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Abstract

The ankle plantar flexion muscles are the main contributors to the propulsion of
the body during gait. Deficits in these muscles, such as reduced muscle strength,
often lead to impaired walking. A characteristic widely observed in gaits arising
from various pathologies is an increase in medio-lateral trunk movements. How-
ever, this is not yet identified as a compensation strategy for ankle plantar flexor
weakness. A previous analysis showed a decrease in positive work generated at the
ankle joint in healthy individuals walking with excessive trunk sway compared to
normal walking at the same speed. This suggests that excessive trunk sway could
be used to compensate for a reduction in propulsive power generated at the ankle
joint. This study investigates the relationship between excessive trunk movements
in the frontal plane and propulsive power generated at the ankle joint by examining
the contributions of individuals muscles to the total power generation during gait.
The first aim of this study is to evaluate the validity of the previous results. The
second aim is to uncover the underlying biomechanical compensatory mechanisms
of walking with excessive medio-lateral trunk movements.

A data set consisting of marker data and ground reaction force data of healthy indi-
viduals walking with and without excessive medio-lateral trunk movements is anal-
ysed in this study. Three-dimensional muscle-actuated simulations of the recorded
gaits were generated in OpenSim. A residual reduction algorithm was applied to
make the kinematic outcomes more dynamically consistent with the experimentally
measured ground reaction forces and moments. This is in contrast to the previous
analysis, in which the residuals were not reduced. The power and work generated
by the total system and the individual segments, joints and muscles were derived
from the simulations.

An increase in positive work at the lumbar joint was found, but no differences in
positive work at the hip, knee and/ or ankle joints were found over the gait cycle.
The lumbar bending muscles turned out to be responsible for the increase in positive
work at the lumbar joint.

In conclusion, we did not find medio-lateral trunk sway to be a compensatory mech-
anism for ankle plantar flexor weakness. Therefore, more research is needed to
understand why trunk sway is commonly observed in patients with reduced plantar
flexion muscle strength. The results of our study contrast those of the previous anal-
ysis. Our findings suggest that the discrepancy between the outcomes is caused by
high residual forces and moments in the previous analysis. Hence, by revealing the
discrepancy between the results of this study and the results of the previous analy-
sis, this study highlights the importance of the validation of results before drawing
conclusions.
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Chapter 1

Introduction

The ankle plantar flexion muscles play an important role in human walking. With
approximately two thirds of the total positive work that is generated by the plantar
flexion muscles, the plantar flexors are the main contributors to the propulsion of the
body during gait [44]. The work that is generated by the plantar flexors is mainly
generated during the push-off phase of walking. This phase is characterized by a
rapid contraction of the calf muscles that causes redirection of the body centre of
mass (CoM) and generates the energy that is required to move the limbs forward
[17].

Since the plantar flexors have such an important role in human gait, deficits in these
muscles, such as reduced muscle strength, often lead to impaired walking. Reduced
plantar flexion muscle strength can be caused by disuse, aging and diseases such
as Parkinson’s disease, cerebral palsy and stroke [35], [8], [30], [15]. Patients that
are suffering from plantar flexor weakness are often using compensation strategies
to overcome the reduction in propulsive power. One of the compensation strategies
that was found by several studies is the increase in hip power [16], [30], [24], [22], [42].
Lewis and Ferris studied the effect of an increased and decreased ankle push-off power
on the lower limb joint powers [16]. Healthy subjects were instructed to push less
and more than normal with their feet while walking. It was found that an increase
in ankle push-off power was related to a decrease in hip power. However, no such
relationship was found between ankle and hip power for the condition with less ankle
push-off. The results of this study suggest that the interplay between hip and ankle
power during gait can be used as a compensation strategy to overcome a reduction in
propulsive power of one of these joints. In the study that was performed by Riad and
colleagues a shift in power generation between the ankle and hip joints was found
as well [30]. In this study joint powers in children with spastic hemiplegic cerebral
palsy and age matched healthy subjects were compared. An increased hip power and
a decreased ankle power were found in the cerebral palsy group. This indicates that
children with spastic hemiplegic cerebral palsy compensate for plantar flexion muscle
weakness by an increased hip power. This same shift in power generation from the
ankle joints to the hip joints was found by Waterval and colleagues [42]. In this
study patients with unilateral calf muscle weakness participated. Gait kinematics
and ground reaction forces were measured for walking at a preferred walking speed
and at a matched control speed. What was found is that the reduction in calf muscle
strength was compensated by a reduction in preferred walking speed. When this was
not possible, because subjects had to walk at a matched control speed, an increase
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CHAPTER 1. INTRODUCTION

in positive joint work at the ipsilateral hip and/ or contralateral hip, knee and ankle
joints was found. In conclusion, there seems to be an interplay between hip and ankle
power for the generation of propulsive power during gait. This means, patients with
reduced muscle strength of either the hip or ankle muscles can compensate for this
by increasing the power generation at the other joint.

Besides an increase in hip power, patients with plantar flexor weakness often show
typical adjustments in gait kinematics as well. For example, one of the charac-
teristics of a walking pattern that is affected by cerebral palsy is an increase in
medio-lateral trunk movements [1], [12]. However, this is not yet identified as a
compensation strategy for ankle plantar flexor weakness [34], [6]. Yet, the excessive
trunk sway that can be observed in patients with cerebral palsy is often associated
with reduced hip abductor strength [34], [2], [6]. Patients compensate for the hip
abductor weakness by moving their trunk and thereby their CoM laterally towards
the stance leg, which decreases the hip abductor moment [34], [33]. Nevertheless,
the cause of the excessive medio-lateral trunk movements in patients with cerebral
palsy is not yet completely clear. Krautwurst and colleagues studied the relation-
ship between hip abductor weakness and excessive trunk sway [13]. They found that
there was only a weak, yet significant, relationship between excessive trunk sway and
hip abductor strength. According to the authors, this indicates that hip abductor
weakness influences the medio-lateral movements of the trunk during gait. How-
ever, since the correlation was only weak, other factors that influence medio-lateral
trunk movements during gait seem to be involved as well. Rethwilm and colleagues
also studied excessive trunk sway in patients with cerebral palsy [29]. The aim of
this study was to identify underlying biomechanical compensatory mechanisms of
the increase in trunk movements in patients with cerebral palsy. However, no clear
compensation strategies were found in this study that could be related to the in-
crease in trunk movements. In conclusion, although excessive medio-lateral trunk
movements can be observed in patients with cerebral palsy and in multiple other
pathological gaits, the underlying compensation strategy of excessive trunk sway is
still partly unknown. The fact that excessive trunk sway is widely observed suggests
that trunk sway is an important factor in pathological gaits and therefore it would
be valuable to investigate the underlying compensatory mechanisms of excessive
medio-lateral trunk movements.

This study investigates the effect of excessive trunk sway on the power flow during
gait in healthy individuals. In this way, it is attempted to identify the underlying
compensatory mechanisms of excessive medio-lateral trunk movements. A previous
analysis already showed an increase in total positive joint work in healthy individuals
walking with excessive trunk sway compared to normal walking at the same speed
[39]. Interestingly, it was found that the amount of positive work increased during
the first half of the stance phase and decreased during the push-off phase. This
was attributed to an increase in positive hip work and a decrease in positive ankle
work. Furthermore, the total positive work at the lumbosacral joint increased.
The reduction in positive work generated at the ankle joint suggests that there
is an interplay between medio-lateral trunk movements and power generation at
the ankle joint. Excessive medio-lateral trunk movements could therefore be part
of a compensation mechanism to overcome reduced propulsive power due to ankle
plantar flexion muscle weakness.
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CHAPTER 1. INTRODUCTION

To understand how excessive trunk movements in the frontal plane can contribute
to a reduction in propulsive power generated at the ankle joint, the contributions of
individual muscles to the total power generation are investigated in this study. Since
healthy human gait is achieved by complex muscle activation patterns, differences in
muscle activity between walking with and without excessive trunk sway could pro-
vide insight into the underlying biomechanical mechanisms of walking with excessive
trunk sway. Healthy subjects are participating in this study, since this will make
it possible to distinguish between primary deviations in muscle activation patterns
caused by the underlying pathology and secondary deviations due to the biomechan-
ics of walking with excessive trunk sway when comparing the results to observations
of pathological gait [32]. These insights could contribute to the determination of
appropriate treatment of patients with reduced calf muscle strength and could be
valuable for the development of assistive devices such as an ankle-foot orthosis.

1.1 Research questions

A previous analysis showed a reduction in ankle push-off power and an increase in to-
tal positive joint power when walking with excessive medio-lateral trunk movements
[39]. The first aim of this study is to evaluate the validity of the results obtained by
this previous analysis. Residual forces and moments are non-physical compensatory
forces and moments that account for dynamic inconsistencies between the joint ac-
celerations estimated from the experimental markers and the ground reaction force
data [4]. Since the residual forces and moments, representing the experimental and
modelling errors, were not reduced in the previous analysis, it is hypothesized that
reducing the residuals to make the kinematic outcomes more dynamically consistent
with the experimentally measured ground reaction forces and moments could have
a significant effect on the outcomes.

The second aim of this study is to uncover the underlying biomechanical compen-
satory mechanisms of walking with excessive medio-lateral trunk movements by ex-
amining individual muscle powers. The question that arises from the results of the
previous analysis is how the excessive trunk movements in the frontal plane could
lead to a reduction in ankle push-off power compared to walking without excessive
trunk sway at the same speed. Since muscles, including multi-articular muscles,
have a complex interaction with the dynamics of the body segments, it is hypothe-
sized that muscles are responsible for the transfer of power between joints, segments
and planes [45]. Therefore, the individual muscle contributions to the power gener-
ation are studied, since it is assumed that this could give insight into the underlying
mechanism between medio-lateral trunk movements and ankle push-off power. This
leads to the following research questions:

• Are the results obtained by the previous analysis reproducible using a data
processing method in which the residual forces and moments will be reduced?

• Can the relationship between excessive medio-lateral trunk movements and
power generation at the ankle joint be explained by differences in individual
muscle contributions to the total power generation during gait in healthy indi-
viduals walking with and without excessive trunk sway?
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Chapter 2

Methodology

2.1 Data

The data set that is analysed in this study consists of motion data that was collected
at the BioMechaMotion Lab at the Delft University of Technology (TU Delft) [41].
Eleven healthy subjects walked down a walkway of approximately seven meters with
in the middle of the walkway two Kistler force plates of type 92060AA (Kistler, Win-
terthur, Switzerland). Ground reaction forces were recorded at a sample frequency
of 1000 Hz. Fifty-three passive markers were placed on the subject’s feet, lower
legs, upper legs, pelvis, trunk, upper arms, lower arms and head. The markers are
depicted in figure 2.1 and an overview of all the markers can be found in appendix
A. The markers were tracked by twelve Oqus 700 motion capture cameras at 100 Hz
(Qualysis, Gothenburg, Sweden). Marker position data and force plate data were
collected for two different walking conditions. In the first condition subjects were
asked to walk at 80% of their preferred walking speed, whereas in the second con-
dition subjects had the task to walk with excessive medio-lateral trunk movements.
Three successful trials were collected for each subject for each condition. Since for
one of the subjects the static trial failed, this subject was excluded. An overview of
the subject characteristics can be found in appendix B.

2.2 Data analysis

2.2.1 OpenSim

Model

OpenSim was used to analyse the data. The model that was used in OpenSim is
a full body model that has 19 joints and consists of 22 connected bodies (Fig. 2.2
- 2.3) [27]. The mtp, subtalar and wrist joints were locked during the analyses.
The model includes 80 muscles and 17 linear actuators representing the upper body
muscles. A list of all the muscles and linear actuators can be found in appendix C.

Scaling

The first step in the data analysis was to scale the model for each subject based on the
subject characteristics [4]. This means, the dimensions of each body segment were
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CHAPTER 2. METHODOLOGY

adjusted based on marker position data. Furthermore, the mass properties of the
model were scaled based on the subject’s mass and the muscle lengths were adjusted.
The first step in the scaling process was to ‘prescale’ the unscaled model based on
the length of the subject. Next, model marker positions were adjusted based on
the errors between the model and experimental markers during the three normal
walking trials. After that, the model was scaled a second time. This time, the bodies
were scaled based on scaling factors that were specified for each body. The scaling
factors were based on the positions of the markers that were placed on anatomical
landmarks. This process of adjusting the model markers and scaling the subject was
iterated several times until the errors between the model and experimental markers
were low for the three normal walking trials (root mean square (RMS) errors around
1 cm). Thereafter, the pelvis markers were rotated with the mean pelvis tilt angle
that was measured during the three normal walking trials. This was done, because
excessive pelvis tilt angles were observed before rotating the pelvis markers. Since it
was assumed that this was caused by an incorrect placement of the pelvis markers on
the body of the subject, the pelvis markers on the model were adjusted to account
for this. Finally, the length of the pelvis was scaled with a manual scale factor
of 0.95, because it was observed that this led to a decrease in errors between the
experimental and model markers and that the dimensions of the pelvis looked more
natural in this way.

Based on the errors between the model and experimental markers, it was decided
that the scaled model was good enough to continue the data analysis (mean total
RMS errors for the normal and trunk sway conditions were 0.98 ± 0.13 cm and
1.19± 0.27 cm). Moreover, for one of the subjects, the model was also scaled solely
based on the marker positions during the static trial, instead of the marker positions
during the normal walking trials. The power flows for the two walking conditions
were calculated using the two differently scaled models. No differences were found
between the power outcomes of the two differently scaled models and therefore it
was decided that the scaling results were good, since small differences in the way
the model was scaled did not influence the results.

Inverse kinematics

The scaled models were used to perform the inverse kinematic (IK) analyses. To
determine the joint angles and translations a least-squares problem was solved that
minimizes the differences between the marker positions of the model and the exper-
imentally measured marker positions [4].

Residual Reduction Algorithm

A Residual Reduction Algorithm (RRA) was applied to make the kinematic out-
comes more dynamically consistent with the experimentally measured ground reac-
tion forces and moments [4]. This was done by applying small adjustments to the
motion trajectory and to the mass characteristics of the model which leads to a re-
duction of the residual forces and moments. The RRA was only applied for the time
interval for which complete force data was available. Since only two force plates were
used in this study, it was not possible to analyse a complete gait cycle. It was tried
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CHAPTER 2. METHODOLOGY

(a) Front (b) Back

Figure 2.1: Model markers. An overview of all the markers is given in appendix A.

(a) Front (b) Back

Figure 2.2: Model bodies. The model consists of 22 connected bodies which can be
distinguished by the different colours in this figure.

(a) Front (b) Back

Figure 2.3: Model joints. The model consists of 13 free joints. The wrist, subtalar
and mtp joints were locked during the analyses.
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CHAPTER 2. METHODOLOGY

to replicate the ground reaction forces and moments to simulate a third, virtual force
plate. However, residual forces and moments increased excessively when these repli-
cated ground reaction forces and moments were added. Therefore, it was concluded
that there was too much variability in ground reaction force data to replicate the
forces and moments. Hence, the analysis was done from the start of the midstance
phase till the end of the gait cycle, defined by initial contact. More information
about the definition of the gait phases will be provided in section 2.2.3.

To reduce the residual forces and moments, several iterations of the RRA were
required. During the first iteration, the scaled model together with the IK solutions
and the ground reaction forces and moments were used as inputs. Noise was removed
from the ground reaction force data by putting all the ground reaction forces and
moments to zero for the time intervals where the foot did not touch the force plate.
Initial tracking weights for the coordinates were described in the ‘RRA Tasks’ file.
Actuators for each degree of freedom were defined in the ‘RRA Actuators’ file. The
settings were saved in the ‘RRA Setup’ file. After the first iteration, torso mass and
torso CoM location were adjusted manually based on the suggested adjustments by
OpenSim. It was chosen to adjust the torso CoM location manually, because the
changes in CoM location performed by OpenSim were applied in the wrong direction,
causing the residual moments to increase. A second RRA run was performed with
the same tracking weights as during the first iteration, but with the adjusted model.
The model mass and CoM location were not adjusted after this iteration. Kinematic
errors were evaluated. A third and final RRA run was performed with the model
that was adjusted after the first iteration. For this third iteration, tracking weights
were decreased for coordinates for which the error was lower than one degree after
the second iteration. The results were evaluated based on the contribution of the
residuals to the total positive work that was generated.

Computed Muscle Control

Next, a Computed Muscle Control (CMC) algorithm was used to find a set of muscle
excitations that produce a coordinated simulation of the walking pattern [4]. In this
way, the contribution of each muscle to the generated power can be calculated and
compared between the two walking conditions. The adjusted model that was created
after applying the RRA was used in the CMC tool. The kinematic outcomes of the
RRA and the ground reaction force data were also used as inputs for the CMC tool.
The tracking weights, which were the same as used for the RRA tool, were described
in the ‘CMC Tasks’ file. The actuators were described in the ‘CMC Actuators’ file
and the control constraints were described in the ‘CMC Control Constraints’ file.
The settings were saved in the ‘CMC Setup’ file.

2.2.2 Power and work calculations

The kinematic and kinetic outcomes of the RRA tool were used to calculate the
external power [39]. The first step in calculating the external power is to calculate
the individual limb CoM power. The individual limb CoM power can be calculated
by taking the dot product of the external forces that are acting on both limbs and
the velocity of the CoM (Eq. 2.1). The next step is to calculate the peripheral rate
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CHAPTER 2. METHODOLOGY

of energy change. This can be done by calculating the changes in kinetic energy
relative to the body’s CoM, assuming 22 (Ns) rigid body segments (s) (Fig. 2.2)
(Eq. 2.2). The external power can then be calculated by taking the sum of the
individual limb CoM powers and the peripheral rate of energy change (Eq. 2.3).

PCoM =
−→
F · −→v CoM (2.1)

Ėper =
d

dt
(
Ns∑
s

1

2

−→
I seg
−→ω 2

seg +
1

2
mseg(

−→v seg −−→v CoM)2) (2.2)

Ptot = PCoM + Ėper (2.3)

In equations 2.1-2.3, PCoM is the individual limb CoM power,
−→
F is the ground

reaction force data, −→v CoM is the linear velocity of the CoM of the total system

and Ėper is the peripheral rate of energy change.
−→
I seg,

−→ω seg, mseg and −→v seg are
the inertia, the angular velocity, the mass and the linear velocity of the segment.
Finally, Ptot is the external power.

To gain insight into the distribution of power over the individual body segments,
segment powers were calculated for each segment based on solely kinematic data
[38]. Power estimations based on solely kinematic data are usually less reliable
than power estimations that are based on both kinematic and kinetic data [20].
Therefore, the segment power estimations in this study are used in addition to other
power calculation methods with the purpose to gain insight into the power flow
over the individual segments. The segment powers were calculated by taking the
derivative of the sum of the potential and kinetic energies for each body segment,
assuming 22 (Ns) rigid body segments (s) (Fig. 2.2) (Eq. 2.4-2.6). Total segment
power was calculated by taking the sum of the individual segment powers (Eq. 2.7)
[39].

Eseg = Eseg, pot + Eseg, kinrot + Eseg, kintrans (2.4)

Eseg = msegghseg +
1

2
mseg
−→v 2

seg +
1

2
Iseg
−→ω 2

seg (2.5)

Ėseg =
dEseg

dt
(2.6)

Pseg = Ėseg =
Ns∑
s

Ėseg,s (2.7)

In equations 2.4-2.7, Eseg, Eseg, pot, Eseg, kinrot and Eseg, kintrans represent the
total energy, the potential energy, the rotational kinetic energy and the translational
kinetic energy of the segment. mseg, hseg,

−→v seg, Iseg and −→ω seg are respectively the
mass, the height, the linear velocity, the inertia and the angular velocity of the
segment. g is the acceleration of gravity. Finally Ėseg and Pseg are the individual
segment and total segment powers.
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CHAPTER 2. METHODOLOGY

The 22 segments were divided into subgroups. The subgroups ipsilateral and con-
tralateral limb consisted of the femur, tibia, patella, talus, calcaneus, and toes of ei-
ther the ipsilateral or the contralateral limb. The subgroup head-arms-trunk (HAT)
consisted of the trunk, pelvis and the humerus, ulna, radius and hand of both arms.

Joint powers were calculated for each joint by taking the dot product of the joint
moment and its angular velocity (Eq. 2.8). Total joint power was calculated by
taking the sum of the individual joint powers, assuming 13 joints (the wrist, subtalar
and mtp joints were locked).

Pj =
−→
M j · −→ω j (2.8)

Pjoints =

Nj∑
j

Pj (2.9)

In equations 2.8-2.9, Pj is the individual joint power,
−→
M j are the joint moments, −→ω j

are the angular velocities around the joint and Pjoints is the total joint power.

Muscle powers were derived from the OpenSim CMC outcomes.

Total work and individual segment, joint and muscle work can be calculated by
integrating the power over a given time interval (Eq. 2.10). This was done to
calculate the work over the complete time interval and for specific time frames
within the gait cycle.

W =

∫
Pdt (2.10)

In equation 2.10, W is the work and P is the power.

2.2.3 Gait phases

As mentioned in section 2.2.1, due to the lack of a third force plate, gait data was
analysed from the start of the midstance phase till the end of the gait cycle. The end
of the gait cycle was characterized by heel strike of the ipsilateral limb. This was
detected by the phase detection method that was developed by Zeni and colleagues
[46]. With this method, heel strike is detected based on the position of the heel
marker.

In the previous analysis, differences in total positive work between the two walking
conditions were analysed for the complete gait cycle, but also for specific time in-
tervals within the gait cycle, namely the rebound and the push-off phase [39]. The
rebound and the push-off phase were defined based on the individual limb CoM
power of the ipsilateral limb. The rebound phase was defined by the first period of
positive individual limb CoM power, while the push-off phase was defined by the
second period of positive individual limb CoM power [39]. In this study, it was at-
tempted to analyse the work that was generated during the rebound and the push-off
phase as well. However, it turned out that not for every trial it was possible to define
the rebound phase based on the individual limb CoM power, because for some of the
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trials the individual limb CoM power was not positive during this period (Fig. 2.4).
Therefore, it was decided to compare the gait data of the two walking conditions
for the midstance phase, defined as the period from the first peak in vertical ground
reaction force till the first local minimum of this vertical ground reaction force [11],
[37] (Fig. 2.5). The push-off phase was still defined by the positive individual limb
CoM power in this study (Fig. 2.4).

Figure 2.4: Individual limb CoM power of the ipsilateral limb. The individual limb
CoM power of the ipsilateral limb of one of the trials calculated with the unfiltered
inverse kinematic results and the ground reaction force data. The red line shows
the definition of the push-off phase: the time interval during the second part of
the stance phase for which the individual limb CoM power is positive. As can be
seen, no rebound phase could be determined for this trial based on the definition of
positive individual CoM power during the first part of the stance phase, since the
individual CoM power is not positive during the first part of the stance phase.

2.2.4 Normalization

Walking speeds, powers and work were normalized to be able to compare the out-
comes of different subjects with each other. The normalized walking speed was
calculated with the following equation:

v̂ = v/
√

gl0 (2.11)

in which v̂ is the normalized walking speed, v is the measured walking speed is m/s,
g is the acceleration of gravity in m/s2 and l0 is the leg length in m [10]. The leg
length was calculated with the marker position data of the static trial and is defined
as the vertical distance between the anterior superior iliac spine and the medial
malleoli.

To calculate the normalized powers, the leg length of the subject, the mass of the
subject and the acceleration of gravity must be taken into account. This leads to
the following equation to calculate the normalized powers:
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Figure 2.5: Definition of the midstance phase. This figure shows the vertical com-
ponent of the ground reaction force. The midstance phase is defined as the time
interval from the first peak in vertical ground reaction force till the first local min-
imum of this vertical ground reaction force. The midstance phase is shown here in
red.

P̂ =
P

m0g3/2l
1/2
0

(2.12)

where P̂ is the normalized power, P is the joint power in Watt, m0 is the body mass
in kg, g is the acceleration of gravity in m/s2 and l0 is the leg length in m [26].

The normalized work will also be calculated based on the leg length of the subject,
the mass of the subject and the acceleration of gravity:

Ŵ =
W

m0gl0
(2.13)

where Ŵ is the normalized work, W is the work in Joule, m0 is the body mass in
kg, g is the acceleration of gravity in m/s2 and l0 is the leg length in m [10].

2.2.5 Statistics

Normality was tested with a Kolmogorov-Smirnov test. Since the data was normally
distributed, paired samples t-tests were performed to test the statistical significance
of the differences between the two walking conditions.
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Results

The IK solutions show a good match between the model markers and the experi-
mental markers. Mean total RMS errors for the normal walking and the trunk sway
conditions are 0.98± 0.13 cm and 1.19± 0.27 cm respectively.

During the RRA step, residuals were reduced successfully. The average contribution
of all the residuals together to the sum of the positive work generated by all joints
and residuals was reduced to 1.52 ± 0.85% in the normal walking condition and
1.74 ± 0.98% in the trunk sway walking condition (Fig. 3.9). Average joint angle
RMS errors of the RRA solutions with respect to the IK solutions were 0.26± 0.06
degrees and 0.40± 0.18 degrees for respectively the normal and trunk sway walking
conditions.

The CMC results show an average contribution of the residuals and reserves together
to the sum of the positive work generated by all muscles and the residuals and
reserves of 2.49± 0.89% and 2.54± 0.59% for respectively the normal walking and
the trunk sway condition (Fig. 3.12). Average joint angle RMS errors of the CMC
solutions with respect to the RRA solutions were 0.13± 0.03 degrees for the normal
walking condition and 0.11± 0.02 degrees for the trunk sway condition.

In figure 3.1, the mean lumbar bending angle of the trunk is shown for the normal
and excessive trunk sway condition. A significant difference was found in the peak
lumbar bending angle between the normal (9.35 ± 1.20 degrees) and the excessive
trunk sway (22.52± 4.74 degrees) condition (t(9)=-9.99, p<0.01). This means that
the subjects succeeded in walking with excessive medio-lateral trunk movements.

No significant difference was found in dimensionless walking speed between the nor-
mal walking (0.35 ± 0.02) condition and the trunk sway (0.36 ± 0.03) condition
(t(9)=-0.94, p=0.37).

3.1 Total power and work

In figure 3.2 total body powers that are estimated in four different ways are de-
picted for the normal and trunk sway condition. Comparable power profiles were
found for each method. However, especially during the push-off phase, the esti-
mations of the external and total segment power were lower than the estimations
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Figure 3.1: Lumbar bending angle. The lumbar bending angle averaged over the
ten subjects for the normal and trunk sway condition. The shaded area represents
the standard deviation.

of the total joint and total muscle power. This can be seen in figure 3.3 as well,
where the positive work generated during the complete time interval and during
the midstance and push-off phases calculated in four different ways are shown. A
significant difference was found in positive work generated during the push-off phase
estimated by the total joint power and the external power for the normal walking
condition (external work: 0.02 ± 0.01, total joint work: 0.03 ± 0.01, t(9)=-3.69,
p<0.01). Furthermore, a significant difference was found in positive work generated
during midstance estimated by the total joint power and the external power for the
normal walking condition (external work: 0.01± 0.00, total joint work: 0.01± 0.00,
t(9)=2.92, p<0.05). No difference was found in the total positive work generated
during the complete time interval estimated by the external work and the total joint
work for the normal walking condition (external work: 0.05± 0.01, total joint work:
0.05± 0.01, t(9)=-1.89, p=0.09).

As can be seen in figure 3.4, the positive external work that was generated during
midstance was higher for the trunk sway condition in comparison to the normal
walking condition. However, this difference was non-significant (normal: 0.01±0.00,
trunk sway: 0.01±0.01, t(9)=-2.24, p=0.05). Furthermore, no differences were found
in the positive external work generated during the complete time interval (normal:
0.05 ± 0.01, trunk sway: 0.05 ± 0.02, t(9)=-1.17, p=0.27) and during the push-off
phase (normal: 0.02± 0.01, trunk sway: 0.02± 0.01, t(9)=2.21, p=0.05).

3.2 Segment power and work

Positive total segment work generated during the midstance phase turned out to be
significantly higher in the trunk sway (0.01 ± 0.01) condition in comparison to the
normal walking (0.01 ± 0.00) condition (t(9)=-2.30, p<0.05). No differences were
found in positive total segment work generated during the complete time interval
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Figure 3.2: Total power. The total power estimated in four different ways: external
power, total segment power, total joint power and total muscle power.

(normal: 0.05 ± 0.01, trunk sway: 0.05 ± 0.01, t(9)=-1.20, p=0.26) and during the
push-off phase (normal: 0.02± 0.02, trunk sway: 0.02± 0.01, t(9)=2.19, p=0.06).

The individual segment powers are depicted in figure 3.5. For the head-arms-trunk
(HAT) segment, a non-significant increase in total positive work was found for the
trunk sway (0.02±0.00) condition in comparison to the normal walking (0.02±0.01)
condition (t(9)=-1.77, p=0.11). Furthermore, there was no significant difference
in total positive work generated by the ipsilateral limb (IL) between the normal
walking (0.05± 0.01) condition and the trunk sway (0.05± 0.01) condition (t(9)=-
0.77, p=0.46). Besides that, no significant difference in total positive work generated
by the contralateral limb (CL) was found between the normal walking (0.01± 0.00)
condition and trunk sway (0.01± 0.00) condition (t(9)=-1.61, p=0.14).

In figure 3.6, the contributions of the individual segments to the total work are
depicted. As can be seen, an increase of the contribution of the HAT segment was
found for the trunk sway condition. However, this increase was not tested to be
significant (normal: 22.11±5.14%, trunk sway: 23.49±4.55%, t(9)=-1.47, p=0.17).

3.3 Joint power and work

Positive total joint work generated during the midstance phase was significantly
higher during the trunk sway (0.01 ± 0.01) condition in comparison to the normal
walking (0.01 ± 0.00) condition (t(9)=-2.45, p<0.05). Furthermore, a significant
increase in positive total joint work generated during the complete time interval was
found for the trunk sway (0.06±0.02) condition in comparison to the normal walking
(0.05± 0.01) condition (t(9)=-2.44, p<0.05). No significant difference was found in
positive total joint work generated during the push-off phase (normal: 0.03± 0.01,
trunk sway: 0.03± 0.01, t(9)=0.57, p=0.58).

The individual joint powers for the normal and excessive trunk sway condition are
depicted in figure 3.7. The total positive work generated by the individual joints
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(a) Complete time interval

(b) Midstance

(c) Push-off

Figure 3.3: Total positive work. The total positive work calculated from four dif-
ferent estimations of the total power: external power, total segment power, total
joint power and total muscle power. The bars show the mean values ± standard
deviation.
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Figure 3.4: External work. Positive work calculated from the external power. The
bars show the mean values ± standard deviation.

are depicted in figure 3.8. Total positive work at the lumbar joint increased for the
excessive trunk sway (0.01 ± 0.01) condition in comparison to the normal walking
(0.01±0.00) condition (t(9)=-4.18, p<0.01), while there was no difference in positive
work at the hip, knee and ankle joints of the ipsilateral limb between the two condi-
tions (Hip: normal: 0.03± 0.01, trunk sway: 0.03± 0.01, t(9)=-1.19, p=0.27. Knee:
normal: 0.00 ± 0.00, trunk sway: 0.01 ± 0.00, t(9)=-1.15, p=0.28. Ankle: normal:
0.03± 0.01, trunk sway: 0.03± 0.01, t(9)=-1.12, p=0.29). The increase in positive
work at the lumbar joint over the complete time interval can be explained by an
increase in positive work at the lumbar joint during midstance (normal: 0.00±0.00,
trunk sway: 0.00± 0.00, t(9)=-3.06, p<0.05).

The contributions of the individual joints to the total positive work are depicted
in figure 3.9. As can be seen, the contribution of the lumbar joint to the total
positive work increases (normal: 9.03±3.97%, trunk sway: 12.31±6.52%, t(9)=-3.13,
p<0.05), while the contribution of the ankle joint of the ipsilateral limb decreases
(normal: 32.48± 6.00%, trunk sway: 30.42± 6.66%, t(9)=2.45, p<0.05).
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Figure 3.5: Segment power. Segment powers for the segments: ipsilateral limb,
contralateral limb and head-arms-trunk (HAT).

Figure 3.6: Segment work contributions. Contributions of the individual segments:
ipsilateral limb, contralateral limb and head-arms-trunk (HAT), to the total positive
segment power.
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Figure 3.7: Joint power. Joint powers of the lumbar joint and the hip, knee and
ankle joints of the ipsilateral limb.

Figure 3.8: Joint work. Positive work of the lumbar joint and the hip, knee and
ankle joints of the ipsilateral limb. The bars show the mean values ± the total
positive work generated by the residuals. Significant differences are indicated by *.
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Figure 3.9: Joint work contributions. Contributions of the individual joints and the
residuals to the total positive joint work. Significant differences are indicated by *.
The surface area represents the positive total joint work. A significant increase in
positive total joint work in the trunk sway condition is indicated by the dashed line.

3.4 Muscle power and work

Positive total muscle work generated during the midstance phase was significantly
higher for the trunk sway (0.01±0.01) condition in comparison to the normal walking
(0.01 ± 0.00) condition (t(9)=-2.55, p<0.05). No significant differences were found
in positive total muscle work generated during the complete time interval (normal:
0.05 ± 0.01, trunk sway: 0.06 ± 0.02, t(9)=-2.13, p=0.06) and during the push off
phase (normal: 0.03± 0.01, trunk sway: 0.03± 0.01, t(9)=0.72, p=0.49).

Thirteen muscles showed a significant difference in total positive work between the
normal and trunk sway condition (Table 3.2). The total positive work generated
by those muscles in both conditions is depicted in figure 3.10. As can be seen, the
greatest increase in positive work was found for the lumbar bending muscles.

In figure 3.11, the muscle powers of the muscles that showed the greatest significant
increase in muscle work during the trunk sway condition are shown. As can be
seen, the positive power generated by the lumbar bending muscles increased during
midstance and more negative power was generated during the push-off phase.

The contributions to the total power generation of the muscles that showed the
greatest significant increase in muscle work during the trunk sway condition are
shown in figure 3.12. A clear increase in the contribution to the total positive work of
the lumbar bending muscles was found for the trunk sway condition (normal: 2.43±
0.84%, trunk sway: 3.33 ± 1.56%, t(9)=-3.14, p<0.05). Furthermore, a significant
increase in the contribution to the total positive work of the semimembranosus
muscle of the ipsilateral limb was found (normal: 1.65± 0.46%, trunk sway: 1.80±
0.46%, t(9)=-4.31, p<0.01). No differences in the contributions of the other muscles
were found.
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Figure 3.10: Muscle work. Total positive work of the muscles that showed a signifi-
cant increase or decrease during the trunk sway condition. The bars show the mean
values ± standard deviation. A list of the used abbreviations for the muscle names
can be found in appendix C.

3.5 Effect of residuals

The effect of the residual forces and moments on the power outcomes are investigated
by comparing the powers calculated with the angular velocities and joint moments
before and after reducing the residuals. In figure 3.13 the total joint powers cal-
culated before and after reducing the residuals are depicted. As can be seen, the
decrease in positive total joint work during the push-off phase was higher before the
residuals were reduced in comparison to after the residuals were reduced (decrease of
10.59% and 3.58% respectively). However, the reduction in positive total joint work
during the push-off phase calculated with the joint angles and joint moments before
the residuals were reduced was still non-significant (normal: 0.02±0.01, trunk sway:
0.02± 0.01, t(9)=1.47, p=0.18).

This same trend can be found when looking at the ankle power calculated with the
angular velocities and joint moments before and after reducing the residuals (Fig.
3.14). While an increase of 2.64% in positive ankle work generated during the push-
off phase was found after reducing the residuals, a decrease of 1.18% in positive
ankle work generated during the push-off phase before reducing the residuals was
found. This decrease in the trunk sway condition in comparison to the normal
walking condition was non-significant (normal: 0.03±0.00, trunk sway: 0.03±0.01,
t(9)=0.21, p=0.84).

For the lumbar, hip and knee joints, no differences were found in the inequali-
ties between the normal walking condition and the trunk sway condition in power
calculated with the joint angles and joint moments before and after reducing the
residuals.
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Figure 3.11: Muscle power. Power generated by the muscles that showed the greatest
significant increase or decrease in positive work generation during the trunk sway
condition. A list of the used abbreviations for the muscle names can be found in
appendix C.

Figure 3.12: Muscle work contributions. Contributions of the individual muscles
that showed the greatest significant increase or decrease in generated positive work
and the residuals and reserves to the total positive work. Significant differences are
indicated by *. A list of the used abbreviations for the muscle names can be found
in appendix C.
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Table 3.1: Total positive muscle work. Mean values ± standard deviation of the
positive work generated by the thirteen muscles that showed a significant increase
or decrease during the trunk sway condition. The outcomes of the paired samples
t-tests are shown in the fourth column. A list of the used abbreviations for the
muscle names can be found in appendix C. The positive work during the trunk sway
condition and the normal walking condition generated by these thirteen muscles is
depicted in figure 3.10.

Muscle Mean value
normal walking
condition

Mean value trunk
sway walking
condition

t-test

gaslat ipsilateral
limb

0.0085± 0.0029 0.0092± 0.0023 t(9)=-2.28,
p<0.05

glmed2 ipsilateral
limb

0.0044± 0.0012 0.0049± 0.0015 t(9)=-2.83,
p<0.05

glmed3 ipsilateral
limb

0.0024± 0.0007 0.0030± 0.0011 t(9)=-2.50,
p<0.05

glmin2 ipsilateral
limb

0.0014± 0.0005 0.0016± 0.0006 t(9)=-2.36,
p<0.05

glmin3 ipsilateral
limb

0.0009± 0.0002 0.0010± 0.0003 t(9)=-4.29,
p<0.01

piri ipsilateral
limb

0.0012± 0.0002 0.0014± 0.0003 t(9)=-2.77,
p<0.05

semimem
ipsilateral limb

0.0064± 0.0020 0.0074± 0.0022 t(9)=-5.48,
p<0.01

glmax3
contralateral limb

0.0025± 0.0007 0.0028± 0.0008 t(9)=-3.22,
p<0.05

glmed3
contralateral limb

0.0022± 0.0010 0.0025± 0.0010 t(9)=-2.80,
p<0.05

shoulder rot
contralateral side

0.0001± 0.0000 0.0001± 0.0000 t(9)=-2.33,
p<0.05

elbow flex
contralateral side

0.0003± 0.0001 0.0003± 0.0001 t(9)= 2.82,
p<0.05

pro sub
contralateral side

0.0000± 0.0000 0.0000± 0.0000 t(9)=-3.11,
p<0.05

lumbar bend 0.0095± 0.0036 0.0136± 0.0065 t(9)=-3.80,
p<0.01
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Figure 3.13: Total joint power before and after the residuals were reduced. The
total joint power for the trunk sway condition and the normal walking condition
before and after the residual reduction algorithm was applied.

Figure 3.14: Ankle joint power before and after the residuals were reduced. The
ankle joint power of the ipsilateral limb for the trunk sway condition and the normal
walking condition before and after the residual reduction algorithm was applied.
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Discussion

The first aim of this study was to evaluate the validity of the results obtained by
a previous analysis. This previous analysis found a significant increase of 192%
in positive work generated during the rebound phase and a significant decrease of
28.2% in positive work generated during the push-off phase. This was attributed
to an increase of 10.8% in positive work generated at the hip joint and a decrease
of 11% in positive work generated at the ankle joint. Furthermore, an increase of
315% in positive work generated at the lumbar joint was found [39]. However, these
results are totally not in line with the findings of the current study. In this study, a
significant increase of 48.78% in total positive work at the lumbar joint was found,
but no differences in total positive work at the hip, knee and/ or ankle joints were
found. Since the same data set is used in both studies, this remarkable discrepancy
certainly requires attention.

Firstly, it must be noted that hardly any information about the validity of the
outcomes is provided in the previous analysis. The only sentence in the whole
article that says something about the validity of the outcomes is: “Our estimates
for normal gait were in reasonable agreement with prior literature reporting total
body power estimates for ipsilateral limb and whole body.” [39]. However, it remains
unknown what was meant by ‘reasonable’. No additional analyses or figures to
support this statement were provided in the article. Furthermore, no measures that
say something about how good the IK results match the marker data were reported.
Moreover, no information can be found in the article about the residual forces and
moments of the inverse dynamic results. It is suggested that the latter could be
causing the discrepancy in outcomes between both studies.

An important difference between the current study and the study of van der Ploeg
is the way in which it was dealt with the residuals. In the current study, residual
forces and moments were reduced to make the kinematic outcomes more dynamically
consistent with the experimentally measured ground reaction forces and moments.
In the study of van der Ploeg, the residuals were not reduced [39]. Residual forces
and moments are non-physical compensatory forces and moments that account for
dynamic inconsistencies between the joint accelerations estimated from the exper-
imental markers and the ground reaction force data. The inconsistencies can be
caused by errors in marker data or ground reaction force data or by inaccuracies of
the scaled model in terms of geometry and mass distributions. Hence, the residuals
represent the errors in the joint angle and joint moment outcomes [28]. Therefore, it
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is important to reduce the residual forces and moments as much as possible. Since
the residuals were not reported in the study of van der Ploeg, no conclusions can be
drawn on the presence of errors in the outcomes [39]. However, it is assumed that
the residuals did have a significant contribution to the power and work outcomes.
This means, the errors in inverse kinematic and inverse dynamic outcomes in the
study of van der Ploeg could be accountable for the discrepancy in the results of
both studies. This assumption is supported by the effect of the residuals on the
power outcomes as was analysed in the current study. As mentioned in the results
chapter, although an increase of 2.64% in positive ankle work generated during the
push-off phase was found after reducing the residuals, a small decrease of 1.18% in
positive ankle work generated during the push-off phase was found when using the
joint angles and joint moments before the residuals were reduced. However, this
decrease in positive ankle work calculated with the joint angles and moments before
the residuals were reduced is still very small with respect to the decrease in positive
ankle work that was found by the previous analysis (1.18% and 11% respectively).
It is suggested that this could be caused by higher residuals in the previous analysis.
One of the reasons for that could be the replication of the ground reaction forces and
moments. In this study it was decided not to replicate the ground reaction forces
and moments, because this led to an excessive increase of the residuals over the gait
cycle. It is unknown how the ground reaction forces and moments were replicated
exactly in the previous analysis and how this affected the residuals. Nevertheless,
the effect of the residuals on the ankle power outcomes in the current study support
the suggestion that the discrepancy in outcomes of both studies could be caused
by high residual forces and moments in the study of van der Ploeg. However, no
definite conclusion can be drawn on this, since the residuals are not reported in the
article of van der Ploeg.

In both the current and the previous analysis, a musculoskeletal model is used to
obtain the kinematic and kinetic outcomes. During the analyses, the model is driven
such that it tracks the experimental motion data as good as possible [4]. In this
way, the results are always in compliance with the musculoskeletal model. This also
means, the kinematic and kinetic outcomes are strongly dependent on the under-
lying model that is used and therefore the validity of the outcomes is dependent
on the validity of the model itself. Hence, it is important to mention that many
assumptions are made in the development of the models [4]. Furthermore, the mus-
culoskeletal models represent the average human body and although the models are
scaled for every subject, the models do not account for detailed individual differ-
ences in musculoskeletal characteristics. Moreover, Roelker and colleagues showed
that using a different musculoskeletal model could lead to differences in kinematic
and kinetic outcomes [31]. Hence, the differences in outcomes between the current
and the previous analysis could be caused by differences in the musculoskeletal mod-
els. This highlights the importance of the validation of the musculoskeletal models
that are used in the data analyses. Since no comprehensive validation studies have
been done yet, more research, including a sensitivity analysis to test the effect of
the model parameters on the outcomes, is needed to investigate the fidelity of the
models that were used in the current and the previous analysis [9].

So due to a lack of reported residuals, errors in the IK solutions and other fidelity
measures, it is hard to say anything about the validity of the results of the study of
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van der Ploeg. However, we can say something about the validity of the results of the
current study. As mentioned in the results chapter, the residual forces and moments
contribute for 1.63% to the sum of the positive work generated by all the joints and
the residuals. In figure 3.8, the positive work generated by the individual joints is
depicted. The error bars that are shown in this figure represent the total positive
work generated by all the residuals in both walking conditions. As can be seen in the
figure, the difference in lumbar work between the two walking conditions is bigger
than the total positive work generated by the residuals (difference in dimensionless
lumbar work: 0.0043, residual work normal and trunk sway condition: 0.0015 and
0.0019). Therefore, it can be concluded that the residuals are not influencing the
conclusions that can be drawn out of the differences in positive lumbar work between
the two walking conditions.

In terms of muscle work however, the residuals and reserves do contribute for a
significant amount to the total positive work. As mentioned in the results chapter,
the residual and reserve forces and moments contribute for 2.52% to the sum of the
positive work generated by all muscles and the residuals and reserves. Although
this value seems to be low, the amount of positive work generated by the residuals
and reserves is still quite big with respect to the differences in positive muscle work
between the two walking conditions, since the amount of work generated by the
individual muscles is only small. For example, the difference in normalized work
generated by the lumbar bending muscles between the two walking conditions is
0.0041, while the normalized work generated by the residuals and reserves is 0.0096 in
the normal walking condition and 0.0105 in the trunk sway condition. This means, it
is hard to validate the muscle power and work results, since the differences in muscle
work between the two conditions could potentially be caused by errors in kinematic
and dynamic results represented by the residual and reserve forces and moments.
Therefore, it is suggested for future research to measure electromyographic (EMG)
patterns and use this data for the validation of the simulated muscle activations by
comparing the simulated muscle activations with the EMG recordings [7]. Moreover,
the EMG recordings could be used as an input for an EMG-driven musculoskeletal
model [40], [19]. The muscle forces that can be obtained in this way can be compared
with the muscle forces derived from the simulation.

The kinematic and kinetic outcomes of this study were compared to prior literature
reporting joint angles and joint moments for a slow walking speed. The comparison
can be found in appendix D. As can be seen, the joint angles of this study match
the joint angles reported by prior literature well. The peak values in joint angles
that were found in this study are in line with the peak values found by prior studies
(less than 3 degrees difference in comparison to at least one of the articles with
which the results are compared). The only exception is the peak hip extension
angle, which is found to be at least 8 degrees higher in comparison to what was
reported by the articles with which it has been compared. When looking at the
joint moments, joint moment profiles and peak values found for the hip, knee and
ankle joint were comparable to prior literature (less than 0.3 Nm/kg difference in
comparison to at least one of the articles with which the results are compared).
However, since gait kinematics and kinetics are strongly dependent on walking speed,
subject characteristics and even research methodology, it is difficult to compare the
gait kinematics and kinetics of different studies and therefore the comparison with
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prior literature is of limited value.

When looking at the results of the current study and the results as reported by van
der Ploeg, another thing must be noted. In the study of van der Ploeg it is concluded
that when healthy people walk with excessive medio-lateral trunk movements, the
human musculoskeletal system compensates for the increase in lumbar work by a
decrease in ankle work [39]. However, the reduction in ankle work that was found
in the study of van der Ploeg was not even a statistical significant reduction. His
conclusion about the reduction in ankle work was based on a statistical significant
decrease of positive external work generated during the push-off phase. Since the
ankle plantar flexors are the main contributors to the power generation during the
push-off phase and because a (non-statistical significant) reduction in ankle work
was found during this push-off phase, it was concluded that the ankle muscles were
responsible for the decrease in positive work during the push-off phase. However,
since the difference in ankle work between the two walking conditions was not even
a statistical significant difference, it is not really appropriate to conclude that there
is a real reduction in ankle push-off power based on these results. Thus, the results
of the analysis by van der Ploeg and the results of the current analysis are maybe
more in line with each other than originally thought.

A limitation of the current study is that linear actuators about the lumbar joint were
used in the musculoskeletal model in OpenSim instead of actual trunk muscles. It
is hypothesized that muscles, including multi-articular muscles, are responsible for
the transfer of power between joints, segments and planes because of their complex
interaction with the dynamics of the body segments [45]. Therefore, to obtain a
more realistic insight into the power flow of the body, it would be valuable to add
trunk muscles to the model. The use of linear actuators implies that the actua-
tors are spanning only one joint, in one segment, in one plane, which is a highly
simplified representation that affects the simulated muscle interactions. Hence, it is
recommended for future research to include trunk muscles in the OpenSim model to
get a more realistic insight into the power flow between joints, segments and planes.

Furthermore, as mentioned in the results chapter, significant differences in positive
work were found between the external and total joint work estimations for the
midstance and push-off phase. This is important to mention, because in theory
all four estimations of positive work should be the same. Therefore, if no significant
differences would have been found between the different estimations of positive work,
this would have supported the accuracy of the outcomes. It is suggested that the
difference in power estimated by the external and total segment power and the
total joint and muscle power is caused by an incorrect estimation of the rotational
kinetic energy, because both the external and total segment power estimations are
dependent on capturing the rotational kinetic energy. However, as can be seen in
figure 3.3, the same trends were observed for all four estimations of the positive
work during the complete time interval, the midstance and the push-off phase when
comparing the normal walking condition to the excessive trunk sway condition.
This indicates that although there are significant differences in the positive work
calculated by the different methods, all estimations show the same effect of excessive
medio-lateral trunk movements on the positive power generated during walking.
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Another point that must be noted is that the recommended mass adjustments and
the location of the CoM were adjusted manually after running the RRA tool in
OpenSim. This was done because the recommended mass adjustments as well as
the adjustment of the location of the CoM were applied in the wrong direction by
OpenSim. It is unknown what caused these incorrect adjustments by OpenSim, but
after experiencing this, this bug was reported on the OpenSim website and mass
adjustments and CoM location changes were applied manually to avoid mistakes.

When looking at the results of this study, an increase in total positive lumbar joint
work was found for the trunk sway condition in comparison to the normal walking
condition. This can be explained by an increase in positive lumbar joint work during
midstance. The increase in power generated at the lumbar joint causes an increase
in the contribution of the lumbar joint to the total positive joint work, while the
contribution of the ankle joint decreased due to this increase in power generation at
the lumbar joint. These differences between the normal and trunk sway conditions
can be explained by an increase in power generated by the lumbar bending muscles,
which causes an increase in the contribution of the lumbar bending muscles to the
total positive muscle work. Furthermore, a significant increase in the contribution of
the semimembranosus muscle of the ipsilateral limb to the total positive muscle work
was found. In summary, the lumbar bending muscles seem to be responsible for the
increased lumbar bending angles during walking with excessive medio-lateral trunk
movements, since the power generated by the lumbar bending muscles increased
during the phases at which the peak lumbar bending angles occurred. This is causing
an increase in power generated at the lumbar joint and thereby an increase in the
contribution of the lumbar joint to the total positive power. The increase in the
power generated by the semimembranosus can possibly also be explained by the
excessive trunk movements in the frontal plane. During the push-off phase, the
CoM of the body is accelerated laterally [25]. One of the muscle groups that is
contributing to this lateral acceleration is the hip adductor group [25]. Since the
semimembranosus muscle is besides extension of the hip and flexion of the knee
also responsible for adduction of the hip when the hip is abducted [3], [36], the
semimembranosus can contribute to the lateral acceleration of the CoM during the
push-off phase of walking. In this way, the semimembranosus of the ipsilateral limb
can contribute to the movements of the CoM in the frontal plane and thereby to the
medio-lateral movements of the trunk.

The second aim of this study was to uncover the underlying biomechanical compen-
satory mechanisms of walking with excessive medio-lateral trunk movements. It was
supposed that this could contribute to the determination of appropriate treatment
of patients with reduced calf muscle strength and that this could be valuable for the
development of assistive devices. However, this study found no relationship between
medio-lateral trunk movements and ankle push-off power in healthy subjects walk-
ing with excessive medio-lateral trunk movements. This means, no compensatory
mechanisms were identified in this study that could contribute to our understand-
ing of compensatory mechanisms that are used by patients with reduced calf muscle
strength. One of the reasons why there were not any compensation mechanisms
identified in this study might be that this method of investigation with healthy sub-
jects is not suitable to gain insight into compensation strategies as used by patients
with calf muscle weakness. This can be due to the fact that the subjects in this
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study had a lot of freedom in how to make the excessive trunk movements exactly.
This led to a great variability in trunk movements (mean peak lumbar bending an-
gle ± standard deviation in the trunk sway condition: 22.52± 4.74 degrees). Some
people swayed unevenly, while others changed the timing of their trunk movements
every trial [39]. For compensation strategies, the timing and the amplitude of the
compensatory movements are really important [23]. When the compensatory move-
ments are not timed adequately, the movements do not lead to a compensation of a
certain deficit, but the movements only lead to an aggravation of the impairments.
Therefore, it could be that due to this great variability in trunk movements, no
effect of the excessive trunk movements was found on the power generated at the
leg joints and thus this method of investigation might not be suitable for gaining
insight into compensation strategies as used by patients with calf muscle weakness.

Moreover, a great variability in walking speed was found as well. Although no
significant difference in walking speed was found between the trunk sway condition
and the normal walking condition, differences in walking speed between the two
conditions for individual subjects were up to 9.82%. Therefore, it is recommended
for future research to control the walking speed more strictly to decrease inter- and
intrasubject variability, for example by using a metronome.

Since research with patients makes it difficult to distinguish between primary devi-
ations in muscle activation patterns caused by the underlying pathologies and sec-
ondary deviations due to the applied compensation strategies, research with healthy
subjects could be valuable in obtaining insight into the applied compensation strate-
gies. In this study, the effect of an experimental manipulation of the trunk on the
power generated at the ankle joint was studied. Future research could investigate
the effect of a manipulation at the ankle joint on the trunk segment. Simulating re-
duced calf muscle strength at healthy subjects, by for example limiting the degrees
of freedom of the ankle joint, and comparing this to normal, free walking, could
tell us something about the compensation strategies that can be used to overcome
reduced calf muscle strength. When comparing the outcomes to observations of
pathological gait, primary and secondary deviations in muscle activation patterns
can be distinguished which could lead to a better understanding of the compensation
strategies that are used by patients with reduced calf muscle strength.
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Conclusion

The first aim of this study was to evaluate the validity of the results obtained by a
previous analysis. However, the results of this study contrast those of the previous
analysis by van der Ploeg [39]. The findings of the current study were in agreement
with prior literature and showed good accuracy by low tracking errors and low
residuals. It is suggested that the discrepancy between the outcomes of the two
studies is caused by high residual forces and moments in the study of van der Ploeg.
However, no conclusions can be drawn on the exact nature of the differences, since
no information about the residuals is provided in the article of van der Ploeg [39].
Nevertheless, by revealing the discrepancy between the results of both studies, this
study highlights the importance of the validation of results.

The second aim of this study was to uncover the underlying biomechanical com-
pensatory mechanisms of walking with excessive medio-lateral trunk movements.
An increase in positive work at the lumbar joint was found, but no differences in
positive work at the hip, knee and/ or ankle joints were found when comparing the
trunk sway condition to the normal walking condition. The lumbar bending mus-
cles turned out to be responsible for the increase in positive work at the lumbar
joint. In conclusion, we did not find medio-lateral trunk sway to be a compensatory
mechanism for ankle plantar flexor weakness. Therefore, more research is needed to
understand why trunk sway is commonly observed in patients with reduced plantar
flexion muscle strength.
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Appendix A

Markers

Table A.1: Marker list. List of all the markers that are used for motion tracking,
extracted from the thesis of Vossen [41].

Segment Marker Abbreviation Anatomical/ Tracking

Calcaneus

Fifth metatarsal distal M5D* Anatomical + Tracking
First metatarsal distal M1D* Anatomical + Tracking
Calcaneus CAL* Anatomical + Tracking
Second metatarsal base M2B* Tracking
Sustentaculum tali STL* Tracking

Tibia

Lateral malleolus LMAL* Anatomical + Tracking
Medial malleolus MMAL* Anatomical
Head of fibula HFIB* Tracking
Tibial tuberosity TTUB* Tracking
Shank shin SSH* Tracking

Femur

Lateral epicondyle femur FLE* Anatomical + Tracking
Medial epicondyle femur FME* Anatomical
Thigh anterior proximal TAP* Tracking
Thigh anterior distal TAD* Tracking
Thigh lateral TL* Tracking
Thigh posterior proximal TPP* Tracking
Thigh posterior distal TPD* Tracking

Pelvis
Anterior superior iliac spine ASIS* Anatomical + Tracking
Posterior superior iliac spine PSIS* Anatomical + Tracking

Torso

Tenth thoracic vertebrae T10 Anatomical + Tracking
Second thoracic vertebrae T2 Anatomical + Tracking
Incisura jugularis IJ Anatomical + Tracking
Sternal angle SA Anatomical + Tracking
Neck IN Anatomical + Tracking
Cheek bone CB* Anatomical + Tracking
Acromion ACR* Anatomical + Tracking

Humerus
Lateral epicondyle humerus HLE* Anatomical + Tracking
Medial epicondyle humerus HME* Anatomical + Tracking

Radius Wrist USP* Anatomical + Tracking

* = Marker has a left and a right version.
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Subject characteristics

Table B.1: Subject characteristics. Extracted from the thesis of Vossen [41].

Subject Gender (male/ female) Age (years) Length (cm) Weight (kg)
1 M 23.8 192.2 81.9
2 F 24.3 168.9 67.7
3 F 33.8 177.5 76.3
4 F 25.2 163.4 58.4
5 M 20.7 177.8 67.8
6 F 25.1 174.0 74.9
7 F 49.9 164.4 59.7
8 M 23.6 180.4 76.3
9 M 25.5 170.4 56.8
10 M 25.3 178.7 84.7
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Appendix C

Muscle abbreviations

Table C.1: Muscle abbreviations. Each muscle and linear actuator have a left and
a right version except for the linear actuators at the lumbar joint [27].

.

Muscle Abbreviation
Adductor brevis addbrev
Adductor longus addlong
Adductor magnus distal part addmagDist
Adductor magnus ischial part addmagIsch
Adductor magnus middle part addmagMid
Adductor magnus proximal part addmagProx
Biceps femoris long head bflh
Biceps femoris short head bfsh
Extensor digitorum longus edl
Extensor hallucis longus ehl
Flexor digitorum longus fdl
Flexor hallucis longus fhl
Gastrocnemius lateral head gaslat
Gastrocnemius medial head gasmed
Gluteus maximus superior part glmax1
Gluteus maximus middle part glmax2
Gluteus maximus inferior part glmax3
Gluteus medius anterior part glmed1
Gluteus medius middle part glmed2
Gluteus medius posterior part glmed3
Gluteus minimus anterior part glmin1
Gluteus minimus middle part glmin2
Gluteus minimus posterior part glmin3
Gracilis grac
Iliacus iliacus
Peroneus brevis perbrev
Peroneus longus perlong
Piriformis piri
Psoas psoas
Rectus femoris recfem
Sartorius sart
Semimembranosus semimem
Semitendinosus semiten
Soleus soleus
Tensor fascia latae tfl
Tibialis anterior tibant
Tibialis posterior tibpost
Vastus intermedius vasint
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Muscle abbreviations (continued)

Muscle Abbreviation
Vastus lateralis vaslat
Vastus medialis vasmed
Linear actuator at the lumbar extension joint lumbar ext
Linear actuator at the lumbar bending joint lumbar bend
Linear actuator at the lumbar rotation lumbar rot
Linear actuator at the shoulder flexion joint shoulder flex
Linear actuator at the shoulder adduction joint shoulder add
Linear actuator at the shoulder rotation joint shoulder rot
Linear actuator at the elbow flexion joint elbow flex
Linear actuator at the pro-/ supination joint pro sup
Linear actuator at the wrist flexion joint wrist flex
Linear actuator at the wrist deviation joint wrist dev
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Appendix D

Comparison literature

D.1 Kinematics

(a) Hip flexion angle cur-
rent study

(b) Knee flexion angle cur-
rent study

(c) Ankle dorsiflexion an-
gle current study

Figure D.1: Joint angles current study normal walking condition

(a) Hip flexion angle Men-
tiplay [21]

(b) Knee flexion angle
Mentiplay [21]

(c) Ankle dorsiflexion an-
gle Mentiplay [21]

Figure D.2: Joint angles Mentiplay [21]
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(a) Hip flexion angle Win-
ter [43]

(b) Knee flexion angle
Winter [43]

(c) Ankle dorsiflexion an-
gle Winter [43]

Figure D.3: Joint angles Winter [43]

(a) Hip flexion angle Liu
[18]

(b) Knee flexion angle Liu
[18]

(c) Ankle dorsiflexion an-
gle Liu [18]

Figure D.4: Joint angles Liu [18]
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D.2 Kinetics

(a) Hip extension moment
current study

(b) Knee extension mo-
ment current study

(c) Ankle plantar flexion
moment current study

Figure D.5: Joint moments current study normal walking condition

(a) Hip extension moment
Kuhman [14]

(b) Knee extension mo-
ment Kuhman [14]

(c) Ankle plantar flexion
moment Kuhman [14]

Figure D.6: Joint moments Kuhman [14]

(a) Hip extension moment
Liu [18]

(b) Knee extension mo-
ment Liu [18]

(c) Ankle plantar flexion
moment Liu [18]

Figure D.7: Joint moments Liu [18]
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(a) Hip flexion moment
Fukuchi [5]

(b) Knee extension mo-
ment Fukuchi [5]

(c) Ankle plantar flexion
moment Fukuchi [5]

Figure D.8: Joint moments Fukuchi [5]
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