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with semicircular wheels
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Abstract 

This paper describes development of a mobile robot using semicircular wheels on uneven terrain. It performs the 
crawl gait on flat ground without changing potential energy and the butterfly gait to climb over debris. We also used 
crawl gait to perform turning motion. The butterfly gait is used to climb over high steps. Turning motion is achieved 
not only by creating a difference in angular velocity between the wheels on both sides, but also by keeping the crawl 
gait. We achieved continuous movement from turning motion to pivot turning. We conducted an experiment on the 
movement and turning motion on flat ground using crawl gait.
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Introduction
Many mobile robots that travel on rough terrain have 
been developed and are expected to be active as rescue 
robots. We have developed a prototype model that can 
be used in buildings that might collapse. Rescue work-
ers go into buildings to look for victims, often when 
there is risk of secondary disaster. If the building did not 
completely collapse and most floors remain flat, mobil-
ity using wheels is more efficient. Also, because there 
may be obstacles such as stairs and daily necessities, the 
ability to climb steps is required. Those based on the Tri-
star [1] comprise a large Tri-star shaped wheel and three 
small wheels arranged in an equilateral triangle. When a 
small wheel becomes immovable, the large wheel starts 
to rotate and function as one leg. The wheels of Tribot [2] 
and tri-wheel [3] were developed based on the Tri-star 
wheel. Two wheels are in contact with the ground. The 
three wheels are active wheels and move with two wheels 
on the ground to move along flat ground. Beyond that, 
three wheels are treated as legs and handle step climbing 
functions. Tri-wheel is a novel wheel developed by Lau-
ren M. Smith. The three wheels are active wheels. There 
are two modes: Driving mode and Tumbling mode. The 
mode is changed when moving along flat ground and 
in step climbing. The prototype model that focused on 

this movement method is Loper [4]. Loper is a quadru-
ped-hybrid stair-climbing robot developed by Sam D. 
Herbert. It uses a new wheel called Tri-lobe. The wheel 
is based on the Tri-Star Wheel; it adopts a method that 
drives a leg. The Tribot and Tri-Star Wheels can move 
with high step climbing performance and static stabil-
ity on flat ground. However, to achieve compatibility, 
wheel mechanisms become complicated. Although Loper 
wheels are simple, intense vertical shaking occurs when 
traveling on flat ground, generating unneeded energy. It 
also burdens the operator. RHex [5, 6] and Transleg [7, 8] 
were developed for leg-wheel type robots. RHex is a sim-
ple highly mobile hexapod robot [5, 6]. The legs are semi-
circular, and because they are made of glass fibers, they 
have both elasticity and robustness. RHex uses the tripod 
gait as basic locomotion, making it possible to handle 
activities with big rocks and rough terrain. Transleg [7, 
8] is a deformable leg wheel robot developed by Zhongn 
Wei. Deformable legs are stored on the side of the circu-
lar wheel and the legs are expanded using wires. Using 
the circular wheels and legs properly, Transleg will move 
along flat ground and will climb steps. A problem with 
these robots is that RHex has a short moving distance 
with respect to the diameter of its legs. Although the 
upward and downward motion on flat ground is intense, 
its moving efficiency is decreased. Transleg has a defor-
mation mechanism between the circular wheels and legs. 
Also, the mechanism becomes complicated. Sojourner 
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[9] and Rocker-Pillar [10] have been developed as robots 
having a rocker bogie mechanism. Sojourner is a robot 
developed to work on Mars. Because it has a steering 
mechanism, it can be made to turn with no speed dif-
ference. Rocker-Pillar is a crawler robot and can move 
even on terrain that cannot be navigated on wheels. A 
problem is that the rocker bogie mechanism must com-
prise too many links, complicating its structure [11]. The 
main problem with many of the mobile robots discussed 
is their complicated climbing mechanism. We believe 
the mechanism must be simplified because complicated 
mechanisms result in mobile robots that are large and 
heavy. To solve this problem, we propose wheels of sim-
ple shape, such as a semicircular shape. A mobile robot 
having semicircular wheels cannot move smoothly with-
out pitching because the wheels are not circular. To solve 
the problem, we installed the gait of legged robots to a 
wheel-type mobile robot. However, this gait causes falls 
when turning because the structure of wheel-type robots 
differs from that of leg robots. We therefore propose a 
new turning method.

The remainder of this paper is organized as follows; 
Section II describes the design concept of a semicircular 
wheel and presents a prototype model; Section III shows 
details of the prototype model we developed; Section IV 
describes the moving method; and Section V describes 
the turning motion.

Design concept
Consideration of wheel shape
As previously mentioned, a requirement for the novel 
wheel we developed is that it be able to move as well 
as a circular wheel without deterioration in step climb-
ing performance compared to other special wheels, and 
when traveling on flat ground. Figure  1 shows perfor-
mance comparisons of various wheel shapes that can 
climb a low step. The circle wheel has no convex portions 
on the circumference; the grouser wheel has them. How-
ever, the grouser wheel cannot hook an edge of a step 
higher than its radius of a wheel by a convex portion. On 
the other hand, a semicircular wheel can hook the edge 
of a step higher than its radius. These results revealed 
that the semicircular wheel has the highest step climbing 
performance.

Basic concept of prototype model
Figure  2 is the basic design of the prototype model to 
be developed. It is a four-wheeled model equipped with 
semicircular wheels. Each wheel has an actuator to con-
trol its angle and speed of wheels individually. By con-
necting the arcs of four wheels continuously, it is thereby 
possible to move without pitching upward and down-
ward on flat ground.

Bari–Bari [12] was developed as a mobile robot that 
traverses rough terrain by moving the body and other 
parts alternately. It traverses well in rough terrain. As a 
similar movement, we focused on the butterfly gait. It can 
move by rotating all the wheels in the same phase; using 
legs and body, it produces large thrust force. Also, in an 
unstable place, as shown in Fig. 3, the ground pressure is 
dispersed by several contact points of the body with the 
ground. As a result, the prototype model is stable even in 
uneven places.

Design of prototype model
Overview
We developed a prototype model based on the basic 
design. Figure  4 is an overview of the prototype model 
and Table 1 lists it specifications. The semicircular wheel 
has an arc-shaped part and a linear part at 180 degree 
intervals. Using a 3D printer, I have maintained robust-
ness while reducing weight using a lattice structure inside 
the wheel. Also, a non-slip seat is attached around the 
wheel to prevent slipping. Without the nonslip seat, the 
wheel slips on the ground. Also, as shown in Fig. 5, when 
a convex is attached to the tip of the wheel, this convexity 
is caught to assist in step climbing.

Motion experiment of butterfly gait
We conducted an experiment to confirm the step climb-
ing ability of the prototype model. The experiment uses a 
step of wood 110 mm high. All wheels rotate in the same 
phase with rotation at 70 deg/s. Figure 6, (1) to (6) indi-
cates the process as the prototype model goes through a 
step. The experiment confirmed that the prototype model 
did not overturn and that it could climb a step of 110 mm. 
To conduct a comparative experiment, we did the same 
experiment using grouser wheels of the same diameter. It 
could not climb the step (Fig. 7) because the protrusions 
of the grouser wheels could not hook the edge of the step. 
This result shows that semicircular wheels have a higher 
step climbing ability than grouser wheels.

With its current body length, the prototype model 
cannot climb more than 110 mm. However, as shown in 
Fig. 8, the prototype model can reach the edge of a step 
190  mm high by the front wheels. Extending its body 
length makes it possible to climb over this step height.

Consideration of locomotion
Installation of crawl gait
Crawl gait combines the actions of semicircular wheels 
and makes the robot travel in the same way as circular 
wheels. With circular wheels, a robot can move with-
out special control. With semicircular wheels, however, 
a robot needs proper control because the noncircular 
shape cannot produce smooth movement of the robot. 
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Thus, we introduce crawl gait with a quadruped loco-
motion to a four-wheeled robot. When crawl gait is 
performed by a four-legged robot, the center of gravity 
is always inside the support polygon by the feet on the 
ground while the main body of the prototype model is 
kept horizontal. It is therefore possible for the proto-
type model to move without falling. In a legged robot, 
its center of gravity portion projected on the ground 
and support polygon are relatively changed with every 
moment. However, with our robots, the CoG position 
and support polygon do not change because the rela-
tive position between the wheel’s contact point with 

the ground and the body doesn’t change. With only the 
crawl gait installed in our prototype model, the gait 
becomes unstable because its center of gravity is not 
inside its support polygon. We devised a way to move 
the center of gravity when crawl gait is performed with 
the prototype model as shown in Fig.  9. The phase 
changes in the order of (1), (2), (3), (4). The phases of 
the arc side of the wheels (blue arrows) are respectively 
shifted by 60 degrees, and the liner side of the wheels 
(red arrows) rotate at three times the speed of the arc 
side. This occurs because the liner side is linked to the 
lifted legs and the arc side, which makes contact with 

Fig. 1  Comparison of individual wheels
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the ground; the legs are rotated with a phase difference 
of some degrees.

Consideration of moving CoG
We believed the center of gravity could be moved by 
rotating wheels with built-in weights at wheel tips 
(Fig. 5). When the wheel with built-in weight is rotated, 
the position of the weight changes as shown in Fig.  10. 
Alternatively, it is possible to change the CoG position 
moving forward and backward in the sagittal plane. As 
the wheel changes from A to B, the position of the weight 
changes. It was thought that the center of gravity of the 
entire prototype model also changed and moved from C 
to D and the stable region. It is therefore possible for the 
prototype to move without falling.

Verification of CoG movement
We analyzed whether CoG movement in the sagittal 
plane is possible by having a built-in weight at the tip 
of all wheels. Equation  (1) represents the equation of 
motion of the centroid coordinates. G is the CoG coor-
dinates; m is the mass of the weight (127  g); and Rf is 

the horizontal distance from the center of the prototype 
model to the center of the built-in weight of the right 
front wheel. Similarly, Rr, Lf, and Lr are the horizontal 
distances from the center of the prototype model to the 
center of the built-in weight of the right rear wheel, the 
left front wheel, and the left rear wheel. Figure 11 shows 
the state of the prototype model at the crawl gait, letting 
the direction of travel be X. In the graph of Fig. 12, the 
vertical axis represents the center of gravity coordinates 
of the prototype model with respect to the X axis, and the 
horizontal axis represents time. Orange areas are states 
in which one wheel is the liner side and three wheels are 
in contact with the ground. The green areas are states in 

Fig. 2  Basic design

Fig. 3  Phase change of butterfly gait

Fig. 4  Semicircular wheels robot

Table 1  Specifications of Semicircular wheel robot

Length 420 (mm)

Width 149 (mm)

Height 200 (mm)

Weight 1207 (g)

Wheel diameter 200 (mm)

Metal weight 127 (g)

Actuator KONDO 
KAGAKU B3M-
SC-1040-A
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which all four wheels are in contact with the ground. In 
the areas of green and orange, the prototype model is in 
a state in which it does not overturn. As a result of per-
forming calculations of one circle of crawl gait from the 
Eq.  (1), CoG coordinates were found to be in the stable 
region in all conditions. Also, it is possible for the pro-
totype to move without falling. At this time, the moving 
distance of the center of gravity is ± 10 mm.

The vertical axis represents the center of gravity coor-
dinates of the prototype model with respect tothe X 
axis, and the horizontal axis represents time. Areas of 

(1)G =
m(Rf+Rr+Lf+Lr)

4m

orange are states in which one wheel is alifted leg and 
three wheels are in contact with the ground.

Motion experiment of crawl gait
We conducted an experiment to confirm whether the 
crawl gait, which is the gait of the leg type robot, is pos-
sible also with the wheel type robot. This experiment was 
conducted on flat ground and with an angular velocity 
of the liner side of 150  degrees and angular velocity at 
ground contact of 50°/s. (1) to (6) in Fig. 13 represent the 
flow until each wheel makes one cycle. Experiments con-
firmed that the prototype model moved without falling. 
Moreover, the experiments also confirmed that it is pos-
sible to move without an upward and downward motion.

Fig. 5  Wheel tip

Fig. 6  Butterfly gait motion

Fig. 7  Grouser gait motion
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We also verified the extent of upward and downward 
motion during one circle of the crawl gait without fall-
ing. We installed a 6-axis sensor MPU-6050 at the top 
of the prototype model. We examined model Roll angle 
and Pitch angle. Figure 14 is the displacement of the Roll 
angle and Pitch angle with time. It was found that the dis-
placement of the Roll angle and Pitch angle moved only 
− 1.03° and 2.79° at maximum. The experiments con-
firmed that it is possible to move without upward and 
downward motion.

Turning motion
Installation of turning motion
An independent two-wheeled moving robot can turn by 
changing the speed of the left and the right wheels. RHex 
can turn by the speed difference formed between the left 
and the right legs [13]. If the prototype model moves in 
the same way by the crawl gait, the difference between 
the angular velocity of the right and the left wheels col-
lapses the gait. It is necessary to look again at the turning 
motion. Figure 15 shows the change in the phase of each 

wheel during turning. The horizontal axis is time and the 
vertical axis is angular velocity. The blue graph shows the 
change in the phase of the wheel when it is moving straight 
forward and the red graph shows the change in the phase 
of the wheels when turning. In the graph, the slow angular 
velocity is the contact with the ground; the fast one is the 
liner side of the semicircular wheel. Time on the ground 
is increased by making the time of the liner side faster and 
overlapping with other wheels; it can make a different mov-
ing speed of the left and the right wheels. However, because 
the rotation angles of one cycle are the same on both sides, 
slow rotation of the wheel can be reproduced. Also, the 
liner side time gets faster.

Construction of turning motion
Equations (2), (3) is the formula that forms the basis of the 
turning motion. θR and θL are the sum angle of the wheels 
of both sides in one cycle.

θ̇RG and θ̇RS are the angular velocity of the right wheel at 
ground contact and lift. θ̇LG and θ̇LS are the angular veloc-
ity of the left wheel at ground contact and lift. tG and tS are 
times of ground contact and lift. They are the sum of the 
integral values of the angular velocities at the time on the 
ground and the time of lift, respectively, which is the sum of 
the respective angles. Based on this equation, a graph can 
be represented as shown in Fig. 16. Both wheels can set the 
speed difference. The wheel on one side can be rotated in 
the negative direction. Also, when the same angular veloc-
ity is reached in the negative direction, it is at pivot turn.

When the absolute value of the sum of the left and the 
right angles is the same as in Eq. (4), the prototype model 
can make a turning motion.

(2)θR =
∫
tG

0
θ̇RGdt +

∫
tS

tG
θ̇RSdt

(3)θL =
∫ tG
0

θ̇LGdt +
∫ tS
tG

θ̇LSdt

(4)| ± θR|= | ± θL|

Fig. 8  Step climbing (190 mm)

Fig. 9  Phase change of crawl gait
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Motion experiment of turning motion
We conducted the motion experiment of the turning 
motion on flat ground. On flat ground, the angular 
velocity at the liner side of the left wheel was 324°/s, 
and the angular velocity at ground contact was 5°/s. 
The angular velocity of the right wheel at the liner side 
was 19.71°/s and the angular velocity at the moment of 
ground contact was 6.57°/s. At this moment the turn-
ing radius of the prototype model is 2.89 m. When the 
speed is making a difference between the left and the 

right wheels, the upper limit of the rotational speed 
of the slow wheels is the upper limit of the actuator; 
the turning speed is rotated at the upper limit of the 
motor.

To make a turn without falling, the angle at which 
the wheel makes one cycle must be the same and, as a 
result, the speed difference between both side wheels 
cannot be faster, resulting in slower turning. (1) to (6) 
in Fig. 17 shows the change in the movement until the 
wheel makes one cycle. The experiment confirmed that 
the prototype model can turn without falling.

Fig. 10  Stabilization by moving the center of gravity

Fig. 11  State of robot at verification
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Pivot turn
Pivot turn is possible when the right and the left wheels 
have the same angular velocity and reverse direction as 
the blue and the yellow line in Fig.  16. The basic phase 
change is the same as the crawl gait, but only one side 
wheel rotates in the reverse direction. Phase changes in 
the order of (1), (2), (3), (4) in Fig. 18. The phases of the 
wheels of the blue arrow are shifted by 30 degrees from 
each other, and the wheels of the red arrow rotate at 
three times the speed of the blue arrow.

We analyzed the wheel states in turning motion in 
the pivot turn. In the graph of Fig. 19, the vertical axis 
represents the center of gravity coordinates of the pro-
totype model with respect to the X axis, and the hori-
zontal axis represents time. The green areas are where 

all wheels are in contact with the ground. In areas of 
the orange state, one wheel is lifted and three wheels 
are in contact with the ground. In the areas of green 
and orange, the prototype model is in a state where 
it does not overturn. As a result of performing calcu-
lations by substituting the weight of the wheel at the 
time of pivot turning and the center of gravity distance 
thereof into Eq.  (1), as shown in the graph of Fig.  19, 
we found that the center of gravity coordinates of all 
the states are in the stable region. Also, pivot turn is 
possible without the robot falling.

The vertical axis represents the center of gravity 
coordinates of the prototype modelwith respect to 
the X axis and the horizontal axis represents time. 
Orange areas are statesin which one wheel is a lifted 
leg and three wheels are in contact with the ground.

Motion experiment of pivot turn
To confirm the possibility of a pivot turn in the proto-
type, we performed the motion experiment. The experi-
ment was conducted on flat ground, the angular velocity 
at lifted leg rotation of the left wheel was − 150°/s, and 
the angular velocity at ground contact was − 50°/s. The 
experiment was conducted with the angular velocity of 
the lifted leg of the right wheel at 150°/s and the angu-
lar velocity at ground contact at 50°/s. (1) to (6) in Fig. 20 
are until the prototype model rotates 180 degrees. The 

Fig. 12  A center of gravity coordinate and relations of time

Fig. 13  Crawl gait motion
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experimental results confirmed that the prototype model 
can pivot turn without falling.

Fig. 14  Relationship between time and displacement

Fig. 15  Phase change of turning motion

Fig. 16  Continuous phase change from forward movement to pivot 
turn
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Conclusion
We propose using semicircular wheels and developed a 
mobile robot with semicircular wheels—novel wheels. 
Semicircular wheels were found to have higher step 
climbing performance than circular wheels and grouser 
wheels. The prototype model with semicircular wheels 
showed good performance in climbing high steps using 

Fig. 17  Turning motion using crawl gait

Fig. 18  Phase change of pivot turn

Fig. 19  A center of gravity coordinate and relations of time
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the butterfly gait. This performance is higher than a robot 
with circular wheels or grouser wheels. We also con-
firmed that movement without upward and downward 
motion is possible on flat ground by the crawl gait. We 
proposed a new algorithm of turning motion and verified 
that the prototype model could turn without falling. We 
also confirmed that it is possible to continuously change 
from forward turn to pivot turn.
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Fig. 20  Pivot turning motion using crawl gait
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