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Abstract: Mathematical models that simulate human motion are used widely due to their potential in
predicting basic characteristics of human motion. These models have been involved in investigating
various aspects of gait and human-related tasks, especially walking and running. This study uses a
simple model to study the impact of different factors on sit-to-stand motion through the formulation
of an optimization problem that aims at minimizing joint torques. The simulated results validated
experimental results reported in the literature and showed the ability of the model to predict the
changes in kinetic and kinematic parameters as adaptation to any change in the speed of motion,
reduction in the joint strength, and change in the seat height. The model discovered that changing one
of these determinants would affect joint angular displacement, joint torques, joint angular velocities,
center of mass position, and ground reaction force.
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1. Introduction

Mathematical models that simulate human motion and capture the basic pattern
of human motor characteristics in the absence of empirical data (or what is known as
predictive simulation [1]), were used to study many human kinetic characteristics, such
as targeting a specific kinetic speed while reducing the metabolic cost associated with this
movement [1,2]. By applying dynamic optimization processes while considering physical
and physiological constraints [3,4], researchers were able to derive whole body dynamics,
aiding in the production of movements that closely resemble human motion by controlling
relevant parameters. Most of the predictive simulation studies were done to study human
gait characteristics since it is the main feature of human beings [3,5,6]; however, Sit-to-Stand
(STS) motion is also one of the main daily activities, which is also considered as a distinctive
feature of human beings.

STS motion has been attracting scientists and physical therapists to experimentally
study and analyze the aspects of how humans perform this task that is mainly defined by
the process of going to a standing position from a sitting position [7,8]. This motion has
a direct effect on humans’ quality of life, and the significance of this motion will not be
appreciated until it becomes physically or cognitively challenging, which can be temporary
due to injury or permanent due to aging or illness. All the previous reasons may cause
difficulties in completing this motion successfully, especially in an elderly population.
Studies showed that at the age of 55 years and above, 45% of women and 30% of men
suffer from moderate to serious inabilities in rising from sitting [9]. Inability to properly
perform the STS motion may be associated with decreased mobility and balance, with
an increased risk of falling, as well. Several factors influencing the performance of STS
motion are considered as determinants, as they can either facilitate successful completion
of the task or make it more challenging [10,11]. The determinants of STS motion have
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been categorized into different groups according to the source of the determinates, which
are strategy-related determinants such as speed, foot position, trunk rotation, etc. [8,11];
subject-related determinants such as age, muscle force, and disease [7,12,13]; and chair-
related determinants [14,15] such as seat height, armrests, and backrest [16,17]. The impact
of these determinants on body behavior and movement performance differs according to
the type of determinants, and it has been studied in order to investigate how the body
adapts to the changes of these determinants.

The predictive simulation has been involved in studying the STS motion [6,18] to have
a better understanding of how we usually move and when this movement occurs [18].
A good understanding of the normal way of movement during STS will help as well in
applying this knowledge to some cases of predictive simulation that involve studying losing
mobility or some difficulties in performing this task. The complexity of biomechanical
models used to study STS motion varies from simple to complicated based on the number
of segments and muscles included in these models, in addition to the number of planes
used in the modeling [9,19]. Most of the models were modeled as 2D models in the sagittal
plane [20] since most of the joints’” movement occur in this plane; however, few were
modeled as 3D models. These models were involved in studying various aspects of STS
motion and the effect of different parameters on this motion, including the effect of chair
height, the effect of initial foot position, the effect of muscle strength, etc. Garner proposed a
biomechanical model modeled in the sagittal plane that has three rigid segments (i.e., thigh,
leg, and HAT (Head, Arms, and Torso) and eight muscles [19]. Garner used dynamic
optimization to explain the execution of this motion by minimizing a cost function split into
two parts; the first part is aimed at minimizing muscle stress until the time the biped leaves
the chair, and the second part is aimed at minimizing peak forces developed by the muscles
from the time the biped leaves the chair until the time required to accomplish this task [19].
This cost function produced simulation results that were very similar to the experimental
results. The model of Garner is further enhanced by Daigle by adding a foot segment and
increasing the number of muscles to 18 [20], and the model was used to understand the
difficulties related to muscle strength and its effect on accomplishing this task by using an
optimization formulation that minimizes the motion time with different muscle strength
varied from 50% to 200% [20]. The model was able to define which muscles have a great
contribution and power activation in the sit-to-stand task [20]. On other hand, Domire
used a sagittal plane model that consists of three links connected with three joints and
actuated by eight muscles to study the effect of seat height on STS motion [21]. Domire
predicted the effect of seat height using the same objective function described by Garner
and simulated the movement during STS from different seat heights, adjusted by rotating
the thigh segment at four different angles: 80°, 90°, 98°, and 100° [21]. The study concluded
that as the seat height decreased, the movement of STS became more difficult, and it was
impossible at the lowest seat height corresponding to the 100° thigh angle.

In this study, a simple 2D model is used to predict the effect of changing three STS
determinants (speed, joint strength, and seat height) on lower limb and upper body kinetic
and kinematic parameters by applying dynamic optimization to minimize the joint torques.
First, the derivation of the proposed model and the formulation of the optimization problem
are shown in the following section. Then, the simulation results are shown in the third
section of this study with the validation of some simulation results with experimental
results from the literature. In the fourth section, results from this study are discussed
and compared to reported results and conclusions from experimental studies. Finally, we
summarize our work with the main conclusions in the last section.

2. Materials and Methods

Accurately predicting STS motion requires a biomechanics model that accurately
represents the human body, as well as an understanding of how to identify the specific
movements involved in STS motion. The model proposed in this study is modeled in the
sagittal plane since the movement of humans’ joints are mostly obvious when it is seen
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from the sagittal plane compared to the other planes [22]. This will allow for simplifying
the human body to a three-links model, as shown in Figure 1, through assuming that the
two legs are symmetrical and can be modeled as one leg with two segments, tibia and
femur, in addition to the torso segment. A male subject of height 1.70 m and mass 70 kg is
considered for approximating the model physical parameters. The physical parameters
shown in Table 1 were calculated using anthropometric percentages compiled by different
investigators (the detailed calculations are given in Appendix A) [23-25].

Uz —us

m,g
Uy — Uy

Figure 1. Three-links model, u; is the torque applied at each joint, and each link is assigned with a
number: 1 = stance tibia, 2 = stance femur, 3 = trunk.

Table 1. Physical parameters.

Length of Distance from Mass of Moment of Inertia
Link Body Segment Center of Mass Segment of Segment
Segment (m) to Next Joint (m) (kg) (kg-m?)
li di m; Ii
1 tibia 0.390 0.182 6.650 0.088
2 femur 0.420 0.170 14.70 0.163
3 torso 0.690 0.372 46.60 2.068

The problem is formulated as an optimization problem in the goal is to minimize
a given cost function while satisfying constraints imposed by the task. Due to the high
degree of nonlinearity of the problem, the use of the direct (single) shooting method to
solve the resulting optimization problem may likely cause the algorithm to fail to find
a solution. One can either use collocation methods or use direct discretization of the
Lagrange-d’Alembert Principle for the system. We chose to use direct discretization of the
Lagrange-d’Alembert Principle (discrete mechanics) [26,27]. Discrete mechanics requires
that the Lagrange equation of the system be derived first. The Lagrange equation of the
model is given by:

.2 .2 .2
£=3(mt—d)? +ml+mal)6y + § (ma(ly — do)? + mal3 )6 + Imsd36

—(mply(ly — dy) + m31112)9192c05(91 +6) + m3l1d39193cos(91 —03) )

—m312d39293c05(92 +63) — g(my(ly —dq1) + mply + m3ly)cosd;
—g(ma(ly — da) + m3ly)cost — mzgdscosts

the discrete Lagrange equation is derived from the continuous Lagrange equation, using
the mid-point rule as follows (for the detailed derivations, check Appendix A):

. + —
E(q,q)%hﬁd(qkﬂz ‘7k,‘7k+1h ‘Jk) (2)
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The system dynamics is then:

D1L4(01k, 0141, 02k 02k 41,03k, O3k41) + fa (O1ks Orks1, O2ks Ok 11, O3k, O3k 41)
+D2L;(01%-1, 01k, O2k—1, 02k, O3k—1, O3k) 3)
+fa ™t (615-1, 01k, Ook—1, 02k, O3k—1,63¢) = O

where D1 L; (61, 01k11, 02k, 02k 11, O3k, 03511 ) s the first derivative of the discrete Lagrange
with respect to current coordinates (i.e., 01k, 6k, and 63;), and is the first derivative of the
discrete Lagrange with respect to future coordinates (i.e., 011, 02x1, and O3 1).

L
0. (01, 01141, 02k, O2kc41, O3k, 0341

L

DiLy = | 552 (611, i1, 02k Ook1, O3k, O3k11) 4)
L
0 (01, 11, 02k, B2k, O3k, 311

ALy

o (Orkr 011, 02k 0211, O3k, O3k41)

aL
D2Ly = | gar (ks Ori1, 02k, Ok 1, O3k, O3k1) &)

oL
a0y (016, 141, 02k, O2kc1, O3k, O3c41)

Both discrete torques, i.e., left and right forces, are defined as follows.

N Uk — Uk
Ug =ug" = |upe — Usg (6)
Usk

To raise the body from the sitting position to the standing position, it is necessary to
provide an appropriate amount of torque at the joints. Therefore, an optimization problem
is formulated to mimic the Sit-to-Stand function with the aim of minimizing the effort
required to complete this motion, which is represented as the total torque-squared applied
by each joint [28]. The torques are equally minimized (a7 = ap = a3 = 1) to study the
effect of speed and seat height on the motion; however, a; (coefficient of the knee torque) is
increased to study the effect of knee strength while keeping 1 = a3 = 1, assuming that the
model is mimicking sitting on a desk chair in which the femur is making a 90° angle with
the vertical axis, whereas the tibias and torso are allowed to have unfixed initial states but
within reasonable bounded range. Conversely, the standing position requires all joints to
make around 0° with the vertical as defined in our model. Then, the optimization problem
can be simplified as follows:

. N 3 N
min] =) " )" wu2(N) = Y au? (N) + a3 (N) + azu3(N) )
with both decision variables §;andu; subjected to the following constraints:

e  System dynamics

D1Ly(01k, O1k41,  Ooks O2kr1, 03k, O3k41) + fu (O1ks Orks1, Oks Ok 11, O3k, O3k 1)
+D2L;(01%-1, 01k, O2k—1, 02k, O3k—1, O3k)
+fa ™t (615-1, 01k, O2k—1, 02k, O3—1, 63¢) = O

e Boundary constraints

63(1) = 0°,6,(1) = 90°
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01(N+1) =0°6,(N+1) =0°603(N+1) =0°

e  Path constraints

Gi min < 61’ < 61’ max

Ui min < Ui < Ui max

The optimization problem was solved using the MATLAB® and SNOPT® (Sparse
Nonlinear OPTimizer) toolbox, and the simulation was run with different initial conditions
for each case in this study.

3. Results

The results of the optimization provided a unique solution for each case that describes
the optimal STS movement for the given conditions. The normal pattern of STS can be
explained using the ground force and the velocity of Center of Mass (COM) by dividing the
STS motion into phases, starting from the model at sitting position and ending when the
velocity of center of mass approaches zero [29]. The first phase starts at the sitting position
and initiates the movement by bending the torso forward, and it ends by raising both
thighs, as seen in Figure 2. Bending the torso forward helps to get torso flexion, which shifts
COM forward. This phase transfers momentum to the next phase, and it occurs quickly.
Therefore, it requires the generation of an efficient flexion momentum to be able to transfer
a lot of it to the lower extremities in the next phase. Before standing up, the tibia segment is
placed backward behind the knee, which results in ankle dorsiflexion. The results showed
that the profile of GRF directed forward under the feet and the velocity of COM have a
bell shape with a peak just before seat off, as seen in Figures 3 and 4 respectively [29]. The
GREF for the model and the experimental results [30] have the same pattern; however, for
the case of the experimental results, the GRF starts from zero due to the presence of the
chair that holds the weight of the person. For the model, the GRF as a percentage of body
weight starts from one because we assume that the model is at the sitting position on foot
(no chair). Moreover, we noticed that the model obtained the same profile of COM velocity
reported in the literature [29].

759 )

Figure 2. The normal pattern of STS can be explained using the ground force reaction and the velocity

of center of mass by dividing the movement into phases starting from the model sitting and ending
when the velocity of center of mass approaches zero.

Then, the model is considered to be in the second phase once it is no longer in the
sitting position. The hip will continue to flex, and the model uses the flexion momen-
tum transferred from the previous phase, which was generated from torso flexion and
distributed to all segments, but more to the lower segments. For human beings, the flexion
momentum produced in the first phase is for the upper body, since the thighs are still on the
seat. Whenever the thighs are taken off the seat, this flexion momentum can be transferred
to the total body and into the legs, as well. Meanwhile, we will have continued flexion
of the hips and continued ankle dorsiflexion in this phase. One of the most important
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characteristics of this phase is that it has the largest amount of ground reaction force among
all four phases of STS. This is because during this phase, all the body weight is on the feet.
Looking at the pattern of Ground Reaction Force (GRF), we see that there is a basic need
to produce ground force greater than body weight in order to accelerate the body in the
upward direction [30].

1.5
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Figure 3. The profile of GRF directed forward under the feet from simulation and experimental results [30].
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Figure 4. The velocity of COM of the model and the experimental results [29].

The third phase starts at maximum ankle dorsiflexion and ends at hip extension. It
includes a sequence of lower limb extensions, knee extension, hip extension, and ankle
extension. When a person stands up to a standing position from the point of maximum
ankle dorsiflexion, the foot does not change position, but the tibia will move backward on
the ankle. Therefore, the angle between tibia and the foot will be around 60° in this phase,
whereas in the standing position it will be around 90°. In the previous phase, muscles
are activated to flex the knee, whereas in this phase, the muscles are activated to extend
the knee.

The GRF will start to decrease from its maximum value, indicating that the thigh is
leaving the seat [30]. Again, the ground reaction force will start to increase once the body
is in the upward standing position [31]. This phase is terminated once the hip reaches its
maximum extension. The last phase is mainly about stabilizing the body and preventing
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it from falling down, since the body is already in a standing position. In this phase, the
velocity of COM will approach zero, indicating the termination of STS movement.

3.1. STS Speed

The effect of STS speed on joints” kinetic and kinematics was investigated using the
three-links model by changing the time required to stand up from sitting position. In order
to stand up from the sitting position, the model flexes the torso forward with the presence
of the hip flexion. The results show that as the speed increases (time to stand up is reduced),
the torso remains flexed for a longer time interval as a percentage of total STS duration,
as seen in Figure 5. Additionally, at very short time of STS, the model stands up with a
flexed torso. This means that the duration of the stabilization phase reduces as the speed
increases. In addition to the increment in the flexion duration of the torso, the torso angular
velocity tends to increase as the speed increases, as shown in Figure 6.

~20 [—038s
0 20 40 60 80 100

—20 1.0s]]

|
—
o

Torso Angle (degrees)

20 ‘ ‘ [—13s
0 20 40 60 80 100

STS Time (%)

(a) (b)

Figure 5. (a) The model performing the sit-to-stand task within different timeframes; (b) Torso angle
during standing from sitting position within different timeframes.
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Figure 6. Torso angular velocity at different STS speeds.
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An initial flexion angular velocity (negative) is observed at the hip joint as the torso is
leaning forwards, followed by a positive angular velocity indicating the extension of the hip
joint, which is continuous until the standing position is attained, as is clear from Figure 7.
On the other hand, the velocity of the knee joint shows a smooth increase and decrease
in the negative direction (extension velocity), demonstrating the control of the movement
towards the full extension position, as shown in Figure 7. The peak of the angular velocity
increases as the speed of rising increases, indicating the presence of exaggerated knee joint
loading and causing an increment in the knee joint torque, as portrayed in Figure 8.

'S
=)
o

Do
(=
(=)

T e —

Hip Joint Velocity
(degrees/s)

10 20 30 40 50 60 70 80 90 100

—200

—400

Knee Joint Velocity
(degrees/s)

—600

10 20 30 40 50 60 70 80 90 100
STS Time (%)

Figure 7. Hip joint velocity and knee joint velocity at different STS speeds.
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Figure 8. Ankle, knee, and hip torques at different STS speeds.

A sufficient torque needs to be generated at the joints to overcome the challenges that
will need to be faced to accomplish this task successfully, including moving the body’s
center of mass forward and raising it vertically to the standing position.

The results have shown that the increment in the speed of STS increases the ankle
dorsiflexion, knee extension, and hip flexion joint torques, and among the models’ joints,
the results of the optimization demonstrated that the knee is the most affected joint by
increasing speed, as displayed in Figure 8.

3.2. Reduction in Joint Strength

To investigate the effect of reduced knee strength on STS motion, the model is used to
optimize the STS motion with minimum joint torques and especially the knee joint torque.
This can be accomplished by reformulating the cost function in Equation (7) to have a larger
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coefficient for the knee joint torque. The optimizer was run with different coefficients for
the knee joint torque (a3 =1, 3, 5, and 7). The results of the optimization showed that as the
coefficient of knee joint torque increases, the model tends to flex the knee and the torso as
well while standing up and start to extend them at the moment just before the standing
position, which is as shown in Figure 9.

. . 4 o =1
B N ‘7. \' ‘ a,=5

b

LL<< o

Figure 9. The model standing up with reduced knee joint strength corresponds to different coefficients

of knee joint torque (xp =1, xy =3, oy =5, and axp = 7).

Increasing the coefficient of knee joint torque to indicate the difficulties in rising due
to the knee joint seems to increase the angular velocity of hip flexion and angular velocity
of knee extension as seen in Figure 10. Moreover, an increment in the hip joint torque
was observed in Figure 11 when increasing the coefficient of knee joint torque, indicating
that the model depends on the hip joint to accommodate for the losing of some knee
joint strength.

400

(degree/s)

Hip Joint Velocity

(degree/s)

Knee Joint Velocity

|
'S
=
S

10 20 30 40 50 60 70 80 90 100
STS Time (%)

Figure 10. The angular velocity of the model with reduced knee joint strength corresponds to different
coefficients of knee joint torque (0x =1, ap =3, xy =5, and & = 7).
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Figure 11. The Hip and knee joint torques of the model with reduced knee joint strength correspond
to different coefficients of knee joint torque (xp =1, xy =3, @ =5, and oty = 7).

Furthermore, the effect of reduced knee strength was studied at two speeds, fast and
slow, corresponding to STS duration of 1.5 s and 0.8 s, respectively. The results of different
STS speeds showed a similar pattern of joint motion, as shown in Figure 12. The model first
flexed the hip while still at the sitting position with the knee initially flexed at 90°, and then
performed a series of extension movements by extending the hip and knee (after a short
delay) joints while plantar flexing the ankle during the remaining time of the standing.
Immoderate hip flexion is resisted by the contraction of muscles, which at the same time
motivates the knee flexion just prior standing up. Knee flexion is also controlled by the
contraction of muscles to avoid excessive knee flexion. Figure 12 shows that the joint angle
profiles for the case of larger knee torque coefficients were identical to the normal case at a
slow speed; however, the range of joint motion with reduced knee strength was slightly
decreased at a fast speed. On the other hand, for the same case (normal knee strength or
reduced knee strength), increasing the speed resulted in increased joint range of motion.

200 T
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£ 60 e o : w158, 0, =5
B = |
10 20 30 40 50 60 70 80 90 100
2 —08s,0,=1
g "
<8 ——0.85,&2-5
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Figure 12. Hip angle, Knee angle, and Ankle angle at different STS speeds with normal and reduced
knee joint strength (x; = 1 and «; = 5, respectively).

With normal knee strength, and as a consequence of a more upright torso during
standing up, as stated in the previous section, the body’s center of mass exhibited a more
posterior location (behind the foot) in the cases of a fast speed that corresponds to a standing
duration of 0.8 s and 1.0 s. However, with reduced knee strength, the increment in the
speed increases the horizontal position of the center of mass, as seen in Figure 13. On the
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other hand, with normal knee strength and reduced knee strength, the vertical position of
the body’s center of mass starts to increase earlier for the cases of slow motion, indicating
that the torso is remaining flexed while standing up for the cases of fast motion. However,
the impact of speed on the vertical position of center of mass is clearer for the case of
reduced knee strength than normal knee strength.
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Figure 13. Horizontal and vertical positions of the center of mass at different STS speeds with normal
and reduced knee joint strength (xy = 1 and oy = 5, respectively).

Figure 14 shows that the increment and decrement in the angular velocity of the hip
and knee joints tends to be rough at a fast STS motion for «; = 5 with a significant increment
in the peak value of knee angular velocity compared to the hip angular velocity.
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Figure 14. Hip joint velocity and knee joint velocity at different STS speeds with normal and reduced
knee joint strength (x; = 1 and «; = 5, respectively).

3.3. Seat Height

The results of the optimization of four seat heights (30 cm, 33 cm, 37 cm, and 44 cm)
showed almost a similar time taken by the model to stand from the sitting position, although
the time required to attain the full standing position was longer for the lowest seat height.
Moreover, the torso angle showed noticeable differences in the forward movement by
showing an increment in the maximum torso angle, as seen in Figure 15, as the seat height
decreases with larger angular displacements of the joints due to the larger space needing to
be covered.



Axioms 2023, 12, 559

12 of 22

e P T Tt 0
L ] o
cpip s % 3 3 3 —10Ee
—20 30 cm|]
5 00 0.5 1 L5
- - ° e © [ ] L ] g’
cp e s v 3 3 3 8710 """
:*20 33 cm/
© 0 0.5 1 15
g 0
e o o P T o ¢ g el
S
oe o9 S ‘ ‘ ; ; |2 _90 37 cml]
0 0.5 1 15
0 -
e o ®# P T *?T 10N
cp e % % 3 % 3 20 [——44.cm|
0 0.5 1 L5
STS Time (s)
(a) (b)

Figure 15. (a) Model standing up from different seat heights; (b) Torso angle of the model standing
up from four seat heights (30 cm, 33 cm, 37 cm, and 44 cm).

The results apparently showed that as the seat height decreases, the hip and knee
extension velocity increases, as seen in Figure 16, resulting in more foot repositioning,
which led to an increase in the ground reaction force, as shown in Figure 17.
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Figure 16. Hip and knee joint velocities of the model standing up from four seat heights (30 cm,
33 cm, 37 cm, and 44 cm).
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Figure 17. Ground Reaction Force of the model (as a percentage of body weight) standing up from
four seat heights (30 cm, 33 cm, 37 cm, and 44 cm).
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We have found that lowering the seat height increases the hip torque before and after
the seat off, as well; however, reducing the height decreases the knee torque before seat off
while increases it after seat off, as clear from Figure 18.

50

Hip Joint Torque (N.m)
o

—100

_______________________

—150

20 40 60 0 60
STS Time (%) STS Time (%)

Figure 18. Hip joint and knee joint torque of the model standing up from four seat heights (30 cm,
33 cm, 37 cm, and 44 cm).

4. Discussion

We have found that increasing STS speed resulted in a shorter duration of STS phases,
which agrees with reported experimental studies in the literature [32,33] and a more upright
position of the torso at lift-off. Furthermore, in order to speed up the motion of STS by
reducing the duration of phases, the joint torque was significantly affected, which agrees
with reported experimental studies in the literature [7,13,34,35]. It is also found that
increasing the speed of STS motion increased the hip flexion torque, knee extension torque,
and ankle dorsiflexion torque for the model with both normal knee strength and reduced
knee strength, and this validates the results of other experimental studies on healthy people
and people with weakened knees [7,13,34,35]. However, between the model joints, the knee
joint was the most affected joint, and it was clear from the significant increment in the knee
extension moment and knee extension velocity [8,35]. This impact may be due to the load
of body weight on the knee at the moment of standing up, since the model was standing
with a flexed torso.

Therefore, due to the great increment in the knee joint torque, more attention was paid
to the knee joint by increasing the coefficient of knee joint torque in the cost function to
represent individuals with weakened or impaired knee joints, such as patients with some
knee osteoarthritis or elderly people, and investigated the effect of this on STS motion.
Furthermore, it was observed that as the strength of the knee joint was reduced (increasing
the coefficient of knee joint torque), the angular velocities of hip and knee joints slightly
increased; however, the increment in the hip joint torque was very significant. This indicated
that the hip joint was trying to compensate for the reduction in the available knee joint
torque. To avoid the load on the knee joint, a person can stand up slowly, especially when
there are abnormalities in the knee joint; however, fast STS motion is required not only as a
daily life activity, but also to do some clinical settings and tests like fast STS tests, in which
patients are asked to stand up as quickly as possible. Regarding the kinetic parameters of
lower limb joints and how they are affected by speed, the results of fast STS motion for the
model with normal and reduced knee strength was characterized by increased knee and hip
peak velocities, similar results being reported in experimental studies in the literature [7,8]
and they tended to be unsmooth at fast speed as we increased the coefficient of knee
joint torque. We have found that as the speed of motion was increased, the horizontal
position of center of mass also increased, which can be related to the upright position of the
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torso while standing up, and the results of this simulation are in agreement with reported
experimental studies reported in the literature [35,36]. However, the pattern of lower limb
joints, including the hip, was similar when performing STS motion at fast and slow speeds
for both normal knee strength and reduced knee strength [36].

Conversely, we have investigated the effects of seat height on the kinetic and kinematic
parameters of the model during STS motion, as it has been considered as the most influential
factor related to the chair properties [16,37,38]. The results indicated that reducing the seat
height increases the angular velocity of the hip and knee joints required to stand up, which
was a consequence of the increment in the torso angular velocity required to move the
torso further forward from a lower seat height before seat off [16,37,38]. The higher angular
velocity resulted in a higher torque at the hip joint, which transferred to the lower limb
joints after leaving the seat. It is also noticed that the model exhibited an increment in the
torso movement which was demonstrated by Weiner et al. as a result of increasing the
demand to move the center of mass closer to the knees and reduce the required effort [39].
The higher torque at the hip joint was used by the model to assist in the remaining phases
of STS, which was also due to the high forward velocity of the torso at seat off [39]. The
increment in the joints” angular displacement exhibited by the model as the seat height
is decreased is also confirmed by other studies [11,40], and the reason behind that was
demonstrated by Yamada and Demura as reported in [17] that standing up from a lower
seat height is more difficult due to the increment in the distance that must be covered by
the person in order to stand up. The increase in the distance covered will also lead to an
increment in the muscle activity of the lower limbs, which is represented by the increment
of the model’s joint torques in this study [11]. It has been known that the increment in
the torso’s forward movement increases the chance of falling down due to the huge torso
mass compared to lower limbs; therefore, more feet repositioning was observed by the
model when lowering the seat height as a stabilizing strategy [37,38], which resulted in an
increment in the peak of the ground reaction force.

5. Conclusions

In this study, we have used a mathematical model to investigate its ability to predict
STS body adaptations by formulating an optimization problem that minimizes joints’
torques. The model was able to predict basic features of STS motion by following the
constraints of the optimization problem. We have found that STS motion may be influenced
by different factors such as motion speed, reduced joint strength, and seat height. We have
first investigated the effect of motion speed by changing the total time required to stand
up from the sitting position while equally optimizing the joint torques. Then, we reduced
the knee joint strength, since it was the most affected joint, by increasing the coefficient of
joint torque in the cost function for the purpose of optimizing it more than the other joints
torques. Finally, we studied the effect of seat height on the STS motion by changing the
femur link to get different seat heights, and again equally optimized the joints torque.

The results of this study for the three cases agreed with published experimental results,
indicating that the model was able to predict the STS body adaptation. Increasing STS
motion speed, reducing knee strength, and reducing seat height was found to increase
joints torque and joints angular velocity, whereas reducing the knee strength was found
to decrease the range of joints motion. On the other hand, we have found that reducing
knee strength and reducing seat height led to increased torso flexion, while increasing STS
motion speed led to standing up with an upright torso position. Moreover, the model
expressed higher ground reaction force as the height of the seat was reduced and more
posterior center of mass position as the knee strength was reduced.

Since STS motion is used for clinical investigation as well as daily activity as human
beings, it is very important to pay attention to the factors that may impact this motion.
Therefore, the model involved in this study can help in understanding these factors and
determining the ability of the person to complete this motion and the challenges that may
be faced.
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Appendix A

The model under study consists of three segments: the torso, the femur, and the tibia.
This model is simplified as we study human motion in the sagittal plane in which we can
assume that the two legs move in an asymmetric manner, so we can include one leg only.
The system dynamics are derived using direct discretization of the Lagrange-d’Alembert
Principle (discrete mechanics). First, we define the positions of center of mass of each link
in the x and y coordinates:

X = —(lh —dq)sint, (A1)

Ya = (h —dq)costy (A2)

Xep = —lysinby — (lp — dy)sinbd, (A3)

Yeo = licosby + (I — dp)cosby (A4)

X3 = —lysinby — lpsinf, — (I3 — ds)sinb; (A5)
Ye3 = licosby + Ipcos0y + (I3 — d3)cosfs (A6)

The velocities of center of mass of each link in the x and y coordinates are:

X1 = —(Iy — dy)61cost (A7)

. = —(l — dy)61sinb; (A8)

X = —Zlélcosel — (I — d2)92c0592 (A9)
Yo = —11615in6y — (I — da)asind, (A10)
X3 = —1107c080] — Iy0yc056 — d305c0805 (A11)
Y3 = —11015in60; — h05in6; — d3035in65 (A12)

The kinetic energy of each link:

1 1 2 1. .2
KE; = Emlvfl = Eml(zl —dp)%0; + 51t (A13)

MoV = Elelel + *ﬂ”lz(lz — dz) 0, + 51292 + moly (lz — d2)9192COS(91 — 92) (A14)

2
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.2 .2 .2 .2
KE; = %1113033 = %m:;l%el + %mglgez + %mg,(lg — d3)293 + %1393
+m311129192605 (91 — 92) + m3ly (13 — d3)9163COS(91 — 93) (A15)

+msly (I3 — d3)0205c0(6, — 63)
The potential energy of each link:

PEy = mygy1 = m1g(lhy — dy)cosbq (Al6)
PE, = mygyor = legl1C0591 + ng(lz — dz)COSQz (A17)
PE3 = m3gys = maglicosth + msglycost + msg(ls — dz)cosbs (A18)

Now we derive the Lagrange equation of the model:
L = total kinetic energy — total potential energy = KE — PE (A19)
£=Y(mt &)  mald 4+ ms); + § (ol — do)® + msi )63 + hmad30s
—(myly (I — dy) + m3ly15)6105c05 (61 + 67)
+m311d30103c0 (61 — 03) — m3zlod30,603c05(6 + 03) (A20)
—g(my(ly —dy) + maly + m3ly)cosq

—g(my(ly — dy) + m3ly)cos6y — m3gdscosts

Now we convert the continuous Lagrange equation into a discrete Lagrange equation
using the mid-point rule as follows:

. + —
ﬁ(qu)%hﬁd(qk—Hz ‘7k/‘1k+1h qk) (A21)

L;= ﬁalA()lkZJr ﬁﬂzAQZkz + 2171613A93k2 + %blAglkAQZkCOS<Zglk — 2292")

+%b2A91kA03kcos(% _ %)

(A22)

+%b3A92kA93kcos (% — %) — ghclcos(%)

—ghcycos (%9”) — ghcscos (%)
where:

ay = I + my(l; — dy)* + mpl? + mzl? (A23)
ay = L + my(ly — da)? + m313 (A24)
a3 = I+ m3(ls — d3)’ (A25)
by = maly(lp — da) +m3li1p (A26)
by = m3ly (I3 — d3) (A27)
bz = m3ly(l3 — d3) (A28)

¢y = my(ly —dy) +maly +m3ly (A29)
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Cr = m2(12 — dz) + mg3ly (A30)

Now find D1 Ly (01, 01-+1, 02k, O2k-+1, O3k, O3-+1) and Do L (B1k, 0141, 02k, 011, 03k O311)-
D1L;(01k, 0111, B2k, B2k 11, O3k, O3k1): The first derivative of the discrete Lagrange with
respect to the current coordinates (i.e., 01k, 6k, and 63;)

oL
DiLa = g5t (61, Orir, 02k 0241, O3k, O3111)

= —fa1A91k — fblAGchos<29”‘ — %)

o b1A91kA92ksm<291" - %) - lbzAngCOS( glk — 253") (A3D
—55 b2A91kA93kSln():91k — %) + ggclsm():g”‘)
DiLy= 57t (1141, 006, Ox 1, O3k, O35 11)
= —fa2A92k — fb1A91kcos(291k - %)
+ 57 b1 A01 Abyysin (Z%”‘ — %) — lbaAf)gkCOS(Zng - %) (A2
—21—hb3A92kA93ksin (Zg” - 233") g};cz sin (292")
DLy = % (1% 01+1, Ok, 0211, O3k, O3k41)
= —fa3A93k — fb2A91kcos(291" - %)
(A33)

+ ;0o A0 AOxsin (g — L35 ) — LhaAgycos (Eg% — Egst)

+21—hb3A92kA93ksin(% — %) + ghc3511’l():93k)

DyL;(61x, 01k+1, 02k, 0211, O3k, O3k 1): The first derivative of the discrete Lagrange with
respect to the current coordinates (i.e.,01x11, 62k11, and 63,1 1)

L
DaLy = 55,4 (01k, O1k+1, 02k, 02k 1, O3, O3k 41)

= La;A0y + %blAQchos(% _ %)

i ) 0 2 (A34)
— 35180y A0y (Eg — B8 ) 4 LbyA0ycos (g — Ex)
_ﬁbZAelkA%kSi"(% - %93") + ghclsin(%olk)
oL
DLy = Bszil (01 01%+1, 02k, 02k 11, O3k, O3k 1)
= F0 A0y + } b1A91kcos(291’< — %)
(A35)
b A0 AOygsin (L — B0k ) + Ly A6secos (L — B4 )
_ﬁbE‘AGZkAGB:kSi”(% — %) + ghczsin<%)
oL
Dzﬁd = 363,(11 (le/ 61k+1/ 62k/ 62k+], 63k, 63k+1)
= %ﬂ3A93k + %bzA(?lkcos(% — %)
(A36)

+ﬁb2A91kA93ksin(% — %93") + %bg,Aszcos( g”‘ - %)

3y AGxsin (4 — L8 ) - ghessin (L)
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After several investigations, we came out with the proper and most commonly used
set of anthropometric information. Table A1 provides the weight of each segment as a
percentage of the total body weight, the length of each segment as a percentage of total
body height [25,26], the location of Center of Mass (COM) of each segment, measured as
percentage of segment length [26], the segments’ radius of gyration in the frontal plane
(perpendicular to the sagittal plane) as a percentage of segment length [24], and it will be
used to calculate the Moment of Inertia (MOI) for each segment. Based on this information,
the required anthropometric data of the model is calculated for a male with 70 kg mass and
1.70 m height.

Table Al. Anthropometric percentages of different body segments required for the model.

Segment Mass as a Segment Length as a

Distance of Segment Radius of Gyration of
COM from Proximal = Body Segments in Frontal

Body Segment PERCEN"II\"/ﬁ(jSE of Body PerIC;eoI:itagI; (?f ;f()tal End as a Percentage of Plane as a Percentage of
y Height Segment Length Segment Length

Head and Neck 8.2 10.75 56.7 31.5
Trunk 46.84 30.00 56.2 38.3
Upper arm 3.25 17.20 43.6 31.0
Forearm 1.8 15.70 43.0 28.4
Hand 0.65 5.75 46.8 23.3
Thigh 10.5 23.20 43.3 26.7
Calf 475 24.70 434 27.5

The moment of inertia for each segment is calculated using the anthropometric data
associated with each segment. For instance, evaluation of MOI of the head and neck will be
as follows:

e  Mass of the head and neck segment is considered to be 8.2% of total body mass
according to the data provided in Table A1, and hence, myy = 5.78 kg.

e  According to Table A1, the length of the head and neck segment is 10.75% of the body
height and is found to be Ly = 0.18 m.

e Radius of gyration of the head and neck in the frontal axis is 31.5%, and hence,
k HN — 0.058 m.

e Now, the MOI of the head and neck can be determined using the following equation:

IyN = mynk3y = 5.78 x 0.058% = 0.0192 kg-m? (A37)

Using the same technique, the MOI of torso, hand segments, and leg segments are cal-
culated, and the values are given in Table A2 with the other anthropometric measurements
of each segment. The mass and moment of inertia of the head, the arms, and the torso
(HAT) segment is simply found by summing up the individual mass of these segments;
however, the center of mass is found using the parallel axis theorem [41]:

MyATAHAT = MuNAHN + mTdT + 2% myadya + 2 * mpadpa +2* mpdy (A38)

The distance of the COM of the head and neck from the top of the head is dyy and is
calculated directly from Table A1l. The distance of the COM of the torso from the top of
the head is dr, and it is equivalent to the total length of the head and neck segment and
the distance from the neck to the COM of the torso. The same procedure is followed to
calculate the distance from the top of the head to the COM of each segment of the arm.

(5.78 4328 +2 x 2275 42 x 1.309 42 x 0.455)dg At

=5.78 x 0.078 + 32.8 x 0.4034 + 2 x 2.275 x 0.3075 + 2 x 1.309 x 0.585 (A39)
+2 x 0.455 x 0.84
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Figure A1l. COM of body segments in the sagittal plane.

The MOI of upper body segments around the axis of rotation, which is the y-axis, can
be approximated using the principle Parallel Axes Theorem. For applying the theorem, we
need to determine the offset (r) for each segment, which is the shortest distance between the
axis of rotation and the other axis passing through the COG of that segment. For example,
the offset distance between the axis of rotation and the axis of the head and neck segment
is defined as rgp, and it can be found as the distance between the COG of the head and
neck segment to the joint of the shoulder and the distance from the joint of the shoulder to
the COG of the HAT segment.

ruHN = dpar —dgn = 0.3725 — 0.078 = 0.2945 m (A41)
The MOI of the head and neck about the axis of rotation is found as shown below.
IyN' = Iyn + mpnréy = 0.0192 + (5.78 X 0.29452) = 0.5205 kg-m? (A42)
Using the same procedure, we found the offset distances and the moments of inertia
about the axis of rotation for the other segments:
For the torso:
rr =dr —dpar = 04034 — 0.3725 = 0.0309 m (A43)
It! = It + mprk = 1.251 + (32.8 X 0.03092) = 1.2823 kg-m? (A44)
For the upper arms:

rua = dgar —dya = 0.3725 — 0.3075 = 0.065 m (A45)
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Tua' = Iua + myarky, = 0.0187 + (2.275 x 0.0652) = 0.0283 kg-m> (A46)

For the forearms:

rea = dpa — dpar = 0585 — 0.3075 = 0.2775 m (A47)

Ira' = Ipa + mpard, = 0.00752 + (1.309 x 0.27752) — 0.1083 kg m> (A48)
For the hands:

o = dy — dpar = 0.84 — 0.3075 = 0.5325 m (A49)

Iy' = Iy + myr?; = 0.000236 + (0.455 X 0.53252) = 0.1292 kg-m? (A50)

Then, the total MOI of the HAT segment about the axis of rotation is found by summing
up the MOI of the individual segments about the same axis of rotation:

Inar’ = InN' + It" + Iy’ + Ipa" + Iy’

(A51)
= 0.5205 + 1.2823 + 0.0283 + 0.1083 + 0.1292 = 2.0686 kg-m?

The table below shows the physical parameters for a male with 70 kg and 1.70 m
required to build the model. Since the model does not include the head and the arms, the
head and the three segments of the arms will be considered as one segment with the torso,
represented as HAT (Head, Arms, and Torso).

Table A2. Model physical parameters based on a male with 70 kg mass and 1.70 m height.

Distance of Segment

Body Segment Segn:;(nct;)Mass Segme(lLtl)L ength COM from Proximal Moment of Inertia
(m)
Head & Neck 0.18 5.782 0.10361925 0.019160814
Trunk 0.51 32.788 0.28662 1.250987086
Upper arm 0.29 2.275 0.1274864 0.018692162
Forearm 0.27 1.309 0.1155677 0.007520963
Hand 0.10 0.455 0.045747 0.000236024
Thigh 0.39 7.35 0.1707752 0.081504892
Calf 0.42 3.325 0.1822366 0.044335212
HAT 0.69 46.648 0.214937 2.0686
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