Robotica (2025), 1-24

doi:10.1017/50263574725102555 CAMBRIDGE

UNIVERSITY PRESS

RESEARCH ARTICLE

A novel method for detecting sit-to-stand intent using
mechanical toe stimulus with foot reaction forces

Jian Zheng', Ming Jiang! @, Qizhi Meng!, Yusuke Sugahara', Marco Ceccarelli®3 @ and
Yukio Takeda!

! Department of Mechanical Engineering, Institute of Science Tokyo, Tokyo, Japan
2IRFI, School of Engineering, Institute of Science Tokyo, Tokyo, Japan
3Department of Industrial Engineering, University of Rome Tor Vergata, Roma, Italy
Corresponding author: Ming Jiang; Email: jiang.m.889e @m.isct.ac.jp

Received: 27 January 2025; Revised: 5 August 2025; Accepted: 5 September 2025

Keywords: sit-to-stand; assist-as-needed; detecting STS intent; mechanical stimulus; Pareto optimization

Abstract

Sit-to-stand (STS) motion is an essential daily activity. However, this motion becomes increasingly difficult for older
adults as their muscle strength declines with age. To assist individuals in standing up while maximizing their muscle
strength based on the assist-as-needed (AAN) strategy, assistive devices must detect early STS intent, specifically
before the buttocks leave the chair, to ensure timely assistance. This study proposes a novel method for detecting
STS intent by applying external mechanical stimuli to the toes and analyzing the resulting changes in heel and toe-
reaction forces. Moreover, a structured detection framework was developed by utilizing predefined thresholds for the
change rate and magnitude of the heel and toe-reaction forces to detect STS intent. Offline tests for threshold setting
of STS-intent detection were established in the offline tests: change rate and magnitude of the reaction forces on the
heel and toes. The thresholds for each criterion were determined using the Pareto optimization method. Using the
determined thresholds, these criteria were then applied in online tests to evaluate the performance of the proposed
intent detection method. The results demonstrated that mechanical stimuli improved the performance of STS-intent
detection, providing accurate and stable detection. This method can be applied to STS-assistive devices to effectively
implement AAN functionality for standing assistance.

1. Introduction

Sit-to-stand (STS) is a fundamental activity that is frequently performed in daily life. This motion is
an important step before engaging in other activities, such as transitioning from sitting to walking,
using the toilet, and going outdoors, which significantly impacts quality of life (QoL). However, in
an aging society, a growing number of elderly adults with muscle weakness experiences difficulties
in standing [1]. The lower extremity strength of older adults is approximately 50% of that of younger
adults [2]. Therefore, caregivers must assist elderly adults with their daily activities. However, rely-
ing solely on human assistance burdens caregivers with physical and emotional stress. Moreover, the
lack of workforce, risk of workplace injuries, and increasing demand for elderly care further high-
light the limitations of caregiving methods that rely on human assistance. To address these problems
and improve the QoL of older adults, the utilization of assistive robots for standing assistance has been
increasingly explored as a promising solution [3-5]. However, excessive assistance may reduce the user’s
engagement in STS motion, potentially leading to muscle disuse and decreased physical function. To
address this drawback, some studies [6—8] have proposed an assist-as-needed (AAN) approach. This
approach aims to assist users in standing while encouraging them to use their strength as much as possi-
ble, thereby promoting muscle activation. During the STS procedure, when users attempt to stand with
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their strengths, it is necessary to provide timely assistance if they cannot stand independently. Without
timely assistance, users may struggle to complete their motions or even risk falling. Approximately,
30% of community-dwelling individuals aged > 65 years experience at least one fall annually, with
this proportion increasing to 50% by the age of 80 [9]. Therefore, accurately detecting STS intention at
an early phase of motion, specifically before the buttocks leave the chair, is crucial for ensuring timely
assistance, reducing the risk of falls, and encouraging users to effectively engage their strength during
STS motion.

Various assistive devices have been developed to assist with STS motion. For example, Shepherd et al.
developed a knee exoskeleton to assist stroke patients with STS motion [10]. Jeong et al. developed a
four-bar linkage mechanism for a chair system to assist with STS motion [11]. These studies provided full
assistance to the STS motion without considering the user’s physical condition [12]. In addition, several
STS-assistive devices feature AAN functionality, which prevents over-reliance and further weakening
of muscle strength. For example, in ref. [6], Wang et al. proposed a method for adjusting the assistance
force provided by an STS-assist robot through parameter tuning, allowing it to better meet the needs of
different older adults. Similarly, in ref. [7], Chugo et al. proposed an STS-assist walker robot for patients
with care levels 1 or 2 under Japan’s long-term care insurance system [13]. This robot enables patients
to perform voluntary movements within a safe range, using only their muscle strength. Furthermore, in
ref. [8], Naghavi et al. introduced an AAN control strategy for a hip exoskeleton that adjusted assis-
tance based on a novel strength index. This strategy further improves patient engagement by minimizing
unnecessary robotic interventions.

Although previous AAN-based approaches primarily focused on providing adaptive assistance tai-
lored to user needs, the ability of these systems to accurately detect STS intent early in motion has not
been addressed yet. In particular, it is necessary to provide timely and safe assistance before the but-
tocks leave the chair to encourage more active user participation. Common approaches for detecting STS
intent involve measuring the angle of forward trunk inclination (AFI) and lower-limb electromyography
(EMG) signals. In ref. [14], Li et al. combined AFI and EMG data from the quadriceps and established
specific thresholds to detect STS intent. Their system achieved false acceptance and false rejection rates
of less than 5%. When their system detected that an elderly individual in need of care was attempting
to stand, it triggered an alarm to notify the caregivers, helping to prevent falls. Similarly, in ref. [15],
Inoue et al. developed a system to predict STS speed by analyzing AFI and EMG data to provide timely
support. In ref. [16], Hiyama et al. utilized EMG data from lower-limb muscle activation sequences to
detect STS intent, predicting the user’s intent approximately 130.4 ms before the buttocks left the chair.
They successfully integrated this intention-detection method into a chair-type assistive system to sup-
port STS movements and reduce muscle effort. In [17], Yuan et al. developed an STS-intent detection
method using EMG signals and employed a Kalman Filter to reduce the response time to 20 ms. This
enables assistive robots to respond quickly and accurately to user movements, thereby improving the
overall system performance.

Although the combination of AFI and EMG data has demonstrated impressive accuracy and fast
response times for detecting STS intent, several practical challenges persist in daily applications. One
concern is the inconsistency of the EMG signals, which can fluctuate based on the user’s physical con-
dition. Factors such as muscle fatigue and sweat interference can hinder reliable data collection and
analysis [18]. EMG sensors, which are typically attached directly to the user’s skin, can be inconve-
nient and intrusive in daily activities, such as changing clothes or showering, and may also place a
physical burden on the user owing to prolonged wear. In addition to EMG-based approaches, pressure
sensor-based methods have been investigated for STS detection. For example, in ref. [19, 20] Arcelus
et al. utilized bed pressure sensors to measure STS timing and symmetry and detect anomalies such as
bouncing. These methods face challenges, such as delayed detection and false alarms, which limit their
practical application. Therefore, this study aimed to develop a method that can accurately and rapidly
detect STS intent without burdening users and is simple to operate.
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2. STS-intent detection using mechanical stimulus

Detecting STS intentions can be challenging, particularly when users are seated. Previous studies have
utilized human—machine interactions to detect STS intent. In ref. [21], Cao et al. developed an STS reha-
bilitation robot that employs a double-rope system to assist users. The robot utilized the tensile forces
of the ropes to detect the STS intent, where a decrease in tensile force indicated the user’s intent to
stand up, and an increase suggested the intent to sit down. In ref. [22], Tsusaka et al. improved assis-
tive device technology by integrating the interaction forces between the user and robot, reflecting the
dynamic adjustments observed between physiotherapists and patients. Their development focused on a
feedback mechanism in robotic systems that adaptively adjusted the support based on the user’s real-
time forces, enhancing the smoothness and effectiveness of STS movements. Therefore, utilizing the
interaction forces between humans and machines to detect the user intent has significant potential in
assistive robotics. However, most current studies rely on a passive approach, in which robots infer their
intent by observing changes in user movements. While this is effective, it may lack active engagement
and may not provide the precision required for seamless human-robot interactions.

To address these potential limitations, we propose a novel approach in which robots actively apply
a mechanical stimulus to the user and analyze the resulting changes in the reaction forces to detect
STS intent. This method aims to enhance the interactivity of human—robot systems and may help users
prepare psychologically for robotic assistance. We hypothesize that users’ response behaviors to the
applied stimulus will effectively reflect their intent, thereby enabling more accurate and stable intent
detection. The concept of using physical stimuli to analyze user responses has been explored in previous
studies. For example, in ref. [23], Bell and Asada developed a system to estimate the mental state of users
by assessing whether they agreed to and accepted a robotic aid for safe and effective STS assistance.
Their approach involved applying a light physical push to the user’s back to prompt forward bending
and analyzing their physical responses, such as shoulder movement direction and speed, to detect their
willingness to cooperate with the robotic system.

In the context of the STS motion, determining the appropriate timing and method for applying a
stimulus and interpreting the user’s response as an indicator of intent are important factors to consider.
STS motion can be divided into four phases [24], as shown in Figure 1. During the initial momentum
transfer phase, as shown in Figure 1(b), the forward inclination of the trunk decreases the AFI and
increases the ground reaction force (F.). These characteristic changes suggest that they can be used as
indicators of STS intent.

To explore effective detection methods, the forward-direction force applied to the user’s trunk during
the seating phase (Figure 1(a)) can be considered a mechanical stimulus. For example, as hypothesized
in this study, if a user responds to a stimulus with a forward movement, it may indicate an intention to
stand, as shown in Figure 2. Conversely, if the user resists or does not respond to an applied stimulus, this
may suggest that they have no intention of standing. Howeyver, this approach can be reconsidered because
of several limitations. First, the forward inclination of the trunk is not limited to standing up; it frequently
occurs in other everyday situations, such as reaching for objects or picking items up from the ground.
A high frequency of forward inclinations can reduce the success rate of STS-intent detection. Second,
mounting the mechanism on the trunk is challenging. Most importantly, if the user has no intention of
standing, applying this mechanical stimulus can lead to loss of balance.

Alternatively, a mechanical stimulus applied to the toes can serve as a cue for detecting STS intent.
Compared with situations without the intent to stand, F', increases significantly during STS motion,
making it feasible to detect STS intent through changes in this reaction force. To validate this approach,
as shown in Figure 1(b), the heel reaction force (F'.;) and toe-reaction force (F',.) were used to represent
F'te;. As shown in Figure 3, we hypothesize the following mechanism for detecting STS intent. When
the toe-lifting stimulus pushes the toes upward — opposite to the direction of rising — a participant who
intends to stand will exert a compensatory force to counter this stimulus, resulting in a marked increase
in both F. and F.. Two factors are expected to contribute to the increase in F,: (1) passive vis-
coelastic responses of the ankle and foot structures, and (2) actively applied downward force associated
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Figure 1. Typical four phases of STS motion: (a) Seating phase, (b) Momentum transfer phase, (c)
Extension phase, and (d) Stabilization phase.

Stimulus  Response Stimulus ~ Response Stimulus
A response aligns with the A response in the opposite No response to
applied stimulus direction to the applied stimulus the stimulus
L J
T
Intention to stand up No imtention to stand up

Figure 2. Schematic of the two STS-intent states based on responses to a mechanical stimulus applied to
the back. (The yellow arrow indicates the direction and magnitude of the mechanical stimulus, whereas
the blue arrow represents the direction and magnitude of the user’s response).

Stimulus Response Stimulus ~ Response Stimulus
A strong response in the opposite A weak response in the opposite No response to
direction to the applied stimulus direction to the applied stimulus the stimulus
L J
T
Intention to stand up No intention to stand up

Figure 3. Schematic of the two STS-intent states based on responses to a mechanical stimulus applied
to the toes. (The yellow arrow indicates the direction and magnitude of the mechanical stimulus, and
the blue arrow represents the direction and magnitude of the user’s response to the stimulus).

with preparation for the STS motion. Collectively, these passive and active components are expected to
generate a larger increase in F,,, than either component would alone, making the force change a reliable
indicator of STS intent. Accordingly, STS intent can be detected by setting predefined thresholds for F.
and F,.. Specifically, if the measured values exceed these thresholds, STS intent is identified; otherwise,
it is concluded that there is no intention to stand. This method was selected in this study because of its
several advantages. First, foot movements occur far less frequently than forward trunk inclinations in
daily life. Second, the changes in the ground reaction force during STS motion were more pronounced.
In addition, placing the stimulus device under the foot rather than attaching it to the body imposes a
relatively small burden on users.

Based on the above hypothesis, we propose a method for detecting STS intent that utilizes an external
stimulus to the user’s toes when an STS motion is anticipated by analyzing the resulting reaction forces.
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In our preliminary studies, we demonstrated that the magnitudes of AFI and F',, could be used as trig-
ger conditions for applying an external mechanical stimulus to improve the detection rate. By manually
setting thresholds, the STS intent was successfully detected before the buttocks left the chair, while effec-
tively distinguishing other interfering motions [25]. Further analysis revealed that AFI had a minimal
impact on the detection algorithm. Therefore, further investigations were conducted on the feasibility of
detecting STS intent using only the ground reaction force to improve usability. These experiments also
employed manually set thresholds and successfully detected STS intent [26]. The Pareto optimization
method was employed to enhance its practicality, enabling the automatic setting of thresholds when
detecting STS intent, and its reliability was confirmed [27]. Expanding on this groundwork, this study
conducted comprehensive experiments involving five subjects to systematically compare the detection
performance under conditions with and without external mechanical stimuli. Using thresholds deter-
mined via the Pareto optimization method, this study evaluated the impact of the proposed method on
detection accuracy, stability, and the trade-off between early detection and robustness.

3. Experimental setup and STS-intent detection methods

3.1. Experimental setup designed to investigate the effect of mechanical stimulus on detecting STS
intent

The experimental setup used to investigate the effect of mechanical stimuli on the detection of STS
intent is shown in Figure 4(a). The main components of the system include a seat equipped with a
load cell (CZL601AC, YOLO LOADCELL), which was used to detect the instant at which the buttocks
left the seat (indicated by the descent of the measured value at zero). A specially designed toe pedal
was positioned under the user’s foot to provide a mechanical stimulus to the toes. The detailed design is
shown in Figure 4(b). The pedal was driven by a DC motor (540K75, TAMIYA Co., Ltd.), and two force
sensors (USLO8-H6-2KN, Tec Gihan Co., Ltd.) were installed in the heel and toe areas to continuously
measure the applied forces. The positions of the two force sensors were determined based on the average
foot length of individuals in Japan [28]. The subjects could adjust their foot position relative to their foot
length such that only the heel and toe regions contacted the sensors, whereas the arch did not touch the
sensors. This configuration enables accurate measurement of the ground reaction forces from a single
foot. The motor operation and data-acquisition processes were controlled using an Arduino controller
(Mega 2560) with a sampling time of 10 ms.

3.2. Detection strategies and experimental design

This study hypothesizes that the ground reaction force changes more rapidly and has a higher value when
the subject intends to stand than when they do not. To detect STS intent, optimal thresholds were estab-
lished to delineate the boundary between intending and not intending to stand. In the first step, offline
tests were conducted to gather data and determine the optimal threshold for the correct detection of
STS intent. In the second step, the determined thresholds were applied to online tests to evaluate detec-
tion performance. To simulate real-life scenarios, a normal STS motion (standing up) was performed
to represent cases with STS intent, whereas two interfering motions were performed to represent cases
without STS intent, as shown in Figure 5.

Without a stimulus, the ground reaction forces were measured without pedal rotation, as shown in
Figure 6(a). In contrast, for the stimulus proposed in this study, when F'.; increases, indicating a poten-
tial intention to stand, a mechanical stimulus is applied to the toes of the user, as shown in Figure 6(b).
This study conducted a comparative experiment to assess the performance of STS-intent detection with
and without-stimulus conditions. The results were analyzed to evaluate the effects of the application of
mechanical stimuli.

The process for providing the stimulus is illustrated in the flowchart shown in Figure 7. It commences
with the system measuring the Fi.., F., and the motor angle (6,.,:)- When the subject was seated,
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Figure 4. Experimental setup to investigate the effect of mechanical stimulus on detecting STS intent:
(a) Schematic of the experimental setup for detecting STS intent. (b) Mechanical design for applying
mechanical stimulus to the toes of a single foot. F,,,.: Heel reaction force applied to the heel. F,,,;: Fyeo’s
counterforce applied to the heel pedal. F,.: Toe reaction force applied to the toes. F, ,: F,, s counter-
force applied to the toe pedal. F,,,: Seat reaction force to the participant. F'

seat*

toe*

F,..’s counterforce
applied to the seat surface.

(a) (b)

Figure 5. Demonstration of normal STS motion and two types of interfering motions performed in the
experiment: (a) normal STS motion, (b) grabbing items in front, and (c) picking up an item from the
ground.
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Figure 6. Comparison of STS-intent detection methods: (a) without stimulus (direct measurement of
ground reaction force) and (b) with stimulus (measurement of ground reaction force after mechanical

toe stimulus).
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Figure 7. Flowchart for stimulus application and parameter measurement in STS-intent detection.

the pedal was activated if Fy, exceeded a preset threshold (F..) because the forward inclination of
the trunk caused the center of pressure to shift forward. This transferred more weight onto the heels.
Subsequently, the motor rotated to raise the toes and generated a mechanical stimulus. This rotation
continued until one of the following two conditions was met: F',. reached the target threshold (F'gps),
Or O oor T€ached its maximum limit (6 uget). Oureee Was determined from the ankle dorsiflexion range,
which is typically between 0° and 20° [29]. Therefore, the mechanism was designed such that the toe-
lifting angle remained within approximately 17°, which is within the safe range of ankle motion. The
17° toe lift corresponds to a motor rotation of approximately 40° owing to the geometry of the four-
bar linkage. The motor rotated from 0° to 40° in approximately 0.4 s. To ensure a smooth toe-lifting
motion, the control system increases the motor incrementally angle by 1° in every control loop, which is
executed at an interval of 10 ms. A fast stimulus is critical for early STS-intent detection. If the toe pedal
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rises too slowly, the mechanical stimulus may be delayed, which would reduce the effectiveness of intent
detection. In a worst-case scenario, the STS motion might already be completed before the pedal reaches
the stimulus angle, hindering timely detection. However, if the motor rotates too quickly, it may cause
system instability or discomfort to the user. This speed was confirmed through preliminary trials and
was found to be both comfortable for the participants and effective in eliciting measurable toe-reaction
forces. Fysn Was set to approximately 80% of the F',. value observed when the subject finished standing.
Therefore, if F,. reaches Fyg, it indicates a clear STS intent or that the subject has already stood up. If
F. does not reach the Fy,, threshold within 3 s (Zmuus>3 8), it is interpreted as the subject having no
intent to stand. The 3 s window was selected based on the experimental setup described in Section 4.3,
where a metronome was used to standardize the STS motion duration to 3 s. This duration reflects the
typical standing pace of older adults and was consistently applied across all trials to reduce variability
[31]. As the participants were instructed to complete the motion in time with the metronome, failing to
reach Fy,;, within this period implied either a lack of intent to stand or a delayed reaction inconsistent
with the expected STS motion pattern. If the subject intended to stand, they were supposed to complete
the STS motion within 3 s, during which F,. would exceed Fg,;,. The toe pedal automatically returned
to its initial position to reset the system and prepare for subsequent operations. Throughout the process,
both F. and F,. were continuously measured to detect the STS intent.

3.3. Method for setting thresholds

During the STS process, in addition to analyzing the changes in ground reaction forces (Fi.. and F.),
the change rate of these forces (&1 and &) was introduced as an additional parameter to enhance the
detection rate. This parameter allows the detection of rapid changes in force that are critical during the
early phase of the STS motion. To mathematically define these changes, the change rates for the heel
reaction force (&,..) and toe-reaction force (£.) were calculated as follows:

Fheel(r+AT) - Fheel(t)

eel — 1
Eheel AT ey
éwe — Floe(t+AT) - Ftoe(t) (2)

AT
Here, AT was set to 40 ms to capture the rapid transitions in the reaction forces during the

experiments.

Figure 8 shows a hypothetical graph based on the typical response pattern of a single participant. It
does not represent actual experimental data from a specific trial or an average across participants. When
the user intends to stand, the ground reaction forces and their rates of change are higher than when there
is no intention to stand. Accordingly, the proposed detection method identifies STS intent when the
ground reaction forces (Fy. and F ), and their rates of change (£ and &,,.) simultaneously meet four
predefined threshold conditions. If these conditions are not satisfied, the system determines that there is
no intention to stand.

1' Fheel > Fheeh‘hre

2 . F toe Z F toethre
3. éheel > Sheellhre
4 . étoe 2 Stuethre

where Feonres Froetres Encetmres ANA & e TEpresent the threshold values determined through offline tests.

In Figure 8, 1, represents the time when the buttocks leave the chair, and ¢, indicates the time when
the STS intent is detected. The time difference between these two instants, denoted as At in Eq. (3), is
a measure of the advance detection time.

At=t,— t, 3)
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Force

hun Time

Figure 8. Illustration of the trade-off between the detection rate and advance detection time under
different threshold strategies for STS intent.

The experiment aimed to detect the STS intent before the buttocks left the chair and to effectively
distinguish the STS motion from interfering motions. During the threshold section, a trade-off was
observed: lower thresholds resulted in a longer advance detection time but a reduced successful detec-
tion rate, whereas a higher threshold improved the detection rate at the expense of a shorter advance
detection time.

The detection rate was further divided into two metrics:

1. Detection rate of standing up: The percentage of STS motions correctly identified before the
buttocks left the chair relative to the total number of STS motions.

2. Detection rate of interfering motions: Percentage of interfering motions correctly identified
during the test relative to the total number of interfering motions.

There is a trade-off between the advance detection time and the detection rate. Thus, the Pareto
optimization method, which is commonly used in multi-objective optimization [30], was applied to
address these conflicting objectives. Section 4.4 introduces the detailed methodology for the threshold
selection and data processing.

4. Experiments

4.1. Experimental configuration

This study conducted experiments with five subjects to compare the performance of STS-intent detection
with and without a mechanical stimulus, as summarized in Table 1. Each subject performed a normal
STS motion and two types of interference motions. In the offline tests, each type of motion was per-
formed five times, and the collected data were analyzed to establish the optimal detection thresholds
using the Pareto optimization method. These thresholds were subsequently applied in the online tests,
where each motion was repeated 15 times to evaluate the detection rate of standing up, the detection rate
of interfering motions, and to advance the detection time (At). Finally, the detection performance was
assessed by comparing these parameters with and without-stimulus conditions. The STS and interfering
motions described in Figs. 5 and 6 were performed by the same five subjects described in Section 4.2.

4.2. Subjects’ information

This study serves as a preliminary investigation to evaluate the feasibility of the proposed STS-intent
detection method. Initial experiments with young, healthy participants were conducted to establish a
foundational understanding of the detection algorithm under controlled conditions. The study group
comprised three males and two females, whose information is listed in Table 2. All participants were
healthy and capable of performing the STS motion independently. The average body mass index (BMI)
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Table I. Experiment conditions for STS-intent detection: with and without mechanical stimuli.

Conditions Motions STS intent Number of repetitions
With stimulus Normal STS Yes
Two types of interfering No Offline: five times to
motions determine thresholds
Without stimulus  Normal STS Yes
Two types of interfering No Online: fifteen times to test
motions effectiveness

Table I1. Primary data of the five subjects for testing.

Code Age Weight (kg) Height (cm) BMI (kg/m?) Gender
Subject #1 23 54 173 18.0 Male
Subject #2 22 59 184 17.4 Male
Subject #3 24 51 162 19.4 Female
Subject #4 26 60 163 22.6 Male
Subject #5 25 60 171 20.5 Female
Average 240+ 14 56.8 + 3.7 170.6 £+ 8.0 19.6 = 1.8 -

of the participants was 19.6 & 1.8 kg/m?, indicating that all individuals were within the normal BMI
range. Although differences in STS speed may exist between younger and older adults, this study focused
on the phase of STS motion before the buttocks left the chair. According to Kojima et al. [31], func-
tionally impaired older adults tend to show greater trunk flexion angles and longer movement durations
than young adults. These characteristics may lead to more pronounced changes in ground reaction forces,
which could potentially render STS intent easier to detect. Based on these findings, the proposed method
shows potential effectiveness in older adults. However, future studies involving older participants are
required to validate its feasibility under diverse conditions. The experiments were conducted in accor-
dance with the ethical guidelines established by the Human Subjects Research Ethics Review Committee
of the Institute of Science Tokyo (Approval Number: 2022302).

4.3. Offline tests

Each subject performed three types of motions five times per motion during the offline tests. The purpose
and structure of the experiment were explained to the subjects. The subjects were instructed to perform
the STS motion as naturally as possible without any specific requirements for hand positioning; however,
they were explicitly instructed not to use their hands to push against their thighs or the chair during the
motion. As shown in Figure 9, the distance between the feet (L), distance from the feet to the chair (B),
and distance from the chair seat to the force sensors (H) were adjusted according to the subject’s body
condition. To make the experiment more reflective of real-life STS motions, the subjects were initially
asked to sit in a position that resembled their usual standing posture. Once the position was identified,
it was fixed for each subject’s main experiment. Previous studies have shown that foot spacing, chair
height, and heel-to-chair distance can significantly affect STS performance [32]. Therefore, maintaining
consistent L, B, and H distances for each subject throughout the trials ensured uniformity.

Before the test, the subjects were given practice sessions to familiarize themselves with the exper-
imental device. The test began when participants indicated that they were ready. To standardize the
motion speed, a metronome was used to set the pace of the STS motion to 3 s to simulate the standing
speed of older adults [31]. During each STS motion, F\. and F',. were continuously monitored in real-
time, whereas the seat reaction force (F.,) was continuously monitored using a load cell installed on a
chair. In the experiments, the stimulus application followed the procedure introduced in Section 3.2. In
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Figure 9. Relative position of the subject and device in the experimental setup during an offline test.

contrast, the motor did not rotate during the experiments without a stimulus, and only F.., Fpee, and
F.. were measured. The Pareto optimization method established optimal thresholds for detecting STS
intent based on data measured during offline testing.

4.4. Data analysis

This section describes the processing of experimental data from offline tests conducted with and without
stimuli using the Pareto optimization method. The data analysis procedure is outlined as follows:

Step 1. Reading data

The STS motion data from the five offline experiments, including Fy..., Freels Fioes Eneet, and &, and the
corresponding time parameters were imported into MATLAB.

Step 2. Normalizing data

« Normalizing STS time: Time normalization was applied to ensure consistency across tests. The start
of the STS motion () was defined as the instant at which F ., reached its peak. The peak force instant
was selected as the starting point because it marks the activation of the hip muscles, which helps move
the trunk forward and reduces reaction forces on the feet. Although these muscles create a lifting effect
on the thighs, they do not lift the body off the chair but increase F., as the user begins to stand. The
end instant (7.,q) was defined as the point at which F'., dropped to zero, indicating that the subject’s
buttocks had left the chair. The duration between #,, and ., was calculated using Eq. (4) and served
as the basis for time normalization.

Toum = Tend — start (4)

Each absolute time point (#,,s) within this interval was measured relative to 7, resulting in a time
difference (z,), as expressed in Eq. (5). To ensure consistency across different tests, 7, was normalized
by dividing it by #,,,, as shown in Eq. (6). This normalization scaled the time to a range of 01, enabling
direct comparisons across tests. As shown in Figure 10, #,, and .4 are indicated by red circles.

tp = labs — Lstart where (tend el A tstart) (5)
t
tnorm = _p (6)
o Normalizing reaction forces: F.,, Fi.., and F,. were normalized by dividing each force by
the subject’s body weight. Figure 10 shows the original reaction forces and their rates of change

https://doi.org/10.1017/50263574725102555 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574725102555

12 Jian Zheng et al.

500 T T T T T T T 9.
e tsum ¢ Fseat
—_] El(’t‘]
400 + s FoeH15 _
s ‘:]n-{-[ E
- - C‘m' E
2300 - “ 11 o
o } o =
3] * . ]
S .y S
I 200 L IR 0.5 =
1] :a e <
- .e b [+
—en 8 .o —
m‘ -as b = Q:M : XLl é
100 .
0 Il L 1 _0.5
05 .71/ 15 2PN 25 3 35 4
tstart  Cabs Time (s) tend
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Figure 11. Normalized reaction forces, corresponding rates of change, and time data for five offline
STS motions under stimulus conditions. (The solid lines represent the normalized average force data,
and the blue and orange dots indicate the average values of the rate of change of the reaction forces.)
The black dots denote the intersection points between the horizontal lines at normalized time intervals

from 0.1 to 0.9 and the reaction force or rate-of-change curves. These intersection points collectively
form the candidate threshold groups.

during STS motion, whereas Figure 11 shows the normalized time and reaction force data for five
offline STS motions.

Step 3. Generating representative values and constructing threshold combinations

To generate representative thresholds for detecting STS intent, the normalized data from five offline STS
motions were first averaged to produce three reference curves: Fi.., Fi., and their respective rates of
change (&p. and &), as shown in Figure 11. These curves reflect the typical behavior of the ground
reaction forces during STS motion and serve as a consistent basis for segmentation. The normalized time
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Table II1. Threshold candidate values extracted from nine intervals of
normalized time. For each indicator (Fe., Fioer &Epee, and &), represen-
tative values were sampled at nine time segments (i = 1-9), generating
6,561 (9*) combinations of candidate thresholds.

Normalized time Fheeli Floei & et & e
01 % Floe,l %‘heel,l étoe,l
02 @ Ftoe,Z ‘i:heel,Z %‘toez
0.3 Fheas Fues Bl e
04 icc],4 Ftoc,4 Ehcc],4 gtOCA
05 % Floe,ﬁ %‘heel,S Stoe,S
06 Fheel.6 @ gheel,ﬁ %‘toe,ﬁ
0.7 Fheel,7 Floe,7 gheelﬂ Stoeﬂ
08 % Floe,8 ";:heel,S Sloe,S
09 Fheel,9 Floe9 ‘%‘heel,Q étoe,9

Total combinations =9 x 9 x ,9 x 9 =6,561

axis was then divided into nine intervals (i = 1, 2, . . ., 9). Four representative values were extracted from
the average curves for each interval:

« the mean value of heel force (Fice;);
« mean value of toe force (Fiu,);
« mean value of heel force rate of change (&..;); and

« mean value of toe-force rate of change (&.;)-

As shown in Table 3, this process resulted in nine candidate values for each indicator, and by selecting
one value from each of the four, a total of 6,561 (9*) unique combinations of threshold candidates were
generated.

Step 4. Testing threshold combinations

Each of the 6,561 candidate threshold combinations was applied to the offline dataset to evaluate
detection performance. STS intent is considered detected only when all four threshold conditions are
simultaneously satisfied. The advance detection time (A¢) and detection rate of the interfering motions
for each combination were then computed. As shown in Figure 12, ¢, denotes the first detected STS-intent
timing, and the advance time Ar was calculated using Eq. (3).

Step 5. Filtering invalid combinations

Threshold combinations resulting in At < 0 were excluded from consideration, as they failed to detect
the user’s STS intent before the buttocks left the chair. As early detection is critical for providing timely
assistance in AAN-based systems, these threshold groups were considered ineffective for practical use
and removed from further analysis. This filtering step ensures that the final selected thresholds guarantee
accuracy and timely detection.

Step 6. Plotting the Pareto front

To construct the Pareto optimization, the detection rates of the interfering motions were plotted along
the horizontal axis. Cases where At > 0 were plotted on the vertical axis, as shown in Figure 13. The
resulting Pareto front illustrated the trade-off between the detection rate and Az, which helped identify
the optimal thresholds. Points 1-4 were selected along the Pareto front, representing different trade-offs.
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Figure 12. Example of applying set thresholds to detect STS intent during an STS motion test. The green
dots indicate the time points that meet the conditions defined by the thresholds.
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Figure 13. Experimental data processing results using Pareto optimization. The Pareto front is shown
for different threshold candidates with stimulus.

For example, Point 1 emphasizes early detection (larger A¢) at the cost of a lower detection rate, whereas
Point 4 maintains a higher accuracy with a moderately reduced advance time. In addition, Points 5 and
6, although not on the Pareto front, were deliberately selected as high-threshold cases with a detec-
tion rate of 1 to evaluate the detection robustness under stricter conditions. These points correspond
to more conservative threshold settings with small A¢ values. Each selected point corresponded to a
unique combination of the four thresholds. The proposed method detects STS intent only when all four
conditions are simultaneously satisfied: the ground reaction forces (Fi., and F,,.) and their rates of
change (&;. and &) must exceed their respective thresholds. If any condition is not met, the system
determines that there is no intent to stand. Finally, these six points were applied to the online tests to
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Figure 14. Example of experimental data processing results using Pareto optimization with and without

stimuli. (a) Pareto optimization of Subject #1 with stimulus. (b) Pareto optimization of Subject #1 without
stimulus.

evaluate whether similar detection behavior could be observed under real-time conditions. The consis-
tency between the offline and online results supports the use of offline-optimized thresholds in practical
applications.

4.5. Online tests

Figure 14 shows the Pareto optimization plot for Subject #1 with and without stimulus. Points 1-5,
including the Pareto front (1-3) and additional points with a detection rate of 1 (Points 4 and 5), were
selected and applied to online tests to evaluate their detection rates and At. The online testing process
was the same as the offline tests, except that the predetermined threshold values were integrated into the
detection program for real-time STS-intent detection. The results were compared between the condi-
tions with and without stimuli. The same procedure was repeated for all the other subjects. The specific
threshold parameters used for each point (Points 1-5) under both conditions are listed in Table 4.
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Table IV. Threshold parameter settings and corresponding detection rates for Points 1-5 on the Pareto
front shown in Figure 14, under conditions with and without stimuli.

Detection rate of

Conditions Points Feame (N) Foethr (N)  Eneattnr (N/MS) & gerne (N/ms)  interfering motions
With stimulus 1 85.27 20.06 0.19 0.07 0.8

2 85.27 20.06 0.19 0.18 0.9

3 33.36 20.06 0.32 0.01 1

4 33.36 74.16 0.32 0.56 1

5 139.26 20.06 0.06 0.01 1
Without stimulus 1 27.7 17.93 0.18 0.11 0.8

2 27.7 33.85 0.18 0.11 0.9

3 27.7 17.93 0.18 0.18 1

4 82.92 17.93 0.27 0.27 1

5 141.59 75.2 0.27 0.00 1
5. Results
5.1. Comparison of force characteristics during different motions with and without stimuli for

Subject #1

Figure 15 presents a comparative example of the online test results for the three types of motion per-
formed by Subject #1. The results indicate that the F'c.1, Fioe, Eneer, and &, values are significantly higher
for the STS motion (Figure 15(a) and (b)) than for the two types of interfering motions (Figure 15(c), (d),
(e), and (f)). The STS intent can be correctly detected by setting the optimal thresholds using the Pareto
optimization method. Figure 15(a) and (b) show the STS motion with and without stimuli, respectively.
The advance time Atr was calculated using Eq. (3). A comparison of Figure 15(a) and (b) reveals that
when the toe pedal is lifted and the subject intends to stand, F',. increases sharply. In contrast, under the
without-stimulus condition, F',. increased more gradually, with the primary reaction force focused on
Fo1. This study leveraged the sharp increase in F\,. triggered by the toe pedal to improve the detection
rate and stability of STS intent. Instances in which the motor angle appears as a negative value result
from a slight deformation of the toe pedal under a high force, causing a brief reverse rotation of the
encoder and producing negative readings.
The interfering motions are illustrated in Figure 15(c), (d), (e), and (f).

1) Change in F,,: Under the stimulus condition, F,. increased significantly after the toe pedal was
lifted, as illustrated in Figure 15(c) and (e). This result highlights the influence of the stimulus
on toe-force generation.

2) Change in F,.: The behavior of Fy. varied depending on the presence of stimuli. In the absence
of a stimulus, Fi. increased during the interfering motions, as shown in Figure 15(d) and (f).
However, with the applied stimulus, F., decreased, as shown in Figure 15(c). Furthermore, in
Figure 15(e), the rate of increase in F\.,, is lower than that in Figure 15(f), indicating a moderating
effect of the stimulus on the heel reaction force dynamics.

These changes in the ground reaction forces under stimulus conditions, as shown in Figure 15, make
it more difficult to satisfy the thresholds for detecting the STS intent during interfering motions, thereby
increasing the detection rate of interfering motions.

In addition to the qualitative observations described above, a detailed statistical analysis was con-
ducted to quantitatively validate the variations in the force characteristics across different motions and
conditions. Figure 16 presents a comparison of the average maximum values of Fi.e1, Fioes & et aNd & e
across 15 trials during the normal STS, forward, and pick-up motions without a stimulus. For the STS
motion, the maximum values were extracted before the buttocks left the chair, as our intention-detection
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Figure 15. Example figure comparing the online test results for the three types of motions performed
by Subject #1. The figure shows the time-based changes in Fiee, Fioer & reets Ever Omoror (With the initial
rotation indicating when the toe pedal began to rotate), and F,.,. (a) (b) Normal STS motion with and
without a stimulus. (c) (d) Grabbing items in front with and without a stimulus. (e) (f) Picking up an
item from the ground with and without a stimulus.
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Figure 17. Comparison of maximum F.e, Fioe, & e, and €, of Subject #1 during STS, forward, and
pick-up motions under the stimulus condition. Statistical significance is indicated as follows: *p <
0.05,*p < 0.01, **p < 0.001.

model aims to predict the standing intention during this critical pre-seat-off phase. Statistical analyses
(paired two-tailed t-tests) revealed that during this phase, the maximum values of all four parameters
during normal STS motion were significantly higher than those during the interfering motions (forward
and pick-up motions), indicating clear mechanical differences associated with the standing intention. In
addition, the results showed that the F\.; values were greater than the F,, values during the normal STS
motion, suggesting that the participants relied more on their heels during the standing process.

Figure 17 shows the corresponding comparison under the stimulus condition. Owing to the appli-
cation of toe-pedal stimulation, the participant’s response caused a rapid increase in both F,. and &,
during the intention-detection phase. This externally induced toe response provided a clearer and more
reliable basis for detecting STS intention. Figure 18 compares the results between the conditions with
and without stimuli. Toe pedal stimulation not only led to significant increases in F, and &, but also
resulted in decreases in Fy.y and &, during the interfering motions. This simultaneous increase in
F /€ o and decrease in Fe, /&y resulted in a more distinct separation between the parameters under
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Table V. Online tests with stimulus results in Figure 14(a).

No. of selected points 1 2 3 4 5 Variation tendency

Coordinate (offline) (0.8,408) (0.9,396) (1.0,378) (1.0,329) (1.0,245) -

Advance detection time 386 369 362 316 277 At decrease
At (ms)

Offline and online A¢ 22 27 16 13 32 -
difference (ms)

Detection rate of STS 100% 100% 100% 93% 80% Rate decrease
motion

Detection rate of 80% 80% 93% 100% 100% Rate increase

interfering motions
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Figure 18. Comparison of maximum F.., F., & e, and €, of Subject #1 during STS, forward, and
pick-up motions under conditions with and without stimulus. Statistical significance is indicated as
follows: *p < 0.05,"p < 0.01, **p < 0.001.

the stimulus condition, thereby enhancing the robustness of the intention-detection algorithm when the
four threshold conditions were simultaneously satisfied.

In summary, the statistical analysis confirmed significant variations in the parameters across different
motions and conditions and demonstrated the effectiveness of toe-pedal stimulation in improving the
accuracy and robustness of standing intention detection. It should be noted that the maximum values
analyzed did not necessarily occur simultaneously. Therefore, the detection of the standing intention
was not based on a single instantaneous value but on the simultaneous satisfaction of all four threshold
conditions, ensuring higher reliability.

5.2. Comparison of detection rate and advance time with and without stimuli for Subject #1
The threshold values corresponding to the selected Points (1-5) for Subject #1 in Figure 14 are listed in
Table 4. These threshold values were applied to the online tests, and the results are presented in Tables 5

and 6. These tables summarize the performance of the system in detecting STS intent with and without
stimuli.
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Table VI. Online tests without stimulus results in Figure 14(b).

No. of selected points 1 2 3 4 5 Variation tendency

Coordinate (offline) (0.8,528) (0.9,508) (1.0,468) (1.0,361) (1.0,278) -

Advance detection time 535 509 487 370 288 At decrease
At (ms)

Offline and online At 7 1 19 9 10 -
difference (ms)

Detection rate of STS 100% 100% 100% 80% 60% Rate decrease
motion

Detection rate of 20% 20% 40% 97% 100% Rate increase

interfering motions

1) Detection Rate of STS Motion: The detection rate of STS motion under the stimulus condition
remained consistently high at approximately 100% across most thresholds. Slight reductions
were observed at Points 4 (93%) and 5 (80%), demonstrating the capability of the system to
reliably detect STS intent when a stimulus was applied. In contrast, under the without-stimulus
condition, the detection rate exhibited greater variability. At higher thresholds (Points 4 and 5),
the detection rate decreased significantly, with Point 5 reaching 60%.

2) Detection Rate of Interfering Motions: For interfering motions, the stimulus condition achieved
high detection rates, reaching 100% at higher thresholds (Points 4 and 5). This highlights the
ability of the system to effectively differentiate STS motions from other interfering motions.
However, in the without-stimulus condition, the detection rates were less reliable, with values
below 40% at Points 1, 2, and 3. Although Points 4 and 5 showed improvement, this was at the
expense of the detection rate for STS motion.

3) Advance Detection Time (At): The advance detection time (Af) from online tests was closely
aligned with that from offline tests in both conditions, with differences of less than 32 ms. This
consistency underscores the reliability of the thresholds established during offline tests for real-
time applications. Additionally, as the thresholds increased, At decreased, reflecting a trade-off
between early detection and detection accuracy.

4) Performance Comparison: The stimulus condition outperformed the without-stimulus condi-
tion in balancing early detection and accurate differentiation. Under the stimulus condition, high
detection rates for both STS and interfering motions were achieved while maintaining the sta-
bility of the detection system across the thresholds. In contrast, the without-stimulus condition
struggled to achieve this balance, leading to lower detection rates and greater variability.

5.3. Comparison of detection results across all subjects with and without stimuli

To validate the effectiveness of the proposed method, STS and interfering motions corresponding to
selected points on the Pareto optimization plot were applied to the online tests. Specifically, thresholds
corresponding to points on the Pareto front were selected where the detection rate of the interfering
motions reached 100% (e.g., Point 3 — yellow circle in Figure 14). Figure 19 presents the results of
these online tests across five subjects (S1-S5). In Figure 19(a), the average advance detection time (Af)
for the “with stimulus” and “without stimulus” conditions is compared for five subjects. The results
indicate that, although S3-S5 exhibited earlier detection under the stimulus condition, this trend was
not consistent for all participants. Moreover, S1 and S2 showed shorter advance times in the without-
stimulus condition. Furthermore, statistical analysis revealed that only two subjects exhibited significant
differences between the two conditions. These results suggest that the stimulus does not consistently
benefit detection timing.
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Figure 19. Online test results under conditions with and without stimulus for five subjects (S1-S5 denote
Subject #1 through to Subject #5), using thresholds from points on the Pareto front where the detection
rate of interfering motions is equal to 1. (a). Advance detection time At (b). Detection rates of STS motion
and interfering motions under both conditions. Statistical significance is indicated as follows:**p < 0.01,
**p < 0.001.

In contrast, Figure 19(b) highlights the advantages of the stimulus condition in terms of detection
robustness. Specifically, although both conditions achieved high detection rates for STS motion, the
detection rates for the interfering motions were significantly higher under the stimulus condition across
all subjects. This indicates that the application of a toe-pedal stimulus improves the robustness and
reliability of the system in distinguishing true standing intentions from interfering motions.

6. Discussion

6.1. Effectiveness and advantages of external mechanical stimulus in STS-intent detection

This study proposed a method for detecting STS intent by applying an external mechanical stimu-
lus, demonstrating a higher detection rate of STS motion and more consistent detection of interfering
motions than without stimulus. During the STS process, most of the body weight is concentrated on
the heels. However, in the early stages of standing, lifting the toes shifted part of the weight forward,
rapidly increasing F,. and F.. This shift in force can facilitate a more accurate and earlier detection of
STS intent, a process that can be potentially enhanced by external mechanical stimuli. The physiologi-
cal mechanism by which a mechanical stimulus affects the user’s response remains unclear and requires
further exploration. Further studies involving detailed biomechanical and neuromuscular analyses are
necessary to better understand user responses to mechanical stimuli during STS motion. Nevertheless,
the current findings suggest that applying such stimuli holds promise for enhancing the accuracy and
reliability of STS-intent detection systems.

The AAN STS device is designed to encourage users to use their muscles to stand while providing
timely assistance only when necessary. Accurate and early detection of STS intent is essential for such
devices because it allows sufficient time for the system to respond to user needs and deliver prompt
support. This timely intervention can help prevent situations in which the user may struggle to stand
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or, in severe cases, risk falling owing to a loss of balance. Although this study proposes a detection
method and evaluates its performance, it has not yet been applied to practical STS-assistive devices. To
bridge the gap between research and practical applications, this method should be integrated into actual
assistive devices to ensure seamless implementation and enhance effectiveness and usability.

Compared with existing wearable-based STS intention estimation methods, such as those proposed
by Li et al. [14] and Hiyama et al. [16], our approach demonstrates clear advantages in terms of system
simplicity, earlier response timing, and user convenience. Li et al.’s method relies on a combination of
EMG sensor and trunk angle data obtained via a smartphone, and intention detection is triggered only
when both indicators exceed predefined thresholds. Although this approach has relatively robust logic, it
requires the user to wear EMG sensors and to fix a smartphone to the body, which introduces operational
burdens, particularly for elderly users. Moreover, although their study claims to detect intention during
the early phase of the STS process (such as immediately after the buttocks leave the chair), the decision
logic also incorporates information from the period after the buttocks leave the chair, and no clear trigger
timing or lead time is quantitatively reported. Their conclusions are supported only by slow-motion
experimental analysis, making comparisons difficult because of the lack of quantified time references.
In contrast, Hiyama et al. proposed a method that used EMG sensors and a 9-axis IMU sensor. By
analyzing the increasing trend of trunk angle data and the sequential activation of lower-limb muscles,
their system predicted STS intention with an average lead time of 97.3 ms before the buttocks left the
chair, achieving a detection accuracy of 99.5%, demonstrating high sensitivity and reliability. Although
the authors did not specify the total duration of the STS motion, the experimental results shown in their
figure suggest that a complete STS cycle lasts approximately 3 s, which is consistent with the average
duration observed in our study.

In comparison, our method for detecting STS intent using a mechanical stimulus to the toes and ana-
lyzing the resulting ground reaction force does not require any wearable sensors. Experimental results
show that our system can detect STS intent approximately 400 ms before the buttocks leave the chair,
which is earlier than the above method. Although the detection accuracy of our method is slightly lower,
at approximately 90%, its advantages in terms of lead time, non-invasiveness, and system simplicity
make it particularly suitable for practical use, particularly for users who may be sensitive to, or have
difficulty with, wearable devices.

6.2. Limitations and future work

This study had some limitations that must be addressed in future studies. First, the feasibility and effec-
tiveness of the method were tested only in young, healthy subjects. Improvements in device safety and
convenience are necessary to evaluate its practicality and broaden its scope of applications. Future exper-
iments should include older adults and individuals with mobility impairments to assess the effectiveness
of this method in a broader population. In addition, individuals with difficulty standing often use support-
ive objects, such as handrails, to assist them. The current study did not consider the conditions involving
the use of this support. Handrails can redistribute the weight of the upper body, leading to decreased
ground reaction forces, which could affect the early and accurate detection of STS intent and the ability
to distinguish it from other interfering motions. To address this problem, initial offline experiments will
be conducted using handrails to establish appropriate thresholds based on the measured plantar reac-
tion force data. The proposed method was applied under these conditions to evaluate its performance
in detecting STS intent. Suppose the method proves insufficient for providing accurate and quick detec-
tion. In this case, the incorporation of additional force sensors on the handrails or other supports should
be considered to develop a new approach that accounts for the forces exerted between the hands and
supports.

This approach demonstrates the potential for integration into future STS-assistive devices. By achiev-
ing a high detection rate and robust stability in detecting the STS intent, these devices can provide timely
support, allowing users to utilize their strengths to stand while ensuring safety. Future studies will involve
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integrating this method into an assistive device to evaluate its performance and effectiveness in practical
applications.

7. Conclusion

This study presents a novel method for detecting STS intent by applying a mechanical stimulus to the
toes and relying solely on the resulting heel and toe-reaction forces. A method that maintains a high
detection rate and early detection time, while lowering the complexity of the sensor system, was devel-
oped by analyzing the reaction forces and their variations after a toe stimulus. This method demonstrated
a high detection rate for STS intent in healthy subjects. In addition, the Pareto optimization method was
effectively employed to automate the threshold-setting process, allowing customization according to
individual user needs. The comparison between conditions with and without stimuli indicated that the
stimulated condition resulted in more accurate and stable detection of STS intent. This detection method
is promising for integration into AAN STS-assistive devices.
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