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Abstract: Obstacles such as ramps, steps, and irregular floor surfaces are commonly encountered
in homes, offices, and other public spaces. These obstacles frequently limit the daily activities of
people who use mobility aids. For this purpose, this study solves a slope minimization problem for
personal mobility aids. As a solution approach, a gradient-reduction scheme is proposed, which
allows existing mobility aids to reduce the required horizontal forces and vibrations when ascending
steps while maintaining their wheel sizes. Practically, an axle-transitional wheel mechanism realizing
the gradient-reduction computation model is established, and its step-ascending wheel prototype is
developed. Specifically, since the proposed wheel enables integration into existing personal mobility-
assisting devices, two functional roles, such as rolling and step ascending, can be used. The developed
step-climbing wheel can help the users of mobility aids mitigate the aforementioned limitations.
The physical and mental burdens of caregivers and medical staff can also be reduced by making
the users of the gradient-reduction scheme more self-sufficient. This study provides details on the
axle-transitional wheel mechanism and its step-ascending wheel prototype. The findings are analyzed
mathematically, and their functionality is verified through extensive experiments using a prototype.

Keywords: personal mobility aid; threshold and step; gradient reduction; axle-transitional wheel
mechanism; horizontal force; vibration; step-ascending wheel

1. Introduction

In recent years, with the progressive aging of the population, the use of various mobility-
assisting devices, such as walkers [1–5], canes [6,7], exoskeletons [8–10], wheelchairs [11,12],
and mobility scooters [13,14], has become prevalent. Such mobility devices typically use
wheels. On flat surfaces, these wheels enable smooth movements without vibration and
the exertion of force. However, on nonflat surfaces, such as steps, smooth movement
is impossible. Steps are prevalent in everyday life, such as in the entrance/exit areas of
buildings or between streets and sidewalks. These barriers limit the activity range of people
who use mobility-assisting devices.

Many studies have been conducted to resolve these difficulties. For example, various
auxiliary devices [15–18], such as lifts, have been designed and attached to existing mobility
aids. Some researchers have developed replacement parts with augmented stair-ascending
capabilities. Some of these replacement wheels combine multiple smaller wheels into
one larger wheeled assembly [19–21]. Specifically, in the case of replacement parts, both
the rear and front wheels [22–25] have been considered for replacement, and the use of
crawlers [26–29], instead of wheels, has also been investigated. In addition, some devices
have been designed for stair ascending from inception. However, devices in the existing
studies have several shortcomings, including high cost, bulky size, heavy weight, and high
complexity. Furthermore, it is often difficult to integrate these devices into the existing
low-cost mobility aids.
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In contrast to the aforementioned stair-ascending mobility devices, the motivation
of this study is to overcome obstacles, such as a step or a threshold, to extend the daily
activities of people who use low-cost mobility aids. Three main methods have been
proposed for ascending steps. The first is the installation of ramps to enable movements
over a gentle slope. The second is a wheel mechanism involving an actuator. The third
is a wheel mechanism with a special shape. These methods can expand the range of step
heights that can be overcome. However, these methods tend to increase the device size;
therefore, they are not suitable for use in conventional mobility aids.

Reducing the power required to overcome a step while maintaining the size of the
existing equipment is necessary to expand the activity range for people with decreased
physical strength. As shown in Figure 1, a gradient-reduction scheme in which the step is
replaced by a virtual slope is proposed. In an experiment using a prototype, we demonstrate
the effectiveness of our step-ascending scheme, which is both laborsaving and smooth.

Figure 1. Conceptual illustration of gradient minimization for mobility aids.

2. Background

In this section, we discuss three cases of how to ascend when a wheeled assisting device
encounters a step, as mentioned in Section 1. Before this discussion, several geometrical
definitions related to this assisting device are introduced. Its traveling direction on an even
surface is defined as ~x. ~y lies 90◦ anticlockwise from ~x, and ~x and ~y intersect at the origin
O. The opposite of the gravity direction −~g is defined as ~y (see Figure 2a). Based on these
definitions, we consider the force required to overcome a step. For convenience, the force
(horizontal force hereinafter) applied in a direction parallel to ~x is handled in this study.
With regard to the horizontal force, three examples during step ascending are explored.

First, instead of the step, a ramp is set according to the height of the step. As shown
in Figure 2a, Fs denotes the force required to ascend the ramp. The use of a ramp has
the advantage of reducing the Fs. Since the step height varies depending on location, in
practice, it would be difficult to install a ramp matching the height of a step.

The second example, shown in Figure 2b, is to use a wheel with actuators to amplify
the driving force needed to ascend a step. One of the typical technologies for configuring
a gentle slope is the crawler mechanism raising the axle positions. Another technology
is an arm-attached wheel mechanism, where steps are climbed using the driving force
of the attached arm. Here, the force generated when climbing a step is defined as Fm.
The advantage of this method is that the Fm from the actuator allows the users of this
mechanism to climb steps without relying on their physical strength. However, using an
actuator entails an increase in weight and device size.

The third example is to employ wheels with different shapes from those of conven-
tional wheels. One representative example is a wheel device comprising three smaller
wheels [30] (for convenience, a three-wheel device, hereinafter). Figure 2c illustrates how
the three-wheel device climbs a step. To ascend a step, wheel-2 rotates around the contact
point between wheel-1 and the step; here, the force applied to wheel-2 is defined as Ft.
This device expands the range of step heights that can be climbed without the use of an
actuator. However, a free fall of wheel-2 is involved when wheel-1 climbs a step, causing
a significant amount of vibration to be generated upon collisions between wheel-2 and
the ground. Here, the potential energy of wheel-2 before its fall is defined as Ut. Since
wheel-2 is higher than a conventional singular wheel, the Ut of wheel-2 is larger than that
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of the conventional wheel. Depending on the step height, the collision speed of wheel-2
with the ground is proportional to the magnitude of Ut. Therefore, the collision speed of
the three-wheel device would be higher than that of a conventional wheel. Consequently,
during step ascending, the three-wheel device may give the user a stronger sense of anxiety
than when using a conventional wheel.

(a)

(b) (c)

Figure 2. Three cases to be employed during step ascending: (a) using ramp, (b) using actuators,
(c) using three-wheel device.

3. Problem Statement

First, the horizontal force can be reduced by installing a ramp with a gentle slope. For
the second wheel example, Fm is used to ascend a step, meaning that the horizontal force
cannot be saved because of the use of another actuator. Moreover, the size of the wheel
device depends on the adoption of actuators. Next, the third example with special wheel
shapes does not require the use of an actuator. However, due to irregular movements when
ascending a step, vibrations could be generated. Based on these considerations, the follow-
ing three conditions of mobility-assisting systems for potential users with relatively weak
physical strength would be required: The first condition is a reduction in the horizontal
force. The second condition is to prevent an increase in the equipment size, and the third is
to alleviate the vibration generated when ascending steps.

To achieve the three aforementioned requirements, the concept of ascending a step
using a gentle slope without installing a ramp is proposed. In detail, as shown in Figure 1,
in a series of ascending steps, each step is replaced with a virtual slope. By configuring
the gentle gradient, we attempt to reduce the horizontal force required to ascend the step.
To formally describe the addressed problem, under the aforementioned conditions, the
desired horizontal force and potential energy of the axle generated when ascending the
step are defined as Fd and Ud, respectively. From these definitions, the addressed problem
is formalized as follows:

Fd < Fs < Fm, (1)

and
Ud < Ut. (2)

As our solution direction, we propose a gradient-reduction scheme that allows a wheel
to reduce Fd and Ud while maintaining the existing wheel sizes. The gradient-reduction
scheme is described in detail in the following section.
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4. Gradient-Reduction Scheme
4.1. Step-Equivalent Gradient Model

As depicted in Figure 3a, the axle position is referred to as a point O, and the contact
point between a wheel and a step is expressed as a point C. Next, the perpendicular of the
line OC is regarded as a virtual slope, lm; the gradient of lm is named a step-equivalent
gradient. Similarly, the step-equivalent gradient configured when the wheel ascends the
step is represented by θm.

(a) (b)

Figure 3. Illustration of step-equivalent gradient model. (a) Step-height-based equivalent gradient
computation for existing wheels, (b) concept of slope minimization for step-height-based equivalent
gradient model.

Figure 3b depicts another virtual slope, ld, and its perpendicular line, CS, when a
gradient becomes smaller than θm. Once ld can be adjusted to be gentler, another equivalent
gradient is defined as θd. If θd is configured, an alternative OC around C is necessary.
Therefore, a new rotational center point S is located on CS. Alternatively, to reduce θd,
S is assumed to exist on the CS obtained after rotating OC around C. In the following
subsection, we describe the definition and derivation of S in detail.

4.2. Derivation of New Center of Rotation

Since θd varies according to step heights, S is also linked to the height. In this sub-
section, an appropriate S to ascend a step is derived. As shown in Figure 4, the distance
from S to C in the ~x direction is defined as lxd. Similarly, the distance from S to C in the ~y
direction is expressed as lyd. The derived θd is expressed:

θd = sin−1 lxd

SC
. (3)

From Equation (3), θd depends on the relative lengths of lxd and lyd from C to S. As a
computation method for generating S, where the distance between C and S varies, S is used
for the new axle of rotation. From this, the length of the line OS is defined as a constant A,
and an angle between OS and the ground parallel to ~x is defined as α. The trajectory of the
points that can be taken up by S is a circle with a radius A. To minimize θd, the slope of SC
should be the steepest. Therefore, SC is a tangent to a circle passing through C. Therefore,
taking the virtual center of the wheel to be the origin, the coordinates (p, q) of S are derived
as follows.

Before the development of (p, q), the radius of the wheel and the step height are
defined as R and h, respectively. Because (p, q) is located on the circumference of radius A,
the following equation can be established:

p2 + q2 = A2. (4)
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Moreover, since SC is a tangent to the circle passing through C(= (
√

h(2R− h), R−
h)), it can be replaced with:

p
√

h(2R− h)− q(R− h) = A2. (5)

Figure 4. Illustration of angle α derived from θd to determine another axle.

Moreover, because SC is a tangent to the circle passing through C(= (
√

h(2R− h), R−
h)), it can be replaced. From Equations (4) and (5), the coordinates (p, q) of S are given:

p =
A2

√
h(2R− h) +

√
A4h(2R− h)− R2[A2{A2 − (R− h)2}]

R2 , (6)

q =
−A2(R− h) +

√
A4(R− h)2 − R2[A2{A2 − h(2R− h)}]

R2 . (7)

From Equations (6) and (7), α can be calculated:

α = tan−1 q
p

= tan−1 −A2(R−h)+
√

A4(R−h)2−R2[A2{A2−h(2R−h)}]
A2
√

h(2R−h)+
√

A4h(2R−h)−R2[A2{A2−(R−h)2}]
(8)

To help the understanding of our derivation, a wheel with an arbitrary S and α is
depicted in Figure 5a. The distance from C to S in the ~x and ~y directions are lxd and
lyd, respectively. Furthermore, Fd from the balance of forces parallel to the virtual slope
is derived:

Fd = mg
√

h(2R− h)− A cos α

(R− h) + A sin α
. (9)

when the position of S exists, as shown in Figure 5b, the Ud of the axle is obtained:

Ud = mg

[√
{
√

h(2R− h)− A cos α}2 + {(R− h) + A sin α}2 − R + A

]
. (10)

when
[√
{
√

h(2R− h)− A cos α}2 + {(R − h) + A sin α}2 − R + A
]

is simply replaced
with Hh, Equation (6) is given:

Ud = mgHh. (11)

As shown in Figure 5b, Hh denotes a reduced height.
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(a) (b)

Figure 5. Illustration of axle translation based on α. (a) Fd in Equation (9); (b) Ud in Equation (10).

5. Implementation of Axel-Transitional Wheel Mechanism
5.1. Details on Wheel Mechanism’s Configuration and Operation

Figure 6 depicts the implementation of an axle-translation operation. To generate the
movement from O to S, an axle-translation wheel mechanism is established. The wheel
mechanism consists of a wheel module and an axle-translation module attached to one side
of the wheel. In this implementation, a rack-and-pinion unit in the axle-translation module
is employed to translate the axle from O to S. In detail, this unit comprises a rack attached
to the inner ring with screws and a pinion gear housed in a case, along with the axle.

Figure 6. Implementation concept of axel-transitional process using rack-and-pinion unit.

Meanwhile, the wheel module is described. The parts in the wheel module are
illustrated in Figure 7. This module is composed of an outer ring with the parts shown in
Figures 7b,c,f,h: the inner ring, as shown in Figure 7e; the clutch disk, as shown in Figure 7g;
and the bearing, as shown in Figure 7d. The stud bolts are used for the axles. Among these
four parts comprising the outer ring, the outer ring in Figure 7h and the clutch disk in
Figure 7g are designed to have multiple grooves on their edges.

Figure 7. Assembly details on wheel module ((a) rack-and-pinion unit, (b) outer ring (side of rack-
and-pinion unit), (c) outer ring (around bearing), (d) bearing, (e) inner ring, (f) outer ring, (g) clutch
disk, and (h) clutch).
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Next, we explain the operation procedure for step ascending using the implemented
wheel mechanism. Figure 8 depicts a schematic of the step-ascending process. This process
can be divided into two modes: flat-surface traveling and step-ascending. Switching
between these modes is realized by connecting and separating the inner and outer rings.
In the flat-surface traveling mode, the inner and outer rings are separated, with only the
outer ring rotating for movement. When the wheel comes into contact with a step, the inner
and outer rings are joined, and the step-ascending mode is activated. After the mode is
changed, the axle is translated, and the wheel ascends the step. Once the step-ascending
motion is completed, the axle is translated again to return it to the center of the flat-surface
traveling mode. Finally, the mode is switched back to the flat-surface traveling mode by
separating the inner and outer rings, and flat-surface movement is resumed.

Figure 8. Step-ascending mode performed by wheel mechanism.

The two modes are switched using the clutch, as shown in Figure 9. The clutch is held
together using the grooves in the outer ring (Figure 9 (h)) and the clutch disk (Figure 9 (g)).
In the flat-surface traveling mode, the gear attached to the stud bolt pushes the clutch disk
toward the direction for the spring to be compressed, which separates the clutch disk from
the other ring. In the step-climbing mode, the clutch disk is pushed back and connected
to the outer ring. The inner ring is in a free state when the clutch disk is separated; this
allows the direction of the axle translation to be arbitrarily specified via the rotation of the
clutch disk. Therefore, this enables the translation of the axle according to α derived from
Equation (8).

Figure 9. Details on mode switching by using clutch unit where (g) and (h) indicate the clutch disk
and the clutch, respectively.

5.2. Step-Ascending Prototype of Axle-Transitional Wheel Mechanism

In our developed wheel mechanism, the wheel diameter is set as 155 mm to maintain
the diameter of a conventional wheel of wheelchairs (see Figure 10). The wheel width and
weight are 55 mm and 1.7 kg, respectively, and aluminum is used as the wheel material.
A pair of two motors is installed to power the clutch operation and the rack-and-pinion
unit. Figure 11 shows the detailed motor installation and the electronic control unit for
operating the wheel mechanism. The control unit is composed of the microcontroller, the
motor driver, and power components, including batteries.
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Figure 10. Step-ascending prototype and its specification.

Figure 11. Details on the motor installation (left) of the wheel-mechanism prototype and the electronic
components (right) of the control unit.

Next, a control schematic of the established wheel mechanism is depicted in Figure 12.
First, servomotor-1, which powers the clutch, is driven through the motor driver using
a microcontroller. Once the clutch is connected, servomotor-2, for the axle translation, is
rotated. After the step-climbing motion is completed, servomotor-2 is used to return the
axle to the center O. Thereafter, servomotor-1 is used to separate the clutch. Figure 13 shows
the control flow based on the control schematic explained in Figure 12. As introduced in
Figure 11, the control unit generates the operation commands and sends them to the wheel
mechanism. According to the generated commands, the desired motor triggers its motions
by pulse width modulation (PWM). The motor encoder offers closed-loop feedback signals
by tracking the position of a motor’s shaft. Finally, the flat-surface movement is resumed.
By repeating these processes, realizing different drives for the flat-surface movement and
step ascending is possible through the control interfaces.

Figure 12. Control schematic of step-ascending wheel prototype.
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Figure 13. Control flow according to operation commands based on the control unit assembled in
Figure 11.

6. Evaluation Results and Discussion
6.1. Evaluation Directions and Experimental Settings

For comparative evaluations, two types of five cases related to wheel conditions
were prepared. First, comparative simulations were performed to verify whether our
gradient-reduction scheme reduces the horizontal force. The θd of the wheel mounted is
calculated using Equation (3). The horizontal force used for comparison is derived through
Equation (9). For the comparison, examinations under four conditions were performed: a
conventional wheel (case-1), a wheel with a vertically translated axle (case-2), a wheel with
a horizontally translated axle (case-3), and our proposed wheel (case-4). Case-1 refers to a
wheel with its axle located centrally. The conditions for case-1 can be derived by removing
A cos α and A sin α from Equation (8). Case-2 is a wheel whose axle moves at α = 90◦

with respect to a step of any height. The conditions for case-2 can be derived by removing
A cos α from Equation (8) and replacing A sin α with A. Case-3 is a wheel whose axle moves
at α = 0◦ with respect to a step of any height. The conditions for case-3 can be derived by
removing A sin α from Equation (8) and replacing A cos α with A.

Second, experiments employing four wheel prototypes were prepared to evaluate
whether the gradient-reduction scheme and the axle-transitional wheel mechanism are
effective for existing mobility aids. (To maintain the consistency of the evaluations and
avoid confusion, the wheel numbers defined in the above simulation setting were used
continually.) The following four types of wheels were used: a conventional wheel (case-1), a
wheel with a vertically translated axle (case-2), our proposed wheel (case-4), and the three-
wheel device (case-5). Specifically, as shown in Figure 14, our developed step-ascending
prototype was mounted on a self-propelled wheelchair to conduct field experiments.
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(a) (b)

Figure 14. Realization of self-propelled wheelchair using step-ascending prototype. (a) Conventional
general wheel; (b) proposed step-ascending wheel.

6.2. Simulation Results

Figure 15 plots the simulation results. The horizontal axis represents the step height h
(mm), and the vertical axis represents θd (deg) in Figure 15a and the horizontal force (N)
in Figure 15b, respectively. At line A in Figure 15a, case-1 and case-3 formed θd of 90◦ at
approximately 75 mm. That is, case-3 did not increase the range of the step heights capable
of ascending. Moreover, from line B in Figure 15a, case-2 and case-4 formed θd of 90◦ at
approximately 120 mm. Therefore, case-2 and case-4 increased the range of the step heights
capable of ascending.

(a) (b)

Figure 15. Analytic results for both required horizontal forces and step-height-based equivalent
gradient when ascending a step (where case-1, case-2, case-3, and case-4 denote a conventional wheel,
a wheel with vertically translated axle, a wheel with horizontally translated axle, and the proposed
wheel, respectively.) (a) Required horizontal forces; (b) step-height-based equivalent gradient.

Comparing case-2 and case-3 with line C in Figure 15b, for steps lower than 48 mm,
case-3 achieved a greater reduction in force. However, for steps higher than 48 mm,
case-2 achieved a greater reduction in force. Case-4 exhibited the smallest horizontal force
compared to the other wheels for any step height. Based on the results, we confirmed that
our proposed wheel reduces the horizontal force during step-ascending motion.

6.3. Experimental Results

Figures 16 and 17 show continuous operation scenes for how individual wheels
ascend a step of 20 mm in height where the horizontal direction indicates time over the
step-ascending motion. In Figure 16, snapshots #1 through #4 present a series of step
ascending by case-4. In Figure 17a, snapshots #5 through #8 show a series of step ascending
by case-2. Moreover, in Figure 17b, snapshots #9 through #12 indicate a series of step
ascending by case-5.
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Figure 16. Experimental scene for step-ascending mode using the proposed wheel prototype (case-4)
where the horizontal direction indicates time over the step-ascending motion.

(a)

(b)

Figure 17. Experimental scenes for comparison analyses where the horizontal direction indicates time
over the step-ascending motion according to different wheel types. (a) Case-2: wheel with vertically
translated axle; (b) case-5: three-wheel device.

First, to evaluate whether our gradient-reduction scheme is effective for mobility-
assisting systems, we measured the horizontal force. As shown in Figures 16 and 17,
the horizontal force was measured by pulling the wheels mounted on a self-propelled
wheelchair at a constant speed in the ~x direction with respect to a flat surface. Three types
of wheels were used in this measurement: case-1, case-2, and case-4. As conditions for
the measurement experiments, we used four different step heights: 20, 30, 40, and 50 mm.
Regarding the axle-translation angle for our proposed wheel, we set the angles of 11◦, 21◦,
30◦, and 38◦ in accordance with Equation (8) and the height of each step.

The measurement results are presented in Figure 18. The frame numbers mean a
specific motion scene in Figures 16 and 17a. The vertical direction represents the horizontal
force (N) required to ascend the step. From these results, no significant difference was
observed in the required force for a step height of 10 mm. For all conditions of step heights,
case-4 achieved a greater reduction in the horizontal force compared with the other wheels.
On this basis, it can be argued that our gradient-reduction scheme is effective in reducing
horizontal force. Furthermore, translating the axle according to the value of α obtained
from Equation (8) is an important factor in the horizontal force reduction.
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(a) (b)

(c) (d)

Figure 18. Comparison results for required horizontal forces during step ascending where case-1,
case-2, and case-4 denote a conventional wheel, a wheel with vertically translated axle, and the
proposed wheel, respectively. Moreover, the frame numbers under the case of 20 mm mean a specific
motion scene in Figures 16 and 17a, respectively. (a) Step height of 20 mm; (b) step height of 30 mm;
(c) step height of 40 mm; (d) step height of 50 mm.

As mentioned in Section 2, we also evaluated whether vibration during step ascending
was suppressed. To evaluate this, we represented the position of the axle during the
step-ascending process as a trajectory. The confirmation of the trajectory was conducted
for the three types of wheels: case-2, case-4, and case-5. To obtain the trajectories of
individual axles, we traced the axles of case-2 and case-4, and the rotational axle of wheel-2
(as explained in Figure 3c) for case-5. In particular, for case-5, the distance from its central
location to the axles of each wheel was set as equivalent to the radius of case-4. We obtained
the trajectories of wheel-2 in case-5, which is the wheel climbing the step.

Figure 19 shows the axle trajectories during step ascending for the three types: case-4 in
Figure 16, case-2 in Figure 17a by axle translation, and case-5 in Figure 17b. The horizontal
and vertical axes represent the distance (mm) and height (mm), respectively. In Figure 19,
we confirmed that case-2 was larger than case-4 given the distances from #2 and #6, after
axle translation, to #4 and #8, the axle positions after ascending the step. The two types
of axle-translation wheels (case-2 and case-4) had gentler slopes from #2 (or #6) to #4 (or
#8) than the other wheel types. Therefore, case-4 could ascend the step while suppressing
vibration. Next, comparing the trajectories from #7 to #8 and from #11 to #12, the height
(from #3 to #4) was smaller for case-4 than for the other cases. Based on these analyses, it is
verified that potential energy could be reduced for the step-ascending motion of case-4.

For case-2 and case-5, the axles fluctuate irregularly while ascending steps, generating
potential energies. When the axle position reaches its lowest point during step ascending,
this potential energy is converted into an impact against the entire wheel. To examine this
impact, the loads applied to the step were measured. Regarding the height from the step
surface to the axle position, the position of case-2 is higher than that of case-1. Therefore, it
is expected that the difference in the impact is greater at lower step heights. For this reason,
we conducted experiments at the step heights of 20 and 30 mm. The CLS-2KNB load-cell
equipment (Tokyo Measuring Instruments Laboratory Co., Ltd., Tokyo, Japan) was used
for the measurements. The average value was calculated from the load values of the load
cells placed at the four corners of a step.
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Figure 19. Comparison results for trajectories of axle and wheel’s center location when climbing a
step where case-2, case-4, and case-5 denote the wheel with vertically translated axle, the proposed
wheel, and the three-wheel device, respectively.

Figure 20 shows the load measurement results. In Figure 20a, the frame numbers
mean a specific motion scene in Figures 16 and 17a. The vertical direction represents the
load (N) applied to the step. For case-2 and case-4, the maximum force was obtained for
the moment the wheels contacted the surface of the step. At a step height of 20 mm, the
load from case-2 was double the load from case-4. At a step height of 30 mm, the difference
in force was reduced; however, case-4 had a smaller value. Based on this result, it was
confirmed that step ascending with case-4 could be smoother and suppresses impacts.

(a) (b)

Figure 20. Comparison results for impact forces generated when climbing steps where case-2 and
case-4 denote the wheel with a vertically translated axle and the proposed wheel, respectively. More-
over, the frame numbers under the case of 20 mm mean a specific motion scene in Figures 16 and 17a,
respectively. (a) Step height of 20 mm, (b) step height of 30 mm.

Similar to the experiments shown in Figure 20, we measured the acceleration of the
axle caused by the step-ascending motion. For these experiments, we used the same step
heights as those in the load experiments. The TSND151 accelerometer (ATR-Promotions
Inc., Kyoto, Japan) was used as the measurement device. The results from measuring the
acceleration are shown in Figure 21. The frame numbers in Figure 21a mean a specific
motion scene in Figures 16 and 17a. The vertical direction represents acceleration (m/s2) in
the ~y axis. For a step height of 20 mm, case-4 exhibited an approximately 1/3 reduction
in acceleration compared with case-2. For a step height of 30 mm, as expected, similar
results were obtained, which were in line with the load measurement results. For the step
ascending of case-4, even when using acceleration as an index, we verified that the impact
during step ascending can be suppressed.
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(a) (b)

Figure 21. Comparison results for accelerations triggered when climbing steps where case−2 and
case−4 denote the wheel with a vertically translated axle and the proposed wheel, respectively. More-
over, the frame numbers under the case of 20 mm mean a specific motion scene in Figures 16 and 17a,
respectively. (a) Step height of 20 mm, (b) step height of 30 mm.

To investigate the inclination of the upper frame by axle translation and its control
possibility based on electronic parts including sensors, the long bar on the step-ascending
prototype shown in Figure 10 was installed as the support frame. Moreover, two proximity
sensors were installed at both ends of the frame, as shown in Figure 22. These sensors
measure distances to the ground. Considering the traveling direction of the prototype,
the sensor of the front part and the sensor of the rear part are defined as sensor #1 and
sensor #2, respectively. Here, ds1 and ds2 denote the distance measurements by each sensor.
The distance between the axle and the ground is defined as dh. Next, four states are
considered and defined. Firstly, state-1 indicates that the prototype is in contact with the
step as depicted in Figure 22a. Secondly, a series of axle translation is defined as state-2
(see Figure 22b). Thirdly, the process during step ascending is expressed as state-3 (see
Figure 22c). After the step-ascending motion, the axle is translated again to return it to the
center of the flat-surface traveling mode. As presented in Figure 22d, state-4 means the
preparation of the flat-surface traveling mode after returning to the original location of
the axle.

(a) (b)

(c) (d)

Figure 22. Illustration of experiments to investigate the inclination of the support frame by axle
translation and its control possibility by electronic parts. (a) State-1: contact with the step, (b) state-2:
axle translation, (c) state-3: step ascending, (d) state-4: returning to original axle location.

Figure 23 shows the measurement results of ds1 and ds2 by sensor #1 and sensor
#2, respectively. The blue bold dotted line and the red bold line indicate ds1 and ds2,
respectively. Moreover, the results of ds2 − ds1 were plotted by using the black dashed
line. According to the individual states, as explained in Figure 22, the measurement
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results are largely divided into four ranges. The four states in Figure 22 correspond to
(1)-range, (2)-range, (3)-range, and (4)-range in Figure 23, respectively. Next, the step-
ascending model is analyzed using the trends of ds1 and ds2. Within (1)-range, the distance
difference between ds1 and ds2 (ds2 − ds2), corresponding to the height of the step, occurred
between sensor #1 and sensor #2. Next, ds1 and ds2 in (2)-range changed due to the axle
translation, but the amount of the changes in ds1 and ds2 differed depending on the tilt of the
support frame. Under (3)-range, ds1 and ds2 changed when the prototype ascended the step.
Finally, due to the axle translating to return to the original position of the axle in (4)-range,
ds2 − ds2 occurred, and the frame tilted backward as the wheel ascended over the step,
causing the distance difference. Consequently, the difference did not become 0 after step
ascending. Based on this result, it was confirmed that the proposed mechanism allowed
the prototype to maintain the inclination of the frame during step ascending. Moreover,
it was demonstrated that the balanced inclinations by the electronic parts, including the
sensors, could be controlled.

Figure 23. Measurement results of ds1 and ds2 by sensor #1 and sensor #2.

Figure 24 shows snapshots of experiments conducted under the environmental condi-
tions of daily life after integrating the step-ascending wheel prototype into a self-propelled
wheelchair. These experiments included straight-line and rotation motions around a corner
in a hallway, rotational motions on a spot in an elevator, and step-ascending motions on a
road, respectively. We observed that the self-propelled wheelchair with the proposed wheel
could be controlled successfully in everyday environments. Specifically, Figure 24c shows
the experimental scenes of rotation motions in an elevator. Our wheel mechanism features
a simpler structure and more compact size and can fit easily into everyday environments.

(a)

Figure 24. Cont.
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(b)

(c)

(d)

Figure 24. Experimental scenes for a self-propelled wheelchair with the proposed wheel under the
environmental conditions of daily lives. (a) Straight-line motions; (b) rotation motions in a hallway
with a corner; (c) rotation motions in an elevator; (d) step-ascending motion.

6.4. Discussion

In this study, we proposed a gradient-reduction scheme for reducing horizontal force
and vibration. Through the comparative experiments using wheel prototypes, we demon-
strated the effectiveness of the proposed wheel mechanism. Although the wheel we
used was a prototype, improvements are required for practical use. Specifically, a pair of
two wheels that we developed for the experiments weighed approximately 3.4 kg; however,
this is our first prototype, and we will consider using lighter materials for practical use
in the future. Moreover, to move the clutch part and rack-and-pinion unit, two motors
were used, respectively, but inventing ways to reduce the overall weight of the wheel
is necessary.

During the experiments, we used a switch for our prototype to ensure the safety of
users, which we believe can prevent falls. To improve the autonomy of step-ascending
motions, we require advanced sensing technologies to detect step heights. Finally, the
step-equivalent gradient can be autonomously generated according to step heights. These
issues are being researched as part of our ongoing work.

7. Conclusions

The existing approaches for step ascending have problems, such as restrictions to
locations where ascending is possible, bulky equipment size due to attachments such
as actuators, and an increase in vibration levels. In this study, the effect on ascending
steps using a virtual slope that results in laborsaving is introduced. Based on this concept,
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the step-equivalent gradient model that reduces the virtual gradient generated when
ascending a step is proposed and established. Moreover, to evaluate the effectiveness of
our proposed model, simulation tests in terms of the horizontal force and the gradient
model were conducted. The simulation tests confirmed that the horizontal force could
be reduced by generating another axle that is not the center point of the wheel. We
also performed experimental evaluations and analyses using a wheel prototype. Our
experiments demonstrated that a reduction in the horizontal force was possible even for
steps of various heights. Moreover, the measurements of the axle trajectory, the load applied
to the step, and the acceleration were conducted; these measurements confirmed that our
proposed wheel mechanism can reduce vibrations compared to a wheel with the vertically
translated axle and the three-wheel device. As a result, our gradient-reduction model
can realize laborsaving and smooth-step ascending, which expands the activity range of
users of mobility aids. Although our developed wheel was mounted on a wheelchair, its
applications to other mobility aids can be also expected.
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