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Abstract: The act of standing up is one of the most important movements in daily life, but it often
poses challenges for elderly individuals with declining physical functions. To address this issue,
we have designed an assistive device for sit-to-stand (STS) movement. This device aids the upper
limbs, allowing them to bear some of the weight during the STS movement, thereby improving the
force distribution on the lower limbs and enhancing the stability of the body during movement.
The connection to the user is very straightforward; one simply needs to place their hands and arms
on the lifting mechanism to connect, and after the STS movement is completed, the user can easily
disengage, making it very convenient to use. The device is compact, equipped with wheels and a
handle, allowing it to be flexibly moved and used in confined spaces such as bedrooms, bathrooms,
and balconies. ADAMS-LifeMOD simulations indicate that the use of the STS movement assistive
device can significantly improve the force distribution across the joints of the lower limbs and reduce
the pressure on the soles of the feet against the ground. Subsequently, a prototype was built, and
four volunteers were invited to conduct further experimental validation, comparing the changes
in plantar pressure during the STS movement with and without the assistive device, as well as the
subjective feelings of the users. The experimental results demonstrate that the device can effectively
help users to stand up more easily.

Keywords: sit-to-stand movement; elderly assistive devices; biomechanical simulation

1. Introduction

Standing up is an essential action in daily life and one of actions during which the elderly
are particularly prone to accidents and injuries [1]. Elderly individuals may fail to stand due
to a shift in their center of gravity, which can even lead to falls [2]. Orthostatic dizziness,
diseases, and degeneration of lower limb muscles are also significant risk factors that can
lead to accidents in the elderly [3-5]. Difficulties with the sit-to-stand (STS) movement can
greatly reduce the quality of life for the elderly [6]. However, those with minor physical
functional deterioration do not lose the ability to live independently and can prevent potential
dangers with certain external assistance, leading to a better independent life [7]. Therefore,
it is especially necessary to provide assistance and support to the elderly during the STS
movement, enabling them to complete the standing action more safely and effortlessly.

With the advent of an aging society [8], attention to the eldercare industry from all
sectors of society is continuously increasing, and more and more assistive devices for
the elderly are being designed [9]. The CUHK-EXO is a wearable exoskeleton system
specifically designed for people with lower limb disabilities. This system can acquire
sensor data in real time and adjust movements through a controller, providing assistance
to patients” knees and hip joints, thus helping patients to stand up and walk in their daily
lives. Experiments have proven that the CUHK-EXO can provide sufficient assistance for
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movement [10]. The HAL exoskeleton system developed by the University of Tsukuba in
Japan not only assists patients with lower limb paralysis in their daily lives, but can also
enhance the physical abilities of healthy individuals. The HAL system has three motion
joints—the ankle, the knee, and the hip joint—and is equipped with an electromyography
(EMG) signal sensor that can predict the user’s motion intentions based on EMG signals [11].
Although exoskeletons can assist the elderly in movement, they also have disadvantages
such as being expensive, being complex in structure, requiring a long time to wear, and
lacking risk assessment [12,13].

Besides exoskeletons, there are many other types of assistive devices. The rehabilitation
robot designed by Cao et al. adopts a dual-rope structure and uses rack control-based
training and impedance control-based training to make the user’s movement process more
similar to those of healthy individuals. This rehabilitation robot is equipped with two servo
motors that control two ropes, and the pulling force of the ropes is adjusted in real time
by force sensors. This design can effectively assist patients in rehabilitation training and
adapt to individual movement states in real time, improving rehabilitation outcomes [14].
Although many weight-reduction devices perform well in providing good assistance,
one of their significant problems is that they occupy a large space and are not easily
movable, making them more suitable for hospitals and rehabilitation centers to provide
rehabilitation training for patients. Researchers like Pierluigi Rea have designed a custom
sit-to-stand assistive device based on a four-bar linkage mechanism. This device features
adjustable settings that users can modify according to individual body parameters and
additional parameters, thus adjusting the movement speed and trajectory. The design of
this STS movement assistive device focuses on personalization, providing effective support
for the user’s body characteristics through a flexible four-bar linkage mechanism [15].
Zhou et al. have designed an STS movement assistive device with three degrees of freedom,
which includes six linear units to support the thighs and upper limbs. This device not
only assists with the sit-to-stand action, but also offers the capability to perform gait
training after completing the sitting up process [16]. Rea and colleagues have designed an
STS movement assistive device based on a four-bar linkage mechanism. By solving the
approximate solutions for five predetermined postures, the device can accurately replicate
the user’s body posture during standing up, and this device can be conveniently installed
onto existing seating [17]. SW-SiStA2 is an STS movement assistive device characterized
by quick donning and easy doffing, using air springs as the power source to assist the
lower limbs. Experiments have shown that this device significantly aids in promoting
the standing action, reducing muscle activation by up to 28% [18]. Purwar et al. have
designed a new type of six-bar mechanism assistive device for the elderly that aids in
standing up and walking. This device achieves the standing action by supporting the
arms and buttocks, conforming to the motion pattern of healthy individuals standing
up. After completing the standing action, the device can also provide support during
walking [19]. Bulea et al. have designed a non-powered STS movement assistive device
with adjustable armrests capable of applying a force of up to 890 N to the shoulders.
The device uses gas springs as the main power source to assist the user and simultaneously
enhances the lower limb strength through electrical stimulation. Experiments have shown
that the use of this device significantly reduces the ground reaction forces on the feet [20].
Eto has successfully developed an upper limb elbow support assistive device with two
degrees of freedom, providing effective support for one side of the body. Its compact design
allows for easy installation on existing armrests for use in confined spaces. Measurements
of surface electromyographic signals of subjects indicate that the device has a certain level
of assistance [21]. Some assistive chairs, sofas, and hospital beds can help the elderly sit up
in specific positions, but they are not flexible enough to follow the changes in the elderly’s
location, which can be inconvenient in small home spaces. Despite the existence of some
upper limb assistive devices, their vertical motion trajectories do not align with the natural
rising movement.
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Most of the current STS movement assistive devices on the market are designed
for elderly individuals with severe physical functional decline. Although these devices
can provide ample support for standing, they often have drawbacks such as large size,
inconvenience in mobility, and complex methods of fixation to the body. Elderly individuals
with mild physical functional decline are often overlooked. While these individuals are
capable of standing up independently, they still require assistive devices to make the
standing process easier and safer. Therefore, this paper has developed an STS assistive
movement assistive device targeted at elderly individuals with mild physical functional
decline. This device can replace the need for caregiver assistance in standing, offering
a more convenient usage method, thereby enabling elderly individuals to stand more
independently in their daily lives.

This study focuses on the STS movement, starting with an analysis of the human
standing up action, dividing it into different movement stages, and designing an upper limb
assistive device specifically for the elderly with deteriorated body functions. This device
aims to help the elderly complete the STS movement smoothly, enhance the stability of the
standing up process and reduce potential standing risks, thereby providing safer protection
for the elderly. The device is compact, easy to move, convenient to use and suitable for
use in narrow spaces at home. The assistive effect of the standing aid device is evaluated
through simulation and experimental methods to further verify the practicality of the
device. This research aims to provide an effective solution to help the elderly complete the
standing action more easily and improve their safety in daily life.

2. Design of the Assistive Device
2.1. Principle of Assistance

The brief process of standing up is mainly powered by the lower limb joints, with the
soles of the feet and the lower limb joints bearing significant pressure and impact, while the
upper body mainly plays a role in coordinating balance, with the upper limbs not bearing
force. The degeneration of physical functions in the elderly often initially occurs in the
joints of the lower limbs. The principle of the STS movement assistive device is to apply
assistance to the human upper limbs, allowing the upper limbs to share some of the force
borne by the lower limbs during the standing process and involving the upper limbs in the
standing action, thereby improving the stability of the standing process and reducing the
stress on the lower limbs.

2.2. STS Movement Trajectory Division

The trajectory of the sit-to-stand movement currently lacks a unified standard, with
various research teams employing their own classification rules. However, it is confirmed
that a critical temporal milestone in this movement is when the thighs lift off the seat.
The STS movement can be divided into two stages. The first stage is the preparatory phase
of standing up, where the thighs are not yet lifted off the seat, the upper body leans forward,
and the center of gravity shifts forward in preparation for standing. The second stage
involves the thighs leaving the seat, with the center of gravity moving diagonally upward
with the body to achieve a standing posture. During this phase, the body’s center of gravity
moves rapidly, and the body is in an unstable state. As the center of gravity undergoes
acceleration, deceleration, and stabilization in a short period, the lower limbs also endure
significant stress. Therefore, the STS movement assistive device mainly provides support
during the second stage.

Data for the standing up motion came from the HDMO05 database’s sit-to-stand ac-
tion [22]. The HDMO5 motion database, recorded with VICON motion capture device,
contains 70 different types of actions covering most of the movements in daily life and is
widely used in medical, rehabilitation, and sports fields. Firstly, the motion file in Mokka
was opened, and the upper limb’s motion coordinates were extracted, and exported as a
CSV file for a more precise analysis of the standing action. The second-phase data of the STS
motion were imported into Origin software, and the corresponding scatter plot was created,
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where the upper limb’s motion trajectory is depicted in Figure 1. We approximated the
second-phase motion as a linear motion for further study. By linearly fitting the trajectory
of the second-phase motion, we obtained an approximate angle of the upper limb’s move-
ment. The angles obtained from 10 sets of STS motion capture data were taken, as shown in
Table 1. The average of these angles was calculated, resulting in 73.7°. This average angle
aligned with the natural standing motion of most healthy individuals. Therefore, we chose
this angle as the elevation angle for the STS movement assistive device.

| Second phase

' »\‘"\_._// | first phase

Figure 1. Upper limb’s elbow joint trajectory during the process of the STS movement.

Table 1. Upper limb angles during the process of the STS movement.

Mocap number 1 2 3 4 5
Movement angle 76° 70° 69° 77° 75°

Mocap number 6 7 8 9 10
Movement angle 76° 79° 76° 73° 66°

2.3. Structural Design

The base of the STS movement assistive device is constructed using aluminum profiles.
Underneath the base, there are 8 self-locking casters that can rotate freely when not under
load; when the user applies body pressure to the device, the casters automatically lock to
ensure no movement occurs during use. This design satisfies the safety requirements during
use and provides convenience when moving the device. There are two handrails behind
the base to facilitate the user in pushing and moving the device. The base extends a certain
distance towards the user, ensuring that the center of gravity of the user and the machine is
concentrated within the base to effectively prevent tipping during the standing motion.

There are two handles installed on a U-shaped frame, with two serial switch buttons
at the top of each handle to control the start and the stop of the entire device. The armrest
is equipped with two 6 mm thick memory foam elbow pads to enhance the comfort of
the user. For the elderly with poor physical function who cannot rely on their forearms
to assist in standing, adjustable height armpit supports can be installed on the outside of
the armrests to simulate the process of being helped to stand by a caregiver, increasing the
contact area between the device and the body to ensure the effectiveness of the assistance
and the stability of the standing process. However, the addition of armpit supports is not a
mandatory solution, and users can choose according to their physical conditions.

The inclined guide rail system consists of a lead screw, guide rails, sliders, and a motor.
The trapezoidal screw is used to transmit the lifting power, and although its transmission
efficiency is relatively low, it can self-lock in the event of a power failure, ensuring the
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safety of the user. The two guide rails together bear most of the tipping torque during the
standing process to ensure the stability of the lift.

The dimensions of the STS movement assistive device are determined according to
GBT 10000-1988 “Chinese Adult Human Body Dimensions (Standard State: Current)” [23]
to meet the usage of 95% percentile body sizes. Main body dimensions include a height
of 178 cm, a forearm length of 26 cm, a thigh length of 50 cm, and a calf length of 40 cm.
The STS movement assistive device structure is shown in Figure 2.

lead screw

rail -

«——— ancon

bas \
e\ a0 N y memory cotton pad
Xy =\ T -
Y >

casters

Figure 2. STS movement assistive device structure diagram.

2.4. Driving force Calculation

The drive motor, as a key component in the design of the STS movement assistive
device, directly affects whether the device can successfully assist the elderly in standing.
Therefore, it is necessary to calculate the maximum load to select an appropriate motor
torque and power. To reduce the occurrence of accidents, the time taken to assist the elderly
in standing should not be too fast [24].

The power of the device is provided by a motor, which is directly connected to the trape-
zoidal screw through a coupling. After the motor starts, it drives the screw to rotate, thereby
lifting the screw nut and moving the support mechanism diagonally upwards. This lifting
mechanism is simple in structure, low in manufacturing cost, and has reliable safety.

The design maximum lifting weight is 100 kg, with the track inclined at an angle 0 = 73.732°
and the load along the guide rail direction:

F = 1000sin73.732° = 960 N (1)

The minimum output torque of the motor should satisfy the following equation:

_ FxP 960 x 0.004

T’ =
21Ty~ 201 x 04

=1527N xm )

where T is the minimum torque required by the motor, F is the maximum load lifted along
the guide rail direction, P is the lead of the screw, and 7 is the screw transmission efficiency.
For safety, a safety factor of 2 is applied during the start and stop stages:

T=3.056N x m.
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Healthy adults typically require approximately 1.5 s to stand, whereas elderly individuals
may need a longer time to perform the same action. This device offers an adjustable stand-
assist time between 2 and 8 s through the regulation of the motor speed, allowing users to
customize the duration of the standing process based on their specific needs and capabilities.

3. Biomechanical Simulation

Before constructing a prototype, it is necessary to perform dynamic simulations [24]
to verify the rationality of the structural design and the effectiveness of the assistance
provided by the stand-up aid device [25]. Within the ADAMS-LifeMOD environment, a
human-machine model was constructed to study the operational performance of the STS
movement assistive device during actual work. This helps to identify and resolve issues
early on, thereby shortening the design cycle.

3.1. Simulation Based on ADAMS-LifeMOD

Due to the relatively complex structure of the STS movement assistive device, the
model is directly imported from Solidworks into Adams. Before importing, the 3D model
of the STS movement assistive device is simplified by removing components unrelated to
motion to reduce the number of parts in the model. An excessive number of components
would require a large amount of constraints, which would directly affect the solving speed
in Adams. After the simplified model is imported into Adams, Boolean operations are
first used to merge some parts to further increase the solving speed. Next, constraints
related to the STS movement assistive device and its moving pairs are added, along with
the driving force of the motor. Once the stand-up aid device model is set up, a human body
model with 19 segments and 18 joints is established using LifeMOD. Body information
is imported from the GoBOD database, setting the model height at 177 cm and weight at
77 kg. Then, each joint of the human body is established one by one, the corresponding
soft tissue models are created, and the slf format STS movement motion data of the human
body model are imported. Finally, contact forces between the soles of the feet and the
ground, as well as between the arms and the STS movement assistive device, are added.

Inverse dynamic simulations are conducted using the imported motion data, record-
ing the movement angles of each joint and automatically creating functions for forward
dynamics. Adams motion model is shown in Figure 3. Subsequent forward dynamic
simulations are performed to obtain the torque of each joint of the human body as well as
the contact forces between the body and the environment. The entire process of Adams
LifeMOD simulation is illustrated in Figure 4.

Figure 3. Adams simulation of the STS movement animation.
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Figure 4. ADAMS-LifeMOD simulation process.

3.2. Simulation Results of the Lower Limb Joint Torque

With the provided assistance, different levels of assistance were set at 0%, 10%, 20%,
30%, 40%, and 50% of body weight. Through simulation calculations, the torque values
for the knee joint, the hip joint, and the ankle joint were obtained. In the graph, the
horizontal axis represents the STS movement cycle, while the vertical axis represents the
joint torque. Different colors were employed to distinguish results under various assistive
levels. The biomechanical simulation results are shown in Figure 5.

Hip—torque (N +m)
= (o2}
(=) (=]
T T

Do
(=}
T

No assistance

—— 10% weight assistance
20% weight assistance

—— 30% weight assistance

—— 40% weight assistance

—— 50% weight assistance

0
0%

20%

Figure 5. Cont.

40%
STS

60%
cycle (%)

80% 100%



Actuators 2024, 13, 102 8of 16

T T I No assistance
—— 10% weight assistance
80 - —— 20% weight assistance
—— 30% weight assistance
—— 40% weight assistance
—— 50% weight assistance
‘s
. 60 _
=
N
]
j=]
g
5 40
T
]
]
[w)
5=}
20
|
0 I 1 I 1 I 1 I 1 I
0% 20% 40% 60% 80% 100%
STS cycle (%)
30 T T T

Do
o1

Do
(=}

—
(2]

—
o

Ankle—torque (N ¢ m)

No assistance

— 10% weight assistance
5 —— 20% weight assistance
— 30% weight assistance
—— 40% weight assistance
| [=—— 50% weight assistance

0 | 1 | 1 | 1
0% 20% 40% 60% 80% 100%

STS cycle (%)

Figure 5. The torques of the hip joint, the knee joint, and the ankle joint from top to bottom.

The simulation results of the lower limb joint torques are consistent with the torque
trends presented in the related literature [26]. From the start of the standing-up action
to 20% completion, the joint torque experienced a rapid increase phase corresponding
to the acceleration phase of the body’s center of gravity. The lower limb joint torque
showed a trend of rapid increase followed by a slow decrease. With the increase in upper
limb assistance ratio, the torques of the ankle, the knee, and the hip joints all decreased,
indicating that the STS movement assistive device has successfully reduced the load on the
lower limb joints. Notably, the upper limb assistance was most effective in reducing the
hip joint torque. Although the knee and the ankle joint torques decreased, the extent of the
reduction was limited.

3.3. Simulation Results of Plantar Pressure

Figure 6 displays simulation results, where the horizontal axis represents the STS
motion cycle and the vertical axis represents the contact force between the foot sole and the
ground. Results for different assistance levels were distinguished using different colors.
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Figure 6. Comparison of plantar counterforces under different assistive forces.

The simulation results show that the plantar pressure went through a process of being
stable, increasing, and then stabilizing again, corresponding to the preparatory body lean
phase of the STS movement, the accelerating rise phase of the body’s center of gravity,
and the phase where the rising of the body’s center of gravity slows down and stabilizes,
respectively. As the assistance from the STS movement assistive device increased, the
pressure on the soles of the feet continuously decreased, indicating that part of the body’s
weight was shared by the upper limbs.

4. Prototype and Experiment
4.1. Purpose of the Experiment

To further validate the effectiveness of the STS movement assistive device, based on
the existing structural design and dynamic simulation, we constructed an experimental
prototype using industrial aluminum profiles. The changes in plantar pressure were
measured using a load cell and compared with simulation results to verify the reliability
of the simulation. At the same time, a questionnaire survey was conducted to inquire
about the volunteers’ feelings during use, to gain a deeper understanding of the comfort
level during actual use. This comprehensive verification method helps to fully assess the
performance and user experience of the STS movement assistive device.

After completing the hardware platform for the control system of the experimental
prototype, to avoid unnecessary device damage and personnel injury during the loading
experiment, it is first necessary to perform no-load debugging of the system. This step
helps to verify that the design of the control circuit is correct and error-free and ensures
normal system communication. Through no-load debugging, potential problems can be
identified before actual loading, improving the safety and stability of the device operation.

4.2. Experimental Design

Measuring plantar pressure is crucial for evaluating the performance of devices designed
to assist with standing and their interaction with users. This measurement provides essential
data for verifying the functionality of the device, allowing for the direct assessment of its
assistive efficacy by comparing changes in plantar force before and after the device use.
Furthermore, by analyzing the rhythm of the user’s STS movements before and after using
the device, it is possible to confirm whether the device correctly assists users as intended by
its design. Quantitative analysis of plantar pressure ensures that the evaluation of the device’s
performance is not solely based on subjective feedback from users.

To capture the variations in vertical plantar pressure during the STS movement, a
force-measuring platform was constructed. This platform included parallel beam weighing
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sensors, a digital signal transmitter, communication lines, and a computer. The parallel
beam weighing sensor, as the core component of the system, measured force by utilizing
the minor deformations that occurred within its elastomer under force. These deformations
caused changes in the resistance value of strain gauges on the surface of the elastomer,
which were then converted into voltage signals proportional to the applied force through
a Wheatstone bridge circuit, achieving precise measurement. The key parameters of the
sensor are shown in Table 2. This sensor offered several advantages, such as high output
sensitivity, insensitivity to the location of the load point, and excellent consistency, all
contributing to the accuracy and reliability of the measurements. The sensor’s parameters
are detailed in Table 3. The digital signal converter was responsible for amplifying and con-
verting an analog signal into a digital signal, which was then transmitted to the computer
via a 485-communication line. To ensure the accuracy of measurements, the sensor was
calibrated before the experiments. The sensor connection method is shown in Figure 7.

Table 2. Main technical parameters of parallel beam weighing sensors.

Maximum

. . e . . Output
Technical Parameter Capacity Sensitivity Accuracy Protection Rating Allowable Impedance
Overload
Parameter values 100 kg 20+ 01mv/V 0.05% F-S 169 120% F-S 350 O)
Table 3. The heights and weights of volunteers.
Volunteer 1 2 3 4
Height (cm) 181 175 174 169
Weight (kg) 79 73 57 52
Age (years) 25 23 24 24
Gender Male Male Male Female

Figure 7. Schematic diagram of load cell experiments.

To ensure the safety of the experiment, we first conducted experiments on the assistive
effect of the STS movement assistive device for young people. We recruited volunteers from
our school and collected the following height and weight information of the volunteers.
The information of volunteers is shown in Table 3.

The comfort level of users is an important indicator when evaluating practical effects.
However, comfort often depends on the user’s own physical condition and subjective
feelings, making it difficult to accurately display through quantitative means. Therefore,
we decided to use a questionnaire to evaluate. The questionnaire mainly covered the
following aspects: whether there is a feeling of being dragged, whether it subjectively feels
labor-saving, and whether the use is convenient, etc. Through these subjective feedback,
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we could more comprehensively understand the users’ feelings during the experiment,
providing a reference for further improving the performance of the device.

4.3. Experimental Steps

Step one: Train volunteers in the motion of standing up to ensure that the subjects
stand up in a natural motion, eliminating interference from other factors [27]. A uniform
sitting posture with a starting knee angle of 90 degrees is specified, and the thighs must
remain horizontal, as shown in Figure 8.

Figure 8. Experiment on the assisting effect of the STS movement assistive device.

Step two: The volunteer sits on a stool with both feet on the pressure sensors to begin
collecting pressure data. Without using the STS movement assistive device, the volunteer
leans forward and then stands up slowly and steadily. The entire standing motion must be
completed coherently without the upper limbs leaning on any object. Each volunteer must
complete the action multiple times. The plantar pressure signals from multiple standing
motions are filtered to eliminate problematic experimental data, which represent the plantar
pressure during the standing process without assistance. Between multiple collections,
volunteers should be allowed to rest appropriately to eliminate the impact of physical
fatigue on the standing action.

Step three: The volunteer sits on a stool with both feet on the pressure sensors to
begin collecting pressure data. The volunteer uses the STS movement assistive device,
leans forward, grasps the handrails with both hands, rests the forearms on the elbow
supports and then stands up slowly and steadily. Similarly, each volunteer must complete
the action multiple times. The plantar pressure signals from the 5 standing motions are
filtered to remove problematic experimental data, and then the average value is taken,
which represents the plantar counterforce during the standing process with assistance.
Between multiple collections, allow volunteers to rest appropriately to eliminate the fatigue
effect on the standing action.

Step four: Compare the two sets of collected data to analyze the weight reduction
effect of the STS movement assistive device and distribute questionnaires to the volunteers.
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Step five: Repeat the above experimental process to collect plantar pressure data from
other volunteers.

4.4. Experimental Results

To compare and analyze the changes in plantar counterforce during the standing-up
process, the percentage of the standing-up action completed was used as the abscissa, and
the plantar pressure was used as the ordinate. At the same time, the data collected from
the unassisted self-standing process and the STS movement assistive device were plotted
on the same graph. Such a graph can intuitively display the trend of changes in plantar
counterforce under both conditions, facilitating further analysis and comparison.

Due to variations in individuals’ rising movements and differences in physical pa-
rameters such as height and weight, the results obtained from the weight sensor may vary.
As illustrated in Figure 9, the changes in the pressure on the foot during the standing-up
process are shown for four volunteers. The horizontal axis represents the rising period,
while the vertical axis represents the pressure of the foot on the ground. To present the
experimental results more clearly, different colors were used to distinguish the pressure
results obtained from the two rising methods.

No assisted
Assisted

No assisted
o assiste 800 k-

Assisted

Force/N

0 " 1 " 1 " 1
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

STS cycle (%) STS cycle (%)

i I i I I I I E No ilssisted 600 T T i I I I No assisted
600 Assisted | Assisted

0 " 1 L 1 L 1 L 1 " | 1 i 1 i 1 . 1

0 I
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
STS cycle (%) STS cycle (%)

Figure 9. Comparison of plantar force (experimental value).
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By observing four groups of pressure curves, it can be found that without assistance,
the plantar pressure during the standing-up process shows a rapid surge, followed by a
gradual stabilization. In contrast, with assistance, the trend of plantar pressure change
was basically consistent with the unassisted trend, but during the standing-up phase, the
rate of increase in plantar pressure was significantly slowed, and the peak value of plantar
pressure was significantly lower than that without assistance.

It is evident that the STS movement assistive device can effectively slow down the
rapid changes in plantar pressure during the standing-up phase, reducing the impact on
the joints of the lower limbs during the standing-up process. The STS movement assistive
device reduced the plantar pressure throughout the STS movement, and compared to
unassisted standing, the volunteer’s lower limb stress was improved. The STS movement
assistive device played a positive role in helping volunteers in the standing-up process.
It is worth noting that some volunteers’ data showed slightly higher plantar pressure at
the beginning of the assisted standing movement compared to that under the unassisted
situation, which may be the result of the volunteers’ bodies spontaneously adjusting their
center of gravity and adapting to the STS movement assistive device.

All four volunteers indicated that the STS movement assistive device had the expected
effect and they did not feel any discomfort during the STS movement, and the standing-up
process was more effortless. These questionnaire results suggest that the STS movement
assistive device successfully achieved the intended design effect and received positive
feedback from volunteers during actual use.

5. Discussion

Compared to other lifting devices, this apparatus similarly aids elderly individuals in
transitioning from sitting to standing but aligns more closely with natural standing habits
and is more convenient to use. On one hand, the standing assist device proposed by Bulea
in 2012 [20] exerts force in a vertical upward direction, whereas our device applies force in
an upward and inclined direction, better matching the biomechanical patterns of healthy
individuals’ standing motions. On the other hand, most other lifting devices require being
fixed to the body, offering greater assistance in standing but also featuring more complex
attachments to the body, making quick disengagement challenging. These devices are better
suited for individuals with severe physical functional decline. Our device, however, is
designed for elderly individuals with mild physical functional decline, balancing assistance
with a more convenient mode of operation, while also enhancing the stability of the
standing action.

Human movement and force application are intuitive and directly measurable, whereas
joint torque is challenging to measure directly. Typically, the acquisition of joint torque
is facilitated by biomechanical simulation software. The torque at human joints can be
considered as generated through the transmission of plantar pressure from the bottom
upwards. Therefore, as plantar pressure decreases, the torque at the lower limb joints also
diminishes, suggesting that the magnitude of plantar pressure can, to some extent, repre-
sent the force condition of the lower limbs. Although this study involves both measurement
and simulation of plantar pressure, there was no direct correlation between the two. In the
simulation work of this study, it was assumed that the force experienced by the arms was
constant, exploring the changes in joint forces by applying different magnitudes of force to
the arms. The results indicate that a smaller applied force significantly reduced the force
on the hip joint. In the experimental work, from the perspective of practical use, changes
in plantar pressure during the standing process were measured. The findings show that
using this device to stand reduces plantar pressure, thus improving the force condition on
the lower limb joints. It was also observed that the force experienced by individuals” arms
varied, and the force on the arms was not constant at different times. Therefore, the plantar
pressures obtained from simulation and those from experiments were not the same, and
these two sets of results did not contradict each other.
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For a clearer expression, the four experimental results were standardized and plotted
in the same graph, as shown in Figure 10. The vertical axis is the force value divided by
the volunteer’s weight. The simulated plantar pressure increased from the initial moment,
while the experimentally measured plantar pressure had a relatively gentle change at
the initial moment. The reason for this difference is that the actions intercepted by the
simulation were the second stage of the human body standing up quickly. The plantar
pressure collected in the experiment included the first stage of preparation for standing
up and the second stage of the human body standing up quickly. From the experimental
results, it was observed that the reduction in plantar pressure during the standing-up
process significantly reduced with the assistance of the upper limbs. The percentage
of reduction in plantar pressure varied for each volunteer, which was consistent with
individual differences. This percentage should not be fixed, and the specific reduction
should be based on the user’s comfort level. Each person’s upper and lower limb strengths
were different, and there was no uniform standard for the compensation effect. Different
users needed to actively adapt and actively complete the standing-up action. This is in
line with the initial intent of the design of the STS movement assistive device, which is
to provide some assistance for the STS movement, but the entire action is still actively
completed by the user, rather than passively standing up by having the body weight
entirely on the STS movement assistive device. The STS movement assistive device is not
only for reducing the load on the lower limbs but also for improving the stability of the
body during the STS movement.
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Figure 10. Plantar forces of four volunteers.

By comprehensively comparing the results of simulations and experiments, it was
found that the trend of plantar pressure changes collected by pressure sensors was basically
the same as that obtained from simulations, which further strengthens the reliability of
the simulation results. In the simulation results, as the upper limbs bore more weight,
the reduction in the biometric torque of the hip joint was the most significant. The use of
assistance was most evident in protecting the hip joints of the elderly. This suggests that
for elderly people with degenerative hip joint function, the help from this device may be
more significant.

This STS movement assistive device was primarily designed to aid elderly individuals
with mild lower body functional decline in standing up. It may not be suitable for elderly
groups with severe upper limb functional deterioration. The process of assisting in standing
is similar to a caregiver helping an elderly person to stand, where the device not only
reduces the load on the lower limbs but also enhances the stability of the sit-to-stand
movement. During the experimental process, a significant decrease in plantar pressure was
observed when comparing unassisted standing to standing with the use of the sit-to-stand
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assistive device. The movement speed during standing was slow enough to neglect the
inertia of the limbs; thus, the difference between the two plantar pressure approximated
the force exerted on the arms. Data from four experiment participants indicate that each
experienced different levels of arm force, especially when comparing the first and second
individuals. Individuals with stronger upper limbs tended to voluntarily bear more force
on their arms during use. Conversely, those with weaker upper limbs shared less force.
In practical use, the forces that different elderly individuals can bear on their upper limbs
vary, and compared to that for younger individuals, the proportion of this force to their
own weight may decrease. The speed of the assistive device is slightly slower than the
natural standing speed, allowing users to adjust the force shared by their arms based on
their physical conditions autonomously.

6. Conclusions and Future Work

Providing assistance to elderly people with degenerative bodily functions during the
STS movement is essential. To reduce the occurrence of accidents during the STS move-
ment, this paper, based on the study of the standing-up trajectory of healthy individuals,
has designed an STS movement assistive device aimed at providing assistance during
the STS movement, enhancing the stability of the elderly and achieving the function of
helping the elderly improve the load on their lower limbs and increase body stability.
The effectiveness of the STS movement assistance was verified through ADAMS-LifeMOD
simulation, providing theoretical support for the design of the device. Finally, a prototype
was manufactured, and four volunteers were invited to test it to further verify the assistive
effect and user comfort.

In future work, we plan to integrate more functions, such as alarms and automatic
routing in case of accidents. In addition, we will further refine the product’s appearance
design and optimize the materials, dimensions, and human—machine interaction modes of
each component. Ultimately, under the premise of ensuring safety, we plan to invite more
elderly people with degenerative lower limb functions to participate in trials and further
improve the device based on experimental results. These improvements will help enhance
the functionality and practicality of the device and better meet the needs of the elderly.
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