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Introduction: During the sit-to-stand (STS) motion, thigh push-of (TP) is frequently used, yet the biomechanical
advantage for the upper extremity, is relatively unknown. In this thesis, the STS motion is analyzed for three
different techniques; TP, armrest push-off (AP), and no arm aid (NA). The aim of this study is to determine the
biomechanical advantage of the TP strategy through examining the joint moments (JM), and muscle forces
(MF). Furthermore, the study aims to find whether age or gender affects the JM and MF generated in the TP,
AP, and NA strategies. Method: Time to stand (TTS), JM and MF exerted on the upper extremity were examined
for TP, AP and NA strategies for 34 participants across 3 groups: EM, elderly female (EF), and young males
(YM). The metrics were obtained through inverse kinematic (IK), inverse dynamic (ID), and static optimization
(SO) simulations in a 3D musculoskeletal model. Results: The time-to-stand (TTS) in elderly participants is
significantly longer in the TP strategy than in the AP and NA strategies. For elderly people, the TP strategy
results in upper extremity JM lower than during AP and equal as in NA. Similarly, the TP strategy results in
significantly lower MF than the AP strategy, and equal MF as in the NA strategy. Conclusion: The TP strategy
takes longer than AP and reduces the JM and MF for elderly participants. Moreover, the TP strategy does not
yield higher JM and MF than the NA strategy for any participant group. Thus, the biomechanical advantage of
the TP strategy for elderly people, are lowered JM and MF in the upper extremity.
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I INTRODUCTION

G LOBALLY, THE FASTEST-GROWING age group consists of people 65 and older [1]. In the
Netherlands, the 65-plus age group has increased by 1.2 million over the past 20 years to a total of 3.46
million in 2021. Over the coming 20 years, this number is expected to grow by another 1.3 million [2]. With age,
the human body deteriorates, resulting in mobility-related issues as the levels of physical activity, flexibility,
endurance, muscle mass, and muscle strength decrease [2][3][4]. Impeded mobility creates obstacles while
performing the activities of daily life and negatively impacts the quality of life [5][6].

Estimating when mobility impediments occur is difficult due to redundancies present in the human body, such as
a surplus in muscle mass and neural circuits [7]. The biological redundancy yields a physiological reserve to
compensate for the deterioration of the human body [8]. However, the term disregards the redundancy in the
musculoskeletal architecture, also described as the functional redundancy. The result of functional redundancy is

compensation, which indicates the presence of physical decline [9].

People employ compensation strategies due to a lack of neuromuscular capacity or by making unconscious
changes to the movement objective by changing the motion pattern or muscle recruitment [9]. Capacity
compensation occurs when at any point during a motion, the person has insufficient neuromuscular reserve [9].
Changes to the movement emerge after altering the motion in an attempt to increase stability or to diminish the
energy demand, pain, and velocity [10]. On the short-term, compensation strategies positively affect the levels of
functioning in the activities of daily life [11]. However, long-term under- or overuse could negatively affect the
neuromuscular capacity. Therefore, understanding the relation between physical decline and compensation
strategies employed during activities of daily life is important to help clinicians with decisions in the

rehabilitation process. [10].

One of the activities of daily life hindered by impeded mobility is the sit-to-stand (STS) motion. The motion is
performed an average of 60 times throughout the day [12]. The motion is necessary when getting out of bed,
standing up from a seat, and getting out of a car. Without the ability to stand up, a person depends on the help of

a caretaker, making the ability to perform the STS motion essential to living independently [13][14].

Due to the importance, the STS motion is a widely studied activity. Compensation strategies for the STS motion
found in the literature include: pacing, movements of the trunk or arms, and asymmetric foot placement [6]. A
powerful tool to research the effects of reduced neuromuscular capacity is found in musculoskeletal modeling
[10]. Through musculoskeletal models, the limitations of measurement and observation studies are overcome and
complemented with simulations [10]. Models allow for a controlled environment wherein a single variable, such
as decreased strength, is easily isolated to research the effects. As a result, various papers utilize a
musculoskeletal model to study the STS motion [15][16][17][18][19][20][21].

The simulations possible with musculoskeletal models allow for the quantification of parameters such as the
muscle forces (MF) and joint moments (JM) [19][21] Therefore, models permit the determination of differences
in MF and JM between STS strategies and across age/gender groups [21]. However, most studies regarding the
STS motion, focus on the lower extremity, omitting the compensation strategies that occur through movements

of the upper body and especially the arms.
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Three possible strategies for the STS motion include: thigh push-off (TP), armrest push-off (AP), and no arm aid
(NA) [10][19]. The inclusion of arm movements in the TP and AP strategies seem to indicate compensation for
age-related decline, yet for what aspect of deterioration is not understood [10]. As most research focuses on the
lower limb during the STS motion, analyses on the upper extremity is limited [21]. Furthermore, current studies
include data purely on elderly males (EM) and the JM of the upper extremity for the three strategies [19].
Another study focuses on a full body comparison between the AP and NA strategies for three age groups of
males [21]. Thus, at the moment data on the MF experienced during the TP strategy is unavailable. Similarly,

there is no data on elderly females (EF) for each of the three strategies and the corresponding JM and MF.

Regardless of the limited amount of research considering the biomechanics of the TP strategy, elderly people
frequently employ the technique to perform the STS motion [22]. One previous study researched the STS motion
in EM and found a reduction in lumbar JM when comparing the TP and NA strategies as well as a reduction in
elbow and shoulder JM when comparing the TP and AP strategies [19]. However, the study simplified the
shoulder girdle to include purely the glenohumeral joint. Thus, the biomechanical advantage of the TP strategy

with respect to the sternoclavicular and scapulothoracic joints as well as the MF remains unknown.

Therefore, this study examines the STS motion in EM, EF, and young males (YM) and determines the JM and
MF exerted on the upper extremity during the TP, AP and NA strategies. This will be done by quantifying the
JM and MF generated by the groups during each of the three strategies. The research also expands on the current
knowledge by checking whether age or gender influences the JM and MF in the TP, AP, and NA strategies. The
results found in this study aim to reveal the biomechanical advantage of the TP strategy over the AP and NA
strategies for the upper extremity. The information can help clinicians, such as physical therapists, in providing

recommendations on STS strategies and with the rehabilitative process.

1. METHOD

A. Participants

Data was adopted from a previous study where the STS motion was recorded for fifty participants [19]. Each
participant gave written informed consent to partake in the study, and ethics approval was given by the
institutional ethics committee [19]. The participants are categorized into one of four groups: EM, EF, YM, and
young females. TABLE 1 shows the averages and a standard deviation of the ages, heights, and weights of the

participants along with the size of each of the groups.

The STS motion was evaluated with three different strategies for the arm: TP, AP and NA. During the TP and
AP strategies, the participant used their arms to perform the STS motion. In the TP strategy, the participants
exerted force with their hands by pushing on their thighs. During the AP strategy the participants placed their
hands on the armrests and pushed on those instead. In the NA strategy no force was applied with the hands and

the arms were left to the side of the body, or kept in a single position.
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TABLE 1
Averages and Standard Deviations of the Age, Weight, and Height for Each Participant Group

Group n Age Weight (kg) Height (m)
EM 11 76.8+7.19 77.44 +13.41 1.74 £ 0.08
EF 12 75.0 £5.56 65.98 + 12.45 1.59+0.11
YM 13 27.3+4.31 77.62+11.64 1.82 £0.09
YF 14 27.1£5.05 64.01 + 8.85 1.69 +0.07

During the experiments, every participant performed each strategy three times. To capture the motion 84
markers, were placed on specific landmarks of the body. A 10-camera motion capture system with 100 Hz
sampling frequency from Vicon Motion Systems, recorded each of the trials performed. The external forces were
measured using force plates from Kistler Holding AG and were placed on the floor, seat, and armrests. The
plates provided the force measured at the respective location for each of the three strategies. In the TP trials the
force exerted with the hands is not measurable using the force plates. Instead, to measure the force exerted onto
the thigh during the TP strategy, a single load disc cell was taped onto the hand. The load cell translated the
applied force into an electrical signal, which was interpreted using a raspberry pi [19]. The result provided the
force a participant exerted on his thigh, which is further referred to as force glove data. Respectively, the

sampling frequencies were 1000 Hz for the plates and 100 Hz for the gloves.

For this thesis the young female participants were excluded. The reason therefore lies in the fact that the EM
group forms the standard to which the other groups are compared. The EM group is taken as the basis, due to
previous research often including the EM group [19][21]. By looking at the other groups evaluated, the EF group
provides information regarding the effect of gender, whereas the YM group on the effect of age. The young
female group compares over both factors, and thus provides no additional information to answer the question.

B. Model

The STS motion data obtained, functioned as the input to a 3D musculoskeletal OpenSim model [24]. The model
used, is shown in Fig. 1 and combines two already available models: the Rajagopal full-body model and the
Thoracoscapular Shoulder model (TSM) [25][26]. Looking at Fig. 1, the global coordinate system defines the
positive x-axis as forward motion, y-axis as upward, and z-axis as movement to the left, respectively shown
using red, green, and blue colors. The combined model took the lower extremities and the pelvis from the

Rajagopal model, and the upper body from the TSM model.

The resulting combined model is single sided and contains a total of 20 rigid bodies. 13 bodies form the lower
extremities and 7 bodies create the torso and right arm. The models contains no skull and left arm. The origin of
the torso was lowered from the sternum to the fifth lumbar vertebrae. The translation moved the origin -0.0215m
in the x and -0.38m in the y direction. The translation was a necessary consequence of differences in the vtp files
that describe the geometry of the bones of the torso. All objects dependent on the torso, which includes the
bodies and joints of the upper extremity as well as the corresponding muscle attachments and markers, utilized

the same translations.
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In total the model contained 30 degrees of freedom (DoF): 6 at the pelvis, 5 in each leg, 3 for the torso, 2 for the
clavicle, 4 for the scapula, and 5 for the arm. The pelvis, being the first placed body, contains 6 DoF representing
rotation and translation. The 3 translative DoF at the pelvis allow the model to make 3D movements away from
the starting position. The scapula has 4 DoF, named scapula winging, upward rotation, abduction, and elevation.
The scapulothoracic joint is described with using a custom joint where instead of rotation around a point, the
scapula glides over an ellipsoid placed on the ribcage [26]. The local coordinate system of the scapula and the
aforementioned ellipsoid are shown in Fig. 1. Scapula winging and upward rotation are respectively defined as
rotations around the local x and y axis of the scapula. Scapula abduction rotates along the ellipsoid in the local
xz-plane and scapula elevation rotates along the ellipsoid in the local yz-plane.

Fig. 1 A: Front (left) and Rear (right) View of the Musculoskeletal Model. The Pink Dots Represent Model Markers.
The Coordinate System Shows the X-axis in Red, Y-axis in Green and Z-axis in Blue. B: Close-up of the Scapula with its Local
Coordinate System and the Ellipsoid.

The hip, lumbar, and glenohumeral joints are defined as 3 DoF ball-and-socket joints, and the knee, ankle,
elbow, and radioulnar joints as a 1 DoF hinge joint. The sternoclavicular joint is limited to 2 DoF to represent
protraction and elevation. The model omits axial rotation of the clavicle as it was unmeasurable through
palpation and moves marginally. Moreover, simulations revealed that the omission only affects clavicular axial

rotation and remains close to the calculated optimal rotation axis [27][28].
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The model is actuated by 33 Hill type muscle-tendon actuators and 16 torque actuators. The muscle parameters
are adapted from the research of Klein-Breteler and the aggravated bundles are taken from van der Helm et al.
[29][28]. The naming scheme of the muscles consists of the muscle’s name, on what rigid body it attaches and a
letter representing the location of the origin. Only muscles which attach on multiple bodies contain the respective
body in the naming scheme. The letters used include middle (M), superior (S), inferior (I), posterior (P), and
anterior (A). As an example, the muscle actuator TrapeziusScapulaS represents the trapezius muscle, attaches on
the scapula, and the origin lies superior to where it attaches.

The combined model includes purely the muscles from the TSM model. The muscles present in the Rajagopal
model were replaced by torque actuators located at each joint in the lower limbs and torso. The replacement of
lower leg muscles was done to reduce the simulation time as the focus lied on the MF generated by the upper
arm. Therefore, three actuators moved the hip, lumbar, and pelvic joints, and one actuator moved each knee and

ankle joint.

C. Time-to-Stand

The time-to-stand (TTS) is defined as the time it takes a participant to perform the STS motion. However, not
every participant starts at the same time. Therefore, a metric is required that represents the initialization of the
STS motion. The initialization was defined as the moment a participant starts moving their torso forward with a
velocity of over 0.2m/s. The motion ends when the person is standing upright, defined by a hip flexion angle of
below 3 degrees. Next, the movement is split into two phases, similar to the study by Smith [21]. The first phase
runs from the initialization to the moment the participant no longer touches the seat. The exact moment the
participant is no longer touching the seat is defined as the first instance that the force plate placed on the seat
measures zero. The second phase starts immediately after the first phase and ends when the person stands

upright.

D. Scaling

The model was scaled for each participant using a setup file that corresponded to the specific person. Inputs to
the setup file included: the static trajectory, scale setup, a participant’s bodyweight, and the marker set. The static
motion correlates to a recording where the participant stood upright with their palms facing forward. The static
trajectory takes the timeframe where the fewest markers are missing and adds the 9 following timeframes. The
static trajectory provides the location of each measured marker, which is compared to the location of the model

markers to create scaling factors.

The scale factors are determined by comparing the difference in distances between two or more measured and
model markers. The scale setup denotes which markers are used to formulate the scaling factors. To adjust the
bodyweight for the omission of the skull and left arm, first the total mass of the model was determined. The mass
of the left arm coincided with the mass of the right arm. The mass of the skull was determined by comparing the

segmental mass of the torso with and without skull [30].
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Afterwards, the bodyweight of the participants was adjusted to accommodate for the omission of the skull and
left arm. The marker set was brought down from 84 to 65 markers due to the exclusion of markers on the left
arm, see

APPENDIX A for the complete list. The scaling process resulted in participant specific models, with the body
segments scaled and the markers adjusted. The optimal fiber length, tendon slack length, and muscle attachment
locations were also altered in the scaling process. The pennation angle and maximum isometric force remained

unchanged by the scaling process.

E. Inverse Kinematics

Inverse Kinematic (IK) simulations were performed with locked subtalar and metatarsophalangeal joints. For
each participant, the scaled model, marker trajectory data (TRC) for each trial, and a set of weights placed on the

markers (all weighted 1), functioned as the input for the inverse kinematics. At each timeframe, IK uses the

. 2
formula: mlnq[ Zi:marker Wilxiexp — X (CI)lz + Zj:coord Wj (qj - q) ]

The formula calculates the generalized coordinates to fit the trajectory data as close as possible. The formula
solves a weighted least squares problem where w;; are the task weights, xi? xi(q) represent experimental and
model markers, and g;, g the coordinates. Here all marker tasks are weighted equally at 1, whereas all coordinate

exp
i

tasks are 0, reducing the formula to: min, [ X;=marker Wi |x — X; (q)|2]. The outputs of IK are the angles of all

coordinates at every timeframe of the STS motion.

After running IK, the point kinematics (PK) and body kinematics (BK) were also ran. The PK simulations result
in the positions, velocities, and accelerations of the joint centers, whereas the BK simulations result in the
positions, velocities, and accelerations of the mass centers of each body. The results of the PK simulations
provided the joint centers of the hip and knee. These were later used to split the seat force into two components
on each thigh, explained further in section Inverse Dynamics. The results of the BK simulations provided the
information necessary to determine when the STS motion was initiated through the velocity of the torso.
APPENDIX B shows the IK results of one participant for the coordinates of the upper extremity.

F. Inverse Dynamics

The inverse dynamics (ID) determines the forces and torques at each joint required to perform the movement
described by a motion file and external forces. The inputs required to perform ID include the motion as obtained
through IK and the external loads. The ID simulation output gives the moment measured at every DoF of the at
each timeframe. Next the coordinate moments are combined into the JM trough the Pythagorean theory. The
coordinate values specified in the IK motion file, are filtered using a low pass filter of 4.7Hz to eliminate noise
[31]. The filtering is required as the ID tool amplifies all noise present in the 1K motion file. The value of 4.7Hz

is in accordance with the predecessors of this thesis as well as several other models [19][32].
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The external loads consist of names for the external forces and where on the body the force applies. The loads
are described using a motion (.mot) file which contains data on the components of force, torque, and point of
application for each frame of the motion. The data implemented into the external load file corresponds to the
data measured using the force plates and force gloves. Finally, the force data file is filtered with a low pass filter

of 10 Hz, again in accordance with Prinold et. al. [32].

The external forces present in all three strategies are the ground and seat plate forces. Both TP and AP require an
additional external force to represent the forces exerted with the hand. All forces, except the hand force during
the TP strategy, were expressed in the global frame. The TP hand force was placed in the local frame of the
hand. The force on the seat was split into two forces acting on the thighs using the joint centers of the hip and

knee, obtained from the PK simulations. The first step is to create a normalized direction vector which represents
Kjc—Hjc

—————— where,
norm(K jc—Hjc)

the longitudinal axis of the thigh. The formula creating this vector is described by dir =

K;. & H;, represent the knee and hip joint center. Next the seat force is placed on the direction vector using the

CoPseqtx—Hjc

formula: z,,, = e . dir, + H . _,. In the formula, the subscripts (x,z) denote what component of the
X

jeZ
3D point is taken, CoP represents the seat center of pressure, dir, the direction vector, and H;. the hip joint

center. All values in both formulas are expressed in meters and relative to the ground frame.

G. Static Optimization

The static optimization (SO) simulations were performed after running the ID. The inputs for the 1D simulations
are reused to perform the simulation. The cost function implemented by OpenSim minimizes the activations of
the muscles and actuators. Additionally static optimization requires a set of reserve and residual actuators. Each
DoF actuated by muscles is appended with a reserve actuator. There are six residual actuators are placed on the

first placed body of the model, which is the pelvis, to represent three translative and rotative forces.

The outputs are the forces and activations of each muscle and torque actuator. The muscle forces were filtered
using a low pass filter of 4.7Hz. The resulting muscle forces were compared to the results of simulations
performed by Seth et al, to check if the values were in the same order of magnitude [26]. The movements
performed in the study of Seth et al. include: humeral flexion or abduction and shrugging [26]. Another check
was made to see whether the forces were generated by the muscles rather than the reserve actuators. The joint
torque is primarily generated by the muscles, if the activations and force generated by the reserve actuators is

sufficiently low (<0.1).
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H. Statistics

To check if the TTS, hand force, JM, and MF contained significant differences, statistical tests were ran. Prior to
the statistical tests, the averages and standard deviations were calculated per participant for each of the three
strategies. Next, the results were averaged for each of the participant groups, which coincided as the inputs to the
statistical tests, meaning an ANOVA test was in order. However, prior to running an ANOVA comparison, the
data needs to be checked for normality. To test for normality, the Shapiro Wilk’s test (p > 0.05) was executed on
the results. As all data was normally distributed, the results of the simulations were checked for significant

differences using a two way mixed ANOVA.

The ANOVA comparison uses the three STS strategies and participant groups as factors to check for differences
between the participant groups and strategies. Matlab was used to perform both the Shapiro Wilk’s test and the
ANOVA tests. Statistical significance was assumed if p-values were smaller than 0.05.

Il RESULTS

A. Participants

Due to issues with the marker data, two YM participants could not be scaled and had to be excluded from the
simulations. The data on the remaining 34 participants, 11 EM, 12 EF, and 11 YM, was used to perform the IK
simulations. The participants performed each strategy three times, enabling a total of 102 IK simulations.
However, for all three strategies at least one trial lacked the corresponding trajectory data. In TP all three trials of
a YM missed, reducing the total to 33 participants. In AP one trial of an EF participant missed. Lastly, in NA

five trials of EF participants missed, one EF missed a single trial and two EF missed two trials.

Another exclusion criterion was lacking data regarding the external forces. Due to the model only including the
right arm, especially TP simulations were affected as data for the right force glove often missed. For 13
participants; 3 EM, 4 EF, and 6 YM, the force glove data missed for all TP trials. Furthermore, 4 participants (2
EM, 1 EF, and 1 YM) lacked the corresponding hand force for either 1 or 2 trials (one EM), totaling 5 trials.
These exclusions decreased the size of the participant groups to: 8 EM, 8 EF, and 4 YM. Moreover, the number

of TP simulations possible lowers from 99 during IK to 55 for both ID and SO.

The ID and SO simulations share the same inputs and are dependent on the IK motion. Therefore, if no IK
motion data is available, the corresponding ID and SO simulations are excluded. As a result, the number of
performed ID and SO simulations is equal. However, in the AP strategy, three trials from an EF were excluded
during the ID and SO simulations. The results of these simulations were erroneous, as the armrest force plates
continuously measured a non-zero force. No further exclusions were necessary for the AP strategy, lowering the

total number of simulations to 94. Lastly, the NA strategy contained no exclusions for the ID/SO trials.
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B. Time-to-Stand

TABLE 3 shows the durations of the two phases and the total TTS. In each strategy, there is no statistical
difference in the duration of phase 1. In phase 2 and the total TTS the same statistical significant differences
appear. Comparing the different strategies shows that for both EM and EF, the TP strategy takes significantly
longer than the AP and NA strategies. For the YM group there are no significant differences between the three

strategies. Looking at the disparities between the EM and EF groups, there are no statistically significant

TABLE 2
Number of Participants and Trials per Strategy.

IK ID/SO
Participants Trials  Participants Trials
TP 33 99 20 55
AP 34 101 33 94
NA 34 97 34 97

differences between the EM and YM groups. The durations of phase 2 and the total TTS are significantly shorter

for the YM group.

TABLE 3
Average and Standard Deviation of the Duration of the Phases of the Different STS Strategies in Seconds .

Phase Strategy EM EF YM

1 TP 0.25+0.09 0.3+0.06 0.21+0.03
AP 0.23 £ 0.06 0.29 £ 0.08 0.21+0.05
NA 0.21+0.05 0.29 +0.07 0.2+0.03

2 TP 1.45+0.53 1.34+0.40 0.98+0.12°
AP 0.97+0.122 0.98+0.132 0.89+0.19
NA 1.00+£0.17° 0.98+0.17° 0.88+0.22

Total TP 1.70+0.58 1.64 +0.52 1.19+0.12°¢
AP 1.20+0.15° 1.26+0.142 1.1+0.15
NA 1.21+0.19° 127+0.18° 1.08+0.2

a <0,05: Significant difference between the TP and AP strategy per group
b <0,05: Significant difference between the TP and NA strategy per group
¢ <0,05: Significant difference between EM-EF, and EM-YM per strategy

C. Hand Force: Glove and Plate

The force exerted on the thighs and armrests is represented by the force glove and armrest force plate data. The

force on the armrest plate is combined. As the model is single sided, only data regarding the right hand is

incorporated. Therefore, TABLE 4 shows the averaged peak hand force for each participant group during the TP

and AP strategies corrected for the body weight, expressed in N/BW(kg*9.81). During the TP strategy, EM and

EF exert significantly less force with their hands than in the AP strategy. Comparing across the participant

groups the EM exert significantly more force than the YM during the AP strategy.

T.J. Dielissen (2023)
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TABLE 4
Averaged peak force exerted with the right hand. Forces are shown in N/BW

Eternal Force Strategy EM EF YM

Right Hand TP 0.09 +0.04 0.07 £0.02 0.06 £ 0.06
AP 0.2+0.062 0.12+0.082 0.15+0.12°
NA [ [] []

a <0,05: Significant difference between the TP and AP strategy per group
b <0,05: Significant difference between EM-YM per strategy

D. Inverse Dynamics

The ID simulations calculate the generalized moments around each DoF of the model. The moments around each
coordinate were combined to obtain the moment around the joint. TABLE shows the averaged peak JM of all
strategies for each participant group corrected for the body weight expressed in newtons. Peak moments on the
sternoclavicular joint are negligible (<0.003 Nm/kg) for each of the three strategies and therefore not included in
TABLE 5.

Comparing the TP to the AP strategy shows that both the EM and EF participants experience significantly lower
peak JM during the TP strategy for the scapulothoracic, glenohumeral, elbow, and radioulnar joints. Comparing
the AP and NA strategies shows the same significant differences as between TP and AP. Moreover, the YM
participants experience significantly lower JM in purely the radioulnar joint during the TP strategy. Comparing
the TP and NA strategies shows there are no significant differences in peak JM for all participant groups and all

joints.

When comparing the EM and EF, the elbow and radioulnar joints presented a statistical significance in the AP
strategy. In both joints the peak JM of the EM is higher than the JM of the EF. Between the EM and YM groups
the peak JM achieved during AP is significantly lower in each joint for the YM group. The TP and NA strategies

show no statistical differences between the groups.

TABLE 5
Averaged peak joint moments for each participant group corrected by the body weight. Moments are shown in Nm\kg
Joint Strategy EM EF YM
Scapulothoracic TP 0.24+0.04 0.21+0.05 0.25+0.03
AP 0.90+0.302 0.63+0.32 0.82+0.47°¢
NA 0.33:0.09° 0.25+0.09 ° 0.25+0.05
Glenohumeral TP 0.18+0.02 0.15+0.03 0.19+0.04
AP 0.66+0.24 2 0.41+0.24 2 0.6+0.39°¢
NA 0.19+0.06 © 0.14+0.07 b 0.14+0.02
Elbow TP 0.05+0.02 0.04+0.01 0.06+0.01
AP 0.52+0.212 0.19+0.12 &°¢ 0.34£0.24°¢
NA 0.07+0.02° 0.05+0.02 ® 0.05+0.01
Radioulnar TP 0+0 0+0 0+0
AP 0.25+0.112 0.11+0.13a¢ 0.2+0.21a¢
NA 0.01£0 b 0+0° 0+0°

a <0,05: Significant difference between the TP and AP strategy per group
b <0,05: Significant difference between the AP and NA strategy per group
¢ <0,05: Significant difference between EM-EF, and EM-Y M per strategy
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E. Static Optimization

The force generated by the reserve actuators was sufficiently low yielding values lower than 0.1N. Thus, the
forces calculated in the SO simulations are primarily generated by the muscle actuators. TABLE 4shows the
average peak MF generated by each participant group during the three strategies. The values shown in TABLE
4are corrected for body weight and expressed in N/BW(kg*9.81). Only the muscles that contain a statistically
significant difference are shown in TABLE 4, and the complete table is added in APPENDIX D.

Some of the muscle fascicles contributed minimally to every strategy in all participant groups resulting in a peak
MF of below 0.05N/BW. The muscles include the Trapezius Scapula M & S, Serratus Anterior | & S,
Rhomboideus S & I, Latissimus Dorsi S, M & |, and Pectoralis Minor. Comparing the peak MF of these
muscles throughout the strategies and participant groups, gives differences with a negligible magnitude.
Irrespective of these small differences in MF some contain statistical significance. The EM and EF produce
significantly more force during the AP than the TP and NA strategies with all heads of the Latissimus Dorsi and
the Pectoralis Minor muscles. Moreover, EM also generate significantly more force during AP than TP and NA

with the Rhomboideus | muscle.

All muscles included in TABLE 4, show that for at least one of the three participant groups the peak MF
achieved during the AP strategy is significantly higher than during the TP and/or the NA strategy. In the
remainder of this paragraph the AP strategy results in higher MF than both the TP and NA strategies unless a
muscle of participant group is followed by a bracketed statement. All groups experience significantly higher MF
in the Deltoideus Scapula M and Teres Major muscles. The same occurs for both EM and EF in the Levator
Scapulae (only NA), Pectoralis Major Torso I, Infraspinatus S and Subscapularis S, M & | muscles. The EM
group in the Trapezius Clavicle S (only TP), Serratus Anterior M, Coracobrachialis, and Supraspinatus P & A
muscles. Lastly, for both the EF (only TP) and YM group in the Biceps Short Head muscle, and for the YM in
the Deltoideus Clavicle A (only TP) muscle.

TABLE 4Comparing the differences between the TP and NA strategies shows that the NA strategy generates
significantly lower peak MF. The EM exert significantly less force with the Pectoralis Major S & M muscles, the

EF and YM groups with the Deltoideus Clavicle A muscle.

Lastly, there are some statistically significant differences between the participant groups. Both the EF and YM
generate significantly lower peak MF during the AP than the EM using the Coracobrachialis and Pectoralis
Major Torso M muscles. Furthermore, the peak MF of the Pectoralis Major Torso | muscle is significantly lower
during the AP strategy of YM than of EM.
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TABLE 4

Averaged Peak Muscle Forces for each Participant Group. Forces are shown in N/BW

a <0,05: Significant difference between the TP and AP strategy per group
b <0,05: Significant difference between the TP and NA strategy per group
¢ <0,05: Significant difference between the AP and NA strategy per group
d <0,05: Significant difference between EM-EF, and EM-YM per strategy

Muscle Strategy EM EF YM
Trapezius Clavicle S TP 0.06 £ 0.01 0.05+0.03 0.07+0.01
AP 0.11+0.032 0.08 £0.03 0.12+0.04
NA 0.07 £0.03 0.05+0.02 0.08+0.02°¢
Serratus Anterior M TP 0.14 +0.03 0.14 £ 0.05 0.15+0.09
AP 0.19+0.082 0.14 +0.07 0.18+0.16
NA 0.10+0.02°¢ 0.1+0.01 0.07 £0.02
Rhomboideus | TP 0.01+0 0.02+0.01 0.01+0
AP 0.03+0.032 0.04 +0.02 0.01+0.01
NA 0.01+0° 0.02+0.01 0.01+0.01
Levator Scapulae TP 0.09+0.03 0.07+£0.02 0.07+0.05
AP 0.08 £0.05 0.09+0.03 0.06 £ 0.02
NA 0.05+0.01°¢ 0.06+£0.01° 0.05+0.02
Coracobrachialis TP 0.09 £0.05 0.1+0.04 0.07£0.05
AP 0.28+0.22° 0.12+0.08¢ 0.24+0.32¢
NA 0.07+0.05°¢ 0.08 £ 0.02 0.05+0.02
Deltoideus Clavicle A TP 0.45+0.36 0.37+£0.22 0.34+£0.16
AP 0.54£0.41 0.26 £0.3 0.47+£0.312
NA 0.19+0.13 0.14 +0.04° 0.15+0.06°
Deltoideus Scapula M TP 0.24 £0.05 0.27+£0.1 0.19£0.07
AP 0.81+0.542 0.59+0.262 0.66+0.562
NA 0.24+0.07°¢ 0.21+0.04°¢ 0.22+0.03°¢
Latissimus Dorsi S TP 0£0 0.01+0 0.00 £0.00
AP 0.01+0.012 0.01+0.012 0.01+0.00
NA 0x0°¢ 0.01x0° 00
Latissimus Dorsi M TP 0.01+0 0.01+0 0£0
AP 0.03+0.022 0.02+0.022 0.02 £0.02
NA 0.01x0° 0.01x0° 0.01x0
Latissimus Dorsi | TP 0£0 0.01+0 0£0
AP 0.02+0.022 0.02+0.012 0.02 £0.05
NA 0x0° 0x0° 00
Pectoralis Major Clavicle S TP 0.22+0.11 0.13+£0.05 0.14£0.09
AP 0.28+£0.12 0.12+0.08 0.27+£0.19
NA 0.09 +£0.04 ¢ 0.07 £0.02 0.09+0.03
Pectoralis Major Torso | TP 0.05+0.02 0.05+0.03 0.04 £0.06
AP 0.25+0.142 0.15+0.132 0.23+0.264
NA 0.01x0° 0.02+0.01°¢ 0.01x0
Pectoralis Major Torso M TP 0.31+£0.19 0.18 £0.07 0.15+0.22
AP 0.46 £0.16 0.23+0.194 0.3+03¢
NA 0.08 £0.05 ¢ 0.04 £0.03°¢ 0.06 £0.04°¢
Teres Major TP 0.2+0.18 0.14+0.11 0.06 £0.03
AP 0.46+0.312 0.35+0.172 0.32+0.172
NA 0.08 £0.06 ¢ 0.06 £0.02°¢ 0.08+£0.03°¢
Infraspinatus S TP 0.08£0.04 0.09 £0.02 0.06 £0.01
AP 0.23+0.22 0.22+0.142 0.24+0.34
NA 0.08+£0.03°¢ 0.07+0.02°¢ 0.06 +0.01
Pectoralis Minor TP 0.01+0 0.01+0 0.01+0
AP 0.03+0.012 0.03+0.022 0.01+0.01
NA 0.01+0° 0.01+0°¢ 0.01+0

T.J. Dielissen (2023)
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Subscapularis S TP 0.07 £0.02 0.06 £0.01 0.04+£0.01

AP 0.15+0.042 0.14+0.072 0.13+0.11
NA 0.04+£0.01°¢ 0.04+£0.01¢ 0.03+£0.02
Subscapularis M TP 0.06 £0.03 0.04+0.01 0.03+0.01
AP 0.13+0.052 0.08+0.042 0.1+0.08
NA 0.03+£0.01°¢ 0.03+0.01° 0.03+0.01
Subscapularis | TP 0.17 £0.08 0.11+0.05 0.07 £0.03
AP 0.33+£0.162 0.24+0.132 0.22+0.15
NA 0.08+0.03°¢ 0.07+0.02°¢ 0.07£0.03
Supraspinatus P TP 0.03+£0.01 0.03+£0.01 0.02+£0.01
AP 0.07+0.062 0.04 £0.04 0.08+0.1
NA 0.02+0.01° 0.03+0.01 0.02+0.01
Supraspinatus A TP 0.07 £0.02 0.08 £0.03 0.05£0.02
AP 0.19+0.182 0.13+0.13 0.14+0.16
NA 0.06 £0.02° 0.06 £ 0.02 0.05+0.01
Biceps Shorthead TP 0.06 £0.01 0.06 £ 0.02 0.07+£0.01
AP 0.04£0.04 0.03+0.012 0.06 £0.062
NA 0.06 £0.04 0.05+0.03 0.05+0.02°¢

Iv. DISCUSSION

This study examines the STS motion in EM, EF & YM and determines the JM and MF exerted on the upper
extremity during the TP, AP and NA strategies. The results found in this study aim to reveal the biomechanical
advantage of the TP strategy over the AP and NA strategies for the upper extremity. This was achieved by
quantifying the JM and MF in the upper extremity for the TP, AP, and NA strategies. The results found in this
study showed EM and EF experience significantly lower JM and MF in the upper extremity when using the TP
strategy instead of the AP strategy. Furthermore, there were no significant differences in JM and MF between the
TP and NA strategy for all participant groups. Thus, for all groups and considering the upper extremity, using the
TP strategy is advantageous in lowering JM and MF when compared to the AP strategy, and does not result in
higher JM and MF than the NA strategy.

Furthermore, this study is the first to quantify the MF of the upper extremity during the TP strategy and in
determining the JM present at the scapulothoracic joint. Hence, the values for the JM and MF present at the
scapulothoracic joint during the TP strategy, cannot be evaluated against existing literature. Nevertheless, the
results of the TTS are comparable to the results of Hendriksen and Smith [19][21]. The results of the peak MF of
EM and YM in the AP and NA strategies are in accordance to the results found by Smith [21]. Lastly, the peak
JM achieved during the TP strategy for the glenohumeral, elbow, and radioulnar joints are compatible with the
arm JM found in the study by Hendriksen [19].

A. Time To Stand

Across the strategies and participant groups the durations of phase 1 were similar, which is in accordance with
Hendriksen and Smith [19][21]. Moreover, the results for phase 2 and the TTS are also compatible with the
literature. The results found in this and Smith’s study show no difference in duration between the AP and NA
strategies [21]. Furthermore, the TTS of EF in the TP strategy is significantly longer and no differences appear
across all strategies for the YM group.

15
T.J. Dielissen (2023)



The EM and EF groups both showed the same results, total TTS for the TP strategy significantly higher than in
both the AP and NA strategies. However, no statistically significant differences were found between the EM and
EF groups. Thus, sex gives no significant differences for the TTS. For the YM group changing the strategy gives
no differences in the TTS. The YM group was significantly faster than the EM group only during the TP
strategy, meaning age affects the duration of the TP strategy. The results show that there is compensatory
behavior in EM and EF during the TP strategy as the TTS increases, most likely to increase stability.

B. Inverse Kinematics

The resulting motion file obtained through the IK simulations functions as an input for the ID and SO
simulations. Since the model used in this study differs from the model used in Hendriksen, a check is needed to
determine if the change in model leads to unexpected alterations of the IK results [19]. Any major discrepancies
are indicative of an error made in combining the TSM and Rajagopal models, or in scaling the model. To
confirm similarity of IK results in both studies, results of each IK simulation were plotted along with the
corresponding result found in the study by Hendriksen [19]. The plots contain purely the coordinates of the torso
and lower extremities, since these coordinates are equally defined. For visualization, one of the comparisons is
added in APPENDIX E. After analysis it became apparent that the motion patterns are compatible, yielding only
slight differences. The origin of the difference is found in the weights of the marker tasks provided in the scaling
process. As a result the positions of the markers in the scaled model differ, which affects the calculation of the

IK simulation.

In both studies, the coordinates representing pelvis list and pelvis rotation both contain an instantaneous change
in the angle, approaching a vertical line. The shift is caused by the calculation of the generalized coordinates and
missing marker data in the TRC file. When a marker attains a ‘not a number’ (NaN) value at one timeframe, that
marker is not used in the calculation of the generalized coordinates. If a one of three markers placed on the right
side of a body misses, the calculation only uses the two remaining markers for the right side. When marker
placement on left side is tilted away from the neutral position, the solution favors shifting the coordinate angle
towards the left because if tilted, the sum of marker errors is smaller. When data on the missing marker is

available, the solution finds a more ‘neutral’ position.

C. Hand Force: Glove and Plate

The hand force EM and EF exert during the TP strategy is significantly lower than during the AP strategy. For
the YM, there is no difference in force exerted for the strategies. Furthermore, the EM exert significantly more
force during the AP strategy than the Y M. The differences in force measured during the TP and AP strategies is
partially caused by the combination of the individual force components present during the AP strategy. However,
taking purely the y-component of the force exerted in AP results in the same statistically significant difference.
Thus, irrespective of the x-/z-components, the force EM and EF exert with the hand is higher in AP than in TP.
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The origin of the difference is located in the lower body. Hendriksen found greater MF in the lower extremity
during the TP strategy than during AP [19]. The results found here show that the decrease in force exerted in the
legs during AP is compensated by increasing the hand push-off force. Another reason for the increase in hand
force could lie in the positioning of the hand. During the AP strategy, a wider (z direction) center of mass of the
hand coincides with lower forces measured with the armrest plate. In the TP strategy the hand’s center of mass is

always further inward than during AP, explaining the lower force.

D. Inverse Dynamics

Comparing the results of the ID simulations to literature is troublesome as Hendriksen gives the moments
present around the DoF of the arm and Smith provides purely glenohumeral joint reaction force [19][21].
Furthermore, joint definitions of the models used in this and Hendriksen’s study differ, also complicating
comparisons [19]. Purely the model used in this study includes DoF for the scapula and clavicle. Regardless of

the described issues, the results found in this study are in agreement with the results found in literature [19][21].

The results found, show that regardless of age or gender, the TP strategy does not generate greater peak JM in
any of the upper extremity joints than the NA strategy. Moreover, the peak JM present in all upper extremity
joints are significantly lower for both the EM and EF groups during the TP strategy than during AP. For the YM
participants the TP strategy significantly lowers the JM present in the radioulnar joint. Moreover, the results
indicate EM have significantly higher peak JM in all joints than YM during the AP strategy. The results show
presence of compensation in EM, most likely due to the reduction in overall strength as a result of the aging

process.

The differences in the values of the JM can be found in either the results of the IK simulations or in the external
forces since they function as the inputs to ID. Generally, the JM in the upper extremity increase when the
movement pattern is larger, or if the external force applied with the hand is bigger. If during the STS motion the
participant uses more arm movements, the motion pattern increases. Both reasons cause the increased JM
experienced during the AP strategy compared to TP.

Between TP and NA strategies there are no significant differences, even though higher values for TP were
initially expected due to the external hand force present in TP. The reason for lack of differences lies in the
motion pattern. During the NA strategy, in some trials the participants kept the elbows flexed, whereas in others
the arms were left to the side. The inconsistency in the execution of the NA strategy yields discrepancies in the
peak JM. If the elbows were continuously flexed, the JM in the elbow and radioulnar joints decreased, at the cost

of more movement in the upper arm and higher peak JM in the glenohumeral and scapulothoracic joints.

Contrarily, the TP movement was performed consistently and with smaller or equal motion patterns as the NA
strategy. The motion pattern is deemed equal whenever the elbow was not continuously flexed throughout the
STS motion. As a consequence, the results of the scapulothoracic and glenohumeral JM for individual
participants were higher in NA than TP if the elbow remained flexed, and all JM were lower if the motion
pattern was equal. The latter is attributable to the additional external hand force whereas the former is due to the
increase of humeral motion.
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Irrespective of gender and age, the TP strategy does not yield larger peak JM on the upper extremity than NA.
The TP strategy also generates significantly lower peak JM than AP in all groups. Therefore, when considering
purely the upper extremity, TP becomes the advisable strategy over AP if the NA strategy is not viable.
Including the JM present in the entire body shows a trade-off between the joints of the upper extremity, lower
extremity, and lumbar joint [19]. TP reduces JM in the upper extremity and lumbar joint, AP in the lower
extremity and lumbar joint, and NA unloads the upper extremity [19]. The most beneficial strategy is either the
TP or AP strategy depending on what joints should be unburdened, TP for upper extremity, AP for lower
extremity. The NA strategy yields no benefit over the TP and AP strategies in terms of lowering the peak JM in

both the upper and lower extremity.

E. Static Optimization

Only the MF exerted during the AP strategy can be compared to the results found in the study by Smith [21]. In
both studies the MF generated by EM is higher than the MF of YM. Furthermore, both studies find the same
muscles providing the biggest contribution to the MF required to perform the AP strategy. The muscles include
the scapular part of the Trapezius, Serratus Anterior, Pectoralis Major, Deltoideus, Teres Major, Supraspinatus,
and the Triceps. Similarly, both studies find the same muscles having negligible contributions, including the
Rhomboideus, Latissimus Dorsi, and Pectoralis Minor. The concurrence in influential and inconsequential
muscles signifies consistency in both studies. The studies show the same muscle groups impacting the AP
strategy, regardless of age, meaning these muscles should be considered to improve performance of the AP

strategy.

Although both studies show consistent results for the EM and YM groups during the AP strategy, the values for
the peak MF vary. Two reasons cause the inequalities, the participants and the models differed between both
studies. Each participant has a different physiology in terms of length, weight, and muscle strength. The
physiological aspects affect body sizes and the locations of muscle attachments present in the model. Between
the models, definitions for the muscles differ. The model used in Smith’s study contains more fascicles to
represent a single muscle, resulting in different muscle attachments and pathways. Lastly the MF of individual
fascicles is combined into a single value, further affecting the gap in MF [21]. The differences affect the
conclusions regarding individual muscle contributions, whereas the general trend of most and least influential

muscles remains consistent.

The MF found for the TP and NA strategy share the pattern of most and least influential muscles. Their results
further support the conclusion to which muscles of the upper extremity are most influential for the STS motion.
Furthermore, the results also show that the TP strategy generates significantly less force than the AP strategy,
consistent with the results of the peak JM. Additionally, the TP strategy results in significantly higher MF for
purely the Deltoideus Clavicle A and Pectoralis Major Clavicle S muscles. Therefore, the NA strategy also
yields no benefit over the TP in lowering MF of the upper extremity. As the SO simulations uses the same inputs
as the ID simulations, the reason for the lack of differences is located in the variations of the motion pattern of

the NA movement.
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Lastly, for the Coracobrachialis and the Pectoralis Major Torso M & S muscles, EM exert significantly more MF
during the AP strategy than the EF and YM groups. The results herein show compensatory behavior from the
EM, most likely due to a decrease of strength in the lower extremity. The results of the MF lead to a similar
conclusion as for the JM. The NA strategy holds no benefit in terms of reducing the MF of the upper extremity
in TP as well as lower extremity in both TP and AP [19]. The TP strategy results in significantly lower upper
extremity MF than in the AP strategy, and in higher MF for the lower extremity [19]. Thus, the most beneficial
strategy is either the TP or AP strategy depending on the where a participant is weaker. A person with shoulder

injury, should employ the TP or NA strategy, and a person with an ankle injury, the AP strategy.

F. Limitations

The model used to represent the upper extremity was validated for several motions. The motions simulated by
Seth et al. included abduction, shrugging and arm flexion. The STS motion in both TP and AP requires notably
more movement of the humerus and scapula than in the motions Seth et al. simulated [26]. Therefore, the
shoulder model is not validated for the STS motion specifically. However, between both studies, there are no
notable differences in order of magnitude of the MF reached. Therefore, it is likely that the model used in this

study, can be used in future research regarding the arm during the STS motion.

The marker placement is also a limiting factor. The difference in torso origin present in the geometry (vtp) files
of the Rajagopal and TSM torso, leads to an uncertainty in the placement of markers present on the torso. The
translation of torso origin was determined by hand and fits closely, yet uncertainty always arises with such
processes. Similarly, marker placement on the scapula and thorax was performed through careful examination of
the markers present in both models. Through the custom nature of the scapulothoracic joint in the TSM model,
comparisons to the scapula in the Rajagopal model are burdensome. Consequently, there are possible errors in

virtual marker placement on the scapula.

Lastly, the force plate data collected during the TP experiments posed a limitation for this study, as it lead to
exclusion of 13 participants. The decrease in sample size could result in less accurate values for the averages.
The results found in this study do not seem to be affected by the small sample size, as most values fall inside the

95% confidence interval.

G. Recommendations

It is recommended to develop a model which includes the left arm as well as a realistic representation of the
spine. The addition of the left arm enables researchers to check whether there are biomechanical differences
between the dominant and nondominant arms of a person. Addition of a realistic spine complements this
research by showing which strategy is least demanding for the back. By modeling the spine to represent the
individual vertebrae, it becomes possible to determine the load of the STS motion at specific locations. The
understanding of the loads experienced at each vertebrae is usable in advising people which back problems such

as herniated discs.
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V. CONCLUSIONS

The TTS in the TP strategy is significantly longer than in AP and NA, for both the EM and EF groups.
There are no differences in the TTS of all three strategies for the YM group. Thus, the TP strategy only
takes longer for elderly people.

The force EM and EF exert with the hand is significantly lower during the TP strategy than during AP.
Furthermore, EM exert significantly more force than YM during the AP strategy, which shows
compensation by the EM participants.

The sternoclavicular JM are negligible for all participant groups and each strategy of the STS motion.
For all participant groups, the peak JM reached during the TP strategy is significantly lower than the
peak JM achieved during the AP strategy.

Regardless of age or sex, the TP strategy does not generate greater peak JM than the NA strategy.

The EM have higher peak JM than the YM during the AP strategy, indicative of compensation by the
EM participants.

For all participant groups the TP strategy results in significantly lower peak MF than the AP strategy. .
The TP strategy does not generate significantly more MF than the NA strategy for all participant
groups.

To improve performance of the STS motion, focus on the muscles with the greatest contribution to the
STS motion. These muscles are the Trapezius, Serratus Anterior, Deltoideus, Pectoralis Major, Teres
Major, Infraspinatus, Subscapularis, Supraspinatus, Triceps, and Biceps.

The advisable strategy depends on where a participant is weaker. The TP strategy to reduce JM and MF
in the upper extremity and lower back, and the AP strategy for the lower extremity and lower back.
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Anatomical Locations of the Reflective Markers. Total Number of Markers = 65

APPENDIX A

Segment Markers Nr.  Anatomical location Bilateral
Yes/No
Thorax C7 1 Tth cervical vertebra No
T8 2 8th thoracic vertebra No
1J 3 Sternum jugular notch No
MA 4 Sternum manubrium No
PX 5 Sternum xiphoid process No
Pelvis RASIS 6 Right anterior superior iliac spine No
LASIS 7 Left anterior superior iliac spine No
RPSIS 8 Right posterior superior iliac spine No
LPSIS 9 Left posterior superior iliac spine No
P1, P2, P3 10 Cluster of three markers placed on the pelvis No
Clavicle RA 11 Right acromioclavicular joint No
SC 12 Sternoclavicular joint Yes
Scapula S1,S2,S3 13 Scapula trackers (3 markers) placed on the scapula spine No
Humerus HU1, HU2, HU3, HU4 14 Cluster of four markers placed on the upper arm No
LE 15 Lateral epicondyle No
ME 16 Medial epicondyle No
Forearm U1, U2, U3, U4 17 Cluster of four markers placed on the forearm No
us 18 Ulnar styloid No
RS 19 Radial styloid No
Hand H1, H2, H3 20 Cluster of three markers placed on the back of the hand No
Foot FM2 21 Head of the second metatarsal Yes
FCC 22 Calcaneus Yes
FMT 23 Tuberosity of the fifth metatarsal Yes
TF 24 Additional marker placed on the foot Yes
FAM 25  Apex of the lateral malleolus Yes
TAM 26 Apex of the medial malleolus Yes
Shank C1,C2,C3,C4 27 Cluster of four markers placed on the calf segment Yes
Knee FLE 28 Lateral femoral epicondyle Yes
FME 29 Medial femoral epicondyle Yes
Thigh T1,T2, T3, T4 30  Cluster of four markers placed on the thigh segment Yes
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APPENDIX B

This appendix shows the IK Results of a single participant for the coordinates present in the upper extremity.
Each graph contains all trials performed for every strategy and show the angles and velocities attained by every
coordinate present in the upper extremity during the STS motion.
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APPENDIX C

Averaged peak force exerted with the on the force plates. Forces are shown in N/kg

Eternal Force Strategy EM EF YM

Right Floor TP 0.67+0.11 0.66 £ 0.05 0.67 £0.04
AP 0.58+0.12 0.61 +0.07 0.67+0.12
NA 0.6+0.13 0.65+0.13 0.68 £ 0.06

Left Floor TP 0.72+0.18 0.70+0.2 0.62+0.03
AP 0.66+0.2 0.63+0.23 0.63+0.13
NA 0.7+£0.2 0.67+0.18 0.62 £0.05

Right Thigh TP 0.52+0.11 0.58 +0.48 1.38+1.82
AP 0.49+0.12 0.55+0.37 1.26 £1.63
NA 0.48 +0.08 0.69 +0.82 1.10+1.29

Left Thigh TP 0.59+0.09 0.64+0.10 1.65+228
AP 0.58+0.15 0.65+0.15 1.36 +1.68
NA 0.6+0.15 0.79+0.48 1.20+1.48

Right Hand TP 0.13+0.04 0.11+0.02 0.162 +0.05
AP 0.2+0.06 ¢ 0.12+0.08 0.155+0.112¢
NA [] [] L]

T.J. Dielissen (2023)

a <0,05 between the TP and AP strategy per group
b <0,05 between the TP and NA strategy per group
¢ <0,05 between EM-EF, and EM-Y M per strategy
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APPENDIX D

Averaged Peak Muscle Forces for each Participant Group. Forces are shown in N/BW

Muscle Strategy EM EF YM
Trapezius Scapula M TP 0.01+0.01 0.01£0.00 0.01£0.00
AP 0.02 +0.02 0.02+0.01 0.01+0.01
NA 0.01+0.00 0.01+0.01 0.01+0.00
Trapezius Scapula S TP 0.16 £ 0.09 0.14 +0.09 0.08 £ 0.02
AP 0.21+£0.18 0.17+0.16 0.17+0.28
NA 0.11+0.05 0.11+0.03 0.06 £ 0.02
Trapezius Scapula | TP 0.01+0 0.01+0 0.01+0
AP 0.02 £0.02 0.02+0.01 0.01+0.01
NA 0.01+0 0.01+0.01 0+0
Trapezius Clavicle S TP 0.06 +0.01 0.05+0.03 0.07+0.01
AP 0.11+0.032 0.08 £ 0.03 0.12+0.04
NA 0.07 £0.03 0.05+0.02 0.08+0.02°
Serratus Anterior | TP 0.02 +0.01 0.03+0.01 0.02 +0.02
AP 0.04+0.04 0.04 +0.03 0.04 £0.05
NA 0.02+0.01 0.03+0.01 0.01+0
Serratus Anterior M TP 0.14 £0.03 0.14 £0.05 0.15+£0.09
AP 0.19+0.082 0.14 +0.07 0.18+0.16
NA 0.10+0.02°¢ 0.1+0.01 0.07 £0.02
Serratus Anterior S TP 0.01+0.01 0.02+0.01 0.01+0
AP 0.02+0.01 0.03+0.01 0.01+0.01
NA 0.01+0 0.02+0.01 0.01+0
Rhomboideus S TP 0.01+£0.01 0.01+0 0.01+0
AP 0.01+0 0.02+0.01 0010
NA 0.01+0 0.01+0 0010
Rhomboideus | TP 0.01+0 0.02+0.01 0.01+0
AP 0.03+0.032 0.04 £0.02 0.01+£0.01
NA 0.01+0° 0.02+0.01 0.01+£0.01
Levator Scapulae TP 0.09£0.03 0.07 £0.02 0.07 £0.05
AP 0.08 £0.05 0.09 £0.03 0.06 £0.02
NA 0.05+0.01° 0.06£0.01°¢ 0.05+0.02
Coracobrachialis TP 0.09 £0.05 0.1+0.04 0.07 £0.05
AP 0.28+0.222 0.12+0.08¢ 0.24+0.32¢
NA 0.07+£0.05°¢ 0.08 £0.02 0.05+0.02
Deltoideus Clavicle A TP 0.45+0.36 0.37+£0.22 0.34+£0.16
AP 0.54+0.41 0.26+0.3 047+0.31¢%
NA 0.19+0.13 0.14 £0.04° 0.15+0.06°
Deltoideus Scapula P TP 0.30+£0.31 0.2+0.21 0.10+£0.05
AP 0.34+£0.15 0.1+0.03 0.19+0.11
NA 0.15+0.12 0.09+£0.04 0.13+0.07
Deltoideus Scapula M TP 0.24 £0.05 0.27+0.1 0.19£0.07
AP 0.81+054¢2 0.59+0.262 0.66 £0.562
NA 0.24+£0.07°¢ 0.21+0.04°¢ 0.22+0.03¢
Latissimus Dorsi S TP 0+0 0.01+0 0.00£0.00
AP 0.01+0.012 0.01+0.012 0.01+£0.00
NA 0+0¢ 0.01+0°¢ 0+0
Latissimus Dorsi M TP 0.01+0 0.01+0 0+0
AP 0.03+0.022 0.02+0.022 0.02 £0.02
NA 0.01+0°¢ 0.01+0°¢ 0.01+0
Latissimus Dorsi | TP 0+0 0.01+0 0+0
AP 0.02+0.022 0.02+0.012 0.02+£0.05

T.J. Dielissen (2023)
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NA 0x0° 0x0° 0x0

Pectoralis Major Clavicle S TP 0.22+0.11 0.13+0.05 0.14 £0.09
AP 0.28+0.12 0.12+0.08 0.27+£0.19
NA 0.09 +£0.04 ¢ 0.07 £0.02 0.09+0.03
Pectoralis Major Torso | TP 0.05 +0.02 0.05+0.03 0.04 £ 0.06
AP 0.25+0.142 0.15+0.132 0.23+0.26¢
NA 0.01+0° 0.02+0.01°¢ 0.01+0
Pectoralis Major Torso M TP 0.31+0.19 0.18 £ 0.07 0.15+0.22
AP 0.46 +0.16 0.23+0.19¢ 0.3+0.3¢
NA 0.08 £0.05 "¢ 0.04+0.03°¢ 0.06 £0.04°¢
Teres Major TP 0.2+0.18 0.14+0.11 0.06 +0.03
AP 0.46+0.312 0.35+0.172 0.32+0.172
NA 0.08+£0.06 0.06 £0.02°¢ 0.08+£0.03°¢
Infraspinatus | TP 0.17+0.06 0.11+0.03 0.07+0.01
AP 0.2+0.16 0.11+0.04 0.12+0.05
NA 0.13+0.06 0.09 +0.02 0.08 £0.03
Infraspinatus S TP 0.08+0.04 0.09 +0.02 0.06 £ 0.01
AP 0.23+0.22 0.22+0.142 0.24+0.34
NA 0.08+0.03°¢ 0.07+0.02°¢ 0.06 +£0.01
Pectoralis Minor TP 0.01+0 0.01+0 0.01+0
AP 0.03+0.012 0.03+0.022 0.01+0.01
NA 0.01+0° 0.01+0° 0.01+0
Teres Minor TP 0.06 +0.05 0.05+0.01 0.03+0.01
AP 0.09+0.04 0.06 £ 0.02 0.07 £0.02
NA 0.06 +0.03 0.05+0.01 0.04 +0.01
Subscapularis S TP 0.07 £0.02 0.06 £ 0.01 0.04+0.01
AP 0.15+0.042 0.14+0.072 0.13+0.11
NA 0.04+0.01°¢ 0.04+0.01°¢ 0.03+0.02
Subscapularis M TP 0.06 £ 0.03 0.04 £0.01 0.03+0.01
AP 0.13+0.052 0.08+0.042 0.1+0.08
NA 0.03x0.01°¢ 0.03+0.01°¢ 0.03+0.01
Subscapularis | TP 0.17 £0.08 0.11+0.05 0.07 £0.03
AP 0.33+0.162 0.24+0.132 0.22+0.15
NA 0.08+£0.03°¢ 0.07x0.02°¢ 0.07 £0.03
Supraspinatus P TP 0.03+0.01 0.03+0.01 0.02+0.01
AP 0.07 £0.062 0.04 £0.04 0.08 0.1
NA 0.02+0.01°¢ 0.03+0.01 0.02+0.01
Supraspinatus A TP 0.07 £ 0.02 0.08 £ 0.03 0.05 +0.02
AP 0.19+0.182 0.13+0.13 0.14+0.16
NA 0.06 £0.02°¢ 0.06 £ 0.02 0.05+0.01
Triceps Longhead TP 0.17£0.07 0.18 £0.05 0.18 £0.05
AP 0.59+0.8 0.29 £0.27 0.3+0.29
NA 0.22 £0.07 0.15+0.06 0.2+0.04
Biceps Longhead TP 0.05+0.02 0.04 £0.02 0.02+0.01
AP 0.06 £ 0.07 0.04 £ 0.06 0.07+0.13
NA 0.03+0.02 0.02 £0.02 0.02+0.01
Biceps Shorthead TP 0.06 £0.01 0.06 £0.02 0.07+0.01
AP 0.04 £0.04 0.03+0.012 0.06 +0.062
NA 0.06 +0.04 0.05+0.03 0.05+0.02°¢

a <0,05: Significant difference between the TP and AP strategy per group
b <0,05: Significant difference between the TP and NA strategy per group
¢ <0,05: Significant difference between the AP and NA strategy per group
d <0,05: Significant difference between EM-EF, and EM-YM per strategy
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APPENDIX E
This appendix shows an example of a comparison of the IK results of Hendriksen and this study. The legend
shows either D or H, corresponding to Dielissen or Hendriksen, along with the strategy. The graphs include the
joint angles and velocities of several coordinates of the lower limb over the STS motion.

. . DTP
P2239 Comparison of Joint Angles IK Results HTP
D AP
e : : HAP
pelvis list = B pelvis rotation D NA
a — N — 5 HMA
8 s ~ B N ————
—— ™ =
o 0 v
g5
0 20 40 60 80 100 0 20 40 60 80 100
% of STS Motion % of STS Motion
pelvis tilt _ pelvis tx
B40 E -
2 8
P 20 £
o 0 -E g
& ) '
0 20 40 60 80 100 0 20 40 60 80 100
% of STS Motion % of STS Motion
. pelvis ty hip flexion
= —— 100
= A==
8os
|
w g |
a
0 20 40 60 80 100 0 20 40 60 80 100
% of STS Motion % of STS Motion
ankle angle
= e
© 25
820
15
— = g 10
0 20 40 60 80 100 0 20 40 60 80 100
% of STS Motion % of STS Motion
) ] . DTP
P2239 Comparison of Joint Velocities IK Results HTP
D AP
— i [ — ; ; HAP
= pelvis list Z 100 p{ellws rotation D NA
ik} b} ’
=) =] ;
o o
> /\ >
g — g
< 0 20 40 60 80 100 < 0 20 40 60 80 100
% of STS Motion % of STS Motion
w pelvis tilt pelvis tx
_‘g 50 Z -
8 o0
g -50
g,-mo =
< 0 20 40 60 80 100 0 20 40 60 80 100
% of STS Motion % of STS Motion
pelvis ty w hip flexion
— 1 ™
z g
Eos =
o
> 0 L -
0 20 40 60 80 100 & 0 20 40 60 80 100
% of STS Motion % of STS Motion
= knee angle w ankle angle
™ =)
Juk] D
o o 2 o
S -100 T 50
g’—QUU = g’_1 00
< 0 20 40 60 80 100 < 20 40 60 80 100
% of STS Motion % of STS Motion

28
T.J. Dielissen (2023)



