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Design of an Energy Efficient Electric Quadruped Robot
based on Gravitationally Decoupled Actuation
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Abstract— Mammalian entertainment robots are popular
for their friendly appearance, yet few achieve true legged
locomotion due to high motor torque and power consumption
requirements. In this study, we propose a mammalian electric
quadruped walking robot employing Gravitationally Decoupled
Actuation (GDA), which enables high-speed locomotion while
minimizing the power required for walking. Using a dynam-
ics simulator, we compared two configurations—conventional
rotary joint actuation and the GDA model—and evaluated
their motor torque and power requirements. Furthermore,
based on commercial actuator specifications, we examined the
feasibility of a practical GDA-based design. We also investigated
a gravity compensation mechanism aimed at reducing motor
peak torque and enabling long-duration operation. Simulation
results showed that the GDA configuration reduced torque and
power demand, achieving approximately 2.24 times the walking
speed of the rotary joint actuation model under the same
power limit. Introducing gravity compensation further reduced
peak torque during the stance phase, making the system more
suitable for prolonged operation.

[. INTRODUCTION

Entertainment robots require not only a friendly appear-
ance to attract customers but also high energy efficiency
for long-duration operation. Furthermore, one example of
entertainment robot configurations is the multi-legged robot,
which enables dynamic and lively locomotion. The leg
structures of multi-legged robots are generally classified into
two main types: the mammalian type, in which the hip,
knee, and ankle joints are arranged almost vertically beneath
the body, and the reptilian type, in which the legs extend
laterally from the body. In particular, mammalian robots are
highly popular in applications such as amusement parks due
to their approachable appearance. However, in many cases,
wheels support the robot’s weight, and examples of robots
walking solely on legs are rare. For instance, the “Grand
Eléphant” at the French theme park Les Machines de 1'ile
[1] and Honda’s two-wheeled mobility vehicle ”Koraidon”
[2] entertain visitors by providing a sense of presence
through their friendly looks and movements. Nevertheless,
both employ wheel-driven locomotion, with legs serving
primarily decorative purposes. If walking using only legs
becomes possible, it is expected that a deeper immersive
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Fig. 1: GDA walking model on the dynamics simulator

experience can be achieved. In light of this background, this
study focuses on mammalian walking robots and investigates
efficient actuation methods.

In conventional mammalian robots, rotary joint actuation
has been commonly adopted as the driving method. For
example, Boston Dynamics’ “Spot” employs rotary joint
actuation [3]. However, this method requires large actuator
output during walking, leading to challenges such as re-
duced walking speed and decreased energy efficiency. There-
fore, this study adopts Gravitationally Decoupled Actuation
(GDA) [4], which is considered effective in addressing these
issues. GDA separates the leg motion into horizontal and
vertical directions relative to the gravitational axis, allowing
the actuators to independently control velocity and force
components. Theoretically, this actuation method can achieve
zero power consumption during horizontal locomotion while
maintaining a constant center of mass height. There are
several possible leg mechanism designs to achieve GDA;
this study adopts a configuration where linear actuators are
arranged in the horizontal and vertical directions, and their
displacements are amplified by a pantograph mechanism.
This configuration is expected to minimize the output power
required for walking, improving energy efficiency and in-
creasing walking speed.

Previous research on GDA includes the hydraulic-driven
hexapod walking robot ASV (Adaptive Suspension Vehicle)
by K. Waldron et al. [5] and the electric quadruped walking
robot TITAN-IV by Yoneda et al. [6]. However, both of
these feature either hexapod configurations or reptilian leg
arrangements. To the best of our knowledge, there are
no research examples applying GDA to electric quadruped
walking robots with mammalian leg configurations.

Tsunoda et al. reported that, in static walking, the reptilian
leg configuration consumes less power than the mammalian
leg configuration [7]. Thus, in conventional discussions
on locomotion efficiency, the reptilian configuration, where
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Fig. 2: Comparison between two actuation mechanisms

legs protrude laterally, has been considered advantageous.
However, in applications such as entertainment robots that
require a friendly appearance, the mammalian leg configura-
tion tends to be preferred because, in addition to attracting
visitors, setting the body position higher enables a more
impressive presentation. Therefore, it is necessary to achieve
high locomotion efficiency while adopting the mammalian
configuration.

The GDA adopted in this study is not limited to the con-
ventional reptilian leg configuration but allows a flexible de-
sign independent of the leg arrangement. In other words, the
leg morphology (mammalian or reptilian) and the actuation
method (GDA) are independent design elements, and their
combination enables the realization of an electric quadruped
robot with a mammalian leg configuration applying GDA.
If a mammalian electric walking robot utilizing GDA is
achieved, the required power can be significantly reduced
compared to conventional rotary joint actuation, enabling
both improved locomotion efficiency and higher speed.

Based on the above, this study aims to design a
mammalian electric quadruped walking entertainment robot
applying Gravitationally Decoupled Actuation (GDA) to
achieve both high-speed and efficient locomotion. Using
a dynamics simulator, two mammalian models—the rotary
joint actuation model and the GDA model (Fig. 1)—are
compared. The effectiveness of GDA is verified from the
perspective of required motor torque and power (mechanical
work) through actuator output comparison. Furthermore, the
feasibility of practical implementation is investigated based
on commercial electric actuator product specifications, and
the effect of peak torque reduction by introducing a gravity
compensation mechanism is also evaluated with the aim of
enabling long-duration operation.

II. EFFICIENCY AND SPEED IMPROVEMENT OF WALKING
USING GRAVITATIONALLY DECOUPLED ACTUATION

A. Conventional leg actuation using rotary joints

In this section, we describe conventional leg actuation us-
ing rotary joints (Rotary joint actuation). Consider a walking
robot with negligible leg mass, shown in Fig. 2a, moving at
a constant speed on a flat horizontal surface without vertical
displacement of its center of mass. In this case, the ground
reaction force Fy, supporting the weight of the robot at the

foot and the robot’s velocity V4, are orthogonal to each other.
Therefore, the output power is zero, and theoretically, no
energy is required.

However, in rotary joint actuation, both velocity and force
are generated simultaneously, causing positive and negative
input power exchange between actuators (P} < 0 W, P, >
0 W) At present, compact regenerative devices suitable for
robotic applications have not yet been realized, and all
transferred power is dissipated as thermal energy. As a
result, this leads to a decrease in energy efficiency during
walking. Such loss is inherent to rotary joint configurations
and cannot be avoided even under appropriate control. In
addition, the excessive power requirement and insufficient
output relative to the target speed cause a reduction in the
robot’s locomotion speed.

B. Gravitationally Decoupled Actuation Using Linear Joints

In this section, we describe Gravitationally Decoupled
Actuation (GDA), which effectively addresses the problems
of conventional rotary joint actuation. The GDA shown in
Fig. 2b employs linear actuators arranged horizontally and
vertically relative to the gravitational direction, combined
with a pantograph mechanism. This setup allows each ac-
tuator to generate either velocity or force independently,
theoretically reducing the input power to the actuators during
walking to zero (P, =0 W, P, =0 W) [9]. As a result, un-
necessary power exchange between actuators is eliminated,
leading to improved energy efficiency. Furthermore, by pre-
venting excessive power generation, higher walking speeds
become achievable. On the other hand, when operating on
sloped or uneven terrain, the orthogonality between the gravi-
tational and actuation directions is compromised, preventing
the decoupling of force and velocity in each actuator and
potentially reducing locomotion efficiency. However, since
the entertainment robot targeted in this study is primarily
intended to operate in theme-park environments where steep
slopes are avoided and the ground is generally flat and well
maintained, the GDA mechanism is considered to be highly
compatible with such applications. For example, according to
the 2010 ADA Standards for Accessible Design and Japan ’
s Universal Design Guidelines for Expo 2025, slopes of
1:20 (approximately 2.86° ) or less are recommended for
barrier-free accessibility [10] [11]. For these reasons, this
mechanism is adopted in this study.
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(a) Rotary joint actuation walking model

(b) GDA walking model

Fig. 3: Comparison between rotary joint actuation walking model and GDA walking model
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Fig. 4: GDA link length and input-output relationship between
actuator and foot tip
III. COMPARATIVE STUDY OF TWO MAMMALIAN
CONFIGURATIONS USING A DYNAMICS SIMULATOR

Using MATLAB/Simulink, two quadruped walking robots
with mammalian leg configurations were constructed: the
rotary joint actuation model (Fig. 3a) and the Gravitationally
Decoupled Actuation (GDA) model (Fig. 3b). This dynamic
simulator can calculate the motor torque and rotational speed
required for walking. Using this simulator, the actuator
outputs of both configurations are compared and evaluated
during trot gait.

A. Specifications of the Dynamics Simulator

Common specifications for both robots are as follows: the
torso dimensions are width 0.75 m, height 0.25 m, and depth
0.35 m; the total robot weight is 125 kg (torso 105 kg, each
leg 5 kg). Walking conditions are set with a period of 1 s,
forward speed of 0.335 m/s, and torso height (distance from
the ground to the bottom of the torso) of 0.375 m. The
swing leg trajectory follows a cycloid path, with a swing
height of 0.05 m and a stride length of 0.335 m. The walking
pattern is trot gait with a duty ratio of 0.5. Additionally, the
forward direction of the robot is defined as the X-axis, and
the vertical upward direction as the Z-axis, which will be
used in the following discussion. In this study, to simplify
the analysis, motions in the pitch and roll directions are
assumed negligible, and evaluation focuses only on forward
motion. Accordingly, degrees of freedom in pitch and roll are
constrained with respect to the robot posture. In the rotary
joint actuation model shown in Fig. 3a, the joints are defined

sequentially from the leg root as the first and second joints.
Regarding the leg mass distribution, the leg mass is allocated
proportionally to the length of the two actively driven links.
Here, the link length from the first joint to the second joint
is set to 0.2 m, and the link length beyond the second joint is
also set to 0.2 m. Next, in the GDA model shown in Fig. 3b,
the linear actuators enclosed by red squares are assumed to
consist of a motor and a ball screw. These linear actuators
drive the pantograph mechanism. The actuator moving in the
X-direction is defined as the X-joint, and the actuator moving
in the Z-direction is defined as the Z-joint. For the leg mass
distribution, the total leg mass is distributed proportionally to
the length across the six driven links and linear components.
The dimensional data of these links and linear parts are
shown in Fig. 4.

Furthermore, as shown in Fig. 4, the pantograph mecha-
nism employed in the GDA model amplifies the displace-
ments of the X- and Z-joints at the leg tip based on the
displacement amplification ratio K, which is determined by
the geometric configuration of the links. In this configuration,
joint displacement and output force are inversely related. In
this study, the displacement amplification ratio K is set to 3.
This mechanism allows the actuators to be concentrated near
the center of the body, contributing to the weight reduction
of the distal leg. Moreover, increasing the displacement
amplification ratio narrows the distance between the parallel
links, enabling an appearance similar to the thigh of a
mammal.

B. Comparison of Torque Requirements for Rotary Joint
Actuation and GDA model

The time histories of torque and rotational speed as virtual
motor outputs are compared for two models of mammalian
leg mechanisms. Figs. 5 and 6 show the torque and rotational
speed variations of the motor output for each configuration,
respectively. In these plots, the periods when the leg is off the
ground (swing phase: red) and when it is in contact with the
ground (stance phase: blue) are distinguished. To facilitate
comparison of torque and rotational speed changes, the
gearhead reduction ratio and ball screw lead were adjusted
so that the motor’s maximum rotational speed during the
swing phase was approximately 5000 rpm. Note that the
transmission efficiencies of the ball screw and gearhead are
not considered here.
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Fig. 6: GDA output (Rotational motor output embedded within the linear actuator)

The simulation results for the rotary joint actuation model
are shown in Fig. 5. Figs. 5a and 5b illustrate the time
histories of the virtual motor outputs (torque and rotational
speed) at the first and second joints, respectively. A gearhead
with a reduction ratio of 100 is assumed for both joint
motors. As a result, the maximum torque during the stance
phase at the first joint was calculated as 0.81 Nm, and
0.86 Nm at the second joint. Furthermore, both torque and
rotational speed occurred simultaneously during the stance
phase, indicating an increase in motor output power.

Next, the simulation results for the GDA model are shown
in Fig. 6. Figs. 6a and 6b illustrate the transitions of the
virtual motor outputs (torque and rotational speed) of the
actuators in the X- and Z-directions, respectively. Here, the
motor output inside the linear actuators (ball screw and
gearhead) was evaluated. In this configuration, the lead of the
ball screw (linear travel per one rotation) was set to 20 mm
for each direction, and the gearhead reduction ratio was set
to 5 in the X-direction and 16 in the Z-direction. Under
these conditions, the maximum torque of the X-direction
motor during the swing phase was 0.04 Nm, while that of
the Z-direction motor during the stance phase was 0.37 Nm.
Additionally, in the GDA model, either the rotational speed
or torque was predominantly generated in each actuator,
confirming that the generation of force and velocity is
structurally separated. This characteristic arises from the
structural design of the GDA mechanism and indicates that

the simulation model appropriately reproduces this feature.

From these results, comparing the motor torque and ro-
tational speed on the input side of the reduction gear in
both configurations, it became clear that even under the same
walking conditions with a mammalian leg configuration, the
GDA model requires smaller torque compared to the rotary
joint actuation model. Since actuators that can be mounted
on an actual machine have upper limits on output torque,
configurations like the GDA that can reduce torque require-
ments are shown to be extremely effective leg mechanisms
for practical implementation.

IV. VERIFICATION OF THE ACTUAL SYSTEM
CONFIGURATION FEASIBILITY USING COMMERCIAL
PRODUCT SPECIFICATIONS

A. Verification of actuator configuration based on commer-
cially available electric component specifications

With a view toward the future practical development of an
electrically driven mammalian GDA robot, this study investi-
gates whether the GDA mechanism can be constructed using
commercially available electric components. The validity of
the actuator configuration was evaluated through simulations
based on selected product specifications, assuming a practical
system setup. Each actuator consists of a ball screw and a
gearhead. The ball screw lead and gearhead reduction ratio
are set to 30 mm and 4.3 in the X-direction, and 5 mm and
4.3 in the Z-direction, respectively. The torque transmission
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Fig. 7: GDA output incorporating actual product specifications (Rotational motor output embedded within the linear actuator)
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efficiency of both components is assumed to be 0.9. Suitable
commercial products were selected to ensure axial thrust and
maximum load torque remain within allowable limits. For the
motor, torque—speed characteristics, winding resistance, and
continuous operating range were considered. Consequently, a
Maxon Japan BLDC motor (EC45 BL D 150 W KL 2WE A),
rated at 150 W and 48 V, was employed. Regarding the
indicators shown in Fig. 7, the pink dotted line represents
the stall torque of 1.6 Nm; the black solid line connects
the stall torque point (1.6 Nm, O rpm) and the maximum
continuous operating output point (0.169 Nm, 9290 rpm); the
green dotted line indicates the maximum continuous torque
of 0.169 Nm; and the light red band represents the continuous
operating range (up to 0.234 Nm) calculated from winding
resistance, copper loss, and torque constant.

A simulation of one gait cycle was performed using this
configuration, and the time histories of torque and rotational
speed in the X- and Z-direction actuators are shown in
Figs. 7a and 7b, respectively. The simulation results con-
firmed that, although the torque of the Z-direction actuator
during the stance phase exceeded the continuous operating
range at certain points, the peak torque (indicated by stars
in Fig. 7b) remained below the stall torque. These results
demonstrate that even with a mammalian leg arrangement
employing GDA, a practical system configuration utilizing
commercially available electric components is feasible.
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Fig. 9: Z actuator position

B. Verification of the load distribution effect by introducing
the gravity compensation mechanism

The results of the previous section indicate that the peak
torque during the stance phase may exceed the motor’s
continuous operating range. Since electric motor drives gen-
erally have greater output limitations than hydraulic systems,
poses a significant concern for applications requiring pro-
longed continuous operation, such as entertainment robots.
Accordingly, it is essential to address the following issues:
suppressing current increases caused by excessive torque
and ensuring that the peak torque during the stance phase
remains within the continuous operating range. To satisfy
these requirements, this paper proposes introducing a gravity
compensation mechanism aimed at reducing the peak torque
generated during the stance phase.

The goal of this study was to keep the motor torque during
the stance phase as much as possible within the continuous
operating region by using a compensation method with a
linear spring. As shown in Fig. 8, this mechanism is assumed
to consist of two springs connected in parallel to the Z-
direction actuator. In the MATLAB/Simulink environment,
the gravity compensation mechanism was modeled by defin-
ing the spring constant and neutral point within the linear
joint configuration of the Z-direction actuator. The strain
energy stored in the spring is conserved without damping.
For the spring constant and neutral point position, product
specifications from Tokyo Spring Manufacturing Co., Ltd.’s
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Light Load TL20 X 125 was used. This choice aimed to
closely approach the target continuous operating range. The
product specifications are as follows: free length 125 mm,
outer diameter 20 mm, spring constant 10.69 N/mm, and
maximum allowable deflection 50 mm. Furthermore, this
product’s dimensions are physically compatible for instal-
lation on the robot under development. Fig. 9 shows the
displacement of the Z-actuator during walking. The actua-
tor exhibits periodic motion with an amplitude of 8§ mm,
referenced from the green line. The neutral point (red line)
is set 50 mm above the lowest point of the Z-direction stroke
during walking, and it is connected at the spring mounting
endpoint (blue line), ensuring the spring is always stretched
opposite to the self-weight direction.

The simulation result is shown in Fig. 10. From this result,
the peak torque during the stance phase was 0.42 Nm without
gravity compensation (Fig. 7b), whereas it was reduced to
0.26 Nm with gravity compensation. On the other hand, the
torque during the swing phase tended to increase due to the
elastic force of the spring in the gravity compensation mech-
anism. However, considering these effects, the peak torque
over the entire walking cycle was observed to be reduced
compared to the case without gravity compensation. These
results demonstrated that introducing a gravity compensation
mechanism reduced peak torque during the stance phase
and concentrated the torque—speed distribution within the
continuous operating range, enabling a robot configuration
suitable for long-duration operation.

C. Comparison of Required Power and Walking Speed

For the three configurations—rotary joint actuation, GDA
without gravity compensation, and GDA with gravity com-
pensation—we calculated and compared the total mechanical
power output of the actuators across all four legs. Simulations
were conducted under identical walking conditions for all
configurations, as in the previous section.

Fig. 11 summarizes the results. As shown in Fig. 1la,
the maximum total power was 1095.5 W for the rotary joint
actuation model and 59.0 W for the GDA model without
gravity compensation. When the gravity compensation was
applied to the GDA model, power consumption during the
swing phase increased, resulting in a total power of 232.9 W,
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Fig. 11: Comparison of power consumption with and without out-
put spring

which remains substantially lower than that of the rotary joint
actuation model.

Next, we evaluated the achievable walking speeds under
actuator power limitations, as illustrated in Fig. 11b. As-
suming a total actuator power limit of 700 W and a unified
stride length of 0.335 m, the walking period was adjusted
to equalize total output across configurations. Under these
conditions, the rotary joint actuation model achieved a speed
of 0.394 m/s with a cycle period of 1.85 s. The GDA
model without gravity compensation reached 0.882 m/s with
a cycle period of 0.38 s, while the GDA model with gravity
compensation achieved 0.730 m/s with a cycle period of
0.46 s. Thus, at the same power limit, the GDA configu-
rations demonstrated superior speed performance, attaining
approximately 2.24 times (without gravity compensation)
and 1.85 times (with gravity compensation) the speed of the
rotary joint actuation model.

These results indicate that, even under identical actuator
output constraints, the GDA configuration converts output
power into walking speed more efficiently than the rotary
joint actuation model. Therefore, implementing GDA in
mammalian leg robots is an effective design strategy for
achieving high-speed locomotion within realistic actuator
power limits.
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(a) Front angle

(b) Back angle

Fig. 12: Single-leg test rig

V. CONCLUSIONS

In this study, the performance of two mammalian leg
configurations—the rotary joint actuation model and the
Gravitationally Decoupled Actuation (GDA) model—was
compared using a dynamic simulator. Their effectiveness was
evaluated in terms of output torque and required power, and
feasibility studies were conducted based on commercially
available component specifications. In addition, the effect
of a gravity compensation mechanism for reducing peak
torque to enable long-duration operation was investigated.
The results show that the GDA configuration improves
both energy efficiency and walking speed by reducing the
required power, even in electric drive systems. This finding
demonstrates that not only the laterally sprawling reptilian
leg configuration—conventionally regarded as superior in lo-
comotion efficiency—but also mammalian leg configurations
can achieve high efficiency. Furthermore, the introduction of
the gravity compensation mechanism was shown to reduce
the peak torque during the stance phase and to concentrate
the torque—speed distribution within the continuous operating
range, thereby enabling a robot configuration suitable for
long-duration operation.

Nevertheless, the GDA approach also entails drawbacks:
constraining motion increases drivetrain complexity, which
in turn raises the number of components, system weight,
and overall cost.

As shown in Fig. 12, a single-leg test rig was fabricated,
and we confirmed that each actuator operated properly and
could drive the leg as designed. Furthermore, by performing
a standing-up motion, we verified that the rig could lift
its own weight. These results demonstrate that the basic
functionality of the system has been validated and that it
is ready for experimental evaluation. In future work, this
test rig will be used to experimentally validate the findings
obtained in this study. Specifically, quantitative evaluations
will be conducted not only on practical aspects, such as
actual power consumption and the effects of the gravity

compensation mechanism, but also on trade-offs involving
negative factors, including increased weight. Furthermore,
design optimizations to mitigate these drawbacks will be
examined, and the usefulness of GDA will be evaluated by
comparing it with the rotary joint actuation model.
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