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Morphological Characteristics That Enable Stable and Efficient Walking
in Hexapod Robot Driven by Reflex-based Intra-limb Coordination

Wataru Sato', Jun Nishii?, Mitsuhiro Hayashibe', and Dai Owaki'

Abstract—Insects exhibit adaptive walking behavior in an
unstructured environment, despite having only an extremely
small number of neurons (10° to 10°). This suggests that not
only the brain nervous system but also properties of the physical
body, such as the morphological characteristics, play an essen-
tial role in generating such adaptive behavior. Our study aims
at investigating the effect of body morphological characteristics
on the walking performance in a robot model, which is designed
to mimic an insect. To this end, we constructed an insect-like
hexapod model in a simulation environment that implements
a reflex-based intra-limb coordination control. Herein, for a
set of walking parameters, which were optimized to maximize
the energy efficiency at the target speed, we investigated the
effects of changes in the standard posture of the two leg
joints on the walking success rate for various initial conditions
and cost of transport (CoT) as an index of energy efficiency.
Simulation results indicated that robots with specific mor-
phological characteristics similar to those of insects exhibited
high gait stability and energetic efficiency. Because only the
reflex-based control was employed, the inter-leg coordination
occurred spontaneously, suggesting that our approach would
lead to a useful design methodology from the perspective of
computational cost in generating the walking locomotion.

I. INTRODUCTION

Compared to wheeled robots, Legged robots have an
excellent ability to traverse uneven terrain [1], and therefore,
are expected to perform successfully in tough and chal-
lenging environments, such as disaster sites and off-planet
terrain [2], [3]. In particular, among legged robots, hexapod
robots have outstanding walking stability and fault tolerance;
however, owing to the large number of degrees of freedom
(DoFs), it is challenging to design the control laws that co-
ordinate the leg movements. To overcome this issue, several
studies have attempted to control hexapod robots inspired by
gait generation mechanism of insects [4]-[6]. Compared to
other animal species, insects have a much smaller number
of neurons [7], [8]; However, they are capable of exhibiting
flexible gait patterns by coordinating the inter- and intra-limb
DoFs according to the situation [9]-[11]. Furthermore, in the
case where one leg or a few legs have been amputated, insects
can continue walking through the adaptive inter- and intra-
limb coordination by exploiting the remaining legs [12]-[14].
Therefore, the development of a hexapod robot with walking
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functionality comparable to insects will contribute to the
elucidation of the leg coordination mechanism of insects.

Biological findings suggest that the inter- and intra-
limb coordination, which is responsible for the adaptive
locomotion generation in insects is largely controlled in
a decentralized manner by the neural networks located in
thoracic ganglia [15]-[18]. Based on these findings, studies
have attempted to reproduce insect gait patterns by mod-
eling a neural network called a Central Pattern Generator
(CPG) [19], which generates autonomous periodic control
commands, or a chain of reflexes [20], which generate move-
ment based on only the sensory input without autonomous
neural activities. In CPG-based approaches [5], [19], [21],
[22], [24]-[26], a control system was modeled using the
coupled or decoupled oscillators to generate feedforward
motor commands with sensory feedback to the controllers. In
chain-of-reflex approaches [20], [27]-[30], a control system
was modeled using many chained discontinuous reflexive
events, in which locomotion can be generated purely from
the interaction between the sensory feedback signals and
the body. Using these models, various functions that closely
resemble the walking ability of insects are being verified
through numerical simulation and/or robotic experiments (
[31], [32], and reviewed in [6]).

Although these studies have primarily focused on neural
control mechanism for gait generation, the functional role
of body morphology is a crucial aspect associated with
the ability of insects to adapt their simple and limited
neural architecture to diverse environments [33], representing
the embodiment concept [34]. However, few studies have
discussed the effects of body morphology in detail, which is
essential for functional emergence, on gait performance: the
effect of toe adhesion on gait in Drosophila model [35]; the
reproduction of gait and ball rolling based on leg morphology
in a dung beetle model [36], [37]; and a smooth and efficient
mobile robot inspired by function of beetle claw [38].

This study aims to verify the effect of morphological
characteristics of a hexapod robot on its walking perfor-
mance. As a morphological characteristic of the hexapod
robot, we focused on the standard posture of the legs relative
to the body segment. To verify the effect, we modeled a
hexapod robot with a simple controller, that is, a reflex-
based intra-limb coordination control [39] on a simulator and
conducted a walking simulation. We used the success rate of
walking from various initial conditions and Cost of Transport
(CoT) [40], a measure of energy efficiency, as evaluation
indices of walking performance. We found that the walking
performance improved when the second leg joint (J» joint
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(b) Rotational range of J; and J; joints around their axes.

Fig. 1: Hexapod robot model developed in simulation.

TABLE I: Parameters for Hexapod Robot Model

Segment (Shape) | Mass Height/Radius | Length Width

Body (Box) 4.0 [g] 10.0 [mm] | 90 [mm] | 30[mm]
Coxa (Capsule) 40.0 [mg] 4.0 [mm] 6 [mm)] —
Femur (Capsule) 36.0 [mg] 4.0 [mm] | 20 [mm)] —
Tibia (Capsule) 20.0 [mg] 4.0 [mm] 16 [mm] —
Tarsus (Sphere) 4.0 [mg] 4.0 [mm] — —

in Fig.1) was set in the upper position and the first joint
(J1 joint in Fig.1) of the fore, middle, and hind legs was
set in the forward, backward, and backward position in the
standard posture, respectively.

II. METHOD

A. Hexapod Robot Model

The hexapod robot (Fig. 1 (a)) used in walking simulation
was constructed based on the parameters of the cockroach
(Blaberus discoidalis) measured by Kram et al. [41] in Table
I. The body of insects consists of head, thorax, and abdomen,
and each leg consists of five segments: coxa, trochanter,
femur, tibia, and tarsus [41]. The hexapod robot employed
in this study consists of a body with six legs (i =1,...,6),
each of which has four segments excluding the trochanter, as
shown in Fig. 1 (a). Although the joints in the body segments
have been reported to be effective in climbing [42], in this
study the body was composed of a single rigid body for
design simplicity. Each leg has two joints (j = 1,2): a yaw-
axis joint between the body and coxa (J;) and a roll-axis
joint between the coxa and femur (/). Each of them have
one degree of freedom. The rotational range of J; and J, are
+7m/4 rad (front and back) and +x/2 rad (up and down),
respectively (Fig. 1 (b)). The right front (RF), right middle
(RM), right hind (RH), left front (LF), left middle (LM), and
left hind (LH) legs are denoted as R1, R2, R3, L1, L2, and
L3, respectively.

~

P; < PLO—;U) 0i1 > bsw—1D
»
I )
—
Swing (Sw)
Lift Off (LO) Touch Down (TD)
0i1 <0si—ro X P; > Prp_si

Stance (St)

Fig. 2: Reflex-based Intra-limb Coordination Control.

TABLE II: Parameter Ranges for Optimization

State | Torque Min | Max Parameters Min Max
Sw | 7Y [Nmm] | 00 | 80 || 6su—rp [rad] 0| m/4
Sw Tfﬁ" [Nmm] 0.0 8.0 || Prp—s: [mN] 0.0 5.0
TD /P [Nmm] | -8.0 8.0 || Og_ro [rad] /4 0

TD 722 [Nmm] | -8.0 0.0 || Pro_gw [mN] 0.0 5.0

St 7! [Nmm] | -8.0 0.0 || ki [Nmm/rad] 0.0 8.0
St %) [Nmm] | -8.0 0.0 || ¢ [s] 0.01 0.1
LO 720 [Nmm] | -8.0 8.0 || k» [Nmm/rad] 0.0 8.0
LO 70 [Nmm] 0.0 8.0 || ¢ [s] 0.01 0.1

B. Reflex-based Intra-limb Coordination Control

The walking control of the hexapod robot used in our study
is based on the reflex-based intra-limb coordination control
[39] inspired by Ekeberg’s model [43]. The hexapod robot
model walks by actuating two joints of each leg, with the J;
joint moving the leg forward and backward and the J, joint
moving the leg up and down to lift it off the ground or ground
it. The reflex-based intra-limb coordination (Fig. 2) performs
walking motion by transitioning between the following four
states: (i) Swing (Sw) to move the leg forward; (ii) Touch
Down (TD) to ground the leg; (iii) Stance (St) to support the
body; and (iv) Lift Off (LO) to lift the leg off the ground.
To simplify the control law, in each state, the torque 7;; and
T;» are kept constant. Table II shows the search range of
constant torque inputs (7;,7;2) for J; and J, joints in each
state to be optimized in Section II-D.

The transition between each state is reflexively achieved
when the sensory input satisfies the following conditions
(Fig. 2): (i) Transition from Sw to TD is achieved when
the J; joint angle 6;; increases beyond a threshold value
Os,,—7p; (i) From TD to St is achieved when the load
(foot pressure) on the leg P; increases beyond a threshold
value Prp_g; (iii) From St to LO is achieved when the
Ji joint angle 6;; becomes less than a threshold value
Os;_10; and (iv) From LO to Sw is achieved when the foot
pressure P; becomes less than a threshold value Pro_g,.
Table II shows the search range of the threshold values
(Bsw—1DsPrp—st,0si—10, PLo—sw) for the state-transitions to
be optimized in Section II-D.
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C. Joint Stiffness

Muscles and exoskeleton contribute to the elastic compo-
nent. Their restorative force has been reported to contribute
to the leg movements in insects while performing the walking
motion [44]. Furthermore, in this study, since the walking
was generated by torque inputs from reflex-based intra-limb
coordination control, joint motion was limited to the pre-
defined angle range. Herein, we implemented the passive
elastic elements at each leg joint to limit the range of motion
by joint stiffness. The torque ‘L';t]'f ! generated by the elastic
elements, i.e., mechanical spring and damper, was calculated
by the following equation:

T (1) = —k;{8:,5(r) — 80,1} — kje;B: (1), (1)

where k; is the elastic coefficient, ¢; is the viscosity coef-
ficient, 6;; is the joint angle, and 6;; is the joint angular
velocity. 6y ; denote the standard posture of each joint (j =1
or 2). The sum of the input torque by the reflex-based control
and the elastic torque generated by (1) constitute the total
torque input to each joint. Table II shows the search range
of the coefficient (kj,c1,kz,c2) for the joint stiffness to be
optimized in Section II-D.

D. Parameter Optimization

For the simulation, we used the physics simulator MuJoCo
[46]. The collision model implemented in Mujoco accurately
models contact and repulsive forces between objects with
complex shapes, taking into account their shape, size, and
material properties. The algorithm incorporates the flexibility
to allow for the precise simulation of contact and reaction
forces. The parameters shown in Table II were optimized
using Optuna (Preferred Networks, [45]), a python library
capable of performing Bayesian optimization. For the evalu-
ation function, we used (2), which is the product of a normal
distribution around the target velocity and CoT (Cost of
Transport) (3) as an index of energy efficiency:

_ 1 (v—7)2

1

— CoT- 2

¢ ° 2102 exp{ 202 } @

CoT = =% 3)
MD

!

T .
eij = /T (8(6:,j(1)7i,j(1)) + v (1)) dt,

~Jx (x>0)
59 = {0 o

where 9.,'7]- is the angular velocity of the joint, 7;; is the
joint input torque, T is the evaluation start time, T' is the
evaluation end time, ¥y (= 0.005) is a constant value that
determines the maximum efficiency of the actuator [47], M
is the total robot weight, v is the measured robot velocity, v is
the target velocity, and o (=0.01) is the standard deviation
for the normal distribution. Optimization was performed to
simultaneously reduce the difference between the target and
measured velocities and the CoT. For the travel distance D,

TABLE III: Optimized Parameters for Hexapod Model

Parameters Values Parameters Values

7 INmm] | 212 || Os,rp [rad] | 2.99x10 '
TIS; [Nmm] 2.62 || Prp_s: [mN] 1.83x 1071
oD [Nmm] | -0.67 || 6510 [rad] | —2.37x 1072
/P [Nmm] | -0.97 || Pro_sw [mN] 476 %10 ©
9 [Nmm] | -1.07 |[ ki [Nmm/rad] S511x10°
% Nmm] | -0.65 || ¢ [s] 122 x 1072
20 [Nmm] | 086 || k» [Nmm/rad] 7.84%10°
70 [Nmm] 1.26 || c2 [s] 4.90 x 1072

90,2 = —71'/12 rad

60,2 = 0.0 rad 6,2 = /6 rad

Fig. 3: Changes in morphological characteristics due to
different standard postures of J; joints.

the linear distance from the initial position was used for
optimization, and the total distance traveled was used for
the post-optimized gait evaluation. In the optimization, the
walking parameters were updated 10,000 times (one trial of
robot walking for 60 s).

E. Evaluation of Optimization Results

The walking motion performed by the robot was evaluated
for 300 s using the optimized parameters. The walking
performance was evaluated based on the CoT calculated
using (3) and the success rate of walking from various initial
conditions (100 conditions). One of the four walking states
(Sw, TD, St, LO) was randomly assigned to each of the
six legs as the initial condition. For all the simulations, the
control parameters were the same except for the physical pa-
rameters that characterize the morphological characteristics
of the robot body. The robot was considered to have failed
in performing the walking motion if the robot fell down, or
if one of the legs did not transition to the next walking state
for a certain period of time (1.5 s).

III. SIMULATION RESULTS
A. Optimization Results

The walking parameters were optimized over five trials
with a target velocity of 0.4 m/s with 8y = 6y = 0 rad
for all legs. For evaluation, the parameters with the highest
energy efficiency (lowest CoT) out of the five trials were
used. The parameters obtained after the optimization are
shown in Table III. In our study, these parameters were used
as a baseline to verify the effect of the standard posture.

B. Effect of standard posture of J, joints

We performed walking simulations by changing the stan-
dard posture 6y, of J, (Fig. 3) in the range from —m/4
to n/4 rad (in n/36 rad interval). Figure 4 shows the
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Fig. 5: Changes in morphological characteristics due to
different standard postures of J; joints.

corresponding results, where the bars and black dots indicate
the success rate and CoT (mean and SD), respectively. The
CoT tended to increase as the angle 6 > of Jo became smaller
than O rad, while the CoT kept as low as 6p,=0 where
602 > 0, except for the case of 7/4 rad.

C. Effect of standard posture of Ji joints

As shown in Fig. 5, the simulation was conducted under
conditions wherein the J; standard posture 8y ; was varied
forward and backward (£7/6 rad). Figure 6 (a) shows the
results in response to the J; standard posture 8y ; when the J>
standard posture 6y, = 0 rad. The different colors of the bars
indicate the different J; conditions, for example, the magenta
color condition means 6 ; =0 for all front, middle, and hind
legs, while the yellow color condition means 6y = /6 for
the front legs, 6y | = —m/6 for the middle, and 6y | = —7/6
for the hind legs. The results for front, middle, and hind
legs with varying J; standard posture 6y showed that the
success rate of walking was higher when the J; angle was
set backward (6 = —m/6 rad) for the hind legs (sky blue
and yellow colors). There was no trend in CoT according
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Hnd 0 0 0 0 0 #/6-n/6-n/6—7/6-7/6-7/6
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t.
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0 L
Foe 0 w6-7/6 0 0O 0 O 0 -7/6 w/6 w/6
Midle 0 0 0 #/6-7/6 0 0 —=/6-7/6 0-n/6
wnd 0 0 0 0 0 x/6-7/6-n/6-7/6-7/6-7/6

____—\

(b) 620 = 7/6 rad

Fig. 6: Succes rate and CoT for each J; condition.

to the standard posture of J;. As shown in Fig. 6 (b), when
60,2 = m/6 rad, the walking success rate remained 100% in
all the conditions. The CoT was lower when the standard
posture 6 of J; was set backward (—7m/6) for the hind
legs (sky blue and yellow colors).

D. Generated Gaits

Figure 7 shows the tarsus trajectories and gait diagrams
(colored region represents St states for each leg from 50.0 to
51.0 s) of representative tetrapod-like steady gaits generated
from each morphology. In Fig. 7 (a), the tarsus trajectory
becomes smaller when 6y, < 0 but larger when 6y, > 0.
In Fig. 7 (b), the range of the tarsus trajectories change
according to the parameter set of 6y for each leg. This
suggests that the change in the tarsus trajectory caused
changes in the walking success rate and CoT.

IV. DISCUSSION

Figures 8 (a) and (b) show snapshots of the walking
motion during one cycle when 6y, =0 rad and 6y, = —7/12
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Fig. 7: Morphological characteristics (top), tarsus trajectories
(middle), and Gait diagram (bottom) for each (6o 1, 6p2).

rad (6p,1 = O rad for all legs). The gray area represents the
support polygon (the polygon connecting the points where
the leg tips are in contact with the ground). In Fig. 8 (a), the
robot fell over after the body posterior made contact with
the ground. From the same figure, it can be observed that
the motions of the left and right front, middle, and hind legs
are synchronized. The synchronization of the stance phase
of the legs propagated from the front leg with 7= 0.0 to the
middle leg with 7 = 0.1 and the hind leg with 7 = 0.5, in
turn. The reflex-based intra-limb coordination control used
in this study automatically transitions the walking state from
St to LO, St to Sw, and St to TD when the legs are off the
ground with satisfying the threshold value. Therefore, when
the body tilts backward to some extent and the legs enter the
Sw state, the walking state of the legs synchronizes with the
other side and the robot tended to fall over, resulting in the
lower walking success rate for initial conditions.

On the other hand, we concluded that the higher walking
success rate when 6y, was smaller than O is attributed to the

T=0.1
T=06

(a) 6y =0 rad, one gait cycle just before the fall.

T=01

T=0.0 T=0.2 T=03 T=04
T=05 T=06 T=07 T=08 T=09

(b) 602 = —m/12 rad, one gait cycle during steady walking.

Fig. 8: Change in support polygon in the gait snapshot due to
J» standard posture 6> change, where T was the normalized
time in a gait cycle. The simulation was initiated from the
same initial conditions. 8y ; = 0.0 rad for all legs.

smaller range of the tarsus trajectory, as shown in Fig. 7 (a)
left, and the phenomenon of overlapping of the middle and
hind leg tarsus to form a rotation axis did not occur as in
Fig. 8 (a) when T = 0.5. Additionally, the postural stability
was improved as the displacement of the tarsus trajectory
in the z-axis direction in 3D space became smaller as 6>
became more distant than 0. Although the gait stability was
improved, the locomotion velocity decreased as the range of
the tarsus trajectories became smaller during one gait cycle,
resulting in a higher CoT.

Figure 9 indicates the time evolution of the roll and pitch
angles of the robot body for (a) 6y = 0 rad; (b) 6y = /6
rad; and (c) 6y = 7/4 rad. In the case of Fig. 9 (a) (6p2 =0
rad), when the pitch angle of the body exceeded 7/4 rad,
contact between the ground and the coxa was observed. The
contact in such a large body tilt may have led to the robot
fall, resulting in the decrease in the walking success rate (Fig.
4). In Fig. 9 (b) (692 = 7/6 rad), the pitch angle changes
within a range smaller than 7/12 rad (ground-coxa contact
was observed at the peak of the pitch angle), suggesting
that the small range of pitch angle variation contributed to
the improvement in walking success rate with lower CoT
(Fig. 4). On the other hand, in Fig. 9 (¢) (6p2 = /4 rad),
more frequent contact between the ground and coxa can be
observed: the frequent contact causes a large energy loss
during walking, suggesting that the propulsive force was
insufficient for locomotion. This resulted in a shorter distance
traveled in relation to the energy consumption followed by
an increase in CoT (Fig. 4).

When the standard posture 6y of J; of the fore, middle,
and hind leg was changed independently, the highest walking
success rate was observed when 6y; = —m/6 of the hind
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Fig. 9: Time evolution of the roll and pitch angles of the
robot body. The gray areas indicate the time periods when
the coxa of R1, R3, L1, and L3 (four corners of the body)
were in contact with the ground.

leg (Fig. 6 (a)). As shown in Fig. 7 (b), the range of
the hind leg motion shifts backward to suppress the pitch
angle rotation of the body. In the TD and St walking states,
where pushing torque is applied to the ground, the legs are
located in front of the body, and thus, tend to fall backward.
Therefore, positioning the hind legs backward is effective in
maintaining the whole-body balance and preventing the body
from falling.

Under the condition that 6y, = 0 rad and J; of the hind
leg was tilted in the backward direction 6y ; = —7/6 rad, the
robot was able to continue walking without making contact
with the ground (not shown in Fig. 9). Similarly, the robot
walked without contact between the coxa and the ground
(no gray area in Fig. 10) in the condition where 6y, = /6
rad and 6p; = —m/6 rad for the hind legs. In addition, in
this case, the high energy efficiency (lower CoT, Fig.6 (b))
may be attributed to the smaller rotation of the pitch angle,

— pitch
— roll
wa

we
w12
AV AN AN A A AN AN A

-n/12

Angle (rad)

-n/6

-n/4
50.00 50.25 50.50 50.75 51.00 51.25 51.50 51.75 52.00
Time (s)

Fig. 10: Time evolution of the roll and pitch angles of the
robot body. 6p» = /6 and 6y = —m/6 for hind legs.

which reduced the variation of the tarsus trajectory in the z-
direction and thus increased the distance traveled in the x-y
coordinates.

This study did have some limitations, however. For exam-
ple, we generally use servo motors as actuators of robots,
but the weight and inertia of the motor affect the dynamical
motion of the robot legs. On the other hand, the skeletal
system of an insect is very light-weight and its muscles have
an ideal power-to-weight ratio. Thus, the challenge is to ver-
ify a control mechanism that takes into account the physical
characteristics of the actuators for robotic applications.

V. CONCLUSION

By changing the standard postures of the J; and J, joints
of the hexapod robot, we confirmed that the walking success
rate and the walking efficiency CoT were improved. In par-
ticular, increasing the J> joint standard posture 6y, above 0
rad enabled us to maintain a high walking success rate while
maintaining an energy-efficient CoT. Additionally, by chang-
ing the J; standard posture of the hind leg backward 6y =
—m/6, we confirmed that the robot achieves high walking
success rate and high energy-efficient (low CoT) walking
performance. Our findings correspond to the following: (1)
the body structure of the cockroach [41], [48], in which the
fore legs are directed forward, while the middle/hind legs
are directed backward; and (2) the role of each leg during
walking in stick insects [49], in which the fore/hind legs
generate braking/propulsive forces. The results suggest that a
combination of a simple reflex-based intra-limb coordination
control and morphological characteristics of the body can
achieve walking motion with a high success rate and energy-
efficiency. The fact that walking was achieved without any
inter-leg coordination control suggests that our approach may
have high applicability to real physical robots even from the
viewpoint of computational cost.
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