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Abstract

Background Rising from a sitting position, or “sit-to-stand” (STS), is one of the basic activities in daily life. Therefore, study-
ing the kinematics and kinetics of STS could help optimize STS movement strategy. This study analyzes the comprehensive
influence of the handrail and foot position under the knee joint support on STS kinematics and kinetics.

Methods A total of 30 young people were recruited to participate in this study. Their average age, height, weight, and BIM
were 24.21 years old, 168.52 cm, 60.92 kg, and 21.46 kg/m?, respectively. The experiment was conducted under six experi-
mental conditions. Total movement time, percent of movement time of each phase, trunk tilt angle, and peak joint moment
were analyzed and compared. In addition, a correlation analysis was carried out between the range of motion of the joint
angle and the peak joint moment.

Results The results showed that the far handrail had the largest trunk tilt angle, and the smallest total moment impulse of the
lower limb joints. The closer the foot was to the seat, the smaller the peak hip joint moment, and the larger the peak moment
of ankle and knee joints, and a shorter total movement time.

Conclusions The position of the handrail had a significant influence on the trunk tilt angle, percent of movement time of
certain phase, and the total moment impulse of the lower limb joints. And the position of the foot had a significant influence
on the peak moments of the ankle, hip, and knee joints.

Keywords Sit-to-stand - Handrail - Foot - Position - Knee joint support - Joint moment
Abbreviations Introduction
STS  sit-to-stand

AP anterior-posterior
LSD least significant difference

The ability to stand up from a sitting position, or “sit-to-
stand” (STS), is a basic requirement for humans to maintain
a high-quality life. STS not only frequently occurs in daily
life but is also used in physical therapy (Hirata et al. 2008;
Sanford et al. 1995). However, STS is a biomechanically
challenging activity that requires sufficient muscle strength
to meet the needs of each lower-limb joint moment as well as
balance to ensure stability when sitting to standing to avoid
falling (Lee et al. 2019; Sekiguchi et al. 2020). It is difficult
for people with lower-limb disorders to complete this task
independently.

Handrails can reduce the load on the joints of the lower
limbs, improve the stability of STS movement, and make it
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easier for people with lower-limb disorders to complete the
STS task (Mclntosh and Vallis 2021). Reducing the distance
from the foot to the edge of the seat can shorten the distance
from the center of gravity to the foot, thereby reducing the
displacement of the center of gravity in the anterior-poste-
rior (AP) direction during STS, making the STS task easier
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(Mathiyakom et al. 2005). To help people with lower-limb
disorders complete the STS movement, handrails and chang-
ing the distance between the foot and the edge of the seat
could be used to help them complete STS tasks successfully
(Gillette and Stevermer 2012; Takeda et al. 2009).

Many articles have studied the role of handrails in STS
movement. Chihara et al. (Chihara et al. 2015) found that
increasing the distance from the handrail to the edge of the
seat resulted in larger trunk flexion, greater forward move-
ment of the body’s center of gravity, and ankle dorsiflexion.
Chihara et al. compared the total load of the lower limb
joints of different handrail heights and found that the best
height position of the handrail was 574 mm higher than
the chair surface. O’Meara and Smith (O'Meara and Smith
2006) found that the use of a unilateral handrail to assist
STS movement would cause an asymmetry of the move-
ment on both sides of the body. Dekker et al. (Dekker et al.
2007) used a subjective investigation to study whether the
subjects prefer a vertical or horizontal handrail and found
that subjects prefer vertical handrail. Dekker et al. also
studied the distance between the vertical handrail and the
edge of the seat and found that the optimal distance was
338 mm. Kinoshita et al. (Kinoshita 2012; Kinoshita et al.
2015) studied the influence of handrail height on the kin-
ematics and kinetics of STS. Compared with no handrail,
Kinoshita et al. found that the use of handrails could effec-
tively reduce the total moment of the lower limb joints. Kato
et al. (Kato et al. 2020) compared the effects of curved and
vertical handrails on STS movement and found that a curved
handrail had greater handrail reaction force. The above lit-
erature separately studied the position and type of handrail
in STS movement. However, most studies have investigated
unilateral handrails, and there is a lack of quantitative data
on bilateral handrails.

To find the most appropriate initial posture, many papers
have studied the influence of changing the initial position of
the foot on the kinematics and kinetics of STS. For example,
Gillette and Stevermer and Blache et al. (Gillette and Ste-
vermer 2012; Blache et al. 2014) studied the AP positions
of the foot and found that when the foot was far away from
the seat, the moment of the hip joint became larger, and the
moment of the ankle joint became smaller. When the foot
was closer to the seat, the hip joint moment became smaller,
and the ankle joint moment increased. Fleckenstein et al.
(Fleckenstein et al. 1988) studied different initial knee angles
and reached the same conclusion. Based on an analysis of
the above literature, we understand that the position of the
foot could affect the joint moment of the lower limbs.

STS assist devices could help people with lower-limb
disorders complete STS tasks. Many STS assist devices
are equipped with knee joint support; thus, a support force
is added to the knee joint during STS, which could make
the STS task easier and increase the stability of the STS
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task. However, there is a lack of quantitative analysis on
knee joint support.

Existing literature has examined either the handrail or
the initial position of the foot alone. To the best of our
knowledge, no researchers have studied the comprehensive
influence of the AP positions of the handrail and foot dur-
ing STS movement. In addition, there is a lack of research
on the influence of knee joint support on STS movement.
For knee joint support, the comprehensive influence of the
AP positions of the handrail and foot on the kinematics
and kinetics of the STS is still unclear, and there are less
relevant kinematics and kinetics quantitative data. There-
fore, this study investigates the comprehensive influence
of the position of the handrail and foot position under the
knee joint support on STS kinematics and kinetics. Rel-
evant kinematic and kinetics quantitative data is assessed
to determine the optimal STS movement strategy. Results
could provide a starting point for the design and control
of STS assistance devices.

We first hypothesized that the closer the foot is to the
seat, the smaller the hip joint moment and the greater the
ankle joint moment would be. Second, we hypothesized
that the farther the handrail is from the knee joint sup-
port, the greater of the trunk tilt angle would be. Finally,
we hypothesized that the farther the handrail is from the
knee joint support, the easier the STS movement would be.

Method
Subjects

A total of 30 adults were recruited for this study, including
15 men and 15 women. The information of the selected
subjects is shown in Table 1. The inclusion criterion was
that the selected subjects can complete the STS task with-
out any help. The following were exclusion criteria: those
with musculoskeletal mobility problems; neurological dis-
ease; sensory, visual, auditory, or cognitive impairments;
or who had undergone any major orthopedic surgery. The
study was conducted from March 1 to March 10, 2021
and was approved by the Academic Ethics and Scientific
Ethics Committee of the Academic Committee of Tianjin
University of Science and Technology. All subjects signed
an informed consent form prior to participating.

Table 1 Subject characteristics

Age (year) Height (cm) Mass (kg) BMI (kg/m?)
Mean: 24.41 Mean: 168.52 Mean: 60.92 Mean: 21.46
SD: 1.20 SD: 6.17 SD: 8.70 SD: 2.14
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Instrumentation and data acquisition

A high-definition camera (EOS 200D II, 1920 x 1080 pixel,
60 fps Canon) was used to collect human kinematics data
in the sagittal plane during STS, as shown in Fig. 1. When
using cameras for kinesiology data collection, the require-
ment for the position of the camera is to be able to photo-
graph the whole body of the subject, and under this premise,
according to the height and size of the 30 subjects, after
experimental testing, the camera was selected to be placed at
a distance of 1.6 m from the subject. The height of the chair
was established as the average knee height (400 mm) of the
50th percentile of adult males and females (GB/T10000-88
Human dimensions of Chinese adults S 1988). The height of
the handrail was set as the height of the subject’s shoulder
joint when sitting. The handrail width was set as the width
of each subject’s shoulder. Two force plates were installed
on the chair and under the subject’s foot to measure the reac-
tion force of the human buttocks and the foot. Each force
plate included adjustable anchor bolts, two 700 x 500 mm

width of subject’s
shoulder joint.

hin film serfs

force PK

force plate 1

Fig. 1 Experimental setup

Fig.2 Diagram showing six
experimental conditions

(ADO)

(CD0)

stainless steel plates with a thickness of 5 mm, and four force
sensors (GIBHX-III/50 kg, QISHENG, Bengbu, China). The
force sensor sampling frequency was 80 Hz. The four force
sensors were distributed on the four corners of the stainless-
steel plate. A thin-film pressure sensor (MD30-60, Leanstar,
Suzhou, China) was installed on the knee support to measure
the pressure on the knee, and the thin-film pressure sensor
sampling frequency was 20 Hz.

Protocol

As shown in Fig. 2, we designed six kinds of experimen-
tal conditions, namely, two foot positions at three handrail
distances. The foot position closer to the seat was labeled
(C), and the foot farther away from the seat with the shank
vertical to the ground was labeled (A). Three distances from
the handrail to the knee joint support were assessed. The
near handrail (D0), middle handrail (D100), and far handrail
(D200) corresponded to the distance between the handrail
and the knee joint support in the sagittal plane of 0, 100 mm,
and 200 mm, respectively.

Before the experiment, markers were pasted on the ankle,
knee, hip, and shoulder joints on the right side of the sub-
ject’s body. The subjects were required to wear black tights
to prevent the shaking of fat from affecting the accuracy of
the markers during STS. The subjects were asked to sit on
a seat with a fixed height. The distance between the foot in
the transverse plane was chosen by the subjects, the knees
were tightly attached to the knee joint support, and the hands
grabbed the handrails.

During the experiment, the high-definition camera, two
force plates, and the thin-film pressure sensor were acti-
vated sequentially after the subject sat down, so that they
started sampling first. Four seconds later, a “prepare, start”
instruction was issued, and the subject grabbed the handrail
with both hands and stood up from the seat at a speed of

| SR S————— |

(AD200)

| S S— |

(AD100)

| eem—— — |
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choice. When completing the STS, the subject was issued
an instruction to “stop,” at which time each device stopped
recording data.

Data analysis

We used a high-definition camera to sample the images of
the subjects’ STS movements on the sagittal plane, then used
Adobe Photoshop 2018 (Adobe Systems Software Ireland
Ltd) to extract each frame of the image. Using the ankle
marker as the coordinate origin, a Cartesian coordinate sys-
tem was established to obtain the pixel position coordinates
of the knee, hip, and shoulder joint. The actual position coor-
dinates of the joints were obtained through calibration. After
continuous processing, the trajectories of the knee, hip, and
shoulder joint were obtained.

To perform kinematic analysis, we established a link
segment model of the human body in the sagittal plane, as
shown in Fig. 3. The model used the ankle joint as the ori-
gin and an OXY coordinate system (AP direction is X, and
vertical direction is Y) consistent with the coordinate system
established when we obtained kinematic data through image
processing. The model included foot, shank, thigh, and trunk
(including head). The absolute angles of the shank, thigh,
and trunk to the horizontal axis of the coordinate system rep-
resented the ankle (01), knee (02), and hip (03) joint angles.
The absolute angle between the trunk and the Y-axis of the
coordinate system represented the trunk tilt angle (64). The
angles of the ankle, knee, and hip joints were calculated
according to the actual position coordinates of the adjacent
joints. Meanwhile, the velocity, acceleration, angular veloc-
ity, and angular acceleration of each joint were calculated
by the finite difference method. All kinematics and kinetics
data were normalized to time, that is, the movement started
at 0%T and ended at 100%T.

The plantar force plate is equipped with four force trans-
ducers. When processing the value of the sensor, when the
value of the existing point is obviously unreasonable, this
set of data is discarded, and the data under this condition

Fig.3 Link segment model of
the human body in the sagittal
plane

Shoulder

Ankle
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is remeasured. According to the principle of force balance,
the plantar reaction data is obtained through the data of
four groups of force sensors, and then, the cubic spline
interpolation algorithm is used to smooth the data of the
plantar reaction.

We calculated the center of pressure (COP) according to
the ground reaction force (Frykberg and Héger 2015; Yam-
ako et al. 2017), using the position fluctuation of the COP
in the AP directions to determine the beginning of the STS
movement. Before the subjects began their STS movement,
the position of their COP fluctuated in a certain range. We
used data of the first second of the COP to calculate the con-
fidence interval of the COP when the subject was in a stable
state according to mean + 56 (Akram and Mcllroy 2011).
When starting from a certain moment, if the COP position
was not within the confidence interval for 0.2 s, we defined
this moment as the start time of the STS movement. We used
the time when the angle of the hip joint reached its maximum
value for the first time as the end of the STS. In this way,
the collected data was filtered, and the data from the begin-
ning of the motion to the end of the motion was selected for
subsequent analysis. Due to the different sampling frequen-
cies of the force plate, the thin-film pressure sensor, and the
high-definition camera, we performed spline fitting on the
STS kinematics, foot reaction force, and knee joint reac-
tion force data. Referring to the sampling frequency of the
force plate and pressure sensor, the spline interpolation of
the values at a frequency of 60 Hz was selected to obtain the
data required to calculate the lower limb joint moment. The
joint moments of the lower limbs were calculated using the
Newton—Euler method.

We divided the STS into four phases, as shown in Fig. 4:
phase I, the flexion momentum phase (TO-T1); phase II,
the momentum transfer phase (T1-T2); phase III, the exten-
sion phase (T2-T3); and phase IV, the stabilization phase
(T3-T4). In that, the time and performance of phase IV
varied among different individuals, and this study focused
on the data of the first three phases, excluding the data of
phase IV.

Statistical analysis

We performed a normality test on the data. Through a Sha-
piro—Wilk test, it was found that our data were in a normal
distribution. SPSS 17.0 was used for data analysis, and the
significance level was p < 0.05. The influence of the posi-
tion of the handrail and the foot on the total movement time,
percent of movement time of each phase, trunk tilt angle,
range of motion of joint angle, and the moment was evalu-
ated using two-way repeated-measure analysis of variance.
Subsequently, a least significant difference (LSD) post hoc
test was performed. A Pearson correlation analysis was used
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Fig.4 Three phases of STS TO Phase | Tl Phase I TZ Phase Il T3
movement I Flexion momentum phase l Momentum transfer phase l Extension phase I
l | | |
c— cC— c—a l

TO: Movement start (The
COP begins to fluctuate )

to analyze the correlation between the range of motion of the
joint angle and joint moment.

Results
Movement time

We compared the total movement time and the percent of
movement time of each phase under the six experimental
conditions, as shown in Fig. 5 and Table 2. We found that the
position of the foot had a significant influence on the total
movement time (p < 0.05). Moreover, the position of the
handrail had no significant influence on the total movement
time (p = 0.839), and there was no interaction between the
position of the handrail and the position of the foot. How-
ever, the position of the handrail had a significant influence
on the percent of movement time in phase I and phase III (p
= 0.023, p = 0.002). The position of the handrail had no sig-
nificant influence on the percent of movement time in phase
II. In addition, the foot position had no significant influence

Fig.5 Total movement time
and percent of movement time *
of each phase. *A significant 2.4+

T1: Scat off (A02>0.6°)

T2: The maximum trunk tilt
angle (04) was achicved

T3: The maximum hip joint
angle (03) was achicved

on the percent of movement time in phases I, II, and III (p =
0.722, p = 0.233, p = 0.576, respectively).

Trunk tilt angle and range of motion of joints

As shown in Table 2, we listed the trunk tilt angle as well as
the range of motion of the ankle, knee, and hip joint angles
during STS. The position of the handrail and the foot both
had a significant influence on the trunk tilt angle (handrail:
p < 0.05, foot: p < 0.05). After the LSD post hoc test, we
found that there was a significant difference in the trunk
tilt angle between the near and middle handrails (p < 0.05)
and noted a significant difference between the near and far
handrails (p < 0.05). However, there was no significant dif-
ference in the trunk tilt angle under the conditions of the
middle and far handrails (p > 0.05). The position of the
handrails and the foot had no interaction with the trunk tilt
angle (p > 0.05).

In addition, we noted that the position of the handrail had
no significant influence on the range of motion of the ankle
and knee joint angle (p > 0.05 and p > 0.05, respectively).
The position of the handrail, however, had a significant

“:l phasel[_] phase2[_] phaseB‘

difference between the positions 2.2
of the two feet (p < 0.05). a
Average and standard deviation
of total movement. b Percent of
movement time of each phase
under different time in different
experimental conditions
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Table2 Trunk tilt angle, movement time, range of motion at each joint of lower limb, peak moment of joint of each lower limb, and total

moment impulse of lower limb joints in six experimental conditions. Data are reported as mean (SD)

CDO ADO CD100 AD100 CD200 AD200 Handrail p-value foot Handrail-foot
Trunk tilt 14.752 12.203 18.303 15.657 18.983 17.196 <0.05 <005 0.559
angle (deg)  (1.108) (1.063) (1.065) (1.124) (0.955) (0.881)
Total move-  1.860 (0.041) 1.744 (0.033) 1.815(0.039) 1.747 (0.037) 1.807 1.768 (0.037) 0.758 <005 0.223
ment time (0.036)
Phase time (%)
Phase 1 0.202 (0.072) 0.182(0.044) 0.201 (0.046) 0.208 (0.049) 0.172 0.177 (0.05) 0.023 >005 >0.05
(0.053)
Phase 2 0.207 (0.069) 0.216 (0.055) 0.219 (0.054) 0.201 (0.053) 0.213 0.201 (0.074) >0.05 >0.05 >0.05
(0.052)
Phase 3 0.591 (0.059) 0.620 (0.053) 0.580 (0.043) 0.591 (0.065) 0.614 0.620 (0.072) 0.02 >0.05 >0.05
(0.107)
Ankle joint angle (deg)
Max 88.533 85.742 88.505 84.512 87.608 84.827 >0.05 <0.05 >0.05
(0.361) 0.611) (0.315) (0.598) (0.530) (0.647)
Min 83.127 72.079 84.308 70.575 83.433 72.343 >0.05 <0.05 >0.05
0.797 (0.853) (0.581) (1.060) (0.684) (0.955)
ROM* 4.554 (0.441) 13.498 3.965 (0.410) 13.180 4.162 12.123 >0.05 <0.05 >0.05
(0.783) (0.842) (0.519) (0.757)
Knee joint angle (deg)
Max 162.139 159.036 161.257 158.318 159.93 157.992 0.002 <0.05 0.035
(0.791) (0.857) (0.889) (0.899) (0.966) (0.994)
Min 94.930 90.841 92.049 87.288 92.106 87.945 <0.05 <0.05 >0.05
(0.798) (0.899) (0.755) (1.074) (0.521) (1.097)
ROM* 66.469 67.936 68.766 70.855 67.656 70.065 >0.05 <0.05 >0.05
(0.997) (1.058) (1.219) (1.205) (1.012) (1.205)
Hip joint angle (deg)
Max 97.033 96.672 95.235 94.666 93.164 93.552 <0.05 0.601 >0.05
(0.739) (0.723) (0.775) (0.666) (0.937) (0.736)
Min 76.331 78.586 72.733 74.963 71.791 73.644 <0.05 <0.05 >0.05
(1.276) (1.154) (1.220) (1.135) (1.048) (1.013)
ROM* 19.731 16.942 21.773 18.358 20.753 19.499 0.025 <0.05 >0.05
(1.099) (1.121) (1.112) (1.237) (0.984) (0.866)
Peak ankle ~ 0.127 (0.013) 0.157 (0.011) 0.115(0.011) 0.165 (0.016) 0.108 0.166(0.017) >0.05 <0.05 >0.05
joint (0.011)
moment
(NM/KG)
Peak knee 0.237 (0.022) 0.552 (0.029) 0.242 (0.028) 0.587 (0.042) 0.210 0.501 (0.041) >0.05 <0.05 >0.05
joint (0.030)
moment
(NM/KG)
Peak hip 1.235 (0.089) 0.882 (0.066) 1.292(0.090) 0.932 (0.07) 1.086 0.854 (0.059) >0.05 <0.05 >0.05
joint (0.045)
moment
(NM/KG)
Total 1.527 (0.099) 1.590 (0.093) 1.467 (0.088) 1.585(0.092) 1.347 1.461 (0.082) <0.05 >0.05 >0.05
moment (0.075)
impulse of
lower limb-
jants (NM/
KGxS)

*Range of motion of joint angle
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influence on the range of motion of the hip joint angle (p <
0.05). After LSD post hoc test, we found a significant dif-
ference in the range of motion of the hip joint angle under
the conditions of the near and middle handrails (p < 0.05).
A significant difference was observed in the range of motion
of the hip joint angle under the conditions of the near and
far handrails (p < 0.05). The position of the foot had a sig-
nificant influence on the range of motion of the ankle, knee,
and hip joint angle (p < 0.05, p < 0.05, p < 0.01).

Joint moment

As shown in Table 2 and Fig. 6, we listed the peak moments
and standard deviations of the ankle, knee, and hip joints
under six experimental conditions. The position of the
handrail had no significant influence on the peak ankle joint
moment and peak knee joint moment (p = 0.915, p = 0.142)
but had a significant influence on the peak hip joint moment
(p < 0.05). After the LSD post hoc test, we identified a sig-
nificant difference in the peak hip joint moment under the
conditions of the middle and far handrails (p < 0.05). The
position of the foot had a significant influence on the peak
moments of the ankle, hip, and knee joints (p < 0.01, p <
0.01, and p < 0.01, respectively).

The total moment impulse of the lower limb joints was
calculated by integrating the total moment of the lower limb
joints during STS movement as an index to evaluate the total
load (Inai et al. 2018; Winter 1984). As shown in Table 2
and Fig. 7, the position of the foot had no significant influ-
ence on the total moment impulse of the lower limb joints (p
= (.262), while the position of the handrail had a significant
influence on the total moment impulse of the lower limb
joints (p < 0.05).

Correlation analysis

We performed a correlation analysis on the range of motion
of each joint angle and the peak moment of each joint. The
range of motion of the ankle joint angle was positively cor-
related with the ankle joint moment (p < 0.01, correlation
coefficient: 0.328). Furthermore, the range of motion of the
knee joint angle was positively correlated with the knee joint
moment (p = 0.004, correlation coefficient: 0.227). We also
found that the range of motion of the hip joint angle was
positively correlated with the hip joint moment (p < 0.01,
correlation coefficient: 0.512).

Discussion

This study aimed to investigate the influence of the posi-
tion of the handrail and the position of the foot under the
knee joint support on STS kinematics and kinetics. We
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conducted an experiment in six different conditions. The
results showed that the position of the handrail had a signifi-
cant influence on the trunk tilt angle, percent of movement
time of phase I and phase III, and the total moment impulse
of the lower limb joints. We also found that the position of
the foot had a significant influence on the total movement
time, and the peak moment of each joint. At the same time,
according to the correlation analysis, we also found that the
change range of the angle of each joint of the lower limb
was positively correlated with the peak torque of each joint
of the lower limb.

The position of the handrail influenced the trunk tilt
angle. As shown in Table 2, under the different foot posi-
tions, the trunk tilt angle was the smallest at the near hand-
rail (13°), and there was little difference between the mid-
dle handrail (17°) and the far handrail (18°). The reason
might be that when the trunk was close to the handrail, the
handrail could restrict the movement of the shoulder joint
in the AP direction (Chihara et al. 2015); hence, the trunk
tilt angle was small. As the distance from the handrail to the
knee joint support increased, the subject’s trunk movement
space became larger. Whether it was the middle or the far
handrail, the subject already had enough range of movement.
Therefore, in both cases, there was not much difference in
the trunk tilt angle.

The position of the handrail influenced the percent of
movement time of phase. As shown in Fig. 5b, regard-
less of the position of the foot, the percent of movement
time from TO to T2 under the middle handrail condition
was the longest (41.5% T). The reason might be that the
trunk tilt angle (17°) under the middle handrail condition
was greater than the trunk tilt angle (13°) under the near
handrail condition. Therefore, the subjects needed more
time to complete the forward lean. Under the far handrail
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condition, there would be a larger trunk tilt angle (18°),
but the percentage of movement time of TO to T2 (40% T)
using the far handrail was smaller than the percentage of
movement time from TO to T2 with the middle handrail
(41.5% T). This finding was because the change of the
trunk tilt angle was 19° under the far handrail condition
and 20° under the middle handrail condition. Therefore,
the trunk’s range of motion was smaller under the far
handrail condition, and the time from TO to T2 was also
relatively small.

The position of the handrail had a significant influence on
the total moment impulse of the lower-limb joints, as shown
in Fig. 7. The farther away the handrail, the smaller the total
moment impulse of the lower joints. The average value of
the moment impulse of both foot positions was 1.58 Nms/kg
under the far handrail condition. In comparison, the average
value of the moment impulse of both foot positions was 1.70
Nms/kg under the middle handrail condition. We believe that
the total moment impulse of the lower-limb joints could be
used as an index to describe the load of the lower-limb joints
during STS movement. Therefore, the above experimental
results meant that the STS movement was performed more
effortlessly under the far handrail condition.

The position of the foot had a significant influence on the
total movement time. As shown in Fig. 5, we compared to
the total movement time when the foot was far away from
the seat. The total movement time was reduced by 4% when
the foot was close to the seat. These results were consistent
with the conclusion that Liu et al. (Liu et al. 2016; Rb and
Hp 1996) studied the influence of the foot position on the
total movement time during free-standing, finding that the
closer the foot to the seat, the shorter the total movement
time. The reason might be that when the foot is close to the
seat, the moving distance of the center of gravity in the AP
direction is relatively short, thus shortening the total STS
movement time. Our study showed that even with handrail
and knee joint support, the total movement time was also
relatively short when the foot was close to the seat.

The position of the foot had a significant influence on the
peak moment of each joint. As shown in Fig. 6, our findings
indicated that when the foot was close to the seat with knee
joint support and handrails, the peak hip joint moment was
smaller than when the foot was far away from the seat. This
was consistent with the conclusion drawn by Fleckenstein
et al., Kawagoe et al., and Mathiyakom et al. (Mathiyakom
et al. 2005; Fleckenstein et al. 1988; Kawagoe et al. 2000)
on the influence of the foot position on the peak hip joint
moment without knee support and handrails.

Furthermore, in this study, the peak knee joint moment
when the foot was close to the seat was 0.55 Nm/kg, and the
peak knee joint moment when the foot was far away from the
seat was 0.23 Nm/kg. Therefore, the peak knee joint moment
when the foot was far away from the seat is smaller.
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Finally, our study showing the peak ankle joint torque
when the foot was close to the seat is 0.162 Nm/kg, which
was greater than the peak ankle joint torque when the foot
was far away from the seat, which is 0.117 Nm/kg. Khemlani
(Khemlani et al. 1999) mentioned that the position of the
foot could influence the moment of the ankle joint. Gillette
and Stevermer (Gillette and Stevermer 2012) also mentioned
that the ankle moment was greater when the foot was closer
to the seat. This finding is consistent with their conclusion.
Overall, although the foot close to the seat reduces the peak
moment of the hip joint, it increases the peak moment of
the ankle and knee joints. Therefore, for people who have
problems with ankle and knee joints, we suggested an STS
pattern with the foot far away from the seat.

Meanwhile, according to the study, the range of motion
of joint angles was positively correlated with the peak
moments of the joints. This finding helped us to judge the
magnitude of the moment through the range of motion of
joint angles when the moment of the joints of the lower
limbs was unclear.

This study had certain limitations. First, all subjects in this
study were healthy young adults, so the data obtained could
not be directly applied to other populations, such as medical
patients and the elderly. Second, only two positions of the
foot were involved in our study. Previous studies (Talis et al.
2008) have shown that different foot positions and toe-out
angles significantly influence the STS movement. Under the
condition of knee joint support and handrails, the influence
of more foot positions and toe-out angles on the kinematics
and kinetics of STS needs further study. Finally, stabilization
is also a key factor related to the success of the STS move-
ment. However, our study did not analyze the changes in the
COP and the body’s center of gravity. Further research on the
stabilization of STS movement is needed.

In sum, we analyzed the influence of the position of the
handrail and foot in the AP direction on STS kinematics
and kinetics under knee joint support with the following
conclusions. First, among the three handrail positions, the
far handrail had the largest trunk tilt angle, and the small-
est total moment impulse of the lower limb joints. Second,
a foot position close to the seat resulted in a minimum
peak hip joint moment, a larger peak joint moment of knee
and ankle, and a shorter total movement time. Finally, the
range of motion of joint angles was positively correlated
with the peak moment of joints.
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