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Abstract: With the aging society in Japan, the number of elderly people residing in elderly facilities is
increasing. In previous study, we developed a transfer assistive device designed to aid the elderly
in transferring from the bedroom to the bathroom. Additionally, the device assists the elderly with
standing and sitting to facilitate independent toileting activities. We verified that, throughout the
entire transfer movement, the lumbar burden on caregivers remained below 3400 N. In this study,
based on quantitative evaluation indices of transfer movements, the relationship between the lumbar
burden on caregivers and factors such as psychological anxiety or cognitive impairment in the elderly
during the use of a transfer assistive device was elucidated through motion analysis. We developed a
control algorithm for the human–machine collaborative transfer system with the aim of alleviating
the strain on the caregiver’s lower back while ensuring the elderly can use the device with peace of
mind. The practicality of the control algorithm was verified.

Keywords: human–machine; motion analysis; lumbar burden; collaborative transfer system; control
algorithm; transfer assistive device

1. Introduction

Recently, due to the rapid aging of Japanese society, the proportion of people aged
65 and older (aging rate) has reached 29.0% [1]. This trend has been accompanied by
a continuous increase in the number of residents in elderly care facilities, significantly
impacting the working environment of caregivers and the quality of life (QOL) for elderly
residents in these facilities [2]. Reports indicate that approximately 70% of back pain
among caregivers is caused by movements associated with transferring elderly individuals.
Therefore, alleviating the burden on caregivers’ lower backs caused by transfer movements
is crucial to reduce the risk of back pain [3]. At the same time, the QOL for the elderly
should not be overlooked. Facilitating communication, movement, and toileting for the
elderly is necessary to enhance their overall well-being. Assisting the elderly in transferring
from their living spaces to the bathroom is crucial. When the elderly refrain from using
diapers and instead use the toilet for excretion, it can activate the autonomic nervous
system through the defecation reflex. Additionally, adopting a seated position can improve
constipation.

However, assisting in transfers is the caregiving action associated with the highest risk
of lower back pain for caregivers. According to a report by the Ministry of Health, Labour
and Welfare, guidelines for preventing lower back pain in the workplace recommend
avoiding manual lifting during transfers that require full assistance. Instead, the use of
transfer assistive devices is advocated for assistance [3].
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Considering the autonomous defecation behavior in the elderly, facilitating smooth
execution is essential. In the Japanese market, various transfer assistive devices have been
developed to aid elderly people in transitioning from a seated to a standing position, thereby
enhancing their quality of life. For instance, the Hybrid Assistive Limb (HAL) [4] is a
device designed to assist with bodily movements. Although effective, its usage may impose
additional pressure on the upper limbs and trunk of the elderly, particularly challenging
for those with impaired arm or trunk function. Another device, Ai ijo-kun [5], allows
elderly individuals to sit down autonomously without external assistance by automatically
adjusting the seat height, meeting the needs for independent usage. However, for elderly
people with conditions such as Parkinson’s disease or cognitive impairments, the absence
of caregiver physical support might limit their ability to use such devices [6]. Therefore,
the presence and assistance of caregivers in stabilizing the elderly while operating these
transfer assistive devices are crucial.

Moreover, literature reviews on personnel transfer assistive systems predominantly
focus on ceiling- and floor-mounted hoists [7], highlighting the risk of caregiver injury
during use but seldom exploring the impact on the elderly themselves. Blaauw compared
a novel robotic assistive transfer device with the traditional clinical care standard (Hoyer
advance) [8] and measured muscle activity among caregivers during use, introducing an
ergonomic method to reduce injuries for both caregivers and wheelchair users during trans-
fers. However, the research did not fully account for the fact that wheelchair users are often
elderly, necessitating not only physical support during device use but also consideration of
upper limb impairments and other complex factors. Krishnan developed a self-transfer
system and successfully moved participants from wheelchair to chair in less than a minute
with less effort [9], demonstrating technical feasibility. Nonetheless, for elderly users,
the presence and physical support of caregivers remain critically important when using
automated devices. Ulrey’s study on the Bending Non-Demand Return (BNDR) weight
transfer device (WTD) [10] showed a significant reduction in lumbar erector spinae muscle
activity during bending motions, providing an effective intervention for caregivers who
frequently engage in such postures. Yet, for caregivers tasked with assisting the elderly in
transfers, avoiding lumbar bending is nearly impossible.

In this context, the method of assisting the elderly in stabilizing their bodies becomes
crucial. Touching their bodies to provide support not only helps the elderly maintain
balance but also facilitates emotional communication and psychological well-being. An
increasing body of research suggests the positive impact of physical touch on health,
including lowering blood pressure, increasing oxytocin levels, and improving sleep [11].
Furthermore, touch has been found to alleviate stress, which is particularly important
during the global COVID-19 pandemic [12,13]. Meanwhile, despite the development and
market availability of a large number of transfer assistive devices, the adoption rate of these
devices in existing elderly facilities remains relatively low, as indicated by the findings in
report [14] on the hindering factors of introducing transfer assistive devices. The majority of
transfer tasks still heavily rely on manual assistance. The report explicitly identifies reasons
for the non-adoption of transfer devices, including concerns about space occupancy and
inconvenience in usage. Therefore, developing a human–machine collaborative transfer
system that addresses practical needs, aims to minimize equipment footprint, and allows
manual touch for caregiving actions during device usage is worth considering.

In this study, we propose a human–machine collaborative transfer system suitable
for elderly residents with upper limb and torso functional impairments. The system is
designed to meet practical needs and alleviate the lumbar burden of caregivers during
the transfer process from the living space to the bathroom. This study primarily discusses
two key points as follows:

1. Emphasis is placed on the evolution of equipment specifications proposed in previous
studies [15,16]. Through an investigation of elderly care facilities, we ascertained that
transfer actions by caregivers predominantly involve a frontal embrace, addressing
scenarios where a single caregiver assists a person in using the toilet. Design require-
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ments for the equipment include “assistance for the user to sit up” and “wheelchair
usability in accessible toilets”, considering aspects such as “applicable size”, “elimina-
tion of rotational movements”, “manual movements”, and “pressure-free transfer on
the upper limbs and torso”.

2. Detailed discussion revolves around the comprehensive consideration of the care-
giver’s lumbar burden factors and corresponding control methods for reducing lum-
bar stress in the human–machine collaborative transfer system. Particularly notewor-
thy is the full consideration in system design of physical contact with the cared-for
elderly person, aiming to alleviate their psychological burden and enhance acceptance
of transfer assistive devices. Simultaneously, emphasis is placed on ensuring that
the lumbar burden on caregivers during transfer movements does not exceed the
benchmark of 3400 N.

Specifically, Section 2 provides a detailed exposition of the specifications and identified
issues of the transfer assistive device developed in previous studies. In Section 3, the control
algorithm of the collaborative transfer system is discussed, with a particular focus on setting
control objectives, designing control systems, and establishing a rigid link model. Section 4
introduces quantitative evaluation metrics based on the analysis of caregiver transfer
movements, encompassing experimental design, results, discussions, and validation of the
system’s effectiveness. Finally, Section 5 presents the conclusions drawn from this study.

2. Positioning of Existing Research and This Research

We conducted on-site surveys of nine elderly care facilities, extracting constraints
related to facility environments and equipment requirements for facility use. Subsequently,
by utilizing a three-dimensional motion measurement device, we quantitatively assessed
the transfer movements of caregivers, extracting equipment requirements to alleviate the
lower back burden of caregivers. The equipment specifications, as illustrated in Figure 1,
are reported in [16].
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2.1. Proposed Device Mechanism

Table 1 summarizes the mechanism of the extracted device functions and constraints.
The device mechanism is illustrated in Figure 2a.

Table 1. The function and mechanism of proposed transfer assistive device.

Functions Mechanisms

Can be used in toilet Proper size (width 730 mm)
Prevent rotation Caster

Can be used for the elderly with upper limb or
torso disorders

Caregivers can touch the elderly person
andassist from the elderly person’s thighs.

Prevent elderly person’s knee fold Fix elderly person’s knee
Support elderly person’s weight Assist of servo motor
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As a distinctive feature of the transfer assistance device, we proposed a mechanism
designed to add torque around the knee joint of the elderly person to compensate for their
weight. As shown in Figure 2b, caregivers perform assistive operations while receiving
assistance from the device (assist control methodology). A torque is applied by a servomotor
around the knee joint of the elderly person. The rated torque is set to 250 Nm to allow
the elderly person to weigh up to 80 kg. We implemented a control program in the servo
motor controller’s internal program, which obtains output torque information based on the
motor’s position, rotation speed, and servo motor current value from the encoder’s output
and processes it with the controller. Control is executed by issuing commands to the motor
based on current or pulse waves. Additionally, recording is performed by outputting servo
motor information obtained from the controller to the notebook computer.

2.2. Existing Problems

In the previous practical experiments [16] of our study, we employed three control
methodologies (manual assistance, automatic lifting, assisted rising) to assess the operation
of the developed transfer assistive device. In comparison with the method of simply
helping the elderly stand up or sit down by human power without any assistive device
(manual assistance), we observed that the elderly person could sit on the device and the
device could run automatically (automatic lifting) without the assistance of caregivers.
During this time, there was no burden on the caregiver’s waist. However, for the elderly,
especially those with cognitive disorders, allowing them to sit on the device without anyone
for support or touch might induce anxiety [6] and even lead to panic, hindering the normal
use of the proposed device.
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As mentioned in the last part of Section 1, we have fully considered factors such as
the psychological resistance of the elderly when using transfer assistance devices and the
benchmark value of the caregiver’s lumbar burden not exceeding 3400 N in the design
and development of a human–machine cooperative transfer system. Under the premise of
ensuring that the elderly can use the device safely and securely, the caregivers touch the
body of the elderly, and at the same time, the device itself provides control assistance at an
appropriate angle, thereby effectively reducing the burden on the caregiver’s waist. This
design fully embodies the concept of human–machine cooperation, aiming to achieve care
and protection for both caregivers and the elderly.

In summary, this study quantitatively explores the relationship between the transfer
assistance movements of caregivers during transferring and their lumbar burden using
a three-dimensional motion measurement device. We describe the development process
of a collaborative transfer system that fully considers the lumbar burden of caregivers
and the cognitive factors of the elderly and adopts the mechanisms and functions of the
already-developed transfer assistance device.

3. Control Algorithm for Collaborative Transfer System

Based on the proposed device requirements, “reducing the lumbar burden of care-
givers when assisting the elderly from a sitting to a standing position” is established as
a necessary function of the control algorithm. The prerequisite for the operation is “the
elderly person is always touched by the caregiver”. Therefore, we propose a control algo-
rithm that considers the relationship of lumbar burden factors to alleviate lumbar burden
while caregivers assist the elderly person in transferring. The evaluation of lumbar burden
will be detailed in Section 4.1, and the quantitative requirement for reducing lumbar load
is set as “the lumbar disc compression force of caregivers should not exceed the evaluation
reference value (3400 N)” (ideal conditions) [17].

3.1. Control System

The overview diagram of the collaborative assistive algorithm is shown in Figure 3.
The nominal model P−1

n is for calculating a target value based on Equation (1) in Section 3.2.
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Figure 3. Block diagram of the proposed collaborative assistive algorithm. u represents the input, r is
the command value, X is the output, d is the disturbance, P represents the plant (caregiver, elderly,
motor, seat), and P−1

n is the nominal model of the plant that determines the target value Tmotor_desire.
The variables θmotor,

.
θmotor, and

..
θmotor represent the rotation angle, rotation angular velocity, and

rotation angular acceleration of the motor, respectively. Tmotor is the motor torque, and Tmotor_desire is
the motor torque that satisfies the ideal conditions.

Figure 4 illustrates the flow of the proposed control algorithm. The control system
consists of two processes: the Calibration Process and the Motion Control Process. In
the Calibration process, the motor torque Tmotor to maintain the elderly person in the
seated state is obtained from the measured motor current. By comparing this value with
the estimated holding torque in the range of heights below 2 m, the height h is set as
the elderly person’s height using the nearest value. In Motion Control process, motor
operation control is performed. Simply raising the seat automatically can be considered
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a motor operation control method to reduce the caregiver’s lumbar burden. However, to
support the elderly in standing up freely at the caregiver’s timing while holding them,
it is important for the device to provide collaborative assistance by responding to the
caregiver’s force input, not just by automatically raising the seat. Considering the ideal
condition of reducing the caregiver’s lumbar burden, we propose modifying the operation
based on the caregiver’s trunk forward tilt angle θC_torso. A threshold α for θC_torso is
determined from the quantitative evaluation index of the lumbar burden factor, as detailed
in Section 4.3. When θC_torso is in the range of α or above, the automatic lift algorithm (Lift
up) is implemented. On the other hand, when θC_torso is below α, the collaborative assistive
algorithm (Torque assist) is applied.
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3.2. Setting up a Rigid Link Model

The control model Equation (1) is derived from the motion equation around the
elderly’s knee joint, summing the inertia term Tinertia, gravity term Tload, and friction term
Tf riction. It calculates Tmotor_desire by subtracting the desired caregiver torque TC_desire and
the elderly person’s exerted torque TP to satisfy the ideal conditions.

Tmotor_desire= Tinertia+Tload+Tf riction−TC_desire−TP (1)

Figure 5 illustrates the rigid body link model and variables used in the collaborative
assistive algorithm. In the derivation of Equation (1), a two-link model is employed for
the elderly person’s thigh, seat, and upper torso. Organizing the necessary variables for
each term in the model equation, variables such as θmotor,

.
θmotor,

..
θmotor, the elderly person’s

upper body joint angle θP_upbody, and the caregiver’s trunk forward tilt angle θC_torso are
identified as essential. While motor-related variables are sequentially obtained, other
variables need to be set.

Therefore, regarding the configuration of joint angles θP_upbody and θC_torso, an ex-
perimental study in Section 4.1 established a similar trend between the elderly person’s
thigh angle θP_thigh for four subjects. Based on the experimental values of the subjects, an
approximate formula for joint angles was formulated as shown in Equations (2) and (3).
Assuming that the seat and the elderly person’s thigh move together, the value of the
elderly person’s thigh angle θP_thigh is approximated as 90 − θmotor (θP_thigh

∼= 90 − θmotor).
Through Equation (3), the setting of θmotor for θC_torso to be α is determined.

θP_upbody= a3θmotor
3 + a2θmotor

2 + a1θmotor + a0 (2)

θC_torso= b1θmotor + b0 (3)

where a3 = 0.0011, a2 = −0.1064, a1 = 3.047, a0 = 22.367, b1 = 0.0961, and b0 = 46.47.
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The estimated segment weight and estimated moment of inertia of the human body
were referenced from [18], and the segment length of the human body was referenced
from [19].
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4. Experimental Results and Discussion

In last section, we introduced a control algorithm aimed at satisfying ideal conditions
and reducing the lumbar burden of caregivers. In this section, our focus is on quantitatively
understanding the lumbar burden factors of caregivers during the transfer operation by
implementing control objectives that fulfill the ideal conditions. This allows us to obtain
control indices and target values for the transfer movement. Through experiments, we
define a threshold α for the caregiver’s trunk forward tilt angle θC_torso to facilitate the
seamless transition between the automatic lift algorithm and the collaborative assistive
algorithm in the developed human–machine collaborative transfer system.

4.1. Establishment of Lumbar Burden Evaluation Method and Consideration of Caregiver’s Lumbar
Burden Factor

The lumbar pain factor was set at 3400 N according to NIOSH for the lumbar interver-
tebral disc compression force FLC [17]. In the motion analysis, the lumbar disc compression
force was estimated, and the lumbar burden was evaluated using Equation (4) proposed by
Yamazaki et al. [20]. MB, ML, MR, and Fwaist represent the forward bending moment, side
bending moment, turning moment, self-weight component, and external force component
applied to the center of the lumbar joint. The rigid link model used divided the human
body into nine parts: the head, trunk, upper limbs, waist, both thighs, both lower legs, and
both legs. Additionally, as a characteristic of the caregiver’s standing support movement
obtained in the experiments in Section 4.2, it was assumed that the elbow joint angle of the
caregiver did not change significantly during the movement due to the immobility of the
upper limbs. Consider a link that integrates the trunk and upper limbs.

ΣFLC = 20MB + 8ML + 23MR + Fwaist (4)

The transfer movement by one caregiver using the front holding method is two-
dimensional [18]. Therefore, the dominant term in Equation (4) is the forward bending
moment on the caregiver’s waist. Equation (5) presents the expression for calculating the
forward bending moment MB.

MB ∼=
→
F C_arm

→
r C_arm + WC_upbodyLC_upbody sinθC_torso (5)
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→
F C_arm represents the caregiver’s upper limb exertion force,

→
r C_arm is the moment

arm (vector from the waist joint to the gripping point), WC_upbody is the combined weight
of the caregiver’s head and upper torso, LC_upbody is the combined length of the caregiver’s
upper torso and head, and θC_torso is the caregiver’s trunk forward tilt angle. As the transfer
movement is a relatively slow motion [20], we consider excluding dynamic terms in this
Equation (5). In this equation, the variables that change during the movement are θC_torso,
→
F C_arm, and

→
r C_arm. Therefore, these three variables are set as the lumbar burden factors.

4.2. Experiment: Extracting Lumbar Burden Factors in Caregiver’s Transfer Movements

An experiment was conducted to extract the timing of the increase in lumbar burden
and the lumbar burden factor when the caregiver assisted the elderly person in standing
up under the condition of knee fixation.

The subjects included four male caregiver workers without back pain disorders (D1
to D4, including three physical therapists and one social worker: height 1.76 ± 0.03 m,
weight 69.8 ± 2.9 kg) and two students (E1, E2: height 1.72 ± 0.03 m, weight 65.0 ± 4.3 kg).
The experiment utilized a three-dimensional motion measurement device, a floor reaction
force plate, infrared reflective markers, and a mock-up as shown in Figure 6a, allowing the
elderly person to sit down with knee fixation functionality and a treading force sensor. The
experimental setup is illustrated in Figure 6b. The participants performed the standing
support movement using the front holding method for the simulated elderly person, and
the movement was recorded. To simulate characteristics of the elderly person, the simulated
elderly were instructed to relax their entire body while maintaining a seated position.
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Figure 6. The experimental setup included the use of a mock-up, as well as schematic diagrams
illustrating the subjects’ posture, placement of items, etc.: (a) appearance of mock-up; (b) position of
subjects and mock-up.

4.2.1. Results

This experiment was conducted with the approval of the University of Tokyo Life
Science Committee. The experimental results are presented in Figures 7 and 8.

The duration of the movement was defined as the time from when the caregiver began
to lift the trunk until the elderly person was fully upright. The average duration of the
movement was 2.76 ± 0.30 s. Figure 7 illustrates the time-series responses of the caregiver’s
trunk forward tilt angle θC_torso, the caregiver’s upper limb exertion force FC_arm_z, and their
lumbar intervertebral disc compression force FLC during a standing assistive movement
for representative participant D1 (height 1.72 m, weight 71.0 kg). As the standing assistive
movement progressed over time, the θC_torso of the caregiver decreased. An increasing trend
in FLC was observed simultaneously with the increase in FC_arm_z. Moreover, at the moment
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indicated by the red square in Figure 7, FLC exceeded the evaluation criterion of 3400 N,
indicating a heightened risk of lumbar pain during the standing assistive movement.
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the knee of the elderly person is fixed. (a) Relationship between θC_torso and FC_arm_z; (b) relationship

between θC_torso and
∣∣∣→r C_arm_x

∣∣∣.
4.2.2. Discussion

In order to understand the relationship between lumbar factors, we depicted the
relationships between θC_torso and FC_arm_z as well as θC_torso and

∣∣∣→r C_arm_x

∣∣∣ in the standing
assistive movement of D1, as shown in Figures 8a and 8b, respectively.

During the standing assistive movement, when θC_torso was around 35 degrees, FC_arm_z
reached its maximum value, and FLC exceeded the evaluation reference value. From
Figure 8a, it is evident that FLC is significant during the movement intervals with large
values of θC_torso and FC_arm_z. The line made of triangles (the lower line in Figure 8b)

in Figure 8b indicates a linear relationship between θC_torso and
∣∣∣→r C_arm_x

∣∣∣ based on the
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measured values. Additionally, assuming the horizontal component of the moment arm be-
tween the caregiver and the elderly in the transfer movement is the sum of the trunk length
and forearm length, we calculated the theoretical value of

∣∣∣→r C_arm_x

∣∣∣ using Equation (3) and
represented it with the line made of rhombuses (the upper line in Figure 8b) in Figure 8b.

When comparing the theoretical and experimental values in Figure 8b, there is a differ-
ence in the y-intercept, which can be attributed to the assumption in the theoretical value
calculation, where the distance along the x-axis from the caregiver’s shoulder joint to the
gripping point was considered as the upper arm length, but in reality, it is shorter than the
upper arm length. Moreover, the slopes are nearly identical, and as the theoretical value’s
variable is θC_torso, it can be inferred that

∣∣∣→r C_arm_x

∣∣∣ and θC_torso are dependent variables.∣∣∣→r C_arm_x

∣∣∣ = LC_torso sinθC_torso+LC_ f orearm (6)

However,
∣∣∣→r C_arm_x

∣∣∣ represents the x-direction component of
→
r C_arm, where LC_torso

is the caregiver’s upper torso segment length, and LC_ f orearm is the caregiver’s upper arm
segment length.

Therefore, based on the obtained results, it is crucial to quantitatively capture the
relationship between θC_torso and FC_arm_z in the intervals where they are significant, as FLC
is substantial in those intervals for considering lumbar burden reduction. Additionally,
considering that the factor

∣∣∣→r C_arm_x

∣∣∣ is dependent on θC_torso, it indicates that caregivers
assist the elderly in standing up by elevating the torso while fixing the position of the
elderly person with their arms, rather than lifting the patient solely with their arms. In
the standing assistive movement, recognizing

∣∣∣→r C_arm_x

∣∣∣ as dependent on θC_torso, and
to achieve the objectives in this study, lumbar burden factors were set as state variables,
consisting of θC_torso and FC_arm_z.

4.3. Experiment: Understanding the Relationship between Lumbar Burden Factors and Lumbar
Burden Evaluation Criteria

From Section 4.2, we considered that the lumbar burden factors are θC_torso and
FC_arm_z. Therefore, to quantitatively obtain evaluation criteria for meeting the ideal con-
ditions, an experiment was conducted to understand the relationships between θC_torso,
FC_arm_z, and FLC. The participants were eight students (height: 1.74 ± 0.08 m, weight:
68.3 ± 0.05 kg). Participants held a weight (w = 8, 13, 18, 23, and 28 kg in five conditions)
with both hands, simulating the caregiver’s standing assistive movement. During the move-
ment, they fixed the elbow angle at 90 degrees and were instructed to simulate the standing
assistive movement using the front holding method by raising the trunk. Additionally,
three conditions (3, 4, 5 s) were set for the movement time to investigate differences due to
the duration of the movement. The measurement method was the same as in Section 4.2.

4.3.1. Results

Figure 9 illustrates the relationship between θC_torso, FC_arm_z, and the lumbar burden
evaluation criterion for a representative subject. The five lines represent different weights
of the weight (w = 8, 13, 18, 23, and 28 kg). As the weight of the weight increases, FC_arm_z
tends to increase, but the maximum value of θC_torso, where FLC does not exceed the
evaluation criterion, tends to decrease. This trend was observed regardless of body size
and movement time, providing consistent results.
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4.3.2. Discussion

To obtain the characteristics similar to Figure 9 for each subject, the maximum values
of θC_torso and FC_arm_z, where FLC does not exceed the evaluation criterion (FLC ∼= 3400 N),
were plotted for each subject. From this relationship shown in Figure 10, an approximation
Equation (7) for θC_torso and FC_arm_z was derived. This approximation equation serves
as a quantitative boundary to meet the ideal conditions, and using this boundary, the
parameter threshold α discussed in Section 3.1 was set. Additionally, a separate experiment
was conducted to investigate the scenario where the caregiver holds the assisted elderly
to prevent the trunk from falling while in a seated position. It was found that FC_arm_z
requires approximately 100 N (FC_arm_z ∼= 100 N). Substituting this value into the boundary
equation and rearranging, θC_torso was determined to be 25 degrees (θC_torso = 25 deg). In
other words, the caregiver needs to assist the elderly when θC_torso is above 25 degrees for
FLC to exceed the evaluation criterion of 3400 N.

FC_arm_z = c1θC_torso + c0 (7)

where c1 = −2.9688, c0 = 181.84.
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4.4. Evaluation of the Effectiveness of the Control Algorithm

To assess the effectiveness of the proposed control algorithm considering the lumbar
burden factors identified in Sections 4.2 and 4.3, an experiment was conducted using the
developed device. The utility of the control algorithm is defined as “the proposed control
algorithm ensures that in the caregiver’s standing assistive movement, θC_torso is in the
range where α = 25 deg, and FLC < 3400 N”, as described in Section 3, and the effectiveness
of the Calibration Process and Motion Control Process shown in Figure 4 are examined.

4.4.1. Examining the Effectiveness of Calibration Processes

The effectiveness of the Calibration Process is defined as “whether the estimated
height corresponds to the measured height based on the proposed control algorithm”, and
is examined. Figure 11 illustrates the relationship between the estimated height and the
measured height for each subject in the Calibration Process. The subjects consisted of six
students (height 1.70 ± 0.06 m, weight 61.3 ± 5.4 kg). As a result, the estimated height of the
elderly was obtained with an accuracy of approximately ±0.1 m. Therefore, the Calibration
Process enables the estimation of the elderly person’s height, providing valuable results for
estimating the inertia term Tinertia and the gravity term Tload in Equation (1).
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4.4.2. Examining the Effectiveness of Motion Control Processes

The effectiveness of the Motion Control Process is defined as “the proposed control
algorithm ensures that FLC does not exceed 3400 N in the range where θC_torso is smaller
than α during the stand-up assistive movement of the caregiver”. The subjects included
two students (height 1.73 ± 0.08 m, weight 61.0 ± 8.0 kg), who alternately played the roles
of caregiver and elderly person in the experiments.

Using the proposed device shown in Figure 2a, the caregiver assistive the standing-up
movement using the front holding method. The movement instructions and measurement
methods were the same as in Section 4.2, respectively. To ensure that the caregiver performs
the movement with θC_torso within the range smaller than α, the automatic lift algorithm
(Lift up) was executed from the state of an elevated seat, followed by the execution of the
collaborative assistive algorithm (Torque assist).

Figure 12 illustrates the time-series response of the caregiver’s lumbar burden and
the motor operation during the execution of the collaborative assistive algorithm in the
movement range where θC_torso is smaller than α. In the case of these two subjects, it
was observed that the caregiver applied force to the elderly person, decreasing θC_torso
to assist the standing-up movement. Correspondingly, the motor outputted a torque of
approximately 200 Nm, causing the seat to elevate. This indicates that the caregiver’s
assistance was provided by reducing θC_torso, and the motor action resulted in the elevation
of the seat.
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As a result, during the stand-up assistive movement, FC_arm_z was found to be less
than 100 N, and FLC was less than 3400 N. In other words, it was confirmed that, with the
proposed control algorithm, the caregiver and the device collaborate effectively to assist
the elderly in standing up. Additionally, in the range of θC_torso being less than α = 25 deg,
the proposed control algorithm, through the assistance of the device, resulted in FC_arm_z
being reduced, meeting the ideal conditions and confirming its effectiveness.

4.5. Discussion

In previous study, we identified the constraints and requirements for a device adapted
to the environment of elderly care facilities. We conducted a quantitative assessment
of the burden of caregivers’ transfer movements, extracted functional requirements for
reducing lumbar burden based on the assessment, and explored specifications for the
transfer assistive device [16].

In this study, we aimed to obtain control target values for reducing lumbar burden
using the proposed device by understanding the relationship between lumbar burden
factors and lumbar burden during transfer movements. Analyzing the relationship between
lumbar burden and lumbar burden factors in the transfer movement using the front holding
method by a single caregiver under the condition of fixing the patient’s knees, which is one
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of the device requirements, we identified the correlation between the caregiver’s lumbar
disc compression force FLC reaching the evaluation criterion of 3400 N and the caregiver’s
trunk forward angle θC_torso, as well as the upper limb exertion force FC_arm_z. The results
indicated that the caregiver, assisting the elderly person when θC_torso was above 25 deg,
exceeded the evaluation criterion of 3400 N for FLC.

Furthermore, to reduce the caregiver’s lumbar burden, we proposed a control algo-
rithm considering the correlation of lumbar burden factors. Specifically, based on the
condition where FLC was determined to be 3400 N, as identified in Section 4.1, we set the
threshold α for θC_torso at 25 deg. In the range where θC_torso is equal to or greater than
α, the seat automatic lift algorithm (Lift up) automatically raises the seat. In the range
where θC_torso is less than α, the collaborative assistive algorithm (Torque assist) is applied,
allowing the device to collaborate with the caregiver’s force input to provide support for
standing up.

Utilizing the proposed device and implementing the assistance movement through the
collaborative transfer system, a control algorithm for reducing lumbar burden, the results
demonstrated the effectiveness of the proposed control algorithm. In the operating range
where the caregiver’s trunk forward tilt angle θC_torso is less than the threshold α = 25 deg,
it was empirically verified that the evaluation criterion for lumbar intervertebral disc
compression force FLC could be reduced to or below the specified standard (3400 N),
achieving the ideal condition for lumbar burden reduction.

5. Conclusions

In this study, we have thoroughly considered the physical contact with the elderly
under care, aiming to reduce their psychological burden and enhance the acceptance of
transfer assistive devices. Taking into account factors such as Parkinson’s disease and
cognitive impairments that may hinder effective system utilization, caregivers, in the
process of transfer support actions, engage in physical contact with the elderly. This
approach is designed not only to assist the elderly in maintaining bodily stability but
also to alleviate their anxiety, thereby achieving optimal synergy in the human–machine
collaborative transfer system.

It is important to note that the human–machine collaborative transfer system devel-
oped in this study is currently in the developmental stage and has not yet entered the
clinical trial phase. Therefore, the participants involved in the experiments are not actual
elderly people, but rather temporary subjects utilized for system development and perfor-
mance evaluation. As the research progresses to the clinical trial phase, we will actively
invite eligible elderly people to participate in relevant experiments to comprehensively
assess the practical utility and applicability of the system. Furthermore, to ensure the
rigor of this study, a significant number of professional caregivers will also be required to
participate as experimental subjects. Experiments will be conducted with these subjects
under various conditions, thereby establishing this research as a robust control and further
enhancing its rigor.

However, it is noteworthy that throughout the entire research process, our primary fo-
cus was on the quantitative assessment of caregivers’ lumbar load, with limited exploration
into the caregivers’ psychological state when utilizing the human–machine collaborative
transfer system. Particularly in the context of transfer assistive movements, where care-
givers frequently engage in repetitive tasks such as lifting the elderly, the prevalence of
bending and twisting motions, coupled with scarce opportunities for rest, exacerbates their
psychological burden [21–25]. Especially over the past three years, during the global out-
break of the COVID-19 pandemic, factors such as the pandemic itself, aside from causing
direct fatalities, have adversely impacted the mental health of many individuals [26]. In
response to these challenges, the recent development of a series of digital mental health
tools [27] and welfare devices [28,29] has played a role in emotion regulation, skill devel-
opment, and education, providing new avenues to address these challenges. Therefore,



Actuators 2024, 13, 96 15 of 16

exploring design methods suitable for caregivers to improve their psychological health
becomes the next focal point of our attention.
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