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Preface

Even though this is not the original subject of this thesis, I'm still glad about how it turned out.
Originally this thesis was supposed to be a control design thesis for the modified Lokomat. However,
after assembling the modified Lokomat, there were several electrical issues, as well as missing
documentation, including the kinematics, which is now the subject of this thesis. Through the work |
did on the modified Lokomat | learned many different things such as making electrical schemes, how
to work with programs such as EtherCAT, Matlab xPC target add-on, and LinMot talk. All in all, it was
an interesting, at times, frustrating experience, that | do not regret. | hope this work can help others
work with this device and that this thesis can be built upon to make controllers for the modified
Lokomat.
D. Kluwen
Delft, December 2021
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Abstract

Rehabilitation robotics is a rapidly growing field in the engineering industry. Due to the high
repeatability of motion, high therapy costs, and lack of proper quantitative assessment of
patient status and progress, rehabilitation centers could benefit from the introduction of
robotics. One such device already commercially available is the bodyweight supported
treadmill device Lokomat (Hocoma, Switzerland). In this thesis, the kinematics analysis for a
modified Lokomat orthosis has been made and validated. These kinematics calculate the
Euler angles of the orthosis hip joint as a function of eight degrees of freedom, two degrees
of freedom of actuators driving the thigh, and six degrees of freedom of the orthosis pelvis
body. The kinematics were validated by using a low-cost HTC Vive VR tracker system, to
capture the actual angle of the orthosis hip joint. The kinematics were tested in three
experiments. Firstly, the kinematics were tested by moving the orthosis around by hand,
tracing the range of motion of the linear actuators. Afterward, the kinematics were validated
with a person wearing the device. The first dataset has the person suspended in the air,
simulating walking, whilst the final dataset has the person dragging their feet over the
ground, to simulate walking. The results from the first experiment indicate that the kinematics
calculation tracks the measured angles with an RMSE of less than 6% of the total range of
motion. Later experiments suffered from drift in the Vive trackers, mainly in the flexion
angles, worsening performance. Compensating for this drift shows the kinematics to still be
similarly accurate to the first experiment.
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1 Introduction

In the US alone, each year around 795,000 people experience a stroke [1], with 80% of
stroke survivors experiencing some kind of gait impairment [2]. The path to recovery is
lengthy and expensive and involves many intense training sessions, both for patients and
therapists.

One therapy method named Bodyweight Supported Treadmill Training (BWSTT) involves a
stroke survivor walking on a treadmill whilst (part) of her/his body weight is supported. One or
two therapists then assist the patient with walking by physically guiding his/her legs. This
repetitive assisted motion has been shown to improve the function of the impaired limb [3]-
[5]. The movement also stretches the muscles, reducing stiffness and muscle loss [5].
Research also shows that this kind of therapy fosters neuroplasticity in the central nervous
system, compensating for the neuronal damage caused by the stroke [6], [7]. The issue with
this kind of therapy is that it is lengthy and costly. Furthermore, conventional therapy is very
taxing for therapists, leading to short training durations and, sometimes, even injuries for the
therapists [8]. Lastly, the assessment of progress for clients is described qualitatively rather
than quantitatively. Since this kind of rehabilitation training is highly repetitive, and because
of the drawbacks mentioned above, more and more research is being done into the field of
rehabilitation robotics, where the role of the therapist is (partially) taken over by a robot.
Although there is conflicting evidence on whether robotic gait rehabilitation outperforms
conventional therapy [9], it has often been shown that robotic gait rehabilitation can be used
alongside conventional therapy for better results [10]. Robot-assisted gait rehabilitation has
shown that patients’ active voluntary efforts [8], [11], and making small errors [12]-[14] are
considered to be important in motor learning, and thus, recovery. More research is also being
done on feedback mechanisms, such as auditory [15] or visual feedback [16] to enhance the
recovery process. One of these robotic gait-assisting devices, called the Lokomat (Hocoma
AG, Switzerland), is a commercially available bodyweight supported treadmill device, with an
integrated leg orthosis. From its inception in 1996, the Lokomat has been improved in
various ways, such as VR (for the Lokomat Pro) [17]-[19] and an increased interest in more
challenging recovery strategies such as visual [17] and haptic [20] error modulation.

With the rehabilitation strategies becoming increasingly sophisticated, the physical design of
rehabilitation devices can become a bottleneck. Without the proper hardware, even the most
advanced rehabilitation strategies cannot be used to their full potential. Common design-
related challenges in orthosis-based devices such as the Lokomat are:

1. Low transparency
2. Joint misalignment
3. Limited Degrees of Freedom (DOFs)

The low “transparency” of the Lokomat has been noted before [21]. Transparency, in the
broader context of physical human-robot interaction (pHRI), can be defined as the perceived
quality of the desired rendered device dynamics [22]. For example, transparency can indicate
the quality of virtual force rendering, by comparing the virtual dynamics to the rendered
forces applied to the human. The same can be said for rendering no dynamics, i.e. putting a
device in “free-motion mode”, or zero-impedance mode. Low transparency leads to the
participants feeling resistance when the device is in a zero-impedance mode [23]. It is often
measured in the physical human-robot interaction (pHRI) forces, where having minimal
interaction forces in a “free-motion” mode is considered high transparency [24]. In this free
motion mode the orthosis is supposed to follow the movement of the wearer.

Joint misalignment is a common issue in exoskeletons/orthoses. Due to the deformation of
both the human tissue and parts of the exoskeleton or errors in placing and attaching people



to the orthosis the axes of the joints of the human and exoskeleton can often be misaligned,
causing unwanted torques.

Finally, also in the case of the Lokomat, the device can have fewer degrees of freedom in its
lower limb joints than the human. This limits the range of motion, causing the motion to be
unnatural in a sense. In the case of the original Lokomat, the orthosis only allows for motion
within the sagittal plane in both knee and hip and does not allow pelvis rotation or translation,
the latter of which has been shown to impact gait [25]. The goal of rehabilitation is to restore
gait as close to normal as possible, then the device should aim to approach normal gait as
closely as possible, including all DOFs of each joint.

In and around 2013-2014 at ETH Zurich, many hardware modifications were made to a
Lokomat to address some of these issues. These modifications included a new 6
DOFsystem to allow the pelvis to move unconstrained, as well as a change to the hip joint
and hip actuation to allow for adduction/abduction. A more detailed description of these
changes will be done in Section:2 Design. The first of these changes has been researched in
the Ph.D. of Dario Wyss [26], as well as a scientific paper [27]. The change to the hip joint
and its actuation has been implemented but has not been researched in detail. The
kinematics of the device are currently unknown and no documentation has been found to
indicate the Range of Motion of the current design. This thesis will be a continuation of the
work done by Wyss et al. in validating the design of the modified Lokomat, creating inverse
and forward kinematics, and getting the device ready to be used in future experiments.

To achieve these goals, the thesis features the following sections:

Section 2: A short description of the modifications and their functioning/components
Section 3: The creation of forward and inverse kinematics based on said design
Section 4: A methodology for validating these kinematic calculations

Section 5: The results of the experimental validation

Section 6: Discussion of the results

Section 7: Conclusion

Also included in the Appendix are more detailed explanations of certain calculations, as well
as documents important to the safety evaluation of the modifications, such as the electrical
scheme of the electronics added in the modification.



2 Design

To accurately describe the kinematics of the modified Lokomat, it is important to go through
the changes in the design of the device; the different actuators and sensors present in the
device. In the following subsections, the modifications will be split up into these two modules:

1. Thigh actuation module
2. Compliant pelvis module

The compliant pelvis module has already been described in detail in [27] and is extensively
covered in the doctoral thesis of Dario Wyss [26]. This thesis will only go into detail on the
parts of the compliant pelvis module that influence the adduction/flexion system for the
exoskeletal hip joint.

For each module, its main function and components will be explained, as well as how it
differs from the original Lokomat, followed by a list of the actuators and sensors found in said
group. These inputs and outputs of the device will then be used to determine the forward
kinematics.

2.1 Thigh actuation module

The main change in the Lokomat covered in this thesis is the addition of ad/abduction to the
exoskeletal hip joint, whereas the traditional Lokomat only allows for flexion/extension of the
exoskeletal hip joint. The main modification that allows for this addition is the thigh actuation
module. The hip joints of the original Lokomat, as of 2021, are still actuated utilizing linear
drives, similar in mechanism to those found in the Lokomat’s knee [28]. The linear motion is
converted to a rotary motion by pushing the thigh support close to the passive revolute hip
joint. To allow for this motion, the linear actuator is connected to the frame of the Lokomat,
and by connection to the world, via a revolute joint in the same plane as the exoskeletal hip
joint itself. This revolute exoskeletal hip joint should be in line with the human hip joint,
although there is no way to guarantee this alignment, an issue common in many
exoskeletons [29].

The modifications as presented in [26] have replaced the passive revolute joint with a
passive 2 DOF rotational joint. This joint allows for flexion and extension, as well as limited
adduction/abduction. Instead of one actuator, each hip joint now has two actuators, to allow
for actuation of the additional DOF. These actuators are both rigidly attached to one another,
as well as a revolute joint connected to the frame of the Lokomat, similar to the original
device. The actuators and their linkages can be seen in Figure . For the sake of clarification,
these actuators can be considered to be in the transverse plane (in reality this is not always
the case), and the orthosis connection point connects to the posterior side of the thigh. By
moving the actuators at the same speed and direction, the device can be put into pure hip
flexion, for example, movement from configuration a) to configuration b) in Figure . By
moving the actuators at different speeds/directions, the movement of the end effector of this
linkage (which is attached to the exoskeleton thigh structure) will also have components
orthogonal to the movement direction of the actuators, allowing for adduction or abduction of
the hip joint - note how configuration c) has the connection to the orthosis more toward the
left actuator than configuration a) and b).
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Figure 1. Various configurations of the actuators and linkages of one hip joint, with a) and b)
having the actuators in parallel and c¢) having the actuators at an offset.

A more complete view of the mechanism can be seen in Figure 2. For the sake of simplicity,
the compliant pelvis module has been left as a kinematic black box, which will be explored in
the next subsection.

Compliant
pelvis
module

e hip joint

actuators

Figure 2: Joints and linkages of the thigh actuation module.

The linear actuators are LinMot P01-48x240 (LinMot, Switzerland), these are tubular
electromagnetic drives. These motors are accompanied by LinMot HS01-48x250 bridge
guides. The linear actuators have their own incremental encoder (resolution 0.05 mm) as
well as a Micro Epsilon WPS-1250-MK46-P10 potentiometer (Micro Epsilon, Germany), to
calibrate the linear motors and have redundancy in case either sensor fails. The
potentiometer and the internal encoder of the actuator are the only sensors for the module.
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The main input to the module is the extension of the LinMot, although the max speed and
acceleration to achieve this position can be set and changed as well. For this thesis, only the
position will be considered, with other motor input parameters considered static.

2.2 Compliant pelvis module

The main focus of the modifications was not only on the additional DOF for the hip joint but
also on additional DOFs for the pelvis. The original Lokomat only has one passive degree of
freedom for the pelvis, namely the parallelogram structure that allows for vertical movement
[4]. Limiting the other 5 degrees of freedom has been found to negatively affect gait
characteristics [25]. The goal of Wyss et al. [26], [27] was to expand this to the full 6 DOF, 5
passive DOFs, and one active DOF. The lateral movement of the pelvis is actuated in this
design, whilst the other degrees of freedom are passive. These passive DOFs are supported
by springs to still aid the wearer of the exoskeleton, see Figure .

fixed

fixed plate

middle plate

orthosis hip N\ S

Figure 3: Top view of the compliant pelvis module, with actuators and sensors.

This modification uses series elastic actuation (SEA), as the springs are interjected between
the actuator and load. The wearer is attached to the pelvis plate via clamps, which due to the
application of SEA, has 6 DOF. The fixed plate is attached to the rigid frame of the modified
Lokomat and can be seen as a connection to the world. The motor, another LinMot motor
just like the thigh actuation module, actuates the lateral movement of the pelvis by moving
the middle plate, which is connected to the pelvis plate via the springs. Important to note is
that the entire thigh actuation module is attached to the middle plate as well so that it moves
with the lateral pelvis movement to prevent unwanted adduction/abduction of the hip due to
latera pelvis movement. For more information on the system and how the springs are tuned,
see [26], [27].

What is important for the calculation of the adduction/abduction angles is the location of the
exoskeletal hip joint in relation to the thigh actuation module, to complete the kinematic
chain. This hip joint is attached to the pelvis plate of the compliant pelvis module. This
attachment is rigid, although it can be adjusted in the anatomical longitudinal axis, to account
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for anatomical differences between users. To know the location of the exoskeletal hip joint,
the position and orientation of the pelvis plate must be known. Fortunately, Wyss et al. [26],
[27] required the same information to determine the assistive forces provided by the springs.
The sensor system put in place uses a camera system (PixArt Imaging Inc., Argentina) with
an infrared filter, accompanied by four infrared Light-Emitting Diodes (LEDs) attached to the
pelvis plate. The camera translates the position of the four LEDs in pixels to the location and
orientation of the pelvis plate. Also included is an Inertial Measurement Unit (IMU)
(MPU9250, Invensense, San Jose, USA), to record the movements of the pelvis, which can
also be doubly integrated to receive an estimate of the position and orientation of the pelvis
plate. These signals are combined through the use of a Kalman filter to determine all 6
degrees of freedom for the pelvis plate.

13



2.3 Full system

Combining both the compliant pelvis module as well as the thigh actuation module, the
system looks as follows (Figure ):

middle plate
pelvis actuator
pelvis plate
orthosis
hip joint
; QA orthosis
thigh actuators T o knee joint

Figure 4. Schematic of the orthosis of a single leg and hip assembly of the modified Lokomat.

In Figure , the rest of the Lokomat is represented as the ground. The pelvis actuator creates
lateral movement of the pelvis by actuating the middle plate. As the thigh actuators are
attached to this middle plate, they too will move laterally. As the orientation and position of
the pelvis plate are measured from the middle plate (Fout! Verwijzingsbron niet
gevonden.), it is possible to close the kinematic chain without the inclusion of the pelvis
motor. The kinematic chain would start at the middle plate, from where we can find the
position of the pelvis plate through the camera and IMU, from where the orthosis hip joint can
be found, followed by the thigh actuation and finally closing the loop at the middle plate.
Hence only the following sensors and actuators of the orthosis and pelvis actuation system
are relevant for the calculation of the orthosis hip angles:

sensor measured parameter unit amount
LinMot encoder | extension linear motor m 2 (per leg)
Potentiometer extension linear motor m 2 (per leg)
orientation and position
Camera pelvis plate m, degrees 1
IMU Orientatior'\ and position m, degrees 1
pelvis plate
dlO
actuator actuated parameter unit amount
LinMot motor extension linear motor m 2 (per leg)

Table 1: Actuators and sensors involved in the calculation of the orthosis hip angles.
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3 Kinematics calculation

Now that the design of the modified Lokomat has been explained, and the relevant available
inputs and outputs have been specified, the kinematics calculation can begin. To repeat, the
goal of the forward kinematics calculation is to find a way to calculate the exoskeleton hip
angles - i.e., flexion/extension, and adduction/abduction- using the sensor values from Table
1 and vice versa for the inverse kinematics.

To start, a check of the degrees of freedom of the device will be done, to check whether the
device has as many DOFs as stated in section 2. The next step will be to calculate the
forward dynamics using the eight measured coordinates, followed by the inverse dynamics.

3.1 Degrees of freedom of the mechanism

As mentioned in the design phase, the modification to this Lokomat should result in a total of
12 degrees of freedom. These degrees of freedom are:

e 6 DOFs in the pelvis
4 DOFs for the hip joints (hip adduction and flexion for each leg)
o 2 DOFs in the knees (knee flexion for each leg)

For this thesis specifically, the interest lies in the 2 DOFs for each hip joint. Due to the
symmetry in the design, it is possible to disregard one leg for the kinematic calculations. Also
as explained in section 2.3, the kinematic chain from hip joint to thigh actuators can be
closed without the inclusion of the lateral pelvis actuator. So the remaining system
considered in this thesis should have a total of 8 DOF, 6 for the pelvis plate, and 2 for the
single exoskeletal hip joint.

One way of checking the degrees of freedom of a system is to express the system in
generalized coordinates. The amount of independent generalized coordinates needed to fully
describe the system is equal to the degrees of freedom of that system. Besides describing
the system in just the independent generalized coordinates, one can also add more
coordinates to make the description easier, as long as the dependency to the other
coordinates is described in the form of a constraint. Using this method, one can also check
the degrees of freedom by counting the number of generalized coordinates, some
independent, some dependent on one another, and subtracting the number of constraint
equations. The latter method will be deployed in this case as the system is quite complex.
Figure shows all generalized coordinates chosen for this DOF calculation, apart from the
coordinates around the thigh actuators, in particular the path from joint O to joint D. These
coordinates are shown in Figure 6. Note that Figure 6 is a 2-dimensional representation. This
is allowed as all the hinges are oriented in the same way, in the same plane in which the
system is also actuated.

15



Figure 5: Drawing of the thigh actuation and partial pelvis module with generalized
coordinates. «, represents the angle between body 1 and 2 around hinge O, aj, the angle
between body 4 and the global z-axis, around joint D, B the angle between body 4 and 5

around joint E, and ay , B, , ¥ the angles between the axes of frame H (attached to body 6)
and body 5.

The goal of this calculation will be to know the 6 DOFs of all 6 bodies as presented in Figure
5, starting at the ground body, body 1. Body 1 is connected to body 2 by a single DOF hinge
joint at O. Body 2 consists of the two static parts of the linear motors, which are rigidly
connected to one another. By introducing a, as the angle between body 1 and 2, around the
axis of joint O, body 2 can now be fully described kinematically. As said, previously,
everything between body 2 and joint D can be considered a planar mechanism, whose plane
is tilted around the global y-axis with angle «,. Continuing at joint D, body 4 can be fully
described using the angle ap, as this joint is another hinge joint. Using g the same can be
done for the thigh orthosis, body 5. Joint F is a ball and socket joint with 3 DOF, hence 3
angles are required to fully express body 6 in relation to body 5. In this case, the angles were
chosen to be measured from body 5 to a body-fixed frame (H) attached to body 6. So far 6
generalized coordinates have been used, with zero constraints:

Angle «, , the angle between body 1 and body 2

Angle «ap, the angle between body 4 and the global z-axis
Angle B, the angle between body 4 and 5

Angle ay, one of the Euler angles between body 6 and body 5
Angle Br , one of the Euler angles between body 6 and body 5
Angle yg, one of the Euler angles between body 6 and body 5

QarONE

Next up is the planar mechanism between point O and joint D, which can be seen in Figure
6.
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Figure 6: Two-dimensional drawing of the thigh actuation linkages. The frame O, is attached to
body 1 and centered at point O, with axes v and w. Xin and Xou: represent the distance from
point Osto point A and B respectively, along the v axis. Li» and Loyt are the distance from point
Oato point A and B respectively, along the w axis. B;, and B,.: are the angles of linkage 4 and 6
to the v axis and Lsand Le are their lengths. Lp is the distance between the outer actuator and
point D along the w axis. L7 is the distance between point D and point C and Lz is the distance
between the symmetry axis of body 3 and point B.

For the linear actuators, we start at point O, which corresponds to joint O in Figure . Though
this joint is drawn above the linear actuators in Figure , it is located at the centerline of all
bodies in Figure 6. Starting from point O, one can reach joint D in two ways, tracing the
linkages from the inner or outer actuator. Taking the inner actuator, we can reach point C
using generalized coordinates xin, which contains the extension of the linear actuator, as well
as angle B;,. The linear actuators used in this assembly have guides, meaning they can be
treated as prismatic sliders with only one DOF, which can be described by the generalized
coordinates xi» and Xout. The orientation and position of linkage 4 can be described just by
using the generalized coordinate S;,, at which point we know the position of joint C, attached
to body 7.

W = —Lip + Ly sin(Bin) Y

Ve = Xin + Ly Cos(ﬁin) (2)
The orientation of body 7 is unknown when only considering the inside actuator linkages,
however, note that the four-bar linkage created in the outer actuator linkages, by body 3, 5,6,

and 7 is a parallelogram. This means that body 7 will always be oriented with its long side
along the w axis. For the linkages connected to the outer actuators, all DOFs can be

17



expressed in the same way as the inner actuators, considering that angle ,,,: applies to both
linkage 5 and 6, due to the parallelogram they form. With the position of point C and the
orientation of body 7 known, the assembly has been fully described.

Wp = W¢ (3)
vD = UC + L7 (4)

There are two constraints present in this formulation, namely that point C has to be in the
same location, whether you calculate its position from the inner or outer actuators. This
results in two unique constraints, one for the v and a second for the w coordinate.

In summation, all bodies in this system can be fully described using 4 generalized
coordinates; Xin,Xout, Bin @nd Bout- These generalized coordinates are subject to 2 constraints,
the v and w coordinates of point C are the same coming from the inner or outer actuator.
Counting up all the generalized coordinates from Figure and Figure 6, there are 10
generalized coordinates used to fully describe the system, subject to 2 constraints, leaving
the number of DOFs to 8, as expected.

3.2 Forward kinematics

Now that it has been shown that the kinematics can be described using 8 independent
generalized coordinates, it is possible to express the kinematics in terms of the sensed
parameters from Table 1. The generalized coordinates used in the DOF calculation are
chosen for convenience, but they are not easily transformed into coordinates that match the
sensors present in the device. Figure is a drawing of the modified Lokomat with the sensed
generalized coordinates:

’

>

3
Figure 7: Drawing of the modified Lokomat, using the sensed values as generalized
coordinates. The coordinates include the position of the pelvis plate (xu, Yn, Zn) and its
orientation in relation to the fixed ground frame). The orientation is expressed in Euler angles
o, Bp and yp. The other two coordinates are the extension of the inner and outer actuators, Xin

and Xout, respectively.
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With the new sensed generalized coordinates, the orientation and position of the pelvis plate
(body 6) is fully known in relation to the ground by the camera at C and the IMU at H. By
extension, the position of ball and socket joint F, the exoskeletal hip joint, is also known as it
is rigidly attached to body 6. As seen in Figure 6, the thigh actuation linkages (the bodies
from joint O to joint D), require four generalized coordinates and 2 constraints to be
described, hence these bodies can be described using two independent generalized
coordinates, in this case, Xin and Xout. Removing the generalized coordinates S;,, and B,,;
from Figure 6, the orientations of linkage 4, 5, and 6 become unknown. This unknown
orientation can be expressed by drawing a circle around the corresponding joint, where the

circle represents the potential positions of the endpoint of the linkage for all orientations. In
Figure these circles are drawn for the inner and outer linkages.

-
B
-

i ——

~a

Figure 8: Two-dimensional drawing of the thigh actuation linkages. The frame O, is attached to
body 1 and centered at point O,, with axes v and w . The Xin and Xout represent the extension of
the actuators and are the two independent generalized coordinates. Loyt isthe distance from O,
to the actuator slider in the wdirection. The circles, with middle points M; and M, and radii, rin,
and rou represent the range of motion of the endpoint of the inner and outer linkages
respectively. The circles intersect at points Iy and I,. L7 is the distance from point I, to joint D.

The endpoints of both inner and outer linkages are connected, so the only two places where
the linkages can be connected and do not break constraints, are the two intersection points
of the circles, |1 and I,. Finding the intersection of two circles in cartesian space can be done
using the equations of a geometric proof, in this case, taken from [30], see Appendix A. In
Appendix A, the circle intersection calculation is first explained in abstract, after which it is
applied to the situation from Figure 8. The input for this calculation is the coordinates of the
center of both circles (M1 and M in this case) and the radius of both circles (ro.t and rin). The
output is the coordinates of both intersection points |1 and I, which can be used to determine
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the coordinate of point D and the orientation of the body to which point D is attached.
Although I is a solution to the intersection calculation, it can be seen that it is not physically
possible for the linkages to be in this configuration, due to a collision between the slider of
the actuator and the linkages, hence I, is the actual intersection point. The location of point D
can be found from point I, by adding L- to the v coordinate of point I, since the body that D is
attached to is always orientated the same way due to the parallelogram structure in the outer
linkages. This parallelogram locks the rotation of the body that D is attached to, meaning that
a vector from I, to D will always be along the v axis purely.

The vector 0D is now known in the body-fixed frame, but the location of D is not yet certain
in the global frame G (see Figure ), due to the unknown angle a, around joint O, see Figure
5. Since joint O is another hinge joint, it is possible to once again use a circle to describe the
possible locations of point D in the global frame G, see Figure (left).

Figure 9: Potential locations of point D, expressed around joint O (left) and joint F (right). With
Ma and Ra the center point and radius of the circle around the actuators. ypis the distance
between M, and Rj in the global y-axis. Rr is the radius of the sphere with center point F.

In the global frame (G), the circle is in the xz plane, as joint O will always have a rotation
around the y axis. The plane in which the circle is located will be offset from point O at a
distance of yp along the global y-axis, where yp is equal to the y coordinate of point D from
Figure . The radius of the circle will be R4, the v coordinate of point D from Figure .

Ry =vp %)

Yp = Wp (6)

The range of motion of the thigh linkage can be described in a similar fashion, although the
resulting geometry will be a sphere rather than a circle, as join F is a ball and socket joint.
Rotation around joint E does not change the location of point D, it would only change the
orientation of the body to which point D is attached., hence it does not influence the shape of
the sphere. The radius of the sphere, Rs will be distance between joint F and point D.

The actual location of point D can again be found through the intersection points of these two

geometries. There will be two intersection points between a circle and a sphere.
Furthermore, the problem can be simplified by considering that the sphere can only intersect
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the circle in the plane of the circle, in this case, a plane parallel to the xz plane of the global

coordinates, with offset yp from joint O, see Figure .
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Figure 10: Front view (left) and side view (right) of the intersecting geometries used to
determine the location of point D. The circle with projected center M, and radius Rais located
in the plane parallel to the xz plane, with offset (blue) yp from point O. The sphere with center F
and radius Rt intersects the aforementioned circle at points Iz and ls. The section of the sphere
contained in the offset plane parallel to the xz plane is a circle with projected center F and
radius R;. the distance between joint F and the offset xz plane is yrz.

¥

The distance between joint O and F is known since the camera measuring the pelvis plate is
also attached to the ground, like joint O. From the camera, the pelvis plate location and
orientation are known, leading to the location of joint F. Using the y coordinate of the vector
OF and yp one can calculate the distance of joint F to the xz plane (yez). The section of the
sphere in the offset xz plane is a circle, with a reduced radius R,. Calculating R, can be done
using the Pythagorean theorem on the right triangle created by the black dashed line in

Figure :
Ry = (Rp)? — (¥rz)? @

With Rg, the circle of the sphere is defined as:

Ry = |[FD| ®)

All components for the intersection calculation are now known:
- Radius Ra is the x coordinate of the vector 0D
- The coordinates of the center point of the circle are the (x,z) coordinates of paint O
- The radius of the second circle is Ry, the derivation can be seen above

- The coordinates of the center point of the second circle are the (x,z) coordinates of
point F

With these values, the intersection points Is and ls can be calculated. Whether the physical
joint Dis in I3 or in I4 can be checked via the z-coordinate of both points. If the z-coordinate of
one of the intersection points is too high, linkage OD will hit the ground body above O. In this
case |, would be selected. Knowing the coordinates of point D, all bodies have now been
described kinematically, the only thing remaining is the calculation of the orthosis hip joint
angles.
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Figure 11: flexion angle B and adduction angle a assuming a neutral pelvis.

With the assumption that the pelvis plate remains in a neutral position, coordinates of point D
and F in the global frame, the adduction angle a, and the flexion angle 8 can be calculated.

s _1(3’F_YE)
a = Ssin

IFE] ©)

With yr and yg the y coordinates of points F and E respectively, and ||FE|| the magnitude of
the vector from point E to point F. Due to the four-bar linkage attached to joint D, joint E and
D are always at the same global y coordinate:

YE=DYp

Then finally, the flexion with neutral pelvis 8 can be calculated using:
||FE||> XF —Xp
=tan"!|+———=)—sin™?! ( ) (10)
d <||DE|| IFDI]

With ||FE|| and ||DE|| the magnitude of vectors between F and E and D and E respectively.
xr and xj the x coordinates of points F and D respectively, and ||FE|| the magnitude of the
vector from point E to point F. This calculation relies on the right triangle formed by points D,
E and F.As previously mentioned, these angles are not the true exoskeletal hip joint angles,
as they assume a neutral pelvis position. To incorporate the hip angles, it is more
manageable to calculate the Euler angles between a local frame of the pelvis and thigh. The
angles described above can be used to create the thigh axes. The pelvis axes can be made
using the recorded Euler angles of the pelvis plate.

To define said angles, the anatomical conventions for joint coordinate systems from Sharp et
al. [31] will be adapted to fit the orthosis. This convention places two joint coordinate systems
on the pelvis and thigh respectively and defines the joint angles as the Euler angles between
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these two coordinate systems. The conventions and their adaptation to the orthosis can be
seen in Figure 12.

D thigh

knee

F
Figure 12: Conventions for the calculation of hip angles for human gait motion analysis, taken
from [31], adapted to the modified Lokomat orthosis. P, Q, and R are the axes of the pelvis
coordinate system, whilst p, g, and r are the axes of the thigh coordinate system.

Starting with the pelvis coordinate system:
1. The P-axis can be found by taking a unit vector parallel to the bottom of the pelvis
plate, or a unit vector from the left to right hip joint.
2. The R-axis can be found as a unit vector orthogonal to the Z-axis, in the plane of the
anterior side of the pelvis plate, pointing cranially.
3. The Q-axis can be found as a unit vector orthogonal to the Z and Y axis, pointing to
the anterior side

The thigh coordinate system is defined as:
1. The r-axis is a unit vector following the exoskeletal thigh beam, in this case, it can be

expressed as EF normalized

2. The g-axis can be derived by normalizing DE . This vector is orthogonal to the y axis
since the linkage between E and D is attached at a 90-degree angle to the thigh
linkage

3. The p axis can be found orthogonal to the x and y-axis, pointing to the anterior side

The coordinate system of the pelvis plate made by Wyss et al. [27], used to calculate the
Euler angles of the pelvis plate in relation to the camera coordinate system, is not the same
as the one defined above, and is rotated -90 degrees around the X-axis. With these
coordinate systems, Euler angles regarding the X-x axes are internal/external rotation,
angles regarding the Z-z axes represent abduction/adduction, and rotations regarding the Y-
y axes represent flexion/extension.
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3.3 Inverse kinematics

For the inverse kinematics, the goal is to calculate the extension of the inner and outer linear
actuators, xin and Xout, as a function of the desired ad/abduction and flexion/extension, taking
into account the orientation of the pelvis plate. Compared to the forward kinematics this is
much simpler.

Starting from the pelvis plate, of which the orientation and position in the global frame are
known, the position of joint F can be calculated. From joint F, the position and orientation of
the thigh linkage are known, by using the two input angles of adduction and flexion, as well
as the previously mentioned constraint that ye = yp in the global frame (as the axis of joint D
is always aligned with the global y-axis due to the parallelogram structure). From the location
of point D and point O, it is possible to determine the angle ., see Figure 13.Figure

Front view Side view

rotated frame O

a

. T_?

0)

Figure 13: front and side view of the modified Lokomat, with angle B8, between the global y axis
and linkage OD and rotated frame O, with axes u, v, and w.

Calculating 8, can be done using the following equation:

Bo =tan™?! <Zo — ZD) (11)

Xp — Xo

With B, it is possible to create the frame O,, with origin in point O. The benefit of this frame is
that it turns the actuator assembly and its linkages into a 2-D problem, as there is no
variation in the u axis in the linkages spanning O to D. Inside this frame O, the required
extension of the inner and outer actuator can be calculated using the intersection of a line
and a circle. The circle represents the unknown orientation of the inner or outer linkage,
whilst the line represents the extension of the inner and outer actuator, see Figure 14.
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Figure 14: Planar geometries required to calculate the extension of the inner actuator. With Lc¢

the distance between joint D and C is in the direction of the v axis. C is the center point of the

red circle with radius Ri,. This circle intersects the black line representing the extension path

of the actuator in points Iy and l. Xin is the current extension of the actuator along the v-axis,

this extension is measured from v = 0 to the joint at the end of the actuator, at a distance of Li,
along the w-axis from origin Oa.

Point C can be found by subtracting Loc from the w value of point D, their v values are the
same. Around point C, the ROM of the inner and outer linkage can again be described as a
circle in this case the circle in red, with mathematical description:

(v —vc)* + (w—we)? = (Rin)? (12)

With v and w as variables, v and w, the coordinate of points C and R;,,, the radius of the
inner linkage. The solid black line intersecting the circle represents the ROM of the slider of
the linear actuator, with mathematical description:

w=Lin (13)

The intersections of these two ROMs represent the configurations that do not break the
constraints of either linkage or slider, in this case, I, and lv. The values of these intersection
points can be calculated by substituting the line equation into the circle equation and solving
for v. This will turn into a quadratic equation that can be solved using the quadratic formula.
Again it is possible to exclude one of the intersection points, |y in this case, as it would case a
collision in the linkages, mathematically this constraint can be represented as:

v < ve (14)

With v, the v coordinate of an intersection point and v, the v coordinate of point C. This
same process can be done for the outer linkages as well. From the intersection point I, the
actuator extension xi» can be found by removing Lax from the v coordinate of I, (see Figure
14). This same calculation can be repeated for the outer linkages to find Xout.

With the values of xi» and Xou found, as a function of the abduction and flexion angles, as well
as the position and orientation of the pelvis plate, the inverse kinematics are complete.
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4 Experimental procedure

Now that the kinematics of the Lokomat have been described, they have to be validated
through experimentation. For the validation process, the 8 inputs to the forward kinematics,
as described in section 2.1, will be recorded. Using these recorded sensor values, the
abduction and flexion angles can be calculated. These calculated values can then be
validated against an external measurement of the same angles. In this case, the external
measurement was done using the HTC Vive Pro (HTC, Taiwan) Virtual Reality (VR) system,
which has a camera system with motion trackers. This validation process was done for three
separate experiments. The first experiment aims to explore the range of motion of the device,
by moving the thigh around by hand. The second and third experiments will have a subject
inside of the Lokomat, simulating walking. This section will feature:

1. The recorded Lokomat variables and their calibration
2. The recorded HTC Vive variables
3. The procedure for the three experiments that were performed

After the experimental procedure has been detailed, the next section will cover the results of
the experiments.

4.1 Lokomat recording and calibration
The kinematics calculation requires 8 inputs, which in this case are:

1. The extension of the inner and outer linear actuator, x;,, and x,,;

2. The position of the pelvis plate in relation to the middle plate (Fout! Verwijzingsbron
niet gevonden.), xp , y, and z,

3. The orientation of the pelvis plate in relation to the middle plate, Euler angles
¢p, 0, and Y,

However, inside the modified Lokomat, there are several ways of measuring these values.
For the extension of the inner and outer actuator, there are two choices: using the internal
encoder of the LinMot linear motor or using the linear string potentiometer, which is normally
used to calibrate the encoder. For safety reasons, it was chosen to not power the LinMot
motors to prevent any dangerous movements from occurring. The only downside of the
potentiometer compared to the encoder is the dynamics of the string, which should not be an
issue considering the low frequency of the motions.

For the six degrees of freedom of the pelvis plate, there is the previously mentioned infrared
camera system, as well as an IMU, both capable of measuring the six DOF of the pelvis
plate. The camera system records the back of the pelvis plate, on which four infrared LEDs
are placed, at a sampling rate of 100 Hz with 1024x1024 resolution. The pixels on which the
LEDs are in the camera’s images can then be transformed into a rough estimate of the
position and orientation of the pelvis plate in relation to the camera, which is attached to the
middle plate. The downsides to this approach are that the camera can suffer interference
from other sources of infrared light, such as the infrared camera system of the HTC Vive.
Furthermore, the field of view of the camera is limited, and it is possible for the LEDs to leave
the field of view, causing a loss of data. These two factors make relying on the camera alone
not feasible since datasets often have missing data. The second sensor, the IMU, measures
the acceleration and angular velocity of the pelvis plate, at a rate of 500Hz. Using time
integration, these signals can be turned into the position and orientation of the pelvis plate.
However, drift is a major issue in this approach. Datasets that go on for over five seconds or
more, will feature significant drift. In the past, the camera data and IMU data were combined
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using a Kalman filter, where the drift of the IMU data would periodically be corrected by the
camera data. This Kalman filter was unfortunately not present in the control setup of the
Lokomat, so only the separate IMU and camera data are available. Neither of these sensors
is reliable enough to use for the experiment, hence it was chosen to disregard these in favor
of the HTC Vive tracker system, which will be discussed in the next subsection.

4.2 HTC Vive Pro recording and calibration

The HTC Vive Pro 2 is a commercially available system used mainly for VR applications. The
starter kit consists of a headset, two controllers, and two lighthouses. The lighthouses serve
as the reference for the controllers and headsets. The lighthouse sends out both a blinking
IR light, as well as tracking laser beams across their field of view. The controllers and
headset receive the IR blink to start counting, after which the controllers and headset wait for
the laser to hit them on one of their sensors, see the indentations in Fout! Verwijzingsbron
niet gevonden.. By recording the time at which the laser hits the controller/headset after
synchronization, the lighthouse can calculate where the object is inside the tracked area.
This synchronization happens at a rate of around 60 Hz, and it is also used to correct for drift
of the internal IMU of the controllers/headsets, which operates at a much faster rate of 500
Hz. The HTC Vive trackers have the same positional tracking as the controllers/headset and
are normally used to bring parts of the wearer's body to the virtual environment, for example,
forearms or thighs and shanks. The reported accuracy of the lighthouse system is in the
range of a few cm and around one degree for translation and rotation respectively [32], at a
sampling rate of around 100 Hz.

The translation and orientation of each tracker are expressed regarding a global reference
frame, which the Vive creates when the room and camera trackers are calibrated. Each
tracker has its own frame, as specified in the manual, the axes of which can be seen in
Figure 15.

= S
Figure 15: Axes of the Vive tracker, x, y, and z, as defined in the manual.

Steam VR (Valve, USA) was used to manage the different HTC Vive devices and to set up
the basic virtual environment. Data recording was done in Unity (Unity Software Inc., USA). A
plugin can connect the virtual environment of Steam VR to that of Unity. In Unity, custom
plugins can be used to record positional and orientational data of any object in the
environment, whether virtual or real. The orientational data can be recorded in both
guaternions and Euler angles, both in relation to the aforementioned global reference frame

27



(GRF) created by Steam VR (Figure 16). Positional data of all the trackers can be recorded
in the GRF.

N
-

Figure 16: The Unity environment with the middle plate tracker (green) and the global frame
tied to it, the thigh tracker (red sphere) and the orientationally offset virtual object thigh object
(red beam), as well as the hip tracker (blue ball) and it’s virtual object hip object (blue beam).
Also included is the Unity GRF.

For the experiment, three trackers were used:

1. Tracker 1 on the thigh of the Lokomat
2. Tracker 2 on the pelvis plate of the Lokomat
3. Tracker 3 on the middle plate of the Lokomat

Tracker 2 and Tracker 3 can be used to find the 6 DOFs of the pelvis in relation to the middle
plate. For the position of the pelvis plate, one can simply subtract the position of tracker 1
from tracker 2, resulting in a vector pointing from tracker 1 to tracker 2. Tracker 1 can be
placed in such a way that it best coincides with the global frame as described in the
kinematics calculation, see the global frame of Figure 10.

Using the recorded Euler angles between the GRF and tracker 1 and tracker 2, the
guaternions between tracker 2 and tracker 3 can be calculated using:

2q3 = *qgrr *qorr 7t (15)

With 2q5 the quaternions from frame 2 to frame 3, 2qggf the rotation matrix from the GRF to
frame 2 and 3q;zr ! the conjugated quaternions from frame 3 to the GRF. Using the
recorded quaternions angles 2q;gr and 3q;gr ~! can be constructed. From quaternions
2q5 , the Euler angles from frame 2 to frame 3 can be calculated using the Matlab quat2eul
command, in other words, the orientation of the pelvis plate in relation to the middle plate.

Using tracker 2 and tracker 3, the Euler angles between the thigh and pelvis can be
calculated in a similar. These will contain the adduction and flexion angles required for the
validation of the kinematics calculation.

To ensure the Vive trackers are tracking the motion correctly, a calibration sequence is
performed. Because of the geometry of the Lokomat orthosis, the trackers cannot be placed
so that their axes are aligned desirably. Preferably, the trackers would be placed onto the
device so that the Euler angles match the adduction/flexion angles that are needed for
validation. Furthermore, it can be hard to align the axes of the tracker with the device itself, if
done by eye. For calibration, the Lokomat is set in a neutral position, meaning flexion
adduction and exo-rotation at 0. This is done using a level to assure that both pelvis plate
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and orthosis are in the correct orientation. At this point, the recorded quaternions from the
GREF to the trackers can be measured and treated as an initial offset. Another strategy would
be to place two virtual bodies in the virtual environment that are orientated the same way,
just like the physical device. These virtual bodies can then be rigidly attached to the tracker
in unity, so they rotate along with the tracker. The Euler angles of these virtual bodies can
then also be recorded, to obtain the Euler angles between bodies without the initial offset due
to inconvenient tracker placement. Both calibration strategies were used at once. Once this
calibration has been performed, the setup can be used for multiple experiments as long as
the Vive lighthouses are not disturbed.

4.3 Experimental procedure

Now that the recording procedures for the Lokomat and the HTC Vive have been described,
the plan for the three experiments can be described. The setups for both experiments were
the same when it comes to the Lokomat and the HTC Vive. The actuators of the Lokomat
were not be used to move the orthosis, nor was the treadmill. The trackers were be placed
on the pelvis plate and right thigh and middle plate. Due to the symmetry of the design
recording, both legs are redundant. The trackers were recorded by two lighthouses, about
two meters from the trackers and the device.

For experiment one, the Lokomat was moved around by hand, with no one wearing the
orthosis. The goal of this experiment was to trace the ROM when it comes to the linear
actuators, to achieve maximum and minimum flexion and adduction. Achieving maximum
flexion/adduction could lead to loss of balance if the exoskeleton is worn, hence it was done
by hand. The movement started from a neutral position (O flexion or abduction), see Figure
17.

_________ o
£ T e gl
:‘,.- E Wi,
4 ‘ . S A e :
: AT e
o A e
T G
5@ o, 3
S P o
4 A’
..... 6 0.
...... @

top view
Figure 17: Top view of the movement pattern of the first experiment. On the LEFT is the initial

tracing of the ROM, whilst the RIGHT shows an example of the zigzag pattern performed after
tracing. Red dots indicate the position of the knee, with 1 being the neutral position, 2
maximum abduction of the hip, 3 maximum flexion, 4 and 5 maximum adduction, 6 maximum
extension, and 7 maximum abduction.

From this starting position (1), the thigh was moved to maximum abduction. Following this,
the orthosis was be moved so that the hip is flexing, whilst at the same time remaining fully
abducted. After one of the actuators reaches its limit (2), the orthosis was pulled into
maximum flexion (3). Then the device was pulled into maximum adduction (4) after which it
was extended until one of the actuators reached its limit again (5). Continuing, the orthosis
was put into maximum extension (6), followed by maximum abduction (7). After this initial
tracing of the ROM, the remaining time was being used to move the thigh orthosis around in
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a zigzag pattern, moving from the adduction to abduction whilst flexing and extending. During
the motion the pelvis plate was left suspended on its springs, free to move around.

The other two experiments involved a person wearing the orthosis. This is the situation in
which the kinematics are to be used eventually, hence it is important to test the accuracy of
the calculation when applied to human gait. For experiment two, the wearer was lifted slightly
off of the ground using the bodyweight support crane, allowing them to freely move around in
the air without having to make use of the treadmill. Whilst suspended in the air the subject
then attempted a walking motion.

The third experiment had the subject being supported by the BWS, without their feet leaving
the ground. Instead, the goal will be to again simulate a walking motion, with just the right
leg, whilst dragging the feet across the ground instead of having them suspended in the air.
This has the benefit of still providing the wearer of the orthosis with some support on the
stance leg.

To do these experiments, the modifications made to the Lokomat had to be assessed for
safety. As the actuators will not be powered during the experiments, the main safety
concerns are the electrical wiring of the modifications. For this reason, a schematic has been
made of the modification, which can be found in Appendix C. With this electrical scheme, the
modified Lokomat passed the safety inspection for this experiment.

30



5 Results

In the results section, the flexion and adduction values of the kinematic calculation, as well
as those of the Vive tracker measurement are compared against one another. For each
experiment, this comparison is done via a plot of the flexion and adduction angles of both
methods, and through the root mean square error between each method.

5.1 Experiment one
The first experiment is the trace of the linear actuator ROM.
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Figure 18: Time vs angle plot of the orthosis hip flexion (above) and adduction (below), for the
first experiment. The orange solid line is the corresponding angle as estimated by the
kinematics, whilst the blue dashed line represents the actual angle measured by the Vive
system.
The orthosis flexion of the kinematics has a very similar shape to that of the measured Vive
angles. The only major difference is the flat section at minimum flexion for the estimated
flexion angle.
The adduction angles have a less similar shape. Mainly at maximum and minimum
adduction, the kinematics remain mostly flat, whereas the measured angles exhibit some
additional periodic movements.

31



5.2 Experiment two

The next experiment involves a subject wearing the Lokomat whilst suspended, trying to
make a walking motion.

Flexion of the orthosis hip
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Figure 19: time vs angle plot of the orthosis hip flexion (above) and adduction (below), for the
second experiment. The orange solid line is the corresponding angle as calculated by the
kinematics, whilst the blue dashed line represents the angle measured by the Vive system.

The flexion graph again has an offset between the kinematics values and the measured
values, which is increasing. Timewise, and amplitude-wise, the maxima and minima are very
similar between the two. The walking motion is consistent but does not resemble a normal
gait. The adduction data matches quite well, however, the estimated values are more jagged.
Both adduction and flexion graphs contain outlying peaks in the kinematics data, around 12.5
seconds and 18 seconds. In Appendix B, the same graphs of experiments two and three are

presented, with the drift removed. The drift has been removed using the Matlab detrend
command.
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5.3 Experiment three

Experiment three involves the participant holding their left foot on the ground whilst
simulating gait with their right leg, dragging their feet over the ground.
Flexion of the orthosis hip
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Figure 10: Time vs angle plot of the orthosis hip flexion (above) and adduction (below), for the
third experiment. The orange solid line is the corresponding angle as calculated by the
kinematics, whilst the blue dashed line represents the angle measured by the Vive system.

The flexion data has a severe vertical offset, although the shape of the graph is very similar.
The timing and amplitude of the peaks match very well. For the adduction, both measured
and estimated graphs are very jagged, with the estimated graph having outlying peaks at
multiple points.

Featured in Table 2 is the Root Mean Square Error (RMSE) of the flexion and adduction
angles for all three experiments. To give more context to the RMSE, there is also a reported
ratio between the RMSE and the average ROM of each joint angle for normal human gait.
The ROM for normal human gait is assumed to be 50 degrees for flexion/extension and 17
for abduction/adduction [33]. Asterisks represent the detrended version of the data.

RMSE flexion RMSE RMSE 5
(deg) ROM /0) adduction ROM (/0)

(deg)
Manual ROM trace 3.18

6.36 1.892 111

9.921 / 2.72* 19.82 | 5.44* 2.481 14.6
4574 | 7.91* 9153 /| 7.92 3.86 22.7

Table 2: RMSE of the adduction and flexion angles for all three experiments, as well as the
ratio between the RMSE and the normal human gait ROM of each joint angle. Asterisks
represent the detrended version of the data.
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6 Discussion

6.1 Experiment one

There is a small offset between the measured data from the Vive and the kinematics
calculation (Figure 18). This difference can be explained by an error in the measurement of
some of the components of the Lokomat. There were no CAD files available of the machine,
so for example the distance from the actuator joint to the middle plate tracker was measured
using a tape measure. Not all distances are easily measurable, hence some inaccuracies
may lead to consistent offsets in the angles calculated using the kinematics.

The other main issue with performance is at minimum flexion. The kinematics estimation
does not go below -28 degrees flexion, whereas the measured angles reach -37 degrees
flexion at their minima. The flat part in the estimated angles indicates that the kinematics
calculations stopped intersecting beyond these flexion values, leading to the flat area. This
could be explained by the aforementioned errors in the measured parameters of the
calculation. These offsets would lead to the hip and actuator circles being too far apart in
extreme situations.

The adduction data matches quite well, but at maximum adduction, there is a difference in
shape between the graphs. The kinematics calculation has a higher overshoot and has a
less deep valley afterward compared to the measured data. This data could be explained by
small offsets in the virtually calibrated global frame. The calibration of this virtual object was
not perfect, and small offsets in these angles could lead to other angles interfering with the
graph of the estimated and measured angles.

Looking at the minima and maxima of the data, maximum flexion and extension are
somewhere between 43.1 and -34.5 degrees according to measured data, with
abduction/adduction values varying between -17.7 and -14.2 degrees (measured data).
These values could all be seen as the limits of human gait with an extra 10-5 degrees of
ROM [34].

6.2 Experiment two and three

In the second and third experiments, the flexion graphs seemed to diverge. The estimated
flexion got lower and lower, getting worse from experiment 2 to experiment 3. At the end of
experiment 2, the gap is around 12 degrees. Starting in experiment one, the gap has
increased to 25 degrees increasing to over 50 at the end of the dataset. Despite this
increased gap, the amplitude and period of the peaks remain similar between datasets. The
fact that there is drift can be demonstrated by the flexion graphs of experiment three, where
the measured data exceeds the upper limit of flexion, as found in experiment 1, whilst the
estimated data exceeds the lower limit of flexion. The adduction graphs in both cases exceed
the lower limit of adduction as found in experiment one. This difference cannot be explained
through the increased tilt of the pelvis, as the variation in pelvis tilt was not found to be more
than +2/-2 degrees for normal human gait [27]. The drift can be seen in the graphs of the
recorded Euler angles for the virtual global reference frame, tied to angle tracker 3. Tracker
three should not rotate in relation to the GRF made by unity and neither should the virtual
object linked to it, yet the virtual object shows over 100 degrees of rotation in 2 Euler angles
for experiment three and 70 degrees of rotation in 2 Euler angles for experiment 2. The drift
has been removed using the Matlab detrend command in Appendix B, subtracting the best
straight line from the data This was done since the data of human gait is expected to be
periodic and should not contain a linear upward or downward trend. Furthermore, because of
the many rotations performed in the calculation of the orthosis hip joint angles, it is hard to
pinpoint the effect the rotational drift has on the final result, hence a more blind approach like
the detrend command was chosen. As seen in Table 2 and Appendix B, the detrended data
shows performance similar to that of experiment one.

34



Both experiment 2 and experiment 3 contain several spikes in the data. These spikes
indicate that one or more of the trackers involved in the calculation of the angles lost
connection. The algorithm used to detect these spikes was based on large spikes in the
positional data of the trackers, but there are more spikes in the orientational data than in the
positional data, leading to some spikes remaining. The spikes in orientational data are
smaller and harder to detect, as they are less exaggerated compared to the positional
spikes, however, they can still lead to significant spikes in the end result. To remove the
spikes a low pass filter could be used, however, this could also remove other high-frequency
changes in orientation that are part of the signal.

6.3 Recommendations for future research
The main recommendations given the results of the experiment are:

1. Use the original Lokomat sensors for determining the pelvis position and orientation,
This saves having to synchronize the Lokomat and unity dataset until the final
comparison. Furthermore, the Lokomat data should not suffer from as much drift as
the Vive data, since its sensors are tightly attached to the orthosis.

2. Make better sensor mounts for the Vive trackers, to prevent drift. These could be 3D-
printed.

3. Make more accurate measurements of the orthosis components, to prevent offsets in
the kinematics data

4. Do the experiments with a working treadmill for more natural gait patterns
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7 Conclusion

In this thesis, a kinematics calculation has been proposed for calculating the hip angles of an
end-effector-based orthosis. Using eight independent generalized coordinates as input, two
actuator extensions and the six degrees of freedom of the pelvis plate, the adduction and
flexion angles of the orthosis hip can be calculated. This method is mainly based on the
intersection of circles and spheres for representing non-measured angles of joints within the
mechanism. This calculation was validated using an HTC Vive 2.0 VR system, used for
motion capture of the adduction and flexion angles. Three experiments were performed to
validate these angles, the first involved moving the orthosis around by hand, and the second
and third with a person wearing the orthosis under different circumstances. When looking at
the first experiment, the kinematics perform quite well, with an RMSE of only 3.18 degrees
and 1.89 degrees for flexion and adduction respectively. Given this experiment traces the
entire ROM, this performance is quite good. Later experiments suffered from major drift in
the Vive trackers. This lead to a major offset in the flexion graph. Detrended data still shows
good performance, especially for flexion. Using the original sensor of the Lokomat for finding
the Euler angles should eliminate this drift and is expected to make major improvements to
performance. Despite the tracker issues in later experiments, the first experiment and the
similarity in graph shapes in later experiments point toward the proposed kinematics
calculation being correct and useable.
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Appendix A: Intersection of
circles

N7

Figure 11: Intersection calculation for two spheres in the same plane, with M1 and M2 the
centers of the circles with radii rou: and ri, respectively. Point P is a point on the vector from M1
to M2 used to make two right triangles. The right triangles are both made using the intersection

point of the circle I1. a, b and h are segment lengths of these triangles.

Given two circles with centers M; and M, and radii roy: and ri, the intersection points of these
circles, |1 and I, can be found using the following derivation taken from [30]:

d = [[My— Myl
Using triangles M1:P and M:l1P and the Pythagorean theorem:
Tout? = a® + h?
Tin? = b? + h?
Which can be solved for a by substituting and using
d=a+b

Resulting in:
— (Tout2 - Tinz + dz)
2d

This can be used to find point P:
a
P =M, +E(Mz - M)

From point P, the x and y coordinates of I, and I, can be found through:
_ h(Ymz — Ym2)
X =xp+ — —q
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Figure 12: Two-dimensional drawing of the thigh actuation linkages. The frame O, is attached
to body 1 and centered at point O,, with axes v and w. The xi, and Xou: represent the extension
of the actuators and are the two independent generalized coordinates. Loy is the distance from
Oato the actuator slider in the w-axis direction. The circles, with middle points M; and M, and
radii, rin, and roy: represent the range of motion of the endpoint of the inner and outer linkages
respectively. The circles intersect at points Iy and I,. L7 is the distance from point I, to joint D.

The goal of the intersection calculation is to find the position of point D in the drawing
above, as a function of the generalized coordinates xi» and Xou. This means that the
points M1 and M2 must be described in the body-fixed frame at point O:

Upm2 = Xin
Wiz = Loyt

Um1 = Xout
Wiy1 = —Loye

With M1, Mg, rout and rin, known I; and Iz can be calculated. In order to find out whether

the actual device is in configuration 1 or 2, an additional set of constraints can be
used:

N
U = Vppp v = Upq
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These constraints state that the v,;, v coordinate of an intersection point, cannot be
smaller than the v coordinate of the center of one of the circles. This is because the
plate on the actuator slider blocks the motion of the slider, limiting it to a ROM of a
semicircle. In the figure above, |; breaks this constraint, thus I, is the actual location
of the linkage endpoints in the physical device. Applying this in the circle intersection
calculation, we know the lower value of x; will always break this constraint before the
higher value, so the correct value is:

_ h(Wyz — wiz)

VUV = Vp + f

h(Vmz — vumz)
Wy =wp— ————

d
Due to the parallel constraint, D can always be found from I using:

VUp = Vpp + L7
Wp = Wp
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Appendix B: Detrended results

Experiment two:

Flexion of the orthosis hip, detrended
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Figure 13: Time vs angle plot of the detrended orthosis hip flexion (above) and adduction
(below), for the second experiment. The orange solid line is the corresponding angle as

calculated by the kinematics, whilst the blue dashed line represents the angle measured by the
Vive system
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Experiment three:

Flexion of the orthosis hip, detrended
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Figure 14: Time vs angle plot of the detrended orthosis hip flexion (above) and adduction

(below), for the third experiment. The orange solid line is the corresponding angle as
calculated by the kinematics, whilst the blue dashed line represents the angle measured by the

Vive system.
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Figure 15: Electrical scheme of thé electronics added in the modification



