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1. Introduction

Animals have various body structures and gaits with their
characteristics. Recently, research applying various gaits of
animals to legged robots has received significant attention.[1,2]

Legged robots can be used for various purposes, such as delivery,
guidance, driving, and searching of rough terrain because they
can drive over irregular environments that wheel robots cannot
overcome.[3–5] For this reason, studies are being conducted

to imitate the characteristics of certain
animals and apply them to legged robots;
among them, several studies on quad-
ruped robots and their gaits have been
conducted.[6–11] A research group trained
a quadruped robot by imitating the flexible
movement of dogs to implement natural
and stable movement.[12] In addition,
an amphibious robot was proposed that
mimics the characteristics of a turtle, which
can move on both water and land.[13,14]

An adaptive morphogenesis approach was
used to facilitate the multienvironment
transition of an amphibious legged robot
by mimicking the limb shape and locomo-
tion of turtle species.[15] As shown in these
studies, biomimetic technology can imple-
ment certain functions or solve problems
of legged robots for particular purposes.

Although legged robots have the advan-
tage of being able to overcome various
environments, they have disadvantages of
lower load capacity and high energy
consumption compared to wheel robots,
and several studies have been conducted
to overcome these problems.[16,17] There

are several ways to improve the energy efficiency of robots,
including the use of compliant actuators, dynamical analysis
of segmented limbs, energy-efficient control methods, and loco-
motion principles.[18] Of these, research on locomotion princi-
ples utilizing bioinspired insight is based on observations and
comparisons with animal biomechanics. For example, a study
was conducted to enhance the load capacity of a cockroach-like
robot, which was made of a smart composite microstructure, uti-
lizing belly dragging, a motion inspired by the belly contact loco-
motion of lizards or crocodiles.[19] ATRIAS at Oregon State
University utilized a spring-mass model inspired by the gait
of an ostrich in their bipedal robot to achieve a high regeneration
efficiency of 30%–40%.[20] Meanwhile, BirdBot at the Max Planck
Institute for Intelligent Systems was developed with a multijoint
elastic coupling mechanism that simulates the movement of
emu cadaver leg joints, resulting in increased energy effi-
ciency.[21] However, no prior research has been conducted to
investigate the potential increase in energy efficiency that could
be achieved by imitating the unique locomotion characteristics
and advantages of tortoises. Against this backdrop of legged
robotics and biomimicry, our study posits a novel hypothesis:
by emulating the gait and belly-dragging posture of tortoises,
we can significantly enhance the energy efficiency of robotic
designs.
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This study investigates the effect of tortoise-inspired locomotion on enhancing
energy efficiency in legged robots. Tortoises, known for their high locomotion
efficiency, provide a unique model for robot and gait design, where their
specific gait and posture significantly contribute to energy efficiency. This study
hypothesizes that the gait and belly-dragging posture of tortoises can improve the
energy efficiency of robots. To test this hypothesis, a quadruped robot mimicking
these tortoise characteristics is developed, utilizing the cost of transport (CoT) as
a measure of energy efficiency. Dynamic simulations and real-world experiments
are conducted, varying parameters like robot size, mass, friction coefficient, and
Froude number, to validate the generality of the findings. The results indicate that
both belly dragging, a postural characteristic of tortoises, and their diagonal
gait significantly lower the robot’s CoT. This suggests that the energy-efficient
locomotion of tortoises, specifically the diagonal gait with belly dragging, is
transferable to robotic platforms to enhance energy efficiency. The tortoise-
inspired robot design offers significant potential in applications such as
search and rescue operations, space exploration, and payload transportation.
Furthermore, the tortoise-inspired locomotion strategy can be effectively
integrated with other research focusing on energy efficiency improvements
through mechanical structures or control strategies.
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For numerically representing the energy efficiency of locomo-
tion in various species or robots, the concept of a cost of transport
(CoT) serves as a pivotal tool. CoT is a dimensionless quantity
of locomotion efficiency in walking animals and robots, also
referred to as specific resistance.[22] For instance, the CoT of a
cockroach and an ostrich are 16.0 and 1.3, respectively, while
their robotic counterparts, HARM-F at Harvard University and
BirdBot at the Max Planck Institute for Intelligent Systems, have
CoTs of 83.9 and 1.68, respectively.[21,23,24]

Tortoises are known for their high locomotive efficiency.[25]

Generally, arthropods and vertebrates satisfy an allometric
relationship with a minimum CoT Cm ¼ 10.8M�0.31, where
M is their mass.[26] However, the terrestrial locomotion of
short-necked turtles shows a CoT of 5.97, which is less than
half of the predicted minimum CoT (12.55).[27] Similarly,
Mediterranean spur-thighed tortoises have a minimum CoT of
4.11, which is lower than the predicted value (14.78).[28] Based
on these research findings, it can be understood that tortoises
perform efficient terrestrial locomotion relative to their mass.

One reason for these results is that tortoises have slow but
energy-efficient muscles.[25,29,30] According to previous studies,
muscular energetic efficiency is inversely related to the shorten-
ing speed of the muscle.[31] Since tortoise muscles have a slow
contraction speed, they possess high muscular efficiency.
However, the slow muscles of the tortoise cannot quickly modify
unwanted displacement, which can cause stability problems
during walking. Tortoises solve this problem by selecting the
appropriate gait.[32]

Another reason for the high efficiency of tortoises is the
belly-dragging posture. Belly dragging reduces the load on each
joint of the legs compared to locomotion without belly dragging
by allowing part of the body to be supported on the ground
and distributing the load.[33] In a similar manner, belly-dragging
locomotion of tortoises distributes the load to reduce the load on
the joints of legs and increases the load capacity.

Therefore, as mentioned earlier, we hypothesized that the
energy efficiency of robots could be improved by leveraging
the advantageous characteristics of the gait and belly-dragging
posture of tortoises. To test this hypothesis, we designed a
tortoise-like belly-dragging robot that can simulate the posture
and gait of a tortoise. The design of the robot was inspired by
the locomotion and plastron structure of tortoises, which were
studied in prior zoological research. The tortoise-inspired
robot is capable of six types of locomotion, consisting of different
combinations of two gaits (diagonal and triangular) and three
postures (one belly dragging and two nonbelly dragging).

We performed dynamic analyses to assess the general impact
of tortoise-like locomotion on robot energy efficiency. To verify
the broad applicability of our results, we varied parameters such
as the robot’s length, mass, friction coefficient of belly contact,
and Froude number. In each simulation, the robot’s CoT was
measured and analyzed to determine changes in energy effi-
ciency according to the locomotion strategy. To validate these
findings from the simulations, real-world experiments were con-
ducted with two varying conditions: payload and Froude number.
The CoT was calculated by measuring the robot’s power
consumption and velocity. This approach allowed us to validate
the simulation results against the experimental data and test

the hypothesis regarding the energy efficiency of robot locomo-
tion. In summary, the major contributions of this study are as
follows. 1) Design of a quadrupedal robot capable of mimicking
the belly dragging and gait of a tortoise and 2) theoretical and
experimental confirmation of the hypothesis where imitating tor-
toise locomotion can enhance the energy efficiency of robots.

2. Design of Tortoise-Inspired Belly-Dragging
Robot

2.1. Robot Design

The designed quadrupedal robot, as shown in Figure 1, imitates
the tortoise’s joint structure and sprawling posture. A 3D-printed
plastron was attached to the bottom of the robot to perform belly
dragging. The foot tips of the robot were made of ethylene–
propylene diene monomer (EPDM). Other parts were designed
via 3D computer-aided design (CAD) software (Inventor,
Autodesk) and then printed on a 3D printer (M300 Plus,
Zotrax). The 3D printing material used was high-impact polysty-
rene (HIPS); an acryl board with a thickness of 4 mmwas used to
increase the rigidity of the body. The robot had 12 servo motors
(AX-12A 12, ROBOTIS) for locomotion, and a communication
control board (OpenCM 485, ROBOTIS) for TTL communication
of the motors was used between the motor and the controller.
Total mass of the robot was about 1.806 kg, and it has dimen-
sions of 370mm width, 215mm length, and 94mm height.
The lengths of the coxa, femur, and tibia forming the legs were
22.5, 67.5, and 75mm, respectively.

2.2. Plastron Design

Turtles and tortoises have a shell structure that encloses the ven-
tral and dorsal parts, protecting their internal organs. This shell,
made of beta-keratin,[34] can be divided into two parts: the cara-
pace, which covers the upper part, and the plastron, which covers
the lower part. The plastron, a plate-like structure that protects
the tortoise’s belly, helps distribute the load on the ground dur-
ing belly-dragging, aiding in efficient locomotion. However, belly
dragging can have a negative impact on the animal’s top speed
and ability to maneuver due to constant contact and friction
between the belly and the ground.[35] Therefore, to reduce the
negative effects of belly dragging and increase energy efficiency,
a plastron with a low coefficient of friction is needed.

In this study, six different 3D-printed plastrons were created to
find a plastron with a low friction coefficient suitable for a
tortoise-inspired robot. For five of them, the plastrons had the
same flat structure, but were made of different materials
including polylactic acid (PLA), HIPS, glycol-modified polyethyl-
ene terephthalate (PETG), polyurethane, and Nylon, as shown in
Figure 1e. In addition, a patterned plastron was designed by
engraving the macropattern of a real tortoise on the HIPS plas-
tron, as shown in Figure 1f; this was based on a previous zoology
study.[36] The plastrons were designed to be easily attachable and
detachable to the robot. To select the plastron with the lowest
friction coefficient suitable for the robot, experiments were
conducted to measure the kinetic friction coefficient for each
plastron, as detailed in Section 4.1.
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2.3. Gait Design

Quadruped animals can be statically stable at all stages of loco-
motion by moving one leg at a time, keeping the center of gravity
always above the triangle of support.[37] This stability is especially
important for animals that cannot modify unwanted displace-
ment quickly because of their slow muscles, and these animals
should not lift the next foot until another foot touches the
ground. However, despite having slow muscles, the tortoise
employs a diagonal gait that supports the body with only two
diagonal legs of the stride, using an unequal stride interval.[38,39]

This gait method of the tortoise serves to minimize unwanted
displacement. Unwanted displacement occurs when the mean
force applied to the body is not in equilibrium. In a previous
study, researchers utilized Fourier series to model the ground
forces during locomotion, distinguishing between walking and
running through Fourier analysis.[40] Although the force record
isn’t inherently periodic, researchers treated it as part of an imag-
ined periodic function to compute a Fourier series for its descrip-
tion. This approach allows for the expression of forces acting on
the body during movement via Fourier series. In this case, if the
velocity is slow enough, the force can be expressed only with
the first term of the Fourier series and, under these conditions,
the diagonal gait produces the smallest unwanted displacement
at slow velocity.[41]

In this study, a triangular gait, which is commonly used by
quadruped animals, and a diagonal gait, which is used by

tortoises, were selected for comparison and applied to the
tortoise-inspired belly-dragging robot. For convenience, individual
legs are denoted as left forward (LF), right forward (RF), left hind
(LH), and right hind (RH), as shown in Figure 2. Here, the stride
length, cycle time, and swing percentage of the robot’s triangular
and diagonal gait were set to 0.09m, 3 s, and 70%, respectively.

A triangular gait is an amble-like gait, in which the four
legs move one by one. As shown in Figure 2a, the triangular gait
moves in the order of LF! RH! RF! LH.

Mammals using an amble gait move their center of body
(CoB) over a stable area created by ground contact points to over-
come the stability problem caused by slow speeds. As the length
of the stride increases, the possibility of the CoB deviating from
the stable area increases, and CoB compensation is thus neces-
sary. In a triangular gait with CoB compensation, three feet touch
the ground in the swing phase to create a triangular stable area,
and the robot’s CoB thereby moves over the center of gravity of
the stable area triangle. Figure 2c illustrates the process of a
triangular gait with CoB compensation, starting from a stationary
state.

A diagonal gait is a trot-like gait, in which a pair of diagonal
legs move together. As shown in Figure 2b, the diagonal gait
moves in the order of LH, RF! LF, RH! LH, RF! LF, RH
and two feet touch the ground during the swing phase to create
a straight stable area. The robot’s CoB moves over this straight
stable area. Figure 2d represents the process of the diagonal gait,
starting from a stationary state.

Figure 1. a) Tortoise-inspired belly-dragging robot. b) Schematic CAD design of tortoise-inspired belly-dragging robot. c) Side view of the robot.
d) Tortoise-inspired belly-dragging robot with actuators (AX-12A) and extension board for TTL (OpenCM485). e) 3D-printed plastrons made of five
different kinds of material. f ) Flat and patterned plastron based on HIPS plastron.
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In this study, the locomotion of the tortoise-inspired robot is
represented by a combination of gaits and postures. Posture is an
important factor in comparing the effectiveness of belly dragging
with plastron. Therefore, in this study, for a fair comparison, we
set up a total of three postures, as shown in Figure 2e. The first
posture, “w/ Plastron,” closely resembles the belly-dragging pos-
ture of a tortoise, with belly-dragging performed by the plastron.
The second posture, “Body Lifted,” involves elevating the robot’s
body with the plastron attached so that it does not employ belly
dragging, and the robot’s joint angles at rest differ from the case
of “w/ Plastron.” The third posture, “w/o Plastron,” maintains
the same joint angles at rest as those of “w/ Plastron,” but with-
out the use of belly dragging; this is achieved by removing the
plastron from the robot. For convenience, we labeled individual
postures as “w/ p” (with plastron), “lifted” (body lifted), and
“w/o p” (without plastron). We conducted dynamic simulations
and real-world experiments involving six locomotion combina-
tions comprising these two gaits and three postures.

3. Dynamic Simulation

3.1. Preliminary Backgrounds

In the introduction, a hypothesis was proposed that applying the
belly-dragging posture and gait of tortoises to a robot could
enhance its energy efficiency. Forward dynamic simulations
for various parameters were conducted to validate this hypothesis
within a robot system, as shown in Figure 3a. The command
values related to locomotion, such as gait type and locomotion
velocity, serve as command parameters for the simulation.

The gait controller in the dynamic simulation is composed of
three elements: a gait generator, leg trajectory controllers, and
a CoB compensator. The gait generator calculates the desired
point (xd) and gait phase (ϕ) for each leg. Concurrently, the
CoB compensator determines the CoB compensation (δ), as
detailed in Figure 2. Utilizing xd, δ, and ϕ, the leg trajectory
controllers solve the inverse kinematics problem and input
the desired angle to the actuator controller.

For the dynamic simulation, Spatial_v2 library in the
MATLAB R2021b Simulink environment was used.[42,43]

Spatial_v2 utilizes a 6D spatial vector to calculate dynamics, offer-
ing a computational advantage over the existing 3D vector meth-
ods as it can simultaneously compute linear and angular physical
quantities. Figure 3b illustrates one simulation environment
using this library. In this environment, the dominant equation
for the tortoise robot dynamics is Equation (1).

H qð Þq̈þ C q, q
:ð Þ ¼ τ þ

XN
k¼1

Jk qð ÞT Fk,n þ Fk,t
� �

(1)

whereH, C, and τ respectively represent the mass-inertia matrix,
the bias force including the gravitational and Coriolis forces, and
the torque applied at the joint. q, q

:
, and q̈ indicate the angle,

angular velocity, and angular acceleration of the robot’s joints,
respectively. N is the number of contact points defined within
the tortoise robot. By default, we set N ¼ 4, considering all four
legs, and increased it to N ¼ 5 in cases in which belly contact
occurred. Jk qð ÞT is the transpose of the Jacobian, which converts
external forces applied on the tortoise robot into torque. Fk,n and
Fk,t represent the normal and tangential forces applied at the kth

Figure 2. Gait design for tortoise-inspired belly-dragging robot. On the left, the black area is the swing phase, and the gray area is the stance phase. The
white area represents the support phase. a) Triangular gait. b) Diagonal gait. On the right, red dots indicate the CoB, yellow dots represent legs in
the swing phase, and blue dots are legs in the stance phase. The gray areas are stable areas. c) Triangular gait with CoB compensation.
d) Diagonal gait with CoB compensation. e) Three different postures for robot locomotion.
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contact point. These forces are modeled using a compliant
contact model, as shown in Equation (2) and (3).[44]

Fk,n ¼
(
Knz

3
2
k þ Dnz

1
2
kz
:
k, if zk ≤ 0

0, if zk > 0
(2)

Fk,t ¼

8>>><
>>>:
�μkFk,n, if Fk,stick < �μFk,n

μkFk,n, if Fk,stick > μFk,n

Fk,stick otherwise

(3)

where Kn and Dn represent the spring coefficient and damper
coefficient in the normal direction. zk and z

:
k are the z-axis

displacement and velocity of the kth contact point, respectively.
The exponents of zk multiplied after Kn and Dn are set to 3

2

and 1
2, respectively, based on another study.[45] μk is the friction

coefficient of the kth contact point and is used to represent the
friction coefficients for the belly and foot. In the context

of the contact model, Fk,stick denotes the stick friction acting
on the kth contact point. This force functions as the tangential
force, Fk,t, when it satisfies the friction cone constraint
�μkFk,n < Fk,stick < μkFk,n. When this constraint is not met,
slippage occurs, and the tangential force Fk,t is instead set to
μkFk,n or �μkFk,n. Fk,stick is defined as in Equation (4).

Fk,stick ¼ �Ktdk �Dtvk (4)

where Kt and Dt represent the spring and damping coefficients
in the tangential direction. In the dynamic simulations, based
on prior research, Kt and Dt are set to Kn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
max 0, � zð Þp

and

Dn

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
max 0, � zð Þp

, respectively.[43] dk and vk denote the tangential
elastic displacement and tangential velocity of the kth contact
point, respectively.

In this study, we adopted values for the key parameters Kn and
Dn in our compliant contact model based on previous research.
In a study proposing the compliant normal force model in
Equation (2), values of Kn¼ 1010Nm�1 and Dn¼ 105Nsm�1

Figure 3. Settings and results of tortoise robot simulation. a) Schematic diagram of tortoise robot gait simulation, q, q
:
, xd , ϕ, δ, θ, θdes, τ, and F represent

the position, velocity, desired point, gait phase, CoB compensation, joint position, desired joint position, joint torque, and external force by contact,
respectively. Bold and nonitalic symbols represent matrix components. b) Example of simulation environment, c) Contact points and origin of tortoise
robot model. d) CoT results of body length simulation. The body mass values of the simulation model were 1.1, 3.7, 8.8, 17.2 kg as the body length
increased from 0.2 to 0.5 m, respectively. e) CoT results of payload simulation. f ) CoT results of coefficient of friction simulation. g) CoT results of Froude
number simulation.
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were used to model the contact between a steel sphere and a
cast iron plate.[45] On the other hand, another study modeling
the contact between rubber and granite used a value of
Kn ¼ 3.27� 105Nm�1.[46] Similarly, in a previous study model-
ing a medium surface, Kn and Dn were set at 3� 105 Nm�1 and
700Nsm�1, respectively.[47] To implement compliant ground
contact for the tortoise robot in an experimental environment
similar to those in previous research,[46,47] we combined
the values used in those studies and set Kn ¼ 3� 105Nm�1

and Dn ¼ 700Nsm�1.
The parameters that vary according to the simulation cases in

Table 1 include the robot’s length, mass, belly friction coefficient,
and Froude number. These parameters directly impact the
robot’s shape and behavior. Changes in the system’s mass, veloc-
ity, and gait cycle due to these parameters were modeled using
equations such as Equation (5)–(8), which provide formulations
for geometric similarity, dynamic similarity, stride frequency,
and stride length.

Geometric similarity is a concept that exists when the
body dimensions of animals with different sizes satisfy
Equation (5).[48] This concept can be applied to determine factors
such as the size of robots.[49,50] In Simulation I in this study, the
change in body mass as a function of body length was calculated
using Equation (5).

lb ¼ am0.333
b (5)

where lb and mb represent the robot’s body length and body
mass, respectively, and a is a constant for geometric similarity,
determined based on values used in robot design and gait design.
The exponent of mb was set to 0.333, assuming that, as the
volume of the robot increases, its mass increases proportionally.

Dynamic similarity is a concept proposed to generalize the
behaviors of animals of different sizes. Equation (6) is related
to the Froude number b and is used to determine dynamic simi-
larity. Dynamic similarity occurs when one motion is identical to
another motion when lengths, times, and forces are multiplied
by specific factors (λ, τ, and ϕ).[48] To maintain dynamic similar-
ity, velocities and accelerations must be scaled by λ=τ and λ=τ2,
respectively. Applying Newton’s second law, masses should
be multiplied by ϕλ= λ=τð Þ2 to maintain this similarity. That is,
the mass ratio, derived from the ratio of forces, lengths,
and velocities, simplifies to a fundamental expression:
Ratio of masses� Ratio of velocitiesð Þ2ð Þ= Ratio of forces�Ratioð
of lengthsÞ ¼ 1. Consequently, dynamically similar motions

share a common mv2=Fl value. In contexts where gravitational
force (F ¼ mg) is important, like in locomotion, this equivalence
translates to v2=gl ¼ b2. Hence, if two different animals exhibit
the same Froude number b in their actions, their behaviors are
considered dynamically similar. Although the Froude number
originates from biological concepts, it is widely applied to robots
using gaits as well.[51] In Simulation I of this study, the velocity
was set to maintain dynamic similarity even when body length
changed. In Simulation IV, different locomotion velocities with
distinct Froude numbers were applied to Tortoise robots of the
same size.

ffiffiffiffiffiffi
v2

glb

s
¼ b (6)

where v, g, and lb represent the robot’s locomotion velocity,
gravitational acceleration, and body length, respectively. b is
the Froude number; the default Froude numbers in
Simulations I, II, and III were determined based on values used
in robot design and gait design.

Stride frequency refers to the number of strides performed in
a unit of time. When performing the same action, even for
similar species of animals, as the size of the individual increases,
the stride length becomes longer, and the stride frequency
decreases.[48] Equation (7) is the formula for calculating stride
frequency f within the simulation.

f ¼ 1
T
¼ cm�0.13

b (7)

where f, T, and mb respectively represent the stride frequency of
the gait, the period of the gait, and the robot’s body mass. c is a
constant for stride frequency, determined based on values used
in robot design and gait design. The exponent of �0.13 used in
Equation (7) was determined by applying the trend in stride fre-
quency exhibited by the ornate box turtle, a species of terrestrial
turtle.[52] This value is an exponent obtained from regression
analysis of stride frequency based on the masses of 33 ornate
box turtles.

Equation (8) is the formula used to determine the stride length
and leg stroke in the gait, based on the locomotion velocity v.

λ ¼ vT ¼ R
β

(8)

where λ, v, T, R, and β represent the stride length of the gait, the
locomotion velocity of the robot, the cycle time of the gait, the leg
stroke, and the duty factor, respectively.

Triangular and diagonal gaits are both symmetrical gaits in
which individual legs follow identical trajectories. Therefore,
each gait is characterized by a single cycle time, leg stroke,
and duty factor. The duty factor represents the proportion of time
one foot is in contact with the ground during a single gait cycle,
while leg stroke signifies the distance one foot moves during one
complete gait cycle.[53] Equation (9) and (10) are used to calculate
the duty factor and leg swing ratio within the simulation.

β ¼ 1� αrl (9)

Table 1. Parameters according to simulation case.

Simulation case I II III IV

Parameter Body
length [m]

Robot
mass [kg]

CoF
on belly

Froude number

1 0.2 1.8 0.25 1.1� 10�2

2 0.3 3.0 0.50 1.7� 10�2

3 0.4 4.0 0.75 2.2� 10�2

4 0.5 5.0 1.00 2.6� 10�2

5 – 6.0 – 2.9� 10�2

www.advancedsciencenews.com www.advintellsyst.com
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α ¼
�
0.25, if triangular gait

0.5, if diagonal gait
(10)

where α and rl represent the duty factor and leg swing ratio of
the gait, respectively. In this study, rl was set to 70%, and α was
determined by Equation (10). According to Equation (9), the duty
factors for the diagonal gait and triangular gait were set to 0.65
and 0.825, respectively.

3.2. Setup for Dynamic Simulation

Analysis of CoT in the simulation was performed for a single gait
cycle, and CoT was calculated using Equation (11).

ðCoTÞ ¼ 1
mgd

XN
j¼1

X12
i¼1

jτi,jωi,jj þ 7.4τ2i,j
� �

hj (11)

where m, g, and d represent the total mass of the robot, gravita-
tional acceleration, and robot’s locomotion distance, respectively.
τi,j and ωi,j denote the torque and angular velocities applied to the
ith joint at the jth time step, respectively. hj is the jth time step size
of the simulation. The coefficient of 7.4 in front of τ2i,j is calcu-
lated considering account motor specifications; the derivation of
this term is covered in the Supporting Information.

A total of four different simulations were conducted to
determine whether the gait characteristics of tortoises can be
generalized to robotic systems. In each simulation, we consid-
ered two types of gait (triangular and diagonal gait) and three
postures (“w/ p,” “w/o p,” and “lifted”), resulting in a total of
six types of locomotion. The parameters that were varied in
the four simulations are specified in Table 1.

In Simulation I, the objective was to investigate the CoT of
locomotion for the tortoise robot with respect to variations in
its size. For this purpose, a range of body lengths was considered,
and the corresponding body mass was determined using
Equation (5). Additionally, to maintain dynamic similarity, the
locomotion velocity was calculated as a function of body length
through Equation (6). Stride frequency was determined as a
function of body mass using Equation (7).

In Simulation II, the objective was to examine the CoT of the
tortoise robot in relation to different payloads. For this objective,
scenarios with various payloads on tortoise robot with a fixed
body length of 0.2m were considered. In this context, parameters
other than the mass of the tortoise robot were maintained con-
stant using Equation (6) and (7), and CoT was subsequently
analyzed.

In Simulation III, the objective was to assess the influence of
the friction coefficient acting on the belly of the tortoise robot on
the CoT during locomotion. For this objective, scenarios with
various friction coefficients of a robot belly with a fixed body
length of 0.2 m were considered.

In Simulation IV, the objective was to investigate the CoT of
the tortoise robot based on the Froude number of the locomo-
tion. For this objective, scenarios with various Froude numbers
with fixed body length of 0.2 m were considered.

In all simulations except for Simulation III, which considered
the friction coefficient of the belly as a variable, the friction coef-
ficient of the belly was set to the lowest value among the values in

Table 1, which is 0.25. For all simulations, the friction coefficient
at the foot tip was set to 1.0. Additionally, in all simulations
except for Simulation IV, which focuses on dynamic similarity,
the Froude number was set to the middle value in Table 1, which
is 2.2� 10�2.

In Simulations II, III, and IV, the body length was fixed at
0.2m, and other parameters such as link masses, link lengths,
and offset were set to specific values. The reference masses
for the coxa, femur, and tibia links were 0.072, 0.074, and
0.018 kg, respectively. The lengths of these links were 0.0236,
0.0710, and 0.075m, respectively. The z-axis link offset for the
Coxa link was 0.0378m. In simulation I, these parameters were
used as references, and the mass and length were scaled by
factors mb

mb,0
and lb

lb,0
, respectively. Here, mb, lb, mb,0, and lb,0

respectively represent body mass, body length, reference body
mass (1.1 kg), and reference body length (0.2m).

The gaits in this article assume a constant body height of the
robot. In the case of belly dragging, the pattern of ground reac-
tion forces (GRF) may change depending on the body height of
the gait, which may lead to interference with locomotion.
Therefore, selecting an appropriate body height that does not
interfere with locomotion is crucial, especially in the case of
belly-dragging locomotion.

Simulations were performed for various body heights to deter-
mine an appropriate value. For each gait, a body height was
selected for which the GRF applied to the belly was equal to
or less than the GRF applied to the foot. The results of the
dynamic simulations using the selected body height are
discussed in Section 3.3, and the metrics such as CoT, torque,
and velocity, observed during the body height selection process,
are discussed in Section 5.2.

The ODE15s solver was used to simulate compliant contact,
and the relative tolerance for the simulation was set to 10�3.

To implement actuators in the simulation similar to those
used in the tortoise robot, an additional controller was designed.
This controller, as depicted in Figure 3a, was named the “actua-
tor controller.” Within this controller block, parameters such as
the compliant margin, which determines the extent of toleration
of errors based on the robot’s specifications, and the compliant
slope, which is similar to the P-gain, as well as torque limitations
due to motor stall torque, were implemented. Detailed explana-
tions of this controller are provided in the Supporting
Information. The maximum torque of the actuator in simula-
tions was set as Equation (12) based on the body length and
the stall torque of the actual robot, which is 1.5 Nm.

τstall ¼ 1.5
mbl2b

mb,0l2b,0
(12)

where mb and lb represent the body mass and length of the
tortoise robot. mb,0 and lb,0 are the reference body mass and
length of the tortoise robot within the simulation, set to 1.1 kg
and 0.2 m, respectively.

In the simulation, the body height zh was adjusted proportion-
ally to the body length using Equation (13).

zh ¼ 0.257lb þ
lb
lb,0

G (13)

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2024, 6, 2300720 2300720 (7 of 17) © 2024 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aisy.202300720 by D

aegu G
yeongbuk Institute O

f, W
iley O

nline L
ibrary on [12/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


where zh, lb, lb,0, and G represent the z-axis distance from the
origin of the robot model to the contact point of the foot, the body
length, the reference body length (0.2 m), and an offset for
adjusting the body height, respectively. The z-axis distance from
the origin of the robot model to the contact point of the belly was
0.257lb. To ensure that the body height increased proportionally
with the increase in the body length, lb

lb,0
was multiplied by the

offset G. As shown in Figure 3c, the ground contact points of
the tortoise robot are represented as red and blue circles. The
z-axis distance from the origin to the blue dot remains constant
within the simulation robot model, and the z-axis distance from
the origin to the red dot is determined by zh.

3.3. Dynamic Simulation Result

3.3.1. Simulation Results with Varying Body Lengths

Figure 3d shows results of Simulation I, which investigated the
CoT as a function of robot body length. The “dia w/ p” posture
consistently had a lower CoT than the “dia w/o p” posture, with
the largest difference of 30.43% observed at a body length of
0.2m. Similarly, the “dia w/ p” posture consistently had a lower
CoT than the “lifted” posture, with the largest difference of
66.69% observed at a body length of 0.5 m. These results indicate
that the “w/ p” posture consistently shows the lowest CoT when
using a diagonal gait, regardless of body length.

“tri w/ p” consistently had a lower CoT than “tri w/o p” and “tri
lifted,” with largest differences of 44.56% and 39.88%, respec-
tively, observed at a body length of 0.5 m. Similar to the diagonal
gait, the “w/ p” posture consistently showed the lowest CoT in
the triangular gait, regardless of body length.

When both the triangular gait and diagonal gait adopted the
“w/ p” posture, the diagonal gait consistently had a lower CoT
than the triangular gait. The difference in CoT between these
two gaits with the “w/ p” posture was largest at a body length
of 0.2m, where “dia w/ p” had a 58.20% lower CoT than
“tri w/ p.” In summary, for Simulation I, the locomotion with
the lowest CoT, regardless of body length, was the one that
performed belly-dragging and diagonal gait, referred to as
“dia w/ p.”

3.3.2. Simulation Results with Varying Payloads

Figure 3e shows the results of Simulation II, which examined the
CoT with varying payloads for the tortoise robot. When using the
diagonal gait, the “w/ p” posture consistently had a lower CoT
than other postures, regardless of robot mass. In particular, at
a robot mass of 6.0 kg, the “w/ p” posture showed the largest
difference compared to the “w/o p” and “lifted” postures, with
CoT reductions of 24.42% and 20.54%, respectively.

In the case of using the triangular gait, the “w/ p” posture also
consistently had a lower CoT than the other postures, regardless
of robot mass. At a robot mass of 1.8 kg, the “w/ p” posture
showed the largest difference compared to the “w/o p” and
“lifted” postures, with CoT reductions of 48.29% and 45.20%,
respectively. These results confirm that the “w/ p” posture is
the most energy-efficient type of locomotion for both gaits,
regardless of body mass.

With the same “w/ p” posture, the diagonal gait consistently
showed a lower CoT than the triangular gait. The difference
in CoT between these two gaits was most significant
when the robot’s mass was the largest at 6 kg, with “dia
w/ p” having a 39.79% lower CoT than “tri w/ p.”
Therefore, similar to the results of Simulation I, the locomo-
tion with the lowest CoT in Simulation II was “dia w/ p,”
regardless of the robot’s mass.

3.3.3. Simulation Results with Varying Belly’s Coefficients of
Friction

Figure 3f shows the results of Simulation III, which investigated
the effect of the friction coefficient applied to the tortoise robot’s
belly on CoT. Changes in the friction coefficient applied to the
robot’s belly only affected the “w/ p” posture, using which the
robot performed belly dragging. When the friction coefficient
was less than 0.75, “dia w/ p” showed a lower CoT than “dia
lifted,” with the most significant difference of 12.11% observed
at the lowest friction coefficient of 0.25. However, when the fric-
tion coefficients of the belly were 0.75 and 1.00, “dia w/ p”
showed a higher CoT than “dia lifted,” with the most significant
difference of 12.08% observed at the highest friction coefficient
of 1.00. Similarly, when the friction coefficient was less than
1.00, “dia w/ p” showed a lower CoT than “dia w/o p,” with
the most significant difference of 18.63% observed at the lowest
friction coefficient of 0.25. At the friction coefficient of 1.00, “dia
w/ p” showed a 3.76% higher CoT than “dia w/o p.” In summary,
“dia w/ p” showed the lowest CoT when the friction coefficient of
the belly was less than 0.75, with lower friction coefficients result-
ing in lower CoT.

For the triangular gait, the “w/ p” posture consistently showed
a lower CoT regardless of the friction coefficient applied to the
belly. The CoT difference of “tri w/ p” compared to “tri w/o p”
and “tri lifted” was most significant when the belly friction coef-
ficient was 0.25, with differences of 25.85% and 21.10%, respec-
tively. These results differ from the diagonal gait results, as the
“w/ p” posture showed the lowest CoT even when the belly fric-
tion coefficient was greater than 0.75. However, the commonality
between both results is that lower belly friction coefficients led to
lower CoT. Therefore, it can be concluded that a lower belly fric-
tion coefficient can increase the energy efficiency of the “w/ p”
posture.

With the same “w/ p” posture, similar to Simulations
I and II, the diagonal gait consistently showed a lower CoT than
the triangular gait. The CoT difference between the two
gaits with the “w/ p” posture was most significant when
the friction coefficient of the belly was 0.25. In this case,
“dia w/ p” had a CoT that was 36.47% lower than that of “tri
w/ p.” Therefore, assuming a low belly friction coefficient,
the locomotion with the lowest CoT in Simulation III was
“dia w/ p.”

3.3.4. Simulation Results with Varying Froude Numbers

Figure 3g shows the results of Simulation IV, in which the CoT
was analyzed based on the Froude number. The changes in
Froude number correspond to changes in dynamic similarity,
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described earlier. When using the same gait, the “w/ p” posture
showed the lowest CoT even if the Froude number of the gait
changed. “dia w/ p” consistently had lower CoT than “dia w/o p”
and “dia lifted,” with the most significant differences occurring
when the Froude number was 1.1� 10�2, showing differences of
36.93% and 28.86%, respectively. Similarly, “tri w/ p” consis-
tently showed lower CoT than “tri w/o p” and “tri lifted,” with
the most significant differences of 34.44% and 27.53%, respec-
tively, at a Froude number of 1.1� 10�2. When comparing the
two gaits, the diagonal gait consistently showed lower CoT. The
difference between the two gaits with “w/ p” posture was greatest
at a Froude number of 2.9� 10�2, with “dia w/ p” having a CoT
45.30% lower than that of “tri w/ p.” Therefore, regardless of the
Froude number, the locomotion with the lowest CoT in
Simulation IV was “dia w/ p.”

The simulation results confirm that implementing belly drag-
ging with the “w/ p” posture can increase the energy efficiency of
locomotion for tortoise robots. Particularly, when performing
belly dragging, diagonal gait tends to exhibit higher locomotion
efficiency than triangular gait. Additionally, as assumed in the
robot design in Section 2, a lower friction coefficient applied
to the tortoise robot’s belly contributes to more efficient belly-
dragging locomotion. Based on these findings, it is evident that
regardless of changes in parameters such as body length, mass,
belly friction coefficient, and Froude number, locomotion with
belly-dragging and diagonal gait (“dia w/ p” locomotion) consis-
tently exhibits the lowest CoT. The reasons behind the differen-
ces in CoT based on posture and gait, as well as why “dia w/ p”
locomotion achieves the highest efficiency, will be discussed in
Section 5.

4. Locomotion Experiment

Dynamic simulations offer the advantage of exploring results
for various variables that may be challenging to replicate in
real-world experiments. However, it’s crucial to verify experi-
mentally if the results obtained from these simulations are also
observable in actual robots. To bridge this gap between simula-
tion and reality, real-world locomotion experiments were con-
ducted. This approach allows for a comprehensive validation
of the findings, demonstrating the practical applicability of the
simulated scenarios.

From the results of the dynamic simulations, it was confirmed
that a lower coefficient of friction in the belly reduces the CoT
(Simulation III). Additionally, it was observed that the tortoise’s
locomotion (“dia w/ p”) consistently showed the lowest CoT, even
under varying conditions of body length, payload, and Froude
number (Simulation I, II, IV). To verify this in actual robots, loco-
motion experiments were conducted with the robot designed as
per Section 2.1, featuring a fixed body length. Initially, based on
the results of Simulation III, an experiment was conducted
to select a plastron with the lowest coefficient of friction
(Section 4.1). Additionally, experiments were conducted to
determine whether the tortoise’s locomotion is the most effi-
cient, similar to the results of Simulation II and IV, regardless
of the payload or Froude number (Section 4.3).

4.1. Plastron Selection

In Section 3.3, it was confirmed that the plastron should have a
low coefficient of friction to achieve low CoT. To select the
plastron for the robot locomotion experiment, an experiment
was conducted to measure the coefficient of kinetic friction on
the six designed plastrons, as shown in Figure 1. The friction
measurement experiment was carried out on a wooden board
and a grass mat, target environments for the locomotion experi-
ment, as described later in Section 4.2. As shown in Figure 4a,
the plastron was dragged across the driving terrain using a linear
stage, and the friction force was measured using a load cell (BCL-
3L, CAS). The friction coefficient was calculated by dividing the
measured friction force by the normal force, which was gener-
ated by the combined weight of the plastron and an additional
1 kg weight. The linear stage was actuated at an initial accelera-
tion of 10 cm s�2 and a velocity of 5 cm s�1 for 20 s, with five
repeats of each experiment. To obtain an accurate kinetic friction
coefficient that excludes the effects of static friction, the measure-
ments were performed by averaging the data between 2.5 and
10 s after the plastron started to drag. The start of the measure-
ment interval (2.5 s) was experimentally determined by observing
the voltage of the load cell; this starting moment was when the
effect of static friction disappeared.

Figure 4b shows results of measuring the friction coefficient
of the six plastrons. First, kinetic friction coefficients of the plas-
tron with and without patterns were measured. Patterns in an
animal’s integument or exoskeleton, such as the scales of a
snake, often affect its friction properties. In this experiment,
we aimed to determine the effect of macroscopic patterns on
the friction coefficient of a tortoise’s plastron and to determine
which form, flat or patterned, has a lower friction coefficient. As
shown in the comparison between the HIPS and Patterned HIPS
plastrons, the flat plastron had a lower kinetic friction coefficient
than the patterned plastron on both the wooden board and the
grass mat. These results confirm that the flat plastron has a lower
coefficient of friction.

The second experiment measured the kinetic friction coeffi-
cient of the plastron according to the material. In this experi-
ment, five different plastron materials with flat shape, selected
from the first experiment, were used. Among the five different
materials of the flat plastron, the PLA plastron had the lowest
friction coefficient, with an average value of 0.228 on the wooden
board and 0.261 on the grass mat. Based on these results,
a flat plastron made of PLA was chosen for the locomotion
experiment.

4.2. Experimental Setup

The experimental conditions for the locomotion experiment are
shown in Figure 4c; these included two different environments
and two different robot masses. The first environment was a flat,
polished wooden board; the second was a grass mat with higher
friction and uneven contact characteristics. For the case of the
robot’s increased payload, a total of 0.4 kg (0.2 kgþ 0.2 kg) of
weights were attached to the carapace. Given that the robot’s
mass is 1.806 kg, the original and increased masses of the robot
are denoted as 1.8 and 2.2 kg, respectively.
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For the experiment with varying payloads, the Froude number
was consistently maintained at 2.2� 10�2, while the mass and
driving environment were varied. Thus, four different combina-
tions of experimental conditions were tested in the first experi-
ment, which included two robot masses (weight loaded and
unloaded) and two different material environments. For the
experiment with varying Froude numbers, the mass was fixed
at 1.8 kg and the driving environment was a wooden board,
whereas the target velocity of the robot was varied. Froude num-
bers of 1.1� 10�2, 2.2� 10�2, 2.9� 10�2 were used, and the tar-
get velocity was determined based on the Froude number. Thus,
three different experimental conditions were tested in the second
experiment.

We used the CoT of the robot to compare the locomotion
efficiency of the robot according to the presence or absence
of belly dragging in the gait. CoT can be expressed as
Equation (14) below.

CoTð Þ ¼ Work Jð Þ
mgλ kg �m2=s2ð Þ

¼ P J=sð Þ � t sð Þ
mg kg �m=s2ð Þ � v m=sð Þ � t sð Þ

(14)

where P denotes the power consumed by the robot, t is the travel
time (s), m is the mass (kg), g is the gravitational acceleration
(m s�2), and v represents the velocity of the robot (m s�2).
Therefore, to calculate the CoT, the velocity and power consump-
tion need to be measured.

To measure the power consumption during robot locomotion,
a power analyzer (PA3000 and BB1000-EU, Tektronix) was used,
as shown in Figure 4d. The power consumption was obtained by
averaging the measured electrical input power during the loco-
motion, which is measured in watts. Also, after attaching a color
marker to the robot, the trajectory, velocity, and travel time were
measured using a vision-based analysis tool (Tracker, Open
source physics), as shown in Figure 4e,f. The experiment was
configured to measure the power consumption, velocity, and
travel time of the robot simultaneously, and experiments were
repeated five times for each of the four environments and six
types of locomotion.

Measurement of the experimental results started when the
robot started locomotion and ended when it reached the target
point at a distance of about 40 cm. For each type of locomotion,
the velocity was measured in m s�1 from the start to the end of
the locomotion.

Figure 4. Experimental setup for measuring the designed plastrons’ kinetic friction coefficient and the power consumption and velocity of the robot.
a) Experimental setup using a load cell and linear stage. b) Kinetic friction coefficient according to materials of plastron. The reference lines represent the
kinetic friction coefficient of the HIPS flat plastron. c) Tortoise-inspired robot on wooden board and grass mat environment and locations of weights on
robot for increased payload. d) Setup for measuring power consumption using a power analyzer (PA3000 and BB1000-EU, Tektronix). e) Setup for
vision-based analysis tool (Tracker, Open source physics) with a color marker. f ) Schematic for measuring the trajectory and velocity of the robot using
a vision-based analysis tool.
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4.3. Locomotion Experiment Result

As mentioned in Section 4.2, experiments with varying payloads
were conducted on two different types of surface (wooden board,
grass mat), resulting in a total of four experimental conditions.
Experiments with varying Froude numbers were conducted on
wooden board with the original robot mass, resulting in a total
of three experimental conditions. For each experiment, the
velocity and power consumption were measured to calculate
the CoT.

4.3.1. Experiment Results with Varying Payloads

Figure 5a shows the measured velocities of the robot in experi-
ment with varying payloads. Despite implementing the same
stride length, cycle time, and swing percentage, the velocity of
the robot was found to differ depending on experimental condi-
tions and type of locomotion. This is due to factors such as foot
tip slip and belly dragging, which were not considered in the
locomotion planning. While the robot’s foot tip moves along
the desired trajectory kinematically, its locomotion in a real
environment is hindered by these factors.

Power consumption measurement results of the six types of
locomotion for the four experimental conditions are shown in
Figure 5b,c. Compared to the other postures, the “w/ p” posture
with belly dragging led to smaller power consumption for both
1.8 and 2.2 kg robots traveling on wooden boards and grass mats.
When using the same gait, the “lifted” posture consistently
resulted in the highest power consumption, regardless of the
robot’s payload or the driving environment. Additionally,
the diagonal gait had lower power consumption compared to
the triangular gait, when the postures were the same.

In general, “diagonal w/ p” had the lowest power consumption
and “triangular lifted” had the highest power consumption in all
four experimental conditions (1.8 and 2.2 kg payload on wooden
board and 1.8 and 2.2 kg payload on grass mat environment).
Numerically, “diagonal w/ p” showed power consumption reduc-
tions of 32.341%, 39.044%, 40.123%, and 47.304% in the above
four conditions compared to those values of the “triangular
lifted,” respectively.

The results of the CoT using Equation (14) with measured
power consumption, velocity, and mass of the robot are shown
in Figure 5d,e. Similar to power consumption, the “w/ p” posture
with belly dragging had the lowest CoT in all four experimental
conditions, and the “lifted” posture had the highest CoT when

Figure 5. Results of the locomotion experiment with varying payloads. a) The average velocities of the robot. b,c) Power consumption of the robot
according to the gait and posture in the wooden board and grass mat, respectively. d,e) The robot’s transport cost according to the gait and posture
in the wooden board and grass mat environment, respectively.
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using the triangular gait. However, when using the diagonal gait,
the “w/o plastron” posture had the largest CoT, while “lifted”
posture had the largest power consumption. On the other
hand, CoT according to gait was lower for diagonal gait than
for triangular gait regardless of posture, robot mass, and driving
environment.

In general, “diagonal w/ p” had the lowest CoT in varying pay-
loads and environment conditions, while “triangular lifted” has
the highest value. Numerically, “diagonal w/ p” had 53.650%,
51.948%, 63.676%, and 76.794% lower values of CoT than those
of “triangular lifted,” respectively, in the four conditions.

4.3.2. Results of Varying Froude Numbers

Figure 6a shows the average velocities of the robot in experiment
with varying Froude numbers. Since the target velocity is deter-
mined based on Equation (6), a higher Froude number condition
resulted in a higher velocity of the robot.

Power consumption measurement results for the three
Froude number conditions are shown in Figure 6b. The results
showed similar tendency to the results of Section 4.3.1. The
“w/ p” posture with belly dragging led to smaller power
consumption for every Froude number conditions compared

to the other postures. When using the same gait, the “lifted” pos-
ture consistently showed the highest power consumption,
regardless of the Froude number. When the postures were
the same, the diagonal gait had lower power consumption
compared to the triangular gait.

Generally, “diagonal w/ p” had the lowest power consumption,
while “triangular lifted” had the highest power consumption
across all Froude number conditions. Numerically, compared
to those values of the “triangular lifted,” “diagonal w/ p” showed
reductions in power consumption of 41.750%, 32.341%, and
29.640% in the three Froude number conditions, listed in
increasing order, respectively.

The calculated results of the CoT, using Equation (14) which
takes into account the measured power consumption, velocity,
andmass of the robot, are presented in Figure 6c. It was observed
that, in varying Froude number conditions, the “w/ p” posture
for each gait generally exhibited the lowest CoT compared to
other postures, with the exception of the triangular gait at a
Froude number of 2.9� 10�2. Considering that the “tri w/ p”
had lower power consumption than “tri lifted” in this Froude
number condition and that “tri w/ p” demonstrated slower
speeds, this exception can be attributed to unexpected locomo-
tion hindrances caused by belly dragging. On the other hand,

Figure 6. Results of the locomotion experiment with varying Froude numbers. a) The average velocities of the robot. b) Power consumption of the robot
according to the gait and posture with different Froude numbers. c) The robot’s transport cost according to the gait and posture with different Froude
numbers.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2024, 6, 2300720 2300720 (12 of 17) © 2024 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aisy.202300720 by D

aegu G
yeongbuk Institute O

f, W
iley O

nline L
ibrary on [12/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


the diagonal gait consistently showed a lower CoT than the
triangular gait when the postures were identical.

Overall, “diagonal w/ p” demonstrated the lowest CoT across
varying Froude number conditions. Numerically, in the three
Froude number conditions (listed in increasing order), “diagonal
w/ p” exhibited CoT reductions of 50.968%, 53.650%,
and 29.435% compared to “triangular lifted” locomotion.
Specifically, at a Froude number of 2.9� 10�2, where “tri
w/ p” had the highest CoT, “diagonal w/ p” showed a
39.283% lower CoT.

5. Discussion

5.1. Discussion

As described in Section 2.3, the locomotion that affects the
robot’s CoT is a combination of posture and gait. In this section,
based on the results of dynamic simulations and real-world loco-
motion experiments, we analyze the causes of CoT changes due
to postures (including the presence or absence of belly dragging)
and gaits. The posture analysis is based on the GRF and torque in
the simulation and the power consumption in real-world experi-
ments. For the analysis of the gaits, the joint angular velocities
and the robot’s locomotion velocity are used. Finally, findings
from both analyses are consolidated to discuss why the
“dia w/ p” locomotion, which simulates the locomotion of a real
tortoise, exhibits the lowest CoT.

5.1.1. Discussion on Posture

In this study’s dynamics simulations and locomotion experi-
ments, the “w/ p” posture, which performs belly dragging,
consistently showed a lower CoT than those of other postures.
An intuitive hypothesis for this phenomenon is the load
distribution effect caused by belly dragging. To validate this
hypothesis, the GRF and torque were examined in the dynamic
simulations.

Figure 7a,b shows heatmaps showing the sum of the z-axis
Euclidean norm of the GRF applied on the four feet and the belly,
respectively. Even when the same gait is used, the sum of the
Euclidean norm of the GRF applied on the four feet varies
depending on whether belly dragging is present. As shown in
Figure 7a, the belly-dragging locomotion had smaller GRF than
those of other postures with the same gait. In the case of the body
length of 0.5m, the “w/ p” posture showed 56.85% and 51.72%
smaller values of GRF compared to the “w/o p” posture in
diagonal and triangular gaits, respectively.

As shown in Equation (1), the GRF can directly influence the
torque on the joint; thus, these differences in GRF lead to differ-
ences in torque. As shown in Figure 7c, when using the same
gait, the torques in the “w/ p” posture were the smallest among
the three postures. For example, the “w/ p” posture showed
14.88% and 21.85% lower torque sums in diagonal and triangu-
lar gaits, respectively, compared to the “w/o p” posture. Similarly,
compared to the “lifted” posture, the “w/ p” posture showed
40.26% and 17.66% lower torque sums in diagonal and

Figure 7. Additional results of simulation I (body length simulation) and simulation model performance based on body height offset. a) Heat map of GRF
acting on four feet. b) Heat map of GRF acting on belly. c) Heat map of torque acting on joints. d) Heat map of angular velocity. The body masses of the
simulation models were 1.1, 3.7, 8.8, and 17.2 kg as the body length increased from 0.2 to 0.5 m, respectively.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2024, 6, 2300720 2300720 (13 of 17) © 2024 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aisy.202300720 by D

aegu G
yeongbuk Institute O

f, W
iley O

nline L
ibrary on [12/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


triangular gaits, respectively. In summary, the belly-dragging
posture distributes the GRF applied on the robot’s feet to the
belly contact point, thereby reducing the torque applied to the
joints of the robot system. The torque applied to the joint is
directly proportional to the energy-related numerator of CoT,
according to Equation (11). Consequently, it can be determined
that the belly-dragging posture reduces CoT from an energy per-
spective. However, as shown in Figure 3f, when the friction coef-
ficient of the belly increases, friction can cause an increase in the
robot’s CoT. Therefore, it is important to design a plastron with a
low friction coefficient.

The locomotion experiments with the tortoise-inspired robot,
conducted under conditions of varying payloads and Froude
numbers, showed results similar to the simulations. The
“w/ p” posture, which includes belly dragging, consistently
exhibited lower power consumption compared to other postures.
This suggests that belly dragging reduced power consumption
regardless of gait type, environmental conditions, payload,
or Froude number. According to Equation (14), consumed power
is directly proportional to the numerator of the CoT. Therefore,
similar to the simulations, it can be determined that the belly-
dragging posture generally reduces CoT from a power perspec-
tive. Note that, as mentioned in Section 4.3, there are cases where
the “w/ p” posture might increase CoT due to unexpected loco-
motion hindrances caused by belly dragging. In summary, both
simulations and experiments demonstrate that belly dragging
in the “w/ p” posture leads to reduced energy and power
consumption, highlighting its effectiveness in energy-efficient
locomotion.

5.1.2. Discussion on Gait

As shown in Figure 3, 5, and 6, both dynamic simulations and
real-world locomotion experiments consistently showed that
diagonal gait exhibited lower CoT than that of the triangular gait.
This phenomenon was determined to have two main causes. The
first cause is related to the differences in joint angular velocities,
resulting from the distinct gait cycle characteristics of the two
gaits. As shown in Figure 2a,b, during one gait cycle, the
triangular gait divides leg movements into four phases, one
leg moving at a time, while the diagonal gait divides legs into
pairs and moves them in two phases. Therefore, under the same
stride frequency conditions, when comparing the swing time of
one leg, the triangular gait results in shorter swing times com-
pared to those of the diagonal gait. Furthermore, according to
Equation (8), even if the diagonal and triangular gaits have
the same stride length, they have different duty factors, leading
to leg strokes of 0.65 times and 0.825 times the stride length,
respectively. In summary, a leg-performing swing motion in
the triangular gait needs to cover a longer distance in a shorter
time, resulting in higher joint angular velocities compared to
those of the diagonal gait.

This phenomenon can be observed in Figure 7d. Figure 7d
presents a heatmap of the sum of squared angular velocities
of the joint in Simulation I. When the posture conditions are
the same, triangular gait showed higher angular velocities com-
pared to diagonal gait, regardless of the robot’s length. According

to Equation (11), angular velocities are directly proportional to the
energy-related numerator of the CoT. Therefore, higher joint
angular velocities in the triangular gait can be considered one
of the reasons why the triangular gait results in a higher CoT
compared to the diagonal gait.

The second cause is the robot’s locomotion velocity, which is
influenced by the gait. As shown in Figure 5a and 6a, under the
same experimental conditions and posture, the diagonal gait gen-
erally demonstrates a higher locomotion velocity than that of the
triangular gait. Despite having the same stride length, the differ-
ence in the velocity between the two gaits can be attributed to
unwanted displacement caused by foot tip slip and belly drag-
ging. The triangular gait has higher joint angular velocities,
resulting in relatively faster foot tip velocities. Additionally,
due to CoB compensation, the triangular gait involves side-to-
side motion, resulting in both forward and vertical movements,
which contribute to additional inertia. The faster movement of
the foot tip and the additional inertia caused by the triangular
gait can result in unwanted displacement of the foot tip. Also,
the side-to-side motion caused by CoB compensation during
belly-dragging locomotion creates additional friction in the verti-
cal direction, which can reduce the locomotion velocity. For these
reasons, the triangular gait tends to have a lower locomotion
velocity than that of the diagonal gait. According to Equation (14),
locomotion velocity is inversely proportional to CoT. Therefore,
the gait-induced locomotion velocity is one of the reasons
why the triangular gait tends to have a higher CoT than that
of the diagonal gait.

In summary, belly dragging reduces CoT by reducing the GRF
applied on the foot tip, the joint torques, and the power consump-
tion. The diagonal gait achieves a lower CoT than that of the
triangular gait due to its lower joint angular velocities and faster
locomotion velocity. A lower CoT indicates higher locomotion
energy efficiency. Therefore, among the six locomotion methods
in this study, the tortoise-inspired “dia w/ p” locomotion, which
combines belly-dragging and diagonal gait, can be considered an
energy-efficient locomotion method. This conclusion has been
validated through various simulations with different robot
lengths, masses, belly friction coefficients, and Froude numbers,
as well as in real-world locomotion experiments.

5.2. Discussion on Body Height

Asmentioned in Section 3.2, belly draggingmay help or interfere
with robot locomotion, depending on the body height. In this
discussion, we aim to analyze the results of dynamic simulations
concerning body height and discuss how belly dragging reduced
the CoT. Figure 8 shows a graph showing CoT, torque squared
sum, angular velocity squared sum, velocity, squared sum of
z-axis GRF on foot, and squared sum of z-axis GRF on the belly,
from top to bottom. Figure 8a,b shows results for diagonal and
triangular gaits. The black square, blue triangle, and red circle
symbols represent results for “w/ p,” “w/o p,” and “lifted” pos-
tures. In the “lifted” posture, the offset G was set at 10.6 mm to
implement the posture without belly dragging.

Changes in body height may affect the GRF applied to the
belly and the foot. In the following subsections, the effects of
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body height variation on the CoT were examined based on com-
parisons between the “w/o p” and “lifted” postures, as well as
between the “w/o p” and “w/ p” postures.

5.2.1. Postures without Belly Dragging

Since the “w/o p” and “lifted” postures do not involve belly
dragging, the effect of body height on CoT, independent of
the presence of belly dragging, can be examined by analyzing
these two postures. In both gaits in Figure 8, the “w/o p” posture
consistently showed higher CoT compared to the “lifted” posture,
regardless of the value of G. In the case of the diagonal gait, the
largest CoT difference between the “w/o p” and “lifted” postures
occurred when G was �2, with a difference of 14.13%. For the
triangular gait, the largest CoT difference occurred when G was
�1.5, with a difference of 15.05%. The primary reason for these
results is the torque difference between the two postures. The
torque in the “w/o p” posture was consistently higher than in
the “lifted” posture. For the diagonal and triangular gaits, the dif-
ferences between the sums of the squared torques for “w/o p”

and “lifted” were largest at 8.24% and 8.91% when the G values
were �2 and �1.5, respectively.

On the other hand, most of the other metrics, such as angular
velocity, GRF on foot, and locomotion velocity, showed relatively
small differences between the two postures. The angular velocity
and GRF on foot of the “w/o p” posture were consistently smaller
than those of the “lifted” posture, with differences of up to 5.11%
and 2.59%, respectively, when G was �2. Regarding locomotion
velocity, in the diagonal gait, the “lifted” posture was faster than
the “w/o p” posture, whereas in the triangular gait, the “w/o p”
posture was slightly faster than the “lifted” posture. Specifically,
when G was �2, in the diagonal gait, the “w/o p” posture exhib-
ited a 2.03% slower locomotion velocity than that of the lifted
posture while, in the triangular gait, the w/o p posture showed
a 1.33% faster locomotion velocity than that of the “lifted”
posture.

The “w/o p” and “lifted” postures differ only in the body lift
height, meaning the primary variable is the kinematic posture
difference. Therefore, it can be inferred that kinematic posture
affects the torque applied to the robot joints, which can, in turn,
influence the CoT.

Figure 8. Performance of each gait in accordance with body height offset. The body length of the robot, the coefficient of friction on the belly, and the
coefficient of friction on the foot were set at 0.2, 0.25, and 1.00m, respectively. a) Performance of diagonal gait in accordance with body height offset.
b) Performance of triangular gait in accordance with body height offset.
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5.2.2. Body Height and Belly Dragging

To analyze the effect of belly dragging on CoT based on the body
height, the “w/ p” and “w/o p” postures were compared in both
gaits. In cases in whichGwas small (G ≤ 0), there was a problem
of CoT divergence in the “w/ p” posture due to significant
disruption of locomotion caused by belly dragging. In contrast,
in cases in which G was large (G ≥ 4), contact between the belly
and the ground rarely occurred, resulting in similar outcomes
between these two postures. Therefore, selecting G within an
appropriate range is crucial for efficient utilization of belly
dragging.

When G was selected within the appropriate range
(0 < G < 4), decreases in foot GRF, torque, and CoT were
observed in the “w/ p” posture compared to the “w/o p” posture.
For example, in the case of diagonal gait with G of 0.5, the “w/ p”
posture showed 72.66%, 43.35%, and 54.78% reductions in GRF
on foot, torque, and CoT, respectively, compared to the “w/o p”
posture. In contrast, angular velocities and locomotion velocities
showed relatively similar values in both postures.

Through the comparison between the “w/o p” and “lifted” pos-
tures in Section 5.2.1, it was confirmed that a lower body height
increased both CoT and torque, regardless of belly dragging.
Furthermore, the comparison between the “w/ p” and “w/o p”
postures in Section 5.2.2 revealed that appropriate body height
in belly dragging can reduce CoT through the dispersion of
GRF to the belly.

However, if the body height is too low and most of the GRF is
applied to the belly, this can interfere with locomotion, leading to
an increase in CoT. On the other hand, if the body height is too
high and there is almost no belly contact, there is little difference
between the “w/ p” and “w/o p” postures. Therefore, selecting
the optimal body height when performing belly-dragging loco-
motion is crucial for minimizing CoT and increasing energy effi-
ciency. This could potentially become a new research topic, and
future studies may focus on optimizing body height for belly
dragging.

6. Conclusion

In this study, we aimed to analyze the effect of tortoise locomo-
tion, which is known to be energy efficient, on the energy
efficiency of a robot. For this purpose, we designed a tortoise-
inspired quadruped robot that can perform belly dragging by
simulating the joint structure, plastron, and locomotion of a
tortoise. In addition, theory-based dynamic simulations and
real-world locomotion experiments were conducted to verify
the effect of tortoise locomotion on robot energy efficiency. To
ensure the generality of the results, we designed six different
locomotion combinations comprising postures and gaits. In
the dynamics simulation, we used variables such as the robot
body length and mass, friction coefficient of the plastron, and
Froude number. We also varied the payload and Froude number
of the robot to see if the results were similar to the dynamics
analysis in real-world environment.

As a result of the theory-based dynamics simulation, the
“dia w/ p” locomotion, which simulates the locomotion of a
tortoise, showed the lowest CoT regardless of the length, mass,

and Froude number of the robot. In the robot locomotion
experiments, the “dia w/ p” locomotion had the lowest CoT in
all experimental conditions. This confirms that the locomotion
that simulates the belly-dragging and diagonal gait of a real tor-
toise has higher energy efficiency than other locomotion
combinations when applied to a robot.

Since the locomotion designed in this study can be repre-
sented by a combination of posture and gait, we analyzed the
reasons for this result from the perspective of posture and gait.
In the case of belly dragging, represented as “w/ p” among the
three postures, we verified that it improves energy efficiency by
reducing the GRF applied to the robot’s foot tip, torque applied to
the joints, and robot power consumption. In this process, we
found that the CoT decreased as the friction coefficient of the
plastron, responsible for belly dragging, became smaller. We
found that diagonal gait has lower joint angular velocity and
higher locomotion velocity than triangular gait, resulting in lower
CoT.

Thus, both belly dragging, a postural characteristic of
tortoises, and their diagonal gait significantly contributed to
the robot’s lower CoT. Consequently, this implies that the
energy-efficient locomotion of tortoises, specifically the diagonal
gait coupled with belly dragging, is transferable to robotic
platforms to enhance energy efficiency.

This bioinspired robot, with its energy-efficient design
inspired by tortoise locomotion, holds great potential in critical
applications such as search and rescue operations, space explo-
ration, and payload transportation. In the realm of search and
rescue, this robot’s capability to endure long operations with
minimal energy consumption makes it an invaluable asset. It
can navigate through challenging terrains and debris-laden areas
with their quadruped gaits, providing essential assistance in
disaster-stricken zones while minimizing the risk to human res-
cuers. In space exploration, this robot’s energy efficiency and
adaptability to harsh, unfamiliar terrains make it an ideal candi-
date for exploring the rugged landscapes of other planets, where
energy resources are scarce and environmental conditions
are extreme. Additionally, in industrial and logistic sectors,
the robot’s enhanced payload capacity, a direct benefit of its
energy-efficient design, offers a sustainable solution for trans-
porting materials and equipment over extended periods and dis-
tances. This capability not only streamlines operational efficiency
but also aligns with the increasing focus on sustainability and
energy conservation in technological advancements. Especially,
as demonstrated in this study, the increase in energy efficiency
and payload capacity through a locomotion strategy that
incorporates both belly-dragging and diagonal gait can be effec-
tively combined with other research that enhances energy effi-
ciency through mechanical structures or control strategies.
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