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Abstract This paper proposes the wheelchair caster unit which assists manual wheelchair users in a step climbing. This
caster unit has 2 functions. First one is the assistive plate which enlarges radius of a front wheel equivalently in the limited
space between main frame and foot rest. When the caster meets the step, the assistive plates are rotated as same manner as a
general big wheel. Thus, the user driving force is reduced compared with conventional small caster wheel. Second one is
the lock mechanism. This mechanism enables to make full use of user's driving force in case of oblique climbing by
holding yaw axis rotation of the caster. In addition, the caster unit can be easily converted from a conventional caster
without any modifications on the main frame. In order to verify the efficiency of proposed caster unit, this paper conducted
two experiments: I) Dynamics simulation before constructing a prototype. II) Evaluation experiment using a prototype. In
the I) simulation stage, we verified two functions by measuring the driving torque of main wheel in a dynamics simulation.
In the II) real experiment, we measured the strain between hand rim and main wheel by using the load cell. In both
verifications, the efficiency was verified. Thus it turned out that proposed caster unit can reduce user's driving force,
namely it can assist manual wheelchair user in a step climbing.
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climb a step. In particular user has to change the

1. Introduction

This paper proposes the assistive caster unit for manual
wheelchair users in case of a step climbing. The assistive
caster is a simple mechanism and realizes easy attachment
to a conventional standard wheelchair. This system assists
users in not only frontal step climbing but also oblique
climbing to the step by reducing user's driving force.

A wheelchair is a typical assistive apparatus, and has not
only complement mobility functions but also means of
assisting the human activities and social participation by
expanding a field of activities. For a wheelchair, one of the
big obstacles is an uneven road such as stair and a step. On
uneven road, a user is required to generate much driving
force compared with the flat road. Reducing driving force
on uneven road is able to reduce user's physical load for
moving. This may contribute to improve the quality of life
of manual wheelchair user.

Slopes or lifts have been set in a public space based on
the barrier free concept so far. However, a slight one step
such as a curb between roadway and sidewalk has not been
removed (Figure 1). Even a slight one step can become a
big obstacle. A user is required to take a special action to
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wheelchair's orientation to face the step in case of oblique
approach to the step. The step climbing without changing
the orientation is possible, but this case requires user to
generate much driving force compared with changing the
orientation.

Figure 1. Anexample of a slight one step

From the above, if the driving force for step climbing is
reduced as much as possible, the user's physical load is
decreased and the quality of life is improved.

For this purpose, step climbing mechanisms for a
wheelchair have been proposed so far. A novel multi-wheel
stair-climbing wheelchair was proposed by Sugahara et
al[1], and that showed good performance. The wheelchair
robot equipped with new-style variable-geometry-tracked
mechanis m was developed by Suyang et al.[2]. PetMMA[3]
was six-wheeled mobile plat form. Wheelchair[4] consists
of a frame, a seat and a four-bar linkage mechanism, and
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performed stair climbing. However these systems have
complex link mechanism or many wheels, which brings
about increasing the size and weight. Therefore these are
not practical. Moreover these systems was designed for
electric wheelchair, therefore it is difficult to apply them to
manual wheelchair.

On the other hand, there are specialized systems for a
manual wheelchair. The auxiliary step - climbing mechanis
m[5] was proposed which is composed by the omni
directional wheel and auxiliary device. The other system is
Hinged Caster mechanism[6]. These systems showed good
results and improved step climbing performance. However,
there are remained problems, from the viewpoint of the
practical use, because the mechanism[S] uses omni
directional wheel and the hinged caster[6] needs some
modifications to the main frame of a wheelchair. Moreover
the oblique climbing has not been considered in order to
reduce driving force.

Thus this paper proposes a wheelchair caster unit to assist
manual wheelchair users in a step climbing. This caster unit
provides an easy step-climbing including oblique approach,
and can be easily convert from conventional caster without
any modifications on the main frame.

The paper is organized as follows: The required functions
and specification are discussed in section II. In section III,
the design concept which fulfils the required functions is
presented. In addition, the efficiency of required functions
is verified by simulation. In section V, the prototype and its
configuration are presented. And evaluation experiment is
performed by measuring the user's driving force using load
cell. In the last, the paper is concluded.

2. Problems and Requirements
The problems of step climbing are summarized as follow.

2.1. Wheel Diameter VS. Limited Attachment S pace

In general, maximum climbable step height is less than
1/3 of the diameter. Thus, the big wheel is preferable for
reducing the driving force.

Figure 2. Model of Caster wheel in case of step climbing

Here, let us consider the torque z[Nmm] at the point of A
in Figure 2 which shows the model of the caster wheel in
case of step climbing. Here % is step height[mm], R is the
radius of wheel[mm], F is the user's driving force[N] and W
is the imposed weight including wuser's one and

wheelchair[N]. The torque at the point A4 is:

T=F(r—h)—W\/2rh—h2 . (1)

In order to climb a step, tshould be 7> 0. Therefore the
required user's driving force F for step climbing is:

WA2rh—h’

S @)

Under the assumption with A=10[mm] and W=300[N],
the relation between user's force F[N] and radius of caster
wheel »[mm] is depicted in Figure 3.
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Figure 3. Required user's force for step climbing VS radius wheel

(h=10[mm], W=300[N])

As Figure 3 shows, the driving force is reduced with
increasing the radius of wheel.

However the radius of a caster should be small compared
with a main wheel, because a caster has to be generally
installed in the limited space between main wheel, frame and
footrest (Figure 5). Thus there is a limit to enlargement of
the caster's radius due to the limited attachment space.

2.2. User's Driving Force is Partially Wasted

wasted force

Approach angle\?

e

Driving
force
Step| |
' The caster is rotated. Step
(a) Before touching the step (b) The moment when the caster
touches the step
Figure 4. Driving force is partially wasted in case of oblique step

climbing. This is thetop view of wheelchair and step

When a wheelchair approaches the step with approach
angle to the step(Figure. 4.(a)), the caster is rotated around
the yaw axis due to cater dynamics (Figure. 4.(b)).
Therefore the user's driving force is split into two
directions: "the direction parallel with the step" and "the
perpendicular direction with the step"(Fig. 4.(b)). The only
the force of perpendicular direction is effective for step
climbing. The force of "direction parallel" is not used,
namely the user's force is exhausted. Consequently the user
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is required to increase the driving force compared with a
frontal step climbing.

In order to solve these problems, the requirements for the
assistive caster are two functions as follow.

F1. Enlarging the radius of caster wheel in the limited
space as much as possible.

F2. Holding the yaw axis rotation in case of oblique step
climbing.

Moreover in order to realize easy installation or
conversion in terms of versatility, the assistive caster should
be unit design.

3. Design Concept

The system design is presented in the section to realize
above mentioned two functions (F1, F 2).

3.1. Assistive Plate

In order to realize function of F1, we design the assistive
plate, which is depicted in Figure 5, in order to enlarge the
diameter of the caster wheel in the limited space as much as
possible. As we mentioned in previous section, the way of
increasing step climbing ability is to enlarge the radius of
wheel. However it is almost impossible to do that in the
very limited space where is enclosed by frame, footrest, and
main wheel. Thus by carving out the sector from a big
wheel as the assistive plate and attaching it to the caster
frame, the assistive plate behaves as big wheel equivalently
as shown in Figure 5.

Limited Space 310mm

Figure 5. Assistive plate makes imaginary big wheel
3.2. Lock Mechanism

__— Shaft

®IFunctionaIIy monolithic structure

Caster Frame

Figure 6. The concept ofthe lock mechanism

The mechanismto realize F2 is the lock mechanis m. This
mechanis m holds the yaw rotation when the caster touches
a step. Holding the yaw rotation means the caster frame and
shaft become monolithic structure functionally. The concept
of this mechanism is shown in Figure 6. Concrete

Assistive Caster Unit of Wheelchair for Step Climbing

mechanism is described in Section 4.

3.3. Dimension of the Assistive Caster Unit

First, the caster diameter and its offset are determined. As
figure 7 shows. The diameter of caster wheel is set to
100[m] which is same as JIS (Japanese Industrial
Standards) standard wheelchair, and the offset is also same
as standard wheelchair as 50mm. Because these two
parameters give influences to steering feel of wheelchair,
and its feeling should be the same as conventional
wheelchair. Therefore the size of caster frame becomes
same as conventional wheelchair.

Next, the radius of the assistive plate is determined. The
size of the assistive plate should be big as much as possible
in the limited space as Figure 5 shows. The dimension of
the limited space is 310 mm width and 228 mm height.
Based on deriving maximum radius geometrically which
can be installed in this limited space, the radius of assistive
plate is set to 123 mm as shown in Figure 7.

I

Lock Mechanism

Assistive Plate

Vg Caster Frame

100
4
50 A
163 \ [mm]
Offset

Figure 7. The concept ofthe lock mechanism

3.4. Verification of Two functions by Simulation

In order to verify the assistive plate and lock mechanis m,
the dynamic simulation was performed. Open Dynamics
Engine[7], which is the rigid body dynamic simulator, was
used for making the simulator. In this simulation, the size of
the caster is the same as Figure 7, the radius of main wheel
is 280mm, and the size of frame refers to the JIS standard
wheelchair. Figure 8 shows the wheelchair in the simulation.
Figure 8 (a) is the assistive caster unit, and Figure 8(b)
shows the wheelchair. Green box shows is mass of
wheelchair and user, and its weight is 70kg. The main
wheels are driven by indicating reference angular velocity
by using API provided by ODE, and then the wheelchair
moves forward/backward.

The evaluation index is maximum driving torque around
the main wheel rotation (Figure 8 (a)). We get this torque
by using ODE's API, and this torque is equivalent to user's
driving torque. We evaluate the efficiency of the assistive
plate and the lock mechanism based on the maximum
driving torque during step climbing.
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Driving Torque

Virtually Assistive plate
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Assistive
caster

Caster wheel

(b) Caster unit
Figure 8. The wheelchair and caster unit in the simulator

3.4.1. Verification of the Assistive Plate

The maximum driving torques were measured in two
cases. One was the caster with assistive plates. Another was
the caster without assistive plates (conventional cater). The
wheelchair made a frontal step climbing. And the caster
didn't have the lock mechanism. Figure 9 shows the motion
of the assistive plate during step climbing. When the
assistive plate touches the step, it rotates. The results are
summarized in Table 1.

2323,%
24343 X

Figure 9. motion of the assistive plate ( step height = 50mm, velocity of
wheelchair = 280mm/s)

Table 1. Maximum driving torque[ Nm]

Ste p height Without With
[mm] Assistive plates Assistive plates
20 82.93 20.04
30 130.71 26.2
40 146.11 27.0
50 X 29.1

Here, "X" shows that the step climbing was failed. From
the result, the assistive plate can decrease the driving torque
compared with the conventional caster. And the assistive
plate can increase the climbing ability, because the
wheelchair with assistive plates can climb a step which the
conventional caster cannot climb. From the above, the
effectiveness of the assistive plates was confirmed.

3.4.2. Verification of the Lock Mechanism

The lock mechanism is realized by using ODE's API,
which controls joint motion and switching rotation joint to
fixed joint when the assistive plate touches the step. In this
simulation, the efficiency of the lock mechanism during
oblique step climbing is examined. Thus, the approach
angle is set to m/7[rad]. Here the approach angle is defined
as Fig. 4. In the condition of this approach angle, the
driving torques are measured in two cases. One is that the
lock mechanism is disabled. Another is that the lock
mechanism is enabled.

Figure 10 shows the motion of assistive caster during
step climbing. Figure 10 (a) is the case of enabling lock
mechanism, and Figure 10 (b) shows the step climbing
without lock mechanism. In Figure 10 (a) the caster rotation
is not changed during climbing. On the other hand, the
caster orientation is changed in Figure 10 (b). The
maximum driving torques in each case are shown in Table

N

From the results, the lock mechanism can reduce the
driving torque in all step height compared. The driving
torque for wheels was used for climbing as much as
possible by holding the yaw axis rotation. From the above,
the effectiveness of the lock mechanis m was confirmed.

Caster orientation is held

.

(a) Enable Lock mechanism

Caster orientation is changed

A A A &

(b) Disable Lock mechanism
Figure 10. motion ofthe lock mechanism ( step height =50mm, velocity of wheelchair =280mm/s)
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Table 2. Maximum driving torque[Nm] (approach angle = ©t/7[rad])

Ste p height Without With
[mm] Lock mechanism Lock mechanism

20 31.72 24.82

30 47.84 31.01

40 58.03 40.01

50 63.48 51.15

4. Prototype

In the previous section, the efficiency of two functions
was verified. The prototype, therefore, is designed and
verified by experiment. Figure 11 is the prototype. The size
of it is same as Figure 7. From the next subsection, the
details of two functions are exp lained.

Lock
Mechanism

4

Assistive
plates

Figure 11. The assistive caster unit

4.1. Assistive Plate

Figure 12. The motion of the assistive plate

The material of the assistive plate is polyacetal. Figure 12
shows the motion of the assistive plate. The assistive plates
rotate passively as well as conventional wheel when they
touch on the step. However they should prepare initial
orientation before step climbing, because points of contact
with a step are in a circular sector which is assistive plate's

Assistive Caster Unit of Wheelchair for Step Climbing

shape. Therefore we added righting moment at the
rotational axis of assistive plates using torsion spring.
Figure 13 shows the torsion spring around the axis of
assistive plate. The orientation of the assistive plate after
climbing (Figure 12 (d)) and before climbing (Figure 12
(a)) are same by the torsion spring. Therefore the assistive
plate is always ready for climbing.

4.2. Lock Mechanism

The lock mechanism makes the shaft and frame of the
caster be functionally monolithic structure in order to hold
the rotation around yaw axis. Here let us consider the torque
1. around the shaft of the caster when user drives main
wheels (Figure 14).

Torsion Spring

Assistive plate

Figure 13. Torsion spring for retaining assistive orientation

# [ww] oG 19sHO

Driving force F[N]

Figure 14. Torque t. around the shaft of the caster (Top view of
wheelchair)

Figure 14 shows the top view of the wheelchair. When
the orientation of the caster is 90 deg to the frame of the
wheelchair, the torque 1. reaches maximum. Under the
assumption with the driving force F=300[N] and the point B
where the contacting point between caster wheel and
ground is not moved, the torque 1. around shaft of the caster
is:

T, =50F =15[Nm]. 3)

In order to realize lock mechanism, lock mechanism
should have ability to overcome this torque, therefore the
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big holding torque is needed. For instance, if
electromagnetic brake or motor is adopted, the weight of the
caster becomes large, and big battery at least 24V DC is
required.

Thus, lock mechanism should use mechanical or
structural constraint, namely all of holding torque should
not rely on actuator's output. In other words, the actuator
should be used for just engaging or releasing the
mechanical structural constraint. By this concept, we can
get big holding torque by using small output actuator.

For this concept, we consider combining the solenoid,
rack and pinion gear Figure 15 shows the lock mechanism.
The rack gear is connected to the output shaft of the
solenoid and is moved up/down. The motion of the rack
gear is restricted to vertical motion by the structure
supporting the solenoid. The shaft and frame of the caster
are held by engaging the rack and the pinion gear which is
attached to the shaft, when rack gear is pulled up by the
solenoid. The role of the solenoid (4.3W, 1.8N pull Type,
Stroke=6mm) is only to pull up the rack gear. The
minimum equipments for driving solenoid are a battery
(Lipo 11.1V  730mAh) and a switch. The system
configuration is simple as shown in Figure 16(a).

Solenoid (pulltype)

Rackgearcan move only vertically.

Supportframe of the solenoid restricts
horizontal motion of the rack.

Pinion gear
(connectedto shaftof the caster)

Rackgear
(connected to output shaft of solenoid)

Figure 15. Lock Mechanism

4)Rackgearis pulled up

Limit Switch 6) Locked
% \1;‘« A
B 5 Ergaged |
LiPo Battery Solenoid_(Pulltype) L

11.1V730mA  4.3W,1.8N,
Stroke:6mm

Rl 2) Limit Switch: ON

1) Assistive plate rotates

(a) Schematic of the system (b) Motion of Lock mechanism

Figure 16. System configuration of Lock Mechanism

When the assistive plate touches the step, it rotates as
shown in Figure 16 (b)-1). The limit switch detects the
assistive plate rotation and closes the circuit (Figure 16
(b)-2) ). The solenoid is enabled (Figure 16 (b)-3) ), and
then the rack gear is pulled up (Figure 16 (b)-4) ). Therefore
the rack gear and pinion gear are engaged (Figure 16 (b)-5)),

and the rack gear holds pinion gear. Then the lock
mechanism is performed. The motion of the Ilock
mechanis m of the prototype is shown in Figure 17. There is
no change on the orientation of the caster while step
climbing (Figure 17 (a)-(d)). In particular, it can confirm
that the rack gear is pulled up in the difference of Figure (a)
and (b)(c)(d).

Although the output of the solenoid is (1.8[N]), the lock
mechanism can hold I5[Nm] by above mentioned
mechanis m.

4.3. Installation to the Wheelchair

The caster units are installed to the wheelchair. The
installation is the conversion from conventional caster to the
assistive caster unit. The attachment portion of the caster
unit (Figure 18) is same structure as a conventional caster.
This attachment portion consists of pair of oblique cut pipe
(internal is circle, external is hexagon) which is sandwiched
by two nuts. This portion is inserted into the wheelchair
frame which is pipe, and then the lower nut is tightened. At
that moment, oblique cut pipes are pushed and slid by both
nuts, and they push out against the inside of the wheelchair
frame. Consequently the assistive caster unit is fixed on the
wheelchair frame. Therefore this conversion is very easy,
and only a spanner is needed. Figure 19 is the wheelchair
with the caster unit. In this installation, the main frame is

never modified.
Pulled up
L )=

Rotates Switch ON

Figure 17. Motion of Lock Mechanism

Figure 18. The attachment portion of the caster unit
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Figure 19. Wheelchair withthe Assistive caster units

4.4. Experiment

The experiment has been performed to verify the two
functions of the assistive caster unit. The experimental
environment is indoor, and the step height is adjustable by
stacking some venire boards (Thickness of 1 board = 10
mm). The evaluation index is the driving force of the user.
However it is difficult to measure the user's force directly.
Therefore we measure the substitute value. To do so, the
load cell is attached between main wheel and hand rim as
shown in Figure 20 in order to measure the strain. The
strain is generated by the stress of the load cell, and the
stress of load cell is generated by the imposed user's driving
force. Although the strain of the load cell consists of
various direction of imposed force, we measured tensile
strain of the load cell since our target force is tangential
force of the hand rim. The main wheel is driven by the
tangential force. If the user imposed big driving force to
hand rim, the tensile strain increases. Thus we measure the
tensile strain on the load cell.

‘

Front

Figure 20. Displacement of the load cell

4.4.1. Verification of the Assistive Plate

In order to verify the efficiency of the assistive plates, the
maximum strains of the load cell are compared during step
climbing in two cases: first one s that the caster doesn't
have the assistive plates, second one is that the assistive
plates are attached. In this experiment, the step heights are
20, 30, 40 mm, and the approach angel (Figure 4) is set to 0
rad. The subject is man who is 21 years old, 17lcm tall and
60 kg. In each step height, step climbing was performed in
5 times. In each trial, the position of the subject's hand on
the hand rim is always same, and the step climbing starts
from 10mm in front the step. Therefore, the moving

Assistive Caster Unit of Wheelchair for Step Climbing

distance is about 20mm, thus the subject's hand never
detach from the hand rim during step climbing. Under these
conditions, the maximum strain was obtained in each trial.
After that we derived the average of the maximum strain
among 5 trials. The results are summarized in Table 3.

Table 3. Maximum strain[10] (approach angle = O[rad])

Ste p height Without With
[mm] Assistive plates Assistive plates

20 73.91 54.13

30 102.83 58.32

40 X 59.88

Here, "X" shows that the step climbing was failed. From
the Table, the assistive plates reduce the strain, which is
equivalent to driving force, in all step heights. Therefore the
assistive plates are effective to reduce the user's driving
force. Moreover the assistive plates can realize the step
climbing which is impossible using conventional caster.

4.4.2. Verification of the Lock Mechanism

In order to verify the efficiency of the lock mechanism,
two types of climbing are performed: first one is that the
lock mechanism is disabled, second one is that the lock
mechanism is enabled. In this experiment, the approach
angle is set to w/4[rad].

In the same manner as previous experiment, the step
heights are 20, 30, 40 mm. In each step height, step
climbing is performed in 5 times, and maximum strain is
obtained in each trial. After that we derive the average of
the maximum strain among 5 trials. The results are
summarized in Table 4.

Table 4. Maximum strain[10°] (with Assistive plates, approach angle
=n/4[rad])

Step height Without With
[mm] Lock mechanism Lock mechanism

20 36.35 34.94

30 56.48 46.27

40 61.30 54.35

From the Table, the lock mechanism reduces the strain,
which is equivalent to driving force, in all step heights.
Therefore the lock mechanism contributes to reduction ofthe
user's load in case of oblique step climbing.

5. Conclusions

This paper proposed the wheelchair caster unit to assist
manual wheelchair users in a step climbing. This caster unit
has 2 functions as follow:

» The assistive plate can reduce driving force by
enlarging the radius of front wheel equivalently in the
limited space.

» The lock Mechanism enables to make full use ofuser's
driving force by holding the yaw axis rotation of the wheel
in case of oblique climbing.

In addition the caster unit can be easily converted from a
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conventional caster without any modifications on the main
frame. In order to verify the efficiency of proposed caster
unit, this paper adopted two methods:

I) Dynamics simulation before constructing a prototype.

IT) Evaluation experiment using a prototype.

In the 1) simulation stage, we verified two functions by
measuring the driving torque of main wheel in a dynamics
simulation. In the II) real experiment, we measured the
strain between hand rim and main wheel by the load cell.

In both wverifications, the efficiency was verified.
Therefore proposed caster unit can reduce user's driving
force, namely it can assist manual wheelchair user in a step
climbing.
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