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Abstract.

BACKGROUND: Individuals with gait disturbances, such as that post-stroke, are discharged home to undergo outpatient
rehabilitation. Rehabilitation in the community is not as effective as that in hospital, due to long travel times and short program
duration.

OBJECTIVE: This study analyzed rail unit structure, with the aim of assisting home indoor assistive mobility system (HIAMS)
development, allowing patients to undergo gait-related rehabilitation training at home.

METHODS: The HIAMS consists of a mobile rail running around the whole room, a turn-table for movement between rails,
and a weight-supporting component. Structural analysis was performed using the Abaqus/CAE solution (Version 6.14, Dassault
systems, Inc.) to verify device safety, according to the load applied to the rail and turn-table units. The load was applied vertically
at 150 kg to reflect the weight of potential users.

RESULTS: Structural analysis was performed on the weight-supporting components, which was consist of turn-table case,
bearing components (center, left), connective bracket and rail rollers. The safety factors of each components were estimated as
1.31, 5.39 (bearing, center), 8.45 (bearing, left), 1.43 and 3.61 in sequence.

CONCLUSION: We demonstrated a safety factor of > 1.3 for the key system units, suggesting this technology is safe for use
in the home rehabilitation training of individuals with gait impairment post-ICU stay.
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1. Introduction

South Korea was deemed an aged society in 2017, and by the second half of 2024 it will become
a super-aged society, with older adults accounting for > 20% of the population [1]. Therefore, the
population with geriatric disease, including cardiovascular diseases such as strokes, and the demand
for rehabilitation are increasing [2]. Cerebrovascular accidents (CVA) are a disease linked to increase
alcohol intake, smoking, and hypertension. These risk factors lead to endovascular damage, causing vessel
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occlusion or rupture that reduces the blood supply to areas of cerebral tissue. CVA may result in abnormal
muscle tension, hemiplegia, and contracture. Reduced motor and sensory abilities due to hemiplegia are
the most common symptoms of neurological damage observed in stroke patients [3]. Hence, patients
with post-stroke hemiplegia demonstrate reduced balance and motor control, reduced walking speed and
asymmetric weight distribution during walking. The gait of these patients is characterized by the variation
in stride length between paretic and non-paretic sides, a short stance phase and relatively long swing
phase on the paretic side, and asymmetry [4].

These symptoms reduce independence and restrict the patients’ activities of daily living (ADL) post-
stroke. Around 66% of stroke patients exhibit some ongoing physical dysfunction, impacting their ADL in
approximately 75% of cases [5]. Limited access to their physical environment and reduced independence
not only affects patients’ psychological and social wellbeing, but reduces their quality of life, and impedes
their human rights [6]. Hence, the ability to carry out ADL impacts the prognosis of post-stroke patients,
and is regarded as a predictor of functional recovery [7].

Scheduled rehabilitation training programs using assistive devices are routinely used to treat gait
impairments. Gait rehabilitation devices are categorized into five types; treadmill-based, foot-plate-
based, over-ground, exoskeleton-assisted and active short-leg brace types [8]. The most researched and
commercialized products are treadmill-based assistive devices, with a harness attachment to suspend
the patient whilst providing support [9]. Hesse et al. investigated partial body weight support (BWS)
and the effect of treadmill gait training in hemiplegic patients [10,11]. Werner compared the training
effects of a conventional gait training device with a weight-supporting treadmill device in subacute stroke
patients [12]. However, the device was criticized for requiring two therapists [13], and for limiting natural
patient movement due to fixed user positioning.

This study aimed to develop an over-ground gait training device to assist with gait training and to
improve patient ADLs. To prevent falls, a ceiling-rail was included; the rail was installed on the ceiling
and a suspension unit added to assist with safety during stance and gait training. Despite limited studies
assessing ceiling-rails, various studies have compared the kinematic and kinetic parameters between
treadmills and over-ground gait training methods [14-17], and weight-supported treadmills with over-
ground methods in patients with stroke or incomplete spinal cord injuries [18-22]. Lee et al. conducted a
clinical study on 36 patients with hemiplegia to verify the effects of over-ground gait training using a
ceiling-rail device. After the 8-week intervention, the gait training was shown to have improved the ankle
range of motion, static balance and walking speed in hemiplegic patients [23].

The findings indicated that the use of gait assistive devices with ceiling-rails would allow effective
gait training in daily life, as well as improve independence in daily activities. However, ceiling-rail gait
assistive devices have so far only been developed to allow movement in fixed directions, and require a
relatively large installation space [23-26]. Due to limited utility in daily life, these devices have previously
mostly been installed in hospitals only. As a result, the rehabilitation of hemiplegic patients usually
begins in hospital, then requires outpatient attendance to a rehabilitation unit. The ability to travel limits
patient access to rehabilitation, while the relatively short time of rehabilitation training limits therapeutic
effects and reduces patient motivation. Therefore, it is necessary to develop a home-based indoor assistive
mobility system to allow the gait rehabilitation training. We developed a ceiling-rail rehabilitation system
for home application, including a mobile rail to allow mobilization around the entire room, a turn-table to
allow movement between rails, and a weight-support unit to assist with gait. A structural analysis was
subsequently performed.
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Fig. 1. Visualized concept of the home indoor assistive mobility system.
2. System configuration
2.1. Overview

As shown in Fig. 1, the home indoor assistive mobility system (HIAMS) developed in this study was
designed for to assist patients with ADL performed at home. The device consists of a rail unit installed at
each indoor space, a turn table to assist with movement across rooms and a weight-support unit. The rail
unit has two sections of fixed rail in each room, and a mobile rail installed between the two fixed rails to
enable mobilization around the entire room. The turn-table unit assists with movement from one room
to another. The weight-support unit supports the user whilst they carry out their ADL, including sitting,
standing and walking in accordance with their current ability level.

2.2. Assistance with indoor movements

Once home, the individual with gait impairment performs their ADLs in an indoor environment. These
movements can be divided into vertical movements, like sitting and standing, and horizontal movements
such as walking. During these movements, the device should be able to withstand the weight-support unit
customized to the user’s weight and level of gait impairment.

The design of the rail unit installed in each room and the turn-table are shown in Fig. 2. The rail unit is
divided into two fixed rails and two room-covering mobile rails to allow the entire space of the room,
along the X and Y axes, to be covered. The fixed rail is attached at the two ends of the ceiling along
a single axis as shown in Fig. 2. One of the mobile rails is connected to the two fixed rails, allowing
movement along the other axis.

The turn-table used to change direction, as shown in Fig. 2, is installed at one end of the mobile rail in
each room. Movement from one room to another requires combination of the direction-conversion rail
from the turn-table with the mobile rail from the other room.

Figure 3 details the turn-table design, including how it facilitates movement between rooms. The
turn-table comprises a passive rotational conversion part, allowing movement to other rooms with a
direction-conversion rail, and the detailed dimensions of the module are 496.0 mm wide, 380.0 mm long,
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Fig. 3. Design of the turn-table unit.

and 99.2 mm high, and its weight is 26 kg. It also includes a part that integrates with the mobile rail, and
a case. To change direction towards the target room, the user should turn the rotation handle to align the
direction-conversion rail with the rail installed in the other room.

Figure 4 shows how each component is assembled within the turn-table. The turn-table is connected to
the mobile rail with a bracket. A bearing and a rail rotational axis were added to for a smooth connection
between the rail rotation handle and the direction-conversion rail.

3. Structural analysis: Methods

To verify the structural safety of the rail and turn-table units according to the vertical load of the user,
the Abaqus/CAE solution (Version 6.14, Dassault systems Incs.) was used.

The HIAMS developed in this study targets individual with gait impairment, who returns home after
intensive care at the hospital. These individuals are able mobilize independently with an assistive tool,
such as a cane or walker, and require support with 50% of their body weight or less. One-hundred-and-fifty
kilograms was selected as the weight to test structural safety, as it is twice the average weight of adult
males, giving a two-fold safety load.
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Fig. 4. Design of detailed turn-table unit.

Fig. 5. Simplified model of rail and turn-table parts orientation during structural analysis.

Fig. 6. Structural analysis of ceiling-rail and turn-table parts including maximum 150 kg load.
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Table 1
Material properties of the ceiling-rail and turn-table parts
. . AL6061 Silicone
Material properties Te S45C SUS304 SUS440C rubber
Density (kg/m?) 2,700 7,850 8,000 7,800 2,250
Young’s modulus (MPa) 68,900 205,000 193,000 204,000 950
Poisson’s ratio 0.33 0.29 0.29 0.28 0.45
Yield strength (MPa) 276 343 215 450 72.5
Tensile strength (MPa) 310 569 505 760 82.6

U, Magnitude
— +1.646e+01
+1,509e+01
+1,372e+01
+1,234e+01
+1.097e+01
+9.601e+00
+8,2308+00
+6.858e+00
+5,486e+00
+4.1158+00
+2.743e+00
+1.3726+00 ’ —
+0.000e+00 Max s =hie646e+001
Max: +1.646e+01
Node: RAIL_V5-5-1.2219

Max: +1.646e+001

Fig. 7. Structural analysis of stress on rail and turn-table components using a 150 kg-load.

To test the structural safety of the ceiling-rail and the turn-table, the mobile rail was fixed on the upper
part of the fixed rail (Fig. 5), and the maximum load of 150 kg was applied to the lower part of the mobile
rail module (Fig. 6).

Table 1 presents the material properties of the mobility system components. The turn-table case was
aluminum (AL6061-T5, AL6063-T6), the bearing in connection with the rotation grip was stainless
steel (SUS304, SUS440C), the bracket connected with the mobile rail was stainless steel (S45C) and the
material of the roller was silicon rubber.

4. Structural analysis: Results

Immediately after hospital discharge, patients may need an assistive device to help regain mobility. It is
important that the assistance is directed toward the vertical load in consideration of the user’s weight. In
this study, a simulation program was used to verify the structural safety of the rail and turn-table units of
the HIAMS, focusing on vertical load.

Figure 7 presents the representative result of structural analyses on the fixed and mobile rails, using a
150 kg-load on the lower part of the turn-table. The colors in the top left corner indicate the load forces
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Fig. 8. Structural analysis of stress on turn table case using a 150 kg-load.
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Fig. 9. Structural analysis of stress on the bearing component using a 150 kg-load.

on each rail using a 150 kg load. The color spectrum from green to blue indicates a reducing load and
from green to red indicates an increasing load.

Figures 811 present the results of the structural analyses on the weight-supporting components.
Figure 8 shows the stress on the turn-table case structure, revealing an overall spectrum of yellow and
light red. As in Fig. 6, the central area received the most stress, with a maximum of 210.7 MPa. As the
yield strength of the case material aluminum (AL6061-T6) is 276 MPa, the safety factor was estimated as
1.31. Hence, the component maintains a safety factor > 1 even with maximum stress.

Figure 9 presents the bearing component results as the passive rotation handle of the turn-table is
applied to change direction. The center of the bearing, again, had the highest load, with maximum stress
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Fig. 11. Structural analysis of stress on rail rollers using a 150 kg-load.

of 39.89 MPa on the left bearing and 53.25 MPa on the right. The materials of both bearing were different
types of stainless steel (SUS304 and SUS440C), with yield strengths of 215 MPa and 450 MPa, yielding
safety factors of 5.39 and 8.45 accordingly. This confirmed the structural safety for the entire unit of
bearing, including the central area receiving the highest load.

Figure 10 presents the results of the bracket component that connects the turn-table to the mobile rail.
The maximum stress on the bracket was 239.6 MPa. As the yield strength of the bracket material (S45C)
is 215 MPa, the safety factor was estimated as 1.43, indicating that the bracket received a similarly high
load to that of the turn-table case.

Figure 11 shows the simulation result for the roller that allows turn-table mobility. As the roller was
designed using a silicon rubber material for smooth movements, the load on the roller was shown to be
relatively low. The max stress was 20.11 MPa, and as the material yield strength of silicon rubber is
72.5 MPa, the safety factor was estimated as 3.61, confirming its structural safety with a 150 kg load.
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5. Conclusions

This study was conducted to develop a home-based rail system to assist with the rehabilitation training
of patients after hospital discharge post-stroke. A structural analysis was performed on the rail unit of the
system. Considering that the maximum load of the expected user of this product is 90 kg, the stress on
the mobile rail and the turn-table was analyzed with a 150 kg load applied in the direction of gravity. The
maximum stress was found on the bracket that connects the turn-table case to the mobile rail, while the
rail roller bearing experienced minimal stress. As the maximum stress on each component was below
their relative material yield strength, structural safety was confirmed. These results are expected to be
reflected in structurally safe design methods when manufacturing rail systems for households in the
future. A limitation of this study is that it did not consider dangerous situations such as actual users’ falls.
In a sudden situation such as a fall, it may take more than 1.5 times of one’s own body weight. To this
end, future research plans to verify structural safety even with a load of 250 kg or more. Based on the
design in this study, for which the structural safety has been verified, a prototype will be fabricated, and
an indoor mobility test will be conducted in a follow-up study.
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