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Abstract

This study aims to realize rolling locomotion by a multi-legged robot inspired by “wheel spider” in nature. A novel
robot mechanism and a strategy for rolling locomotion is proposed in this paper based on motion analysis of wheel
spider species in nature. We also present details of a model of a wheel-spider-inspired hexapod robot and design of its
controller in realizing rolling locomotion. Results of numerical simulations validated the efficacy of the proposed
approach in synthesizing rolling locomotion in a wheel-spider-inspired hexapod robot.
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1 Background

Rolling locomotion which has high mobility has been
applied many times to mobile robots. Spherical robots are
an example of mobile robots performing rolling locomo-
tion. Spherical robots operate in hostile industrial envi-
ronment, other planets or a human place like office or
home. Spherical robots have been expected to obtain envi-
ronmental data with sensors, gather and convey an object
with an arm installed inside a spherical body in those
environments [1-7]. However, it is considered that these
environments have obstacles or difference in level that
interrupt rolling locomotion. In this case, robots should
apply other locomotion.

This paper focuses on creatures found in nature that can
perform rolling locomotion and other locomotion. Spi-
ders called “wheel spider (carparachne aureoflava)” which
can perform rolling locomotion is one of the creatures in
nature. The wheel spiders can reconfigure its body struc-
tures as wheels by fixing its legs into constant positions
and perform rolling locomotion on its side on a slope [8].

This paper aims to realize rolling locomotion by
a wheel-spider-inspired multi-legged robot on the flat
ground.

Biologically inspired robots have been studied in litera-
tures, e.g., [9-11]. Especially, biologically inspiredrolling

*Correspondence: nemoto@ctrl.frdendaiac.jp
1Tokyo Denki University, 5 Senjuasahi-Cho, Adachi-ku, Tokyo, Japan
Full list of author information is available at the end of the article

@ Springer

locomotion has been discussed in literatures, e.g., [12, 13].
Lin has focused on caterpillars that can escape rapidly
from predators by reconfiguring their body structures like
wheels. Caterpillar-inspired soft robots have been devel-
oped and attempted rolling locomotion [12]. King has
focused on rolling locomotion repeating somersault per-
formed by a spider called “huntsman spider (cebrennus
villosus)” A quadruped robot which can somersault has
been developed based on an image analysis of its rolling
locomotion. The quadruped robot has performed rolling
locomotion [13].

In those studies, although behavior of the creatures
is analyzed by images, biologically inspired mathemati-
cal models are not developed. In this paper, a biologi-
cally inspired mathematical model of the wheel spiders
is developed and rolling locomotion is analyzed through
simulations. The model captures characteristics of rolling
locomotion. In addition, motion analysis based on simula-
tions applying the model allows physical parameters to be
determined arbitrarily and it can be utilized to determine
robot parameters.

To realize rolling locomotion by the wheel-spider-
inspired multi-legged robot, it is necessary to develop the
model considering the influence of the ground on the
robot while rolling locomotion and design a controller. For
such the issue, a model considering the influence of the
ground on a system is developed by applying constraint
force on the ground to a model without the influence of
the ground and considering velocity transformation due to
collision in a previous literature [14]. Applying the above
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method, a wheel spider rolling on a slope is modeled and
analyzed through simulations at first. A mechanism of
the multi-legged robot and the strategy for rolling loco-
motion are proposed based on results of motion analysis
of the wheel spider and the model of the multi-legged
robot is developed. The controller which can generate leg
trajectories respectively in response to a robot state is
designed. The effectiveness of the proposed controller is
verified through numerical simulations of rolling locomo-
tion by the multi-legged robot on the flat ground and it is
shown that the multi-legged robot can achieve the rolling
locomotion.

2 Method
2.1 Modeling of wheel spider rolling on the slope
The wheel spider can be found in the Namib Desert of
Southern Africa and its size is 20 mm. The wheel spider
reconfigures its body as a wheel by fixing its legs into con-
stant positions after a short runup and goes down sand
dunes when attacked by its nemesis. The wheel spider
resumes walking with its legs straight as rotational speed
reduces [8].

This section presents the model of the wheel spider
rolling on the slope for motion analysis.
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The wheel spider model is developed based on follow-
ing assumptions.

Assumption 1. The wheel spider does not fall down
while rolling.

Assumption 2. The wheel spider rolls without
slipping on the ground.

Assumption 3. Positional relationships between the
cephalothorax, the abdomen and each leg of the
wheel spider do not change while rolling.

According to assumptions 1 and 2, the model diagram
of the rolling wheel spider is shown in Fig. 1. The rolling
wheel spider is described on the vertical two-dimensional
surface. The x-axis describes the ground and is horizontal
to the slope. The variables surrounded by the double line
will be definitely independent.

According to assumptions 2 and 3, the wheel spider
rolls on the slope with keeping a posture. Only some
parts touching the ground will be changed. Constraint
conditions between the parts of the wheel spider does
not therefore change and only the constraint condi-
tions between the ground and some touching parts will
change.

B = Independent variable

Fig. 1 Model diagram of wheel spider rolling on slope. X-axis describes the ground and is horizontal to the slope. The rotational angles of the
abdomen v, and legs ¥y, ¥ are relative angle for the cephalothorax .. The variables surrounded by the double line will be definitely independent




Nemoto et al. Robotics and Biomimetics KXXXXXXXXX

Table 1 Simulation parameters of rolling wheel spider

Mass of cephalothorax and abdomen (kg) 5.00 x 1074

Mass of legs (kg) 1.00 x 1074

Inertia moment of cephalothorax and abdomen (kgm?) ~ 6.25 x 10~°

Inertia moment of legs (kgm?) 5.00 x 107"
Viscosity of cephalothorax and abdomen (Nms/rad) 500 x 10712
Viscosity of legs (Nms/rad) 1.00 x 10712
Length from cephalothorax to abdomen (m) 1.00 x 1072

Length from cephalothorax to pair of first legs (m) 650 x 1073

Length from cephalothorax to pair of second legs (m) 900 x 1073

Length from cephalothorax to pair of third legs (m) 120 x 1072

Length from cephalothorax to pair of last legs (m) 140 x 1072

Radius of cephalothorax and abdomen (m) 500 x 1073

Radius of legs (m) 1.00 x 1073

Gravity acceleration (m/s?) 9.81

The motion equation of the wheel spider model is
derived by applying a projection method [15-17]. Assum-
ing that a system is constituted of independent parts
and the parts are connected by constraint conditions,
the projection method involves a whole motion equation
from motion equations and constraint conditions of each
part.

In this paper, the motion equation of the rolling wheel
spider is derived by applying constraint force on the
ground to a motion equation of the wheel spider without
the ground and considering velocity transformation due
to collision [14, 18].

Page30f 16

The parameters in the numerical simulations of the
wheel spider rolling on the slope are set as shown in
Table 1.

2.1.1 Model of wheel spider without the ground
An unconstrained motion equation is written to derive
the motion equation of the wheel spider without the
ground.

Generalized coordinates x; are defined as

x5 = (Ve Xer Zes War Wi W1rs Yot Wor W31 W3 Wals Yars

XarZa>X11> 211> X1r» Z1r> X21» 221> X2r» Z2r> X31, 231> X3r>
r 1
Z3ry Xals T4, Xdrs Z4r) " 5 (1)

which include the rotational angle ¥, and center of grav-
ity coordinates (xy,,z,) of each part shown in Fig. 1. The
subscript # denotes the set of indexes n = {c,a,il, ir}.
Here the subscripts ¢, 4, i/, and ir denote the cephalotho-
rax, the abdomen, the left legs, and the right legs,
respectively and i = 1,---,4 denotes number of pair
of the legs. The rotational angles of each leg and the
abdomen are relative angle for the cephalothorax. These
parts are assumed to be independent as shown in
Fig. 2a.
The unconstrained motion equation is represented by

Ms&s = hs¢ (2)

where M; is a generalized mass matrix and h is
a generalized force vector. The unconstrained motion
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a) Unconstrained system

Fig. 2 Image for constraining (a, b). The parts of the wheel spider are assumed to be independent. These parts are constrained by the constraint
conditions which are definitions of positional relationships between the cephalothorax and other parts
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equation (2) is constituted of motion equations of inde-
pendent parts shown in Fig. 2a. The generalized mass
matrix M, and the generalized force vector h; are
given as

My 0
Mi=1 0 My |’ ®)
L 0 0 I Iy Ly Iy Ly I3 I3y 1y 1ay 7
0m 000O0O0OOOO O
0 0 mc000O0OOO0O O
I, 0 0,000 00O0O0O
I, 0 00I; 00 00O0O0O0
I, 0 000L,000000O0
My = I, 0 000 0I; 0000 0|
I, 0 000 0 0L 00 0 0
I3y 0 000 00 01730 00
I3y 0 000 0 0 0 0/ 0 0
Iy 0 000 000 O0 01IyoO
ILb; 0 00000 O0O0 0 0 Iy

My := diag (mg, mg, my, myj, My, Miy, -+,
My, Maj, Mar, Mar) ,
I .= 1+ L+ I+ Dy Iy I3+ oy + Lap+1, + 1,
hs= [—cclﬁc, mcgsin(Ogy,), —mcg cos(Ogy), —caVa—civn
—c1rVe e —CarVan, —Cartiar, Mag sin(Ogy),
— mgg cos(Op), myg sin(Oyy,), —myg cos(byy),
, Mg sin(Bspy),
T

(4)

m1rg sin(Osip), —mirg cos(Ospp), - - -

—myg COS(Qslp)y mMarg Sin(@s[p), —Mgg COS(Qslp)]

where I,,, m, and ¢, are the inertia moment, mass and vis-
cosity of each part, y, is the angle of the slope and g is the
gravity acceleration shown in Fig. 1.

The projection method leads a constrained motion
equation by considering constraint conditions that con-
strain system behavior including definitions of positional
relationships between each part. The constraint condi-
tions of the wheel spider are the definitions of positional
relationships between the cephalothorax and other parts.
According to assumption 3, the positional relationships
do not change while rolling. Therefore, the constraint
conditions are given by
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Xq = %c + lg sin(Ye + Vo),
Zq = z¢ + Iy cos(Ye + Yra),
xip = %c + Ly sin(¥e + Yrup),
zip = zc + Ly cos(Ye + Vip)s

Xir = X¢ + L sin(Ye + Yir), (5)
Zip = z¢ + Ly cos(Ye + Yir),

Va =1,

Vit = — s

VYir = a,

where /,, [; and [;, are the length from the cephalothorax
to the abdomen, the left legs and the right legs shown in
Fig. 1 and «; denote any constant angles shown in Fig. 2b.
The constraint conditions (5) describe the linkages which
connect the cephalothorax to other parts as shown in
Fig. 2b.

A constraint matrix Cs which should satisfy Csx; = 0
is obtained from the constraint conditions. Moving right
member of each equation in (5) to the other side, they are
combined into a constraint equation ®; = 0 as

Yo—m
Y+ a;
Y1y — o

Vas + g

Var — o
Xq — X — lg sin(PYe + Vq)
Zq — Zc — lg cos(Ye + ¥a)

& = | xy—xc—lysin(Pe+v1) | =0. (6)
z1 — z¢ — hycos(Ye + Y1)
x1r — % — b1y sin(Ye + ¥1r)
z1r — 2z¢ — lir cos(Yre + Y1y)
x4y — Xc — lag sin(Ye + Yay)
24y — z¢ — lag cos(Ye + Vray)
Kar — X — lay sin(Ye + Var)
| zar — 2z — lay cos(Ye + Yar) |
The constraint matrix Cs is represented by
0P,
= . 7
5= T (7)

Utilizing the constraint matrix Cs and Lagrange’s unde-
termined multipliers A, a constrained system is given by

Mis = hg + CI . (8)

Since (8) has redundant degrees of freedom, they are
reduced.

An independent velocity vector under constrained state
g, which is selected from & is defined as

gy = [V io 2] . 9)
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Given that & = [¢],v]] " the constraint matrix C;
can be represented by C; = [Cy1, Ci2] to satisfy Cexs =
Caq, + Cqvs. From this relationship, an orthogonal
matrix D can be obtained so as to C;D; = 0 and &, =
Dygq,. Since Csxs = 0 gives

Cslqs + Covs =0,
ve = —Cg' Cag, (10)

the orthogonal matrix D is obtained from x5 =
. 11T .
[47,v{]" = Dsg;as

I
DS = -1 ’
_Cs2 Ca

where I denotes an identity matrix and the index of I
denotes the dimensions of the identity matrix. The dimen-
sions of I3 should equal the dimensions of the indepen-
dent velocity vector g,. Besides, (11) satisfies

(11)

I3

C.D. = [Csl Cs2:| _ B
stls _nglcsl

=Cy — CC,'Cy,
=0.

The constrained motion equation is derived by project-
ing the constrained system (8) on a space constrained
by DI and transforming the coordinates of component
vectors. Thus the motion equation of the wheel spider
without the ground is derived as

DIMDij, + DI MD.g, = DT k. (12)
2.1.2 Consideration of constraint force on the ground

The motion equation of the wheel spider rolling on the
slope is derived by applying constraint force on the ground
to the motion equation of the wheel spider without the
ground [14].

Applying the constraint force on the ground t; to the
motion equation of the wheel spider without the ground
(8), the motion equation of the wheel spider rolling on the
slope is given by

Mgy = b+ CIg + 1. (13)

Applying a constraint matrix depending on the ground
C; and Lagrange’s undetermined multipliers Ay, 77 is rep-
resented by

T = CIT)u], (14)

and Cj should satisfy Crx; = 0.

When the height of a grounding point 4, is less than or
equal to 0 (4, < 0) and the ground reaction force A, is
greater than 0 (1, > 0), consider the following constraint
conditions that
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1. grounding parts roll without slipping,
2. height of grounding parts does not change.

Here h, can be represented by 4, = z, — ry, where ry
is the radius of each part shown in Fig. 1. The following
expressions are derived from the above:

Xn = %p0 + rn(We — Yeo)
Zp =Tn

, hy <0NA, >0, (15)

where x,,9 and VYo are the x-coordinate of each part and
the angle of the cephalothorax when the constraints occur,
respectively.

Thus the constraint matrix depending on the ground C;
is represented by

0P
C=""L n,<0ni,>o0, (16)
0x
®; = |:xn — (Xn0 + rn(wc - WCO))i| —0,
Zy — T

where the constraint equation ®; = 0 is obtained from
(15).
When (16) holds, (13) can be transformed into

DIMDyj, + DI MDyg, = DI'ng + DI CTr;,  (17)

by projecting (13) on the space constrained by D! and
transforming the coordinates of component vectors.
Besides, (13) can also be represented by

Ms&s = hs + Cz;kss: (18)

T
Cy, = [CST , C,T] ,

T
Ags i = I:XST; )»[T:I s

s.ubstituting (14) into (13). Since Cgxs = 0and Cgy = —
C,sxs, (18) can be transformed into

Cssxs = CssMs_lhs + CssMs_ICSI;xss:
1 ..
Ay = <CSSMS_1C57;) (CoM; s + Coiies) . (19)
A; included in (17) is produced from (19).

2.1.3 Velocity transformation

In the case of touching each part of the wheel spider to the
ground, collisions occur. Thus velocities before the col-
lision should be changed to velocities after the collision.
Assuming that completely inelastic collision occurs when
some parts touch the ground, the velocities after the col-
lision is obtained from the velocities before the collision
[14, 18].

Transforming (13), A4 is given by

A= —X; 1 (CM B + Ci) — X1 CM Ty, (20)
X := CM; ' Cl.
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Substituting (14) and (20), (13) is transformed into
Mg = Yshs — CIX 1 Coies + Y CIAy,
Y= I3 — CIX;'CM; Y,

(21)

where the dimensions of I3y should equal the dimensions
of the generalized coordinates ;.

Let x#, denotes the velocities before the collision and
& after the collision. From (21), a velocity relationship
between the velocities before the collision and after that is

represented by

Mgl — Mg, = Y CFap. (22)
Since & should satisfy C;x] = 0, A is given by
A =—Z'Crxy, (23)
Z = CM; 'Y C.
Substituting (23) into (22), x;r is obtained from
it = (130 - M;lysc,Tz;lc,) i (24)

2.2 Simulation of rolling wheel spider
Behavior of the wheel spider rolling on the slope is simu-
lated for motion analysis. The initial position and angle of
the cephalothorax are set at (x., y.) = (0.00,1.50 x 1072)
m and Y, deg, respectively. The rotational angles of the
legs are set at a; = 60.0, ap = 95.0, a3 = 1.30 x 10% and
aq = 1.55 x 10% deg and the angle of the slop is set at
051 = 10.0 deg. The wheel spider rolls on the slope from
the state of grounding the abdomen to the ground.
Simulation results are shown in Figs. 3, 4, 5, 6,7, 8,9, 10,
11 and 12. Figure 3 shows the angle of the cephalothorax,
Figs. 4, 5 and 6 show the x direction positions of each part,
Figs. 7, 8 and 9 show the z direction positions of each part

4000 ‘ I
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3500 [~ P —

3000 — —

2500 — —

2000 — —

Angle (deg)

1500 |— —

1000 |~ _

500 — —

0 \ \ J \ \
o 05 1 15 2 25 3

Time (s)
Fig. 3 Rotational angle of cephalothorax. The rotational angle of the

cephalothorax increases over time. The wheel spider rotates about 11
timesin3s

Page 6 of 16

Position (m)

0 0.5 1 1.5 2 25 3
Time (s)

Fig. 4 X direction positions of cephalothorax and abdomen (xc:
cephalothorax, xa: abdomen). The x direction positions of the
cephalothorax and the abdomen increase over time. They move
about 0.7 m with moving back and forthin 3's

and Figs. 10, 11 and 12 show the positions of each part on
the two-dimensional surface.

Figures 3, 4, 5 and 6 show that the angle of the
cephalothorax and the x direction positions of the wheel
spider increase over time. The wheel spider rotates about
11 times and moves about 0.7 m in 3 s. Here, it is found
that the wheel spider rolls at a constant speed since dis-
placement increase at a constant rate except when it starts
rolling. Figures 7, 8 and 9 show that the z direction posi-
tions repeatedly increase and decrease without decreasing
to below the height of the ground and at least one of the
parts of the wheel spider constantly touch the ground. Fur-
thermore, Figs. 10, 11 and 12 show that the wheel spider
proceeds to the positive x direction with changing the
height of each part.
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A
0.6 — P -
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__ 05 — i —
1S ol
£ I
c 04 — o —
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w 0.3 [~ e _
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0.2 et 4| — —

01 - ‘,:*'/ x2l -

: 4

/”‘ x3l
0= xal — — —
0.1 | | \ | |
0 0.5 1 1.5 2 25 3
Time (s)

Fig. 5 X direction positions of left legs (x11: first leg, x2I: second leg, x3l:
third leg, x4l: last leg). The x direction positions of the left legs increase

over time. They move about 0.7 m with moving back and forthin 3 s
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Fig. 6 X direction positions of right legs (x1r:first leg, x2r: second leg,
x3r: third leg, x4r: last leg). The x direction positions of the right legs
increase over time. They move about 0.7 m with moving back and
forthin3s
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Fig. 8 Z direction positions of left legs (z1l: first leg, z2I: second leg,
z31: third leg, z4l: last leg). The z direction positions of the left legs
repeatedly increase and decrease. They do not achieve the height of
1 mm or less since their radius is 1 mm

From the above results, it is found that the wheel
spider goes downhill at a constant speed with rolling.
The wheel spider rolls only gravitationally since it is
not provided with an initial velocity in the simulations.
It is therefore effective in rolling locomotion by the
multi-legged robot on the flat ground to utilize gravity
skillfully.

2.3 Rolling locomotion by wheel-spider-inspired
hexapod robot

The results of motion analysis of the rolling wheel spi-

der show that the utilizing of gravity is effective in rolling

locomotion by the multi-legged robot. Rolling locomotion

0.016
0.014
__ 0.012
E
c
S 001
‘B
o
o
0.008
0.006
0.004
0 0.5 1 1.5 2 25 3
Time (s)
Fig. 7 Z direction positions of cephalothorax and abdomen (zc:
cephalothorax, za: abdomen). The z direction positions of the
cephalothorax and the abdomen repeatedly increase and decrease.
They do not achieve the height of 5 mm or less since their radius is
5mm

utilizing gravity is therefore proposed. It includes the rais-
ing of the center of gravity of the multi-legged robot and
the shifting of it forward on the overturned posture.

In this section, the mechanism of the multi-legged robot
is proposed and then the model of the multi-legged robot
with rolling locomotion is developed to realize the strat-
egy for rolling locomotion.

The controller which can generate leg trajectories
respectively in response to a multi-legged robot state is
designed.

The multi-legged robot is not developed in this paper.
The implementing and the testing of the multi-legged
robot are issues in the future.
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0.018
0.016
0.014
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Fig. 9 Z direction positions of right legs (z1r: first leg, z2r: second leg,
z3r: third leg, z4r: last leg). The z direction positions of the right legs
repeatedly increase and decrease. They do not achieve the height of
1 mm or less since their radius is 1 mm
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Fig. 10 Positions of cephalothorax and abdomen on
two-dimensional surface (c: cephalothorax, a: abdomen). The
cephalothorax and the abdomen proceed to the positive x direction
with changing their height

2.3.1 Mechanism of wheel-spider-inspired hexapod robot
The utilizing of gravity is adopted as the strategy
for rolling locomotion on the flat ground. The rolling
locomotion utilizing gravity includes the raising of the
center of gravity of the multi-legged robot and the shift-
ing of it forward on the overturned posture. This paper
describes the raising of the center of gravity of the multi-
legged robot as a raising movement and the shifting of it
forward as a shifting movement.

To perform rolling locomotion, a hexapod robot with
the legs having parallel linkage is proposed. The robot has
the legs assembled equiangularly and hence can perform
rolling locomotion by moving its legs in a regular pattern.
The robot has two motors on each leg and hence can move
its legs forward and backward and up and down as shown

0.022
0.02 —
0.018 —
0.016 —
0.014 —
0.012 —
0.01 —
0.008 —
0.006 —
0.004 —
0.002 —

Position (m)

01 0 01 02 03 04 05 06 07 08

Time (s)

Fig. 11 Positions of left legs on two-dimensional surface (11 first leg,
2l: second leg, 3I: third leg, 4l: last leg). The left legs proceed to the
positive x direction with changing their height
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0.014 [Hi by diig i
0.012 |
0.01 [k
0.008 [
0.006 i
0.004
0.002

Position (m)

02 03 04 05 06 07 038
Time (s)

Fig. 12 Positions of right legs on two-dimensional surface (1r: first leg,
2r: second leg, 3r: third leg, 4r: last leg). The right legs proceed to the
positive x direction with changing their height

in Fig. 13. The robot has the inertial measurement unit on
the body and the angular encoders on the motors to detect
and keep postures.

The legs are composed of a supporting columnar linkage
and two linkage connecting it with the body as shown in
Fig. 13b. The legs move up and down and inside and out-
side with keeping the side of each leg parallel to the side of
the body.

The robot performs rolling locomotion on the over-
turned posture. The robot locates the legs equiangularly
and near the body with grounding two legs for an initial
overturned posture as shown in Fig. 14a. When the legs
are located near the body, the overturned posture is sta-
bilized easily since the center of gravity of the body and
the legs are on the line perpendicular to the ground when
viewed from the forward as shown in Fig. 14b. The sup-
porting columnar linkages of the legs help the robot to roll
smoothly.

Utilizing the mechanism of the legs, the robot performs
the raising movement for rolling locomotion by moving
the grounding leg from inside to outside, thereby push-
ing the ground on the overturned posture as shown in
Fig. 15a. The robot performs the shifting movement by
moving the grounding leg forward and backward, thereby
swinging the body as shown in Fig. 15b.

2.3.2 Modeling of wheel-spider-inspired hexapod robot
with rolling locomotion
The model of the wheel-spider-inspired hexapod robot
with rolling locomotion is developed in the manner simi-
lar to the modeling of the wheel spider.
The robot model is developed based on following
assumptions.
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a) Overhead view of hexapod robot b) Mechanism of legs

Fig. 13 Mechanism of wheel-spider-inspired hexapod robot. The robot has the legs assembled equiangularly, as shown in (). The robot can hence
perform rolling locomotion by moving its legs in a regular pattern. The robot has two motors on each leg and hence can move its legs forward and
backward and up and down. The legs are composed of the supporting columnar linkage and two linkage connecting it with the body, as shown in

(b). The legs move up and down and inside and outside with keeping the side of each leg parallel to the side of the body

Assumption 1. The robot does not fall down while
rolling.

Assumption 2. The robot rolls without slipping on
the ground.

Assumption 3. The robot can swing, elongate and
contract its legs.

According to the assumptions, the model diagram of the
rolling hexapod robot is shown in Fig. 16 and the vari-
ables are shown in Table 2. Here the subscript b denotes
the body, «j, Bj and y;j denote the first, second and third
parts of the legs, respectively and j = 1,---,6 denotes
number of legs. The translational distances of the second

parts are relative distance for the first parts and the rota-
tional angles of the first parts are relative angle for the
body.

According to assumptions 1 and 2, rolling locomotion
by the robot is described on the vertical two-dimensional
surface as the rolling wheel spider. X-axis describes the flat
ground. The variables surrounded by the double line will
be definitely independent.

According to assumptions 3, it is supposed that the
legs of the robot have translational joints and rota-
tional joints, respectively. Motor torque to power parallel
linkages of legs are provided for translational joints as
force.

a) Initial overturned posture

Fig. 14 Overturned posture for rolling locomotion. The robot locates the legs equiangularly and near the body with grounding two legs for the
initial overturned posture, as shown in (a). When the legs are located near the body, the overturned posture is stabilized easily since the center of
gravity of the body and the legs are on the line perpendicular to the ground, as shown in (b). The supporting columnar linkages of the legs help the

robot to roll smoothly

b) View from forward
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a) Raising movement

Shifting

b) Shifting movement

Fig. 15 Raising and shifting movement for rolling locomotion. The robot performs the raising movement by moving the grounding leg from inside
to outside, thereby pushing the ground on the overturned posture, as shown in (a). The robot performs the shifting movement by moving the
grounding leg forward and backward, thereby swinging the body, as shown in (b)

The parameters in the numerical simulations of the
hexapod robot with rolling locomotion on the flat ground
are set as shown in Table 3.

Although the motion equation of the robot is derived in
the manner similar to the modeling of the rolling wheel
spider, it is difficult to derive an unconstrained motion
equation including relative distance and angle directly.
The unconstrained motion equation including relative
distance and angle is therefore derived by transform-
ing coordinates after deriving an unconstrained motion
equation letting center of gravity coordinates of the sec-
ond parts of legs be absolute position and rotational angles
of the legs be absolute angle.

Given that the absolute positions of the second parts are
(92,3,‘, éﬂj) and the absolute angles of the first parts are lﬂa,-,
generalized coordinates &y, are defined as

xXp = [Vfb,l/fab--- Va6 XB1, 2815+ »

55/361 2ﬂ6’xb: Zhy Xals Zals " "y (25)

T
Xa6r Za6:Xy1, 2yl * 5 Xy6) Zy6:| .
The unconstrained motion equation is represented by

Myxy, = hy, (26)

where M) is a generalized mass matrix and hj is a
generalized force vector. The generalized mass matrix

M, and the generalized force vector hy, are given
by

Mh = diag (1},,1]1, <y lig,mgy,mgy, -,
M6, Mp6, Mp, Mp, My1, Mal," "+ (27)
M6, Mgy My1, My, -+ 5 My6, My6) ,

I = loj +Igj + Iyj,

6

— Z Tai — CoWp + Z (Ca] <I/fa; 1//1;))

j=1 j=1

Tyl — Cal <I/fa1 - %) 5 Ta6 — Cab (17/016 - 1/'/17>,

Fg1sin(Ya1) — np1 (@1 - 56a1) — kg1 (%g1 — %a1) »
Fg1 cos(Ya1) — np1 (5/31 - éal) — kg1 (zp1 — za1)

—mp1g,- - ,Fﬁé Siﬂ(l]fae) — N6 (5:5/36 — 55016)

— ke (%6 — %a6) » Fg6 c0s(Va6) — N6 (%ﬂ6_éa6)

— kpe (286 — Za6) — Mpeg: 0, —mpg, —Fp1 sin(Yre1)

) -
+ np1 (56,91—9'6011)-1-/931 (%p1—%a1) » —Ep1c08(Va1)

+ ng1 (ém — ial) +kg1 (Zm — Zal) — Myl
— Fge sin(Ya6) +1p6 (9;%6—560(6) +kpe (Xg6 —%a6) »

— Fpe cos(Yu6) + g6 (5,36 - ia6)+kﬂ6 (286 —2as6)
T

- ma6g, 0; —lelg, e 70; _my6g )

(28)

where I,, and m,, are the inertia moment and mass of
each part, ¢; and c; are the viscosity of the body and the
first parts of the legs, 1g; is the damping coefficient of the
second parts and kg; is the spring constant of the second
parts shown in Fig. 16 The subscript 7 denotes the set of
indexes m = {b, aj, B}, vj}.
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VA :

1 [ ] = Independent variable
|

(xyl’Zyl)
zﬁj: I,
(x}/()’z}/f)) 5/31 |77ﬂj kﬁj
(x()zlﬂzrxl)

,F/M (x73’z;/3)

(x;/4’Zy4) X
0 >

Fig. 16 Model diagram of rolling wheel-spider-inspired hexapod robot. X-axis describes the flat ground. The translational distances of the second
parts of the legs dgy, ..., dge are relative distance for the first parts (X1, 241), -, (Xu6,Zas) and the rotational angles of the first parts ¥q1, ..., Wae are
relative angle for the body ;.. The variables surrounded by a double line will be definitely independent

Here (%), Z5j) and /o are transformed into dg; and V1o,
respectively. Given that transformed generalized coordi-

Table 2 Variables of rolling wheel-spider-inspired hexapod robot ~ 1ates ¥, are

(j=1,---,6)

Center of gravity coordinates of body (m) (Xp, 2b) h = [Wb, Vat,oo wa&dﬂl’ o dﬂ&xb,Zb,xabzal’ o
Center of gravity coordinates of first parts of legs (m) (Xaj Zag) X6 206 Xy 1 Zy 15" 2 Xy6s Zy6] T ) (29)
Center of gravity coordinates of third parts of legs (m) (Xyji Zy)) B

Translational distance of second parts of legs (m) dgj (56/3/" 251') and I/f"‘f are represented by

Rotational angle of body (rad) ¥y - X i1

Rotational angle of first parts of legs (rad) Vo) Xpj = o dﬁj s (‘/fb + waj + ]Tn) ’

Joint torque of first parts of legs (Nm) Toj Zgj = zqj + dgj cos <Iﬂb + Yoj + /_Tln) , (30)
Force of second parts of legs (N) Fgj

Vaj = ¢b+1/faj+j%lﬂ.
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A velocity transformation matrix A; which should
satisfy x#, = A&y, can thus be obtained from

ox
A=, (31)
oxy,
substituting (30) into (25).
Since X, = Apxy, + ApXy, a transformed unconstrained
motion equation is obtained as

My, (Ayxy, + Ayiy) = by,

AL M, Ay, = AT (iqh - MhAhxh) . (32)
Given that My ZAhTMhAh and h;, = AZ;(ilh — Mh
Ay&y), (32) can be represented by M%), = hy,.

The constraint conditions of the hexapod robot are
the definitions of positional relationships between the

body and each leg. The constraint conditions are given
by

j—1 j—1
Xej = xp + 1 sin (V’b + %7‘[) + lgj sin (1//1, + Voj + %7‘[) ,

j—1 j—1
Zyj = 2p + 1 COS (1//@ +J—3 n) + lgj cos <¢b+1//q/+l—3 7r>,

1 i—1
Xyj=%p + 1p Sin (T//th]Tﬂ)+(la/+dﬁ/+lﬂj+ryj) sin <¢b+w(,/+1Tn> ,

j—1 j—1
zyj=2zp+7 cos(¢b+%n> +(loj+dpj + lgj+71y)) cos (‘ﬁb‘*‘%tj-i-]T”) ,

(33)

where [y; is the length from the body to each center of
gravity of first part of leg, /g; is the length from each center
of gravity of second part to each third part and r; and ry;
are the radius of the body and the third parts shown in
Fig. 16.

Settling a constraint equation ®; = 0 as

¢, = .
h xy1 — xp — rpsin (Y + O

Xa1 — xp — 1psin (Y + 37) — lg1 sin (¥ + Va1 + 977)
Za1 — 2p — 15 €08 (Y + 37) — lo1 cos (Y + Vo1 + 370)

Xa6 — Xp — 1psin (Y + 37) — e sin (Y + VYoo + 377)
Za6 — 2p — 1 €08 (Y + 377) — lug c0s (Vp + Va6 + 377)

) = (a1 +dp1 + Ig1 + ry1) sin (Vg + Y1 + Qn)
Zy1 — Zp — I'p COS (l//b + g?‘[) — (lg1 +dp1 + lg1 + ry1) cos (% + Va1 + gﬂ)

Xy — Xp — Ipsin (% + Eﬂ) — (lus + dgs + lgs + 1y6) sin (I/fb + Yae + §JT)
| 2y6 — 25 — rp.cos (Y, + 37) — (lus + dps + Lgs + 7y6) cOs (Vi + Va6 + 37)
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Table 3 Simulation parameters of wheel-spider-inspired
hexapod robot with rolling locomotion

Mass of body (kg) 1.70 x 107!

Mass of first parts of legs (kg) 120 x 1072

Mass of second parts of legs (kg) 130 x 1072

Mass of third parts of legs (kg) 300 x 1072

Inertia moment of body (kgm?) 765 % 1072

Inertia moment of first parts of legs (kgm?) 200 x 1076

Inertia moment of second parts of legs (kgm?) 200 x 1076

Inertia moment of third parts of legs (kgm?) 210 x 107

Viscosity of body (Nms/rad) 170 x 1079

Viscosity of first parts of legs (Nms/rad) 5.50 x 10710
Damping coefficient of second parts of 550 x 10712
legs (Ns/m)

Spring constant of second parts of legs (N/m) 1.0 x 1079

Length from body to center of gravity of first 1.00 x 1072

parts of legs (m)

Length from center of gravity of second parts 100 x 1072

to third parts of legs (m)

Radius of body (m) 3.00 x 1072

Radius of third parts of legs (m) 150 x 1072

Gravity acceleration (m/s?) 981

from (33), a constraint matrix Cj, can be calculated by

P
Cp=""" (35)
axy,
A constrained system is given by
Myiiy = hy, + C," Ay, (36)

and an independent velocity vector under constrained
state g, is given by

qh = [1/’19, ¢a1; Tt wotGrdﬁlr t :dﬂ6,xb> Zb] (37)

(34)
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Final state x, Target state x,

Activating time 1, | 556 ctory O

generator -

A

Error e

Initial state x,

Input u Output V¥

Plant >

PID
controller

Current state x

Fig. 17 Control system schematic for wheel-spider-inspired hexapod robot with rolling locomotion. Determining the final states of target
trajectories and the activating times beforehand, the trajectories from current states to the final states are generated by the quintic interpolation
trajectory generator when the states switched. The joints of the robot are worked by applying the PID controller

An orthogonal matrix Dy, to reduce degrees of freedom of
(36) is obtained as

I }
Dy, = _ .
" [ _Chzl Cin

Thus the motion equation of the hexapod robot without
the ground is derived as

(38)

D;MhDhéh + DZMhDhqh = D;hh, (39)

by projecting the constrained system (36) on the space
constrained by D}; and transforming the coordinates of
component vectors.

The constraint conditions depending on the ground are
given as

%yj=2yjo 17 (Vo -t Voj— Wiy + V)

7 ,yj <0NA,; >0,
Zyj=Tyj

(40)

where h,; = z,; — r); is the height of a grounding point
and 1,; is ground reaction force. xy; , ¥p, and Vg, are
the x-coordinate of each third part of leg and the angle
of the body and the third parts when constraints occur,
respectively.

Utilizing the constraint conditions (40), the motion
equation of the hexapod robot with rolling locomotion
can be derived by applying constraint force on the ground
to the motion equation of the hexapod robot without the
ground and considering velocity transformation due to
collision.

2.4 Design of controller

To realize rolling locomotion by the wheel-spider-inspired
hexapod robot on the flat ground, it is necessary to per-
form the raising movement and the shifting movement. In
this case, the robot stands on two legs and the center of
gravity is shifted by these legs. Legs getting off the ground
return to the initial position after shifting the center of
gravity. For that reason, each leg should behave differently.
A controller which generates a target trajectory depending

on each leg state and allows a joint to track it is therefore
designed.

The control system configuration is shown in Fig. 17.
Determining the final states of target trajectories in each
state and activating times beforehand, the trajectories
from current states to the final states are generated by
quintic interpolation when the states switched. And then,
the joints of the robot are worked by applying a PID
controller as a position servo system.

2.4.1 Target trajectory generation
Time is defined to be t. Target trajectories of position,
velocity and acceleration are given by

f(@t) = ast® + ast* + azt® + ayt> + art + ap, (41)

f(t) = 5615t4 + 4ﬂ4t3 + 3a3t2 + 2ast + aj, (42)
F(t) = 20ast® + 12a4t> + 6ast + 2as, (43)
where ay, ..., as are coefficients. An initial state and a final

state are defined to be x; and xy, respectively. Initial and
final time are defined to be fo = 0 and #7, respectively. (44)
are obtained from (41) - (43).

f(0)=ao=xs, f(0)=a1=5cs, f(0)=2612:565.

(44)
ao, ..., ap are obtained by (44). Furthermore, as, ..., as are
obtained from

as xf—%st}—icstf—xs
as | =ATN kp—Ey -k |
as %f — X
3 A4 5
btk
A= 35% 451;" 561* ) (45)
2 3
6t 12¢2 208}

when ¢ = #. A target state x,(¢) is obtained by applying
ao, ..., as to (41) - (43) within top < ¢ < ty. When 0 # ¢, <
t < tp, A target state is obtained from x,(¢) = f (¢ —t,) and
t, <t <ty after coefficients of trajectories were obtained
for to = Oand ¢r =t — £,.
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Table 4 Final states of target trajectories and activating times

State Target distance Target angle Activating
(m) (deq) time (s)

Grounded 350 x 1072 250 500 x 107!

forward leg

Grounded 500 x 1073 0.00 500 x 107!

backward leg

Ungrounded 150 x 1072 0.00 1.00

leg

2.4.2 PID controller
The PID controller is designed to let the joints track the
target trajectories. Let an error between a target joint state
x, and a current joint state x be e = x, —x and the position
servo system is designed as

T =Kpe+K; / edt + Kye, (46)
where K}, K; and K; denote the proportional, integral and

differential gain, respectively. (46) calculates input and
allows the joints to track the target trajectories.

3 Results and discussion
3.1 Simulation of rolling locomotion by
wheel-spider-inspired hexapod robot on the flat
ground
The rolling locomotion utilizing gravity by the wheel-
spider-inspired hexapod robot on the flat ground is simu-
lated to verify the effectiveness of the proposed controller.
The initial rotational angles of the body and the legs are
set at ¥, = 30.0 and ¥,; = 0.00 deg and initial transla-
tional distances of legs are set at dgj = 1.50 x 1072 m.
The hexapod robot starts rolling locomotion from a state
standing on two legs.

The final states of target trajectories and the activating
times are set as Table 4. Here the initial and final states
of velocities and accelerations are 0. The PID gains of the
translational and rotational joints are shown in Table 5.

Simulation results are shown in Figs. 18, 19, 20, 21, 22
and 23. Figure 18 shows the angle of the body, Fig. 19
shows the x direction positions of the body and the third
parts of the legs, Fig. 20 shows the z direction positions of
the body and the third parts of the legs, Fig. 21 shows the
positions of the body and the third parts of the legs on the
two-dimensional surface, Fig. 22 shows the angles of
the legs and Fig. 23 shows the translational distances of the
legs.

Table 5 PID gains of translational and rotational joints

Joint Proportional gain  Integral gain  Differential gain
Translational joint ~ 3.50 x 103 150 x 103> 400
Rotational joint 15.0 5.00 6.00 x 1072
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Fig. 18 Rotational angle of body. The rotational angle of the body
increases over time. The robot rotates about 2.32 timesin 10°s

Figures 18 and 19 show that the angle of the body and
the x direction positions of the robot increase over time.
The robot rotates about 2.32 times and moves about 1.26
m in 10 s. Here, it is found that the robot rolls at a con-
stant speed since displacement increase at a constant rate
except when the robot starts rolling. Figure 20 shows that
the z direction positions repeatedly increase and decrease
without decreasing to below the height of the ground
except when legs get off the ground. The exceptions when
the legs get off the ground are due to push the ground
with the legs. Figure 21 shows that the robot proceeds to
a positive x direction with changing the height of each
part.

Figures 21, 22 and 23 show that the raising movement
and the shifting movement can be performed by tracking

Position (m)

Time (s)

Fig. 19 X direction positions of body and third parts of legs (xb: body,
xlj: third parts). The x direction positions of the body and the third
parts of the legs increase over time. They move about 1.26 m with
moving backward and forward in 10's
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Fig. 20 Z direction positions of body and third parts of legs (zb: body,
zlj: third parts). The z direction positions of the body and the third

parts of the legs repeatedly increase and decrease. The third parts do
not achieve the height of 15 mm or less except when the legs get off

the ground since their radius are 15 mm

the trajectories which is generated in response to the leg
states.

From the above results, the proposed controller is effec-
tive in realizing the proposed strategy for rolling loco-
motion and the wheel-spider-inspired hexapod robot can
achieve rolling locomotion.

4 Conclusions

This paper aimed to realize rolling locomotion by the
wheel-spider-inspired hexapod robot on the flat ground.
To realize rolling locomotion by the robot, the wheel
spider rolling on the slope was modeled and analyzed
through simulations. The model of the rolling wheel spi-
der is developed by applying constraint force on the

Angle (deg)

2 4 6 8 10
Time (s)

Fig. 22 Rotational angles of legs (pslj: legs). The rotational angles of
the legs move periodically toward the target angles from 2 s later

ground to the model of the wheel spider without the
ground and considering velocity transformation due to
collision. The mechanism of the robot and the rolling
locomotion utilizing gravity which includes the raising
of the center of gravity of the robot and the shifting
of it forward on the overturned posture were proposed
based on the results of motion analysis of the wheel spi-
der and the robot model was developed. The controller
which can generate the leg trajectories respectively in
response to a robot state was designed. Finally, the rolling
locomotion by the robot on the flat ground was simu-
lated applying the proposed controller. As a result, it was
found that the proposed controller is effective in realizing
the proposed strategy for rolling locomotion. In conclu-
sion, it was verified through numerical simulations that

Height (m)

Position (m)

Fig. 21 Positions of body and third parts of legs on two-dimensional
surface (b: body, |j: third parts). The body and the third parts of the
legs proceed to the positive x direction with changing their height

di4——dI5—--dl6
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Fig. 23 Translational distances of legs (dlj: legs). The translational
distances of the legs move periodically toward the target distances
from 2 s later
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the wheel-spider-inspired hexapod robot can achieve the
rolling locomotion utilizing gravity.

The proposed controller has the control issue that it
does not consider the influence of touching the legs of
the robot to the ground. Trajectory tracking errors hence
occur when the legs are touching the ground. The design-
ing of a controller considering the influence of the ground
and the implementing and testing of the wheel-spider-
inspired hexapod robot are issues in the future.
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