 700, Qualisys, USA)
at 100 Hz. The left heel marker (L_CAL) was used to de-
termine heel strikes used to detect gait cycles. A sequence
of 10 gait cycles was substracted during steady gait at an
arbitrarily chosen point from each subject. One issue upon
analyzing this data was that subjects tend to drift both in the
coronal and sagittal direction during free treadmill walking.
Since presumably, MATE will centre subjects, this drift was
removed. The drift was identified with a third-order low pass
filter on the left hip marker (L_FMH) with a cutoff frequency
at w. = 0.5Hz, and was subsequently subtracted from all
marker points shown in Figure 2] The filter was used in both
the forward and reverse direction to avoid phase shift. The
cutoff frequency was iteratively determined to capture the
drift but avoid intra-step variability by visually inspecting the
filtered and processed data. The intra-step variability was kept
as it is relevant to the evaluation of MATE since this variability



can also be expected during actual use of MATE. The full
process from marker data to a reconstructed simulation is
explained in detail in Appendix B}

L_FMH

Fig. 2: Marker positions used during motion capture by Saher
Jabeen. The shown markers were used to simulate the subjects’
gait. The front view of the subject is shown on the left and
the back view on the right.

C. Finding the optimal design

1) Cost function

The cost function is the key determinant in achieving the
objective of the design process, and should therefore capture
a relevant metric. In this case, a relevant metric to evaluate for
a healthy subject are the parasitic forces acting on the legs,
i.e. the undesired forces that occur during a healthy trajectory.
Therefore, the cost function should be focused on minimizing
these forces. Since the gait data was obtained from healthy
participants, their gait trajectory was assumed to be the ideal
trajectory for them. All forces acting on their legs during this
ideal trajectory are, thus, undesired parasitic forces. The forces
on the left leg are represented by Fy, , F1, y and Ff, , in the x-,
y-, and z-direction respectively. In the same order the forces on
the right leg are represented by IR «, Fry and Fgr,. These
forces can have both positive and negative values, and thus
the sum of the root mean squared error (RM SE) of all these
forces is chosen as the cost function

¢ = RMSE(Fy, ) + RMSE(Fy, ) + RMSE(Fy, ,)+
RMSE(Fg ) + RMSE(Fr.y) + RMSE(FR ).

Parasitic forces occur because movement during the stance
and swing phase of the legs is not fully symmetrical, and one
leg is often in swing phase while the other is in stance phase.
Because of this, the tendon length might not be constant, and
could slightly fluctuates during a gait cycle. Forces in the
tendons F; are thus produced by the tendon length deviations
uy and tendon stiffness k¢ with

Fy = k. 3)

2

The forces in Cartesian space on the legs FE and F} are
more relevant to the user than tendon forces F}, as the user

will directly experience the Cartesian forces. Therefore, the
Cartesian forces are used in the cost function. To calculate
Cartesian forces, tendon forces are mapped to the Cartesian
space as follows:

F,=J..7F, 4)
Fr=J3.:"F,. (5)

Here J tyLT and J mRT are the Jacobians from Tendon to Carte-
sian space, for the left and right leg respectively. Equations
[ and [5] are derived using singular values in Appendix [C|
The required Jacobians can be calculated with the inverse
kinematics, i.e. deriving the tendon lengths to the Cartesian
coordinates,

OL4 OL4 oL4
ox 5] Oz
OLo 31%’2 OLo
ox o 0z
Jo=1| oLa oLs oLy |> (©)
ox 01 0z
oLy Oy OLs

ox Jy 0z

with L; representing the length of tendon ¢ =1, ..,4. A more
extensive derivation of Equation [6] can be found in Appendix
[C] Using the Cartesian coordinates of the left leg xy,, y1, and
z1, in Equation |6| results in J tyLT and the coordinates of the
right leg g, yr and zr gives JthT.

The tendon stiffness k¢ in Equation [3] was obtained by
evaluating results of adaptive impedance stiffness tests with
spinal cord injury patients in ARTHuR [27], and healthy
subjects and a single spinal cord injury patient in Lokomat
[28]. ARTHuR is an end-effector robot using forcer coils,
and Lokomat is a state-of-the-art exoskeleton which uses
impedance control. While their results vary between subjects
and during different phases of the gait cycle, they can be used
to generate a safe and high stiffness estimate. If the parasitic
forces are minimal with this high stiffness, it can be assumed
that no tendon length compensation is required. Based on
this assumption and the impedance stiffness after convergence
for ARTHuR [27|] and Lokomat [28]], a horizontal stiffness
of kyx = 1kN/m was selected for validation. This estimate
followed from a visual inspection of the graphs reported in
both studies. However, stiffness ky is in the Cartesian space,
while stiffness k¢ in Equation [3] is in Tendon space. The
stiffness kyy is a part of the Cartesian stiffness matrix Ky,
whose relation with k¢ is determined by the Jacobian Jy [29],

Ky = J. Tk Jy. (7

Extra information and proof in singular values of Equation
is described in Appendix [B] Because only the horizontal
stiffness k., is taken as a reference, this component can be
extracted from equation [/, which gives

-1
L \*  (0L:\*  (9Lz\?  (0Ls\"
ke = —_— —_— —_— —_— Kexc-
’ ((GI)JF(&U * Ox + ox
(®)
2) Parameters and bounds
The optimization algorithm optimizes a set of parame-

ters for each feasible configuration from C; based on cost
function . The parameters to optimize for each C; are



D = [wl Z1 Wg 29 W3 23 Wa 24] , whose defini-
tions are visualized in Figure [3] The pulleys were fixed at
0.75m in front and behind the subject, i.e. the positive and
negative x-direction, assuming a treadmill length of 1.5 m. The
optimal design of MATE is the configuration and parameter set
with the lowest cost function value. Upper and lower bounds
constrained the optimization on the parameters to ensure the
system maintains full control of all three translational DoF per
leg by forcing tendons to point towards the required directions.
This was checked with a visual inspection of the simulation.
Furthermore, the bounds were chosen to increase both patient
and therapist safety in case of cables snapping by always
being below hip height. The parameter bounds for each C;
are tabulated in Table |I} The initial parameter estimates were
set at the average of each lower and upper bound.

15-

05~

z-position (m)

05

y-position (m) R

x-position (m)

Fig. 3: Simulation of MATE in configuration one with subject
one. The eight design parameters for the optimization are also
visualized here.

w1 21 wo ) w3 23 wy 24
Cllow(@m | 0 05 02 01 0 05 02 0l
Clup(m) | 005 10 04 03 005 10 04 03
Cotow m) | 02 05 0 01 02 05 0 Ol
Coup(m) | 04 10 005 03 04 10 005 03
Cstow@m) | 0 05 02 01 0 05 02 01
Caup (m) | 005 10 04 03 005 10 04 03
Calow @) | 02 05 0 02 01 05 0 01
Cawp(m) | 04 10 005 04 05 10 005 03

TABLE I: Upper and lower bounds for all configurations. The
lower bound of configuration ¢ is given by Cj jow, and the
upper bound by C; .

3) Optimization algorithm

The selection of the optimization algorithm is a crucial
factor in minimizing the parasitic forces of MATE’s final
design. In total, eight parameters are optimized over four
different configurations for four subjects. Due to many param-
eters and optimizations, the potential presence of multiple local
minima was checked. This was done by varying one parameter
at a time and evaluating the cost function value against
this parameter, the results which are shown in Appendix

[Cl This process revealed that the cost function indeed has
multiple local minima, which warrants the need to use a global
optimization method [30]. A genetic algorithm is selected
for the optimization of MATE. Genetic algorithms mimic
evolution theory [31] by using offspring to converge towards
possible solutions and mutations to escape local minima [30].
These properties make genetic algorithms a good fit for the
optimization of MATE.

The genetic algorithm was run using the optimization tool-
box in MATLAB (R2021b, Mathworks). Several steps were
taken to improve the likelihood of finding the global minimum,
i.e. the best possible solution. First, the optimization will only
stop once the average relative change in the cost function
value is below 1e —6 over 100 generations. Secondly, the cost
function value for each iteration was visualized and inspected
to check the optimization process for strange fluctuations.
Lastly, the optimization was run five times to check for
convergence to the same minimum.

4) Selection of the final design

In total, treadmill data of six subjects were used in this
study. Of these six subjects, four were assigned to the se-
lection group, and the remaining two were designated to the
validation group. The selection group determined the optimal
design, and the validation group validated this optimal design.
Subjects were randomly distributed over both groups to ensure
impartiality of the results, as shown in Table

Subject Group Height Weight Age Gender
1 Selection  155cm  51.0kg 30years Female
4 Selection 173cm  63.7kg  26years Male
5 Selection 176cm  63.6kg  25years Male
6 Selection 17lcm  56.2kg 23years Female
2 Validation 187cm  72.5kg  30years Male
3 Validation 181cm  71.0kg  30years Male

TABLE II: Distribution of the subjects over the selection
group, used to determine the optimal design, and the vali-
dation group which validated the design. Demographic and
anthropomorphic information of each subject is also included
in this Table.

Design parameters and configurations were optimized for
each of the four subjects in the selection group to determine
their individual optimal setup. Consequently, each of these
designs was evaluated on all four subjects in the selection
group. The design with the best overall performance was
selected, i.e. the design that would work best for general use.
The chosen metric to evaluate the performance of each design
is the mean of the cost function values of all four subjects in
the selection group, i.e., the performance yi; of design j with
optimal configuration C; and parameters p; can be calculated
as 4 C. 7

i = Dim1 1/1( J»PJ)_ )
The design with the lowest 1 was selected as the final design
and evaluated on the validation group.

D. Validation of the optimal design

The validation of the optimal design relies on the parasitic
forces on the leg, as these should be minimal. The most critical



factor here is that parasitic forces should not severely alter
the gait. Therefore, a validation threshold should be set based
on gait-altering forces. Ideally, the parasitic forces in MATE
should not even cause discomfort. However, this first threshold
gives a good indication of the magnitude of the parasitic
forces. Moreover, if the gait alteration threshold is exceeded, it
is clear that additional measures should be taken to decrease
tendon length deviations during gait. The magnitude of the
threshold should be dependent on the current stance of the
subject, i.e. the threshold should be variable over the gait cycle.
Specific stances could be more susceptible to perturbations,
so such a variable threshold is important to evaluate the final
design accurately.

Severini et al. found that perturbations of
Ay = 0.092(N-s)/(Kgm) in the x-direction and
A, = —0.058(N-s)/(Kg-m) in the z-direction induced
an increase in step length of about 30 % [32]. These values
were used_to create the mass normalized force thresholds
T . and T, . over the entire gait trajectory in the x- and
z-direction, which the parasitic forces were evaluated against.
This was achieved by multiplying with the respective velocity
vy and v, over the entire gait trajectory, as shown in Equation

[0l and [T1}

—

T,; = Axvx, (10)
T, = A, 1)
The absolute value of the mass normalized forces F should

be below the set threshold T at all times, where T, =
[TX j TZ J} Hence, to Vahdate that the parasitic forces in
MATE do not alter the gait pattern, the following equation
should be met at all times ¢, i.e.

B ()] < |T;(#)] v t. (12)

This equation was evaluated in both the left and right leg to
validate the optimal design.

III. RESULTS
A. Possible configurations for MATE

because MATE has similar working principles at the front
and back, only the possible configurations for the front are
examined. Four pulleys are selected for the design, i.e. n, = 4
as shown in Figure [d Four pulleys allow full control of the x-,
y-, and z-position of each leg within the workspace by having
tendons in all of these directions.

The amount of pulley configurations n,, . is also constrained
by the requirement for control of all translational DoF. Trans-
lational control in the x-direction is realized by having tendons
in both the positive and negative x-direction, i.e. the front and
back of the subject. Furthermore, tendons should point in both
the positive and negative y- and z-direction relative to the leg
for each leg. Accordingly, one set of pulleys must be narrow,
and one set should be wide, and one set should be above
the attachment point and one set below it. This only leaves 2
possible pulley configurations, i.e. np . = 2. The first pulley
configuration can be seen in the two left images of Figure ]
and the second pulley configuration is shown in the two right
images.

Each tendon is connected via two of the four pulleys,
because this is required for full control of all DoF. Only
connecting a tendon to one pulley reduces manipulability.
Furthermore, connecting a tendon to 3 or more pulleys limits
the available pulleys for the other tendon. Therefore, nj, ; = 2.
Now Equation E] can be solved,

4!

Nconftoot = 5 -2 =24 (13)

All 24 potential configurations are designed and evaluated and
can be found in Appendix [A] Due to the two tendons being
identical, only 12 possible designs remain, as it does not matter
if the tendons are switched. A further motion analysis reveals
that 8 of the remaining configurations reduce control or cause
tendon collisions, leaving n.onf = 4 valid configurations,
which are shown in Figure

¥ e

(a) Configuration 1 (C7)

/DY

(d) Configuration 4 (C4)

(b) Configuration 2 (C2)

(c) Configuration 3 (C'3)

Fig. 4: All valid configurations that can be used for MATE.
Only the front side of the robot is depicted, as an identical
working principle is used at the front and the back of the
subject. These configurations are used as input for the opti-
mization.

B. Obtaining and pre-processing of gait data

The low-pass filtered left hip marker data (L_FMH) of
subject one is shown in Figure [5] Undesired movement in
the sagittal (x) and transversal (y) direction over time can be
seen here. Subtracting this filtered data from all marker data
removes this drift, which is done for all subjects. Only the
results of subject one are shown, as the results are very similar
for all subjects. Raw, filtered, and processed marker data of
all subjects are present in Appendix

C. Finding the optimal design

The optimization results for each subject in the selection
group are shown in Table [T} Each of the subjects achieves the
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Fig. 5: Low-pass filtered hip marker (L_FMH) data of subject
one with a cutoff frequency of 0.5 Hz using a minimal order
filter. Here the drift in both the x- and y-direction can be seen.

best results, i.e. lowest cost function value, when configuration
one is used both at the front and back. The optimal parameters
z2, wy, and z4 are identical for each subject, while wq, 21,
wo, w3, and z3 show some inter-subject variations. Overall
the optimal designs are all relatively similar, especially since
the same configuration is optimal for each subject.

Evaluation results of the optimal design of each subject are
shown in Table Here for each design, the cost function
value 1; is calculated based on the gait data of subject i.
The mean of the cost function values of each design p is
also shown. Overall the gait data of subject five resulted in
the highest cost function values for all designs. Furthermore,
the optimal design of subject five produced the highest cost
function values over all subjects, demonstrated by the highest
1 value of 33.0 N. The optimal design of Subject one produced
the lowest mean cost function value p of 32.1 N, and is thus
selected as the best general design. This design is used for
validation on the validation group and is shown in Figure [
Orthographic views of the optimal designs for all four subjects
are shown in Appendix

D. Validation of the optimal design

The validation on subject two with the optimal design
did not satisfy Equation The resulting forces |Fb| in
combination with the thresholds |T»| are visualized in Figure
Here only one gait cycle of the left leg is displayed for
clarity of the results. This specific gait cycle contains the
maximum mass normalized absolute force in the x-direction
of |Fhx| = 0.421N/kg. The maximum value in the z-
direction is |Fh,| = 0.0683N/kg. In contrast, the thresh-

z-position (m)

y-position (m) A4 4 x-position (m)
Fig. 6: Optimal design of MATE determined on participants
of the selection group. This design was optimized on subject
one, and had the lowest mean cost function o of all members
of the selection group.

old values at these points are |T5,| = 0.0413N/kg and
|T3,.| = 5.33x107% N/kg, and are thus clearly exceeded. The
validation results of subject 3 are shown in Figure [§] where
again one step containing the highest |F | is visualized,
which was also in the left leg. Here again the threshold |T%| is
clearly exceeded. This is also shown by results of the peak
forces and their respective thresholds, which are |F27x\ =
0.394N/kg and |E,,,| = 0.0627 N /kg, which have thresholds
of [Ty .| = 0.0476 N/kg and |T5 .| = 0.0134N/kg. All 10
gait cycles of both subjects are visualized in Appendix

Further inspection of the visualizations in Figures [/| and
[§] reveal that the peaks of the forces do not align with the
peaks of the threshold. Peak forces appear four times each
gait cycle, during loading response, terminal stance, pre-swing
and terminal swing. Peak threshold values are achieved when
velocities are maximal, which appear twice each gait cycle
around mid-stance and mid-swing.

IV. DISCUSSION

This research aimed to determine whether subjects’ legs
could be directly connected with tendons without producing
parasitic forces that lie above a gait-altering threshold. We
conducted thorough research on all possible configurations and
parameters for a system with four tendons and 3 DoF per leg
to achieve this. After this, we performed a double optimization
on both the configuration and parameters, resulting in an
optimal design for MATE. This optimal design was evaluated
to analyze the magnitude of the parasitic forces.

Subject | Crront  Crear | w1 21 wa 22 w3 23 w4 24
1 Ch Ch 0.00m 050m 040m 0.10m 0.00m 0.82m 040m 0.10m
4 Ch Ch 0.00m 050m 020m 0.10m 0.00m 08lm 040m 0.10m
6 C1 C1 0.05m 050m 040m 0.10m 0.05m 1.00m 040m 0.10m
5 Ch Ch 0.00m 0.63m 040m 0.10m 0.05m 0.73m 040m 0.10m

TABLE III: Optimal design solution for each subject in the selection group. The optimal configuration for the front Cf,ony and
rear Chesy are shown in combination with the best possible parameters.
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Fig. 7: Validation results of the optimal design on subject 2.
One gait cycle of the left leg is selected for clarity of the
visualization. The normalized force |ﬁ'2| clearly exceeds the
threshold |7%| in both the x- and z-direction.

Optimal design | ¢4 U1 U6 s | p
1 30.8N 28.3N 343N 349N | 32.1N
4 305N 291N 359N 362N | 329N
6 30.7N 286N 342N 351N | 322N
5 320N 297N 357N 349N | 33.0N

TABLE IV: Cost function value Ct,y, ; based on the gait data
of subject 7, calculated for the optimal design of each subject.

The optimization algorithm selected configuration one,
which has horizontal tendons and narrow pulleys at the top for
both the front and back for all subjects. This strongly indicates
that configuration one produces the least parasitic forces. The
width parameters wi, wq, w3 and wy mostly appear to push
towards the lower bound for the narrow top tendons and the
upper bound for the wider bottom tendons. These findings
could suggest the tendons want to be as orthogonal to the gait
trajectory as possible, as this might result in minimum tendon
elongation g, and thus minimal forces according to Equation
Bl The height parameters 21,22 and z; pushing towards the
lower bound align with this assumption; however, z3 does
not follow this trend. The optimal designs for each subject
are relatively similar, with the final optimal design of subject
one only slightly outperforming the others. Subject one is the
lightest and shortest out of all the subjects, which might be
why she scored the lowest on all designs. This might also
affect the outcome metric u, and warrants the need for mass
normalization in the cost function for future research.

Validation of the design indicates that potential gait-altering
forces are produced on both subjects in the validation group.
Possibly a lower stiffness could still be effectively imple-
mented. However, gait phases where parasitic forces occur
seem extra susceptible to perturbations based on the variable
mass normalized force thresholds. Therefore, the best solution
for further research appears to be implementing a compen-
sation method for the tendon length deviation. One possible
solution is implementing a variable radius winch for each
tendon, as done in the RYSEN [18]]. Another possibility is
using non-circular pulleys, which can change their radius to
adjust tendon length [33]]. Lastly, the pulleys could potentially
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Fig. 8: Validation results of the optimal design on subject 3.
One gait cycle of the left leg is selected for clarity of the
visualization. The normalized force |F2| clearly exceeds the
threshold |7%| in both the x- and z-direction.

be linearly actuated to compensate for tendon length devia-
tions. However, this would defeat the purpose of creating a
minimally actuated device.

A limitation of this study is that it relies solely on simu-
lations. As shown by similar research, which simulated and
optimized a passive exoskeleton for gait [34], actual subject
studies with the optimized design can yield vastly different
results [35]]. Human interaction is difficult to model, and with
simulations of motion capture data, the assumption is made
that the subject does not adjust to MATE. This warrants a
study with human subjects and MATE to check whether the
parasitic forces are as problematic as calculated here.

Another limitation is that the data was collected during free
treadmill walking, which likely differs from actual movement
in MATE. This difference is partially compensated by prepar-
ing and filtering the data; however, this further highlights the
need for subject tests with MATE.

Therefore, future research recommendations mainly start
with a subject study using MATE, where motion capture is
used and forces are monitored. Questionnaires could be used
to indicate discomfort. Based on these preliminary results, it
could be determined whether tendon length deviation compen-
sation is required. When this has been addressed, a clinical trial
with stroke patients should be conducted to test if significant
gait improvements can be achieved by MATE, compared
to a control group receiving conventional gait rehabilitation.
Clinical testing with stroke patients might reveal additional
limitations, as the design has been optimized for healthy
subjects.

For now, these results present the first stepping stone to-
wards a simplistic yet possibly effective rehabilitation device.
The current state-of-the-art in rehabilitation robotics contin-
ually becomes more advanced and sophisticated. However,
this increasing complexity can limit their actual usability and
affordability. A minimally actuated device like MATE could
be a more approachable solution due to its simplicity in use
and affordability. Moreover, this could increase the availability
in poorer regions, where people also need stroke rehabilitation,
and funds might be limited.



V. CONCLUSION

This research consists of a simulated optimization and
validation of a preliminary design of MATE, a Minimally
Actuated Tendon-based Exercise environment. The aim was
to check whether a subject’s legs can be connected directly
with tendons without producing gait altering parasitic forces. A
comparison of the parasitic forces produced by MATE during
healthy gait with known gait altering forces indicates that this
seems to not be possible at the moment. A compensation
method is required to compensate for tendon length variations
to reduce these parasitic forces. However, this research takes
an important first step towards designing a simplistic yet
possibly effective gait rehabilitation robot.
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A: Possible configurations for MATE

All possible configurations have to be considered to obtain the best result from the optimization. Therefore, a systematic
approach was implemented to find all these possible solutions. At least four tendons are required to actuate the x-, y-, and
z-position of a leg. Control in the x-plane, or sagittal plane, is realized with tendons at the front and back of the subject.
For full control in the y-plane, or transversal plane, tendons should point both inwards and outwards, i.e. in the negative and
positive y-direction relative to the leg. This is realized by having two narrow and two wide sets of pulleys. For control in the
z-plane, or up and downwards direction, two sets of pulleys are placed above the endpoint trajectory, and two sets of pulleys
are placed below it. These requirements result in two possible pulley configurations n, ., which are shown in Figure E}

O O o O
O @) O O (O Upper pulleys

(O Lower pulleys
X
Zi
O O o O
O O O O
Fig. 9: Top view of both possible pulley configurations that allow for full control of the x-, y-, and z-position of the legs.

Tendon configurations follow the same principles on the front and back of the subject, so only the front will be considered
to determine possible configurations. These configurations are then evaluated at the front and back of the subject separately to
fully check all possible configurations. With the number of pulleys to connect to n, = 4, The amount of pulley configurations
np . = 2 as shown in Figure EI, and 2 tendons per pulley n, ¢ = 2, Equation |I| can be computed:

4l

oo =5 2= 24 (14)

As previously mentioned, the tendons are identical and can thus be swapped, leaving 12 unique configurations. All these
configurations are constructed and shown in Figures [I0] and [T1] Here, Figure [I0] contains the pulley configuration where the
top 2 pulleys are narrow, while Figure [T1] shows the pulley configuration where the top 2 pulleys are wide. It can clearly
be seen in both Figures that the bottom row does not allow for full control of the y-position, as the tendons are all pointing
inwards. Furthermore, a motion analysis using simulations of gait reveals that all these configurations suffer from tendon
collisions. Tendon collisions severely hinder usability, and these configurations are therefore not considered. Moreover, the
previously mentioned motion analysis also reveals that the rightmost design in the top row of both Figures suffers from tendon
collisions during gait. Therefore, only the first two designs of both Figures are feasible for actual use. Therefore, these four
configurations are chosen as Configuration 1, 2, 3, and 4 and used as input for the optimization. A more realistic render of
the feasible configurations can be seen in Figure [4]
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Fig. 10: Top view of all possible tendon configurations at the front of the subjects when the top pulleys are narrow and the
bottom pulleys are wide.

IRTATRYAY,
Je. e, e

Fig. 11: Top view of all possible tendon configurations at the front of the subjects when the top pulleys are wide and the
bottom pulleys are narrow.
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B: Obtaining and pre-processing of gait data

The subject data used in this thesis was obtained by Saher Jabeen for a yet to be published study. It contains motion
capture data with markers of healthy subjects freely walking on a treadmill. The data is recorded at a sampling frequency
of fs = 100 Hz. Seven Subjects are recorded; however, some marker data of subject seven was missing, so subject seven is
excluded from this thesis. The marker data of the remaining six subjects is used to create a gait simulation of each subject.

Relevant markers have been selected and processed to reconstruct the legs. The GT marker represents the hip joint, as shown
in Figure The knee joint is represented by the average of LE and ME to represent best the middle of the joint, which can
be seen in Figure Similarly, the ankle is defined by the average of LM and MM, as depicted in Figure Heelstrikes
are identified with the marker closest to the heel, CA, which is also shown in Figure The implemented variable names
for each selected landmark is shown in Table [Vl

FM y,,
3

(a) Anatomical markers on the hip joint (b) Anatomical markers on the knee joint (c) Anatomical markers on the ankle joint

Fig. 12: Anatomical landmark points used for marker placement in motion capture. Image obtained from Cappozzo et al [36]

Anatomical landmark ‘ GT LE ME LM MM CA
Left leg variable LFMH LFLE L_FME L_IM L_MM L_CAL
Right leg variable R_FMH R_FLE R_FME R_IM R_MM R_CAL

TABLE V: Variable names used in the simulation in MATLAB for each of the anatomical landmarks.

A static capture of the subjects is used to create a local frame. Subtracting this local frame from each data point moves the
simulation to the origin. After this, the data is rotated with —90° around the z-axis to align the sagittal plane with the x-axis.
The simulation can be seen in Figure [[3] where one full gait cycle is performed over each of the subjects. The motion capture
resulted in some missing data points, which are filled with the Matlab function “fillgaps”. This function uses autoregressive
modelling to estimate missing values in a dataset.

The first 50 seconds of each dataset are disregarded, as this time is needed to speed up and reach a steady gait. The total
remaining data span is around 80 seconds for each subject. Ten full gait cycles of each subject are used in the optimization
and validation, as this better represents the variability of gait. These gait cycles are chosen at random from the remaining 80
seconds of gait data. They are identified by monitoring the heel marker CA, whose minimal value indicates a heel strike. The
total dataset of CA of subject two is shown in Figure

MATE will presumably centre subjects on the treadmill, as deviations will be met with a correcting force. Data was recorded
during free walking on a treadmill, which results in deviations in both the transversal and sagittal direction. These deviations
can be seen in the unfiltered left hip positions in Figure Therefore, a low-pass filter is applied on the left hip marker,
L_FMH of each subject, and subtracted from the entire data set. The chosen low-pass filter is a minimum-order filter and has a
stopband attenuation of 60 dB. The filter is applied in both directions to prevent phase shift. A cutoff frequency of w. = 0.5 Hz
is implemented, which has iteratively been determined to maintain step variability but remove sagittal and transversal variability.
The filtered hip signal for each subject is shown in Figure Subtracting a low-pass filter of the hip marker of each signal
will shift the hip marker to z,y,z = (0m,0m,0m). Therefore, the static L_FMH position is subsequently added to each
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marker to compensate for this shift. However, the x-position will not be compensated, as the subject should be centred here.
Sensor noise filtering is not required, as this will not influence the optimization and thus could only reduce the reliability of
the result. The final centred marker data of the left hip is displayed in Figure [T7]
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Fig. 13: Reconstruction of the gait in a simulation from marker data for each of the 6 subjects. Over all the subjects one full
gait cycle of the simulation can be seen.
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Fig. 15: Unfiltered position of the left hip marker, L_FMH, for each of the subjects. Clearly movement variation in both the
saggital and transversal direction can be observed.
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cutoff frequency of w. = 0.5 Hz is used. It can be seen that only the drift is filtered here.
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Fig. 17: Positions after subtracting the low filtered signal of the left hip marker, L_FMH, for each of the subjects. A minimal
order low-pass filter with cutoff frequency of w., = 0.5Hz is used. The steps are centered within MATE, however, while

minimal at the hip, the steps still show some variation.
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C: Finding the optimal design

Mapping forces in the tendon space F to the Cartesian space Fi and Fy, requires the Jacobian in Equation @ This Jacobian
relies on the inverse kinematics, i.e. it maps tendon movement to Cartesian movement. Obtaining this Jacobian requires the
inverse relation between the end effector position in Cartesian coordinates x,y, and z and the tendon lengths L, L, L3, and
Ly4. The definitions of these parameters are shown in Figure [I8| Their relation also depends on the pulley positions p, 2, P,
and py, which are also show in Figure The inverse relation, i.e. the tendon lengths expressed in endpoint coordinates, are

L= /(1 — )2+ (pry — 1) + (1 — 2)2, (15)
Ly = /(2 — 22+ (poy —9)* + (920 — 2)2, (16)
Ly = /(3. — 22 + b3y —9)* + (3. — 2)°, (a7
L= /(s = 22+ (bay = 9)* + (a0 — 2)2. (8)

The inverse kinematics can now be expressed in the required Jacobian by taking the partial derivative of these Equations to
each cartesian coordinate, resulting in the Jacobian seen in Equation [6}
0L, 9L, 9Ly
ox 01 0z
9L, 9L, oL,
- g ] )

Jy = oLs ols 0Ls |- (@
ox 19} 0z
8L4 8[?/!4 8L4
ox oy 0z

This Jacobian is used to map forces from the tendon space to the Cartesian space in Equations {f] and [5] The validity of these
Equations can be checked using singular values, i.e. one Cartesian coordinate = and one tendon length L. This simplification
gives the following Equations:

F.L = Fyi, (19)
dL dz
F,— = Fy—, 2
bt dt (20
oL @1
ox

Here, Equation 2] is the singular value interpretation of Equations [4] and [5} Equation [T9] holds because the power in both
spaces should be equal.

P

Fig. 18: Schematic view of the tendons attached to a single leg in the sagittal plane. The definitions for tendon lengths L;,
pulley positions p; for tendon 7, and Cartesian coordinates x,y, z at the robot end effector are shown here.
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The stiffness is mapped from Cartesian space to tendon space using Equation [/| The validity of this Equation can also be
shown using singular values. First, the inverse relation of Equation 2] is needed,

ox
Now on both sides of the Equation the partial derivative to L is taken
OF, Oz OFx
-t _ . 23
oL 0L 0L 23)
Equation |21] is substituted back in:
. % — % OFx @ (24)
oL 0L Oz oL
Here % represents the inverse Jacobian from Equation |§I in singular values. Tendon stiffness is represented by , and

Cartesian stiffness by %. These terms represent the force with respect displacement, i.e. the stiffness. Equation [7| could
potentially also be used to map a full stiffness Matrix in Cartesian space to the tendon space using a the inverse of the
Jacobians in Equation [6] [29],

Ke=J, TKJ (25)

Here a problem arises as the system is overactuated, i.e. the Jacobian matrix is not square. Therefore, it is impossible to
calculate the inverse of the Jacobian matrix directly. Because only a singular stiffness in the x-direction is taken as reference
stiffness, this problem is circumvented. However, future research might require the tendon stiffness to rely on a full stiffness
matrix in Cartesian space. In this case, an additional optimization would be required to approximate the inverse of the Jacobian
matrix.

Finding a suitable optimization algorithm is crucial for the validity of the final design. Multiple local minima in a system
warrant the need to implement a global optimization. The combination of eight parameters for four configurations for six
subjects means that the presence of multiple local minima somewhere in this optimization is highly likely. However, this
should still be checked, as global optimizations are computationally expensive and are not guaranteed to find the global
minimum [30]]. Eight Parameters result in an eight-dimensional cost function, so a visual inspection of the entire cost function
is difficult. Therefore, only one parameter is varied at a time while the other parameters are kept constant. Each parameter is
varied from the lower to the upper bound, which is found in Table [I} This parameter is then plotted against the cost function to
check whether local minima are present. This process is repeated for each parameter, for each configuration, and each subject,
giving a total of 192 graphs. All these graphs have been examined, but since all results are highly similar, only 16 typical
graphs are included in this thesis.

The majority of the graphs are similar to the results seen in Figure [I9] where the parameters are varied for subject two in
combination with configuration four. Here only one minimum is present in each graph. However, this does not exclude the
possibility of local minima, as the parameters are not varied against each other. Furthermore, as previously assumed, some
local minima are observed during this examination. An example can be seen in Figure 20} where w3 contains two minima.
Two minima were detected in several of the graphs. Since this visualization only captures a small fraction of the possible
combinations, it can be safely assumed that more local minima are present; thus, a global optimization method is required
[30].
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Fig. 19: Optimization parameters varied from the lower to the upper bound, represented against the cost function value. These
specific results are for subject 2 and configuration 4, where only one minimum is visible in each graph.

A genetic algorithm is selected for the optimization, as it is a global method that can escape local minima due to mutations
and evaluates multiple minima at once. The algorithm is run in MATLAB (R2021b, Mathworks). The algorithm is run five
times for each configuration to increase the chances of finding the global minimum. Furthermore, an average cost function
value of le — 6 over 100 generations is selected as the stopping criteria, and the optimization is visually inspected for large
fluctuations in the cost function values.

The optimization is run five times on subjects in the selection group, i.e. subjects one, four, five, and six. The optimal
parameter results are shown in Table [l The final cost function values are displayed in Table [[V] A visualization of the
optimal designs for all subjects can be found in Figures 21} 22] 23] and 24] Here it is again confirmed that all designs are
relatively similar, with only some slight inter-subject variations. The design of subject one obtained the lowest mean cost
function value via Equation 9] as can be found in Table
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Fig. 20: Optimization parameters varied from the lower to the upper bound, represented against the cost function value. These
specific results are for subject 5 and configuration 2, where a local minimum can be seen for ws.
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Fig. 21: The final optimal design found by the genetic algorithm for subject one. Configuration one is optimal for both the
front and back. Views from all angles are included, to provide a clear overview of the design.
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Fig. 22: The final optimal design found by the genetic algorithm for subject four. Configuration one is optimal for both the
front and back. Views from all angles are included, to provide a clear overview of the design.
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Fig. 23: The final optimal design found by the genetic algorithm for subject five. Configuration one is optimal for both the
front and back. Views from all angles are included, to provide a clear overview of the design.
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Fig. 24: The final optimal design found by the genetic algorithm for subject six. Configuration one is optimal for both the
front and back. Views from all angles are included, to provide a clear overview of the design.
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D: Validation of the optimal design

Validation of the optimal design is done by evaluating the parasitic forces during healthy gait in both feet, in the Cartesian
space. These forces are calculated with Equations [4] and [5] After this, they are mass normalized to the bodyweight m; of each
Subject j, i.e.

. F
FLﬂzzﬁf, (26)
J
. F
Fr, = —. 27)
m;

These forces are calculated for subjects in the validation group, i.e. subject two and three, when using the optimal design.
The results over the full 10 steps can be seen in Figure [25] for subject two and Figure |26| for subject three. Interestingly, the
forces in both the left and right legs look very similar. Intuitively this makes sense, as the tendons are connecting both legs.
Elongation of the tendon will thus produce the same tendon force F; on both legs, with the only difference being the position
of the legs. The forces are largest in the x-direction, or sagittal plane, in the forward and backward direction. This also makes
sense, as the tendons are mainly pointing in this direction.

The validation threshold are visualized in Figure 27] and [28] for subject two and three respectively. They are calculated using
Equations [10] and using leg velocity. This leg velocity v is numerically approximated in MATLAB based on the available
marker position data ¢, by computing

v (28)

where timestep dt is determined by sampling rate f:

ST

fs 100Hz

Since numerical approximations like this are noisy, the velocity is processed with a moving average over a window of five
time steps. This process smooths the velocity making it a more realistic approximation of the real velocities. In both threshold
plots in Figure [27] and |28| the left and right leg move asymmetrically, in contrast to the forces. This finding makes sense since
one leg is in the swing phase while the other is in the stance phase. Combining this with double the amount of peaks for
parasitic forces makes it very difficult to validate the results. Furthermore, it can be observed that the forces are at least twice
as high as the thresholds. The parasitic forces do not lie within the validation threshold and thus potentially pose a danger of
altering the step length of subjects using MATE.

0.01s. (29)
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Fig. 25: Mass normalized parasitic forces acting on the left and right leg of Subject two when using the optimal configuration.
Both the left and right leg are shown, with forces in the Cartesian space.
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Fig. 26: Mass normalized parasitic forces acting on the left and right leg of Subject three when using the optimal configuration.
Both the left and right leg are shown, with forces in the Cartesian space.
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Fig. 27: Validation threshold for subject two over all 10 steps. The validation threshold is chosen as these values produce a

30% increase in step length.
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Fig. 28: Validation threshold for subject three over all 10 steps. The validation threshold is chosen as these values produce a
30% increase in step length.
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