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Abstract— Humans’ adaptability to overcome the continuous
changes of the environment is a result of their bodies’ ability to
change the way it interacts with the given situation. Therefore,
augmenting robots with adaptable behavior, requires to exploit
the possible dynamics emerging from the different interactions
among all parts of their bodies. From this perspective, here
in this pilot study, we developed a simple structure bipedal
robot that enables a mutual interaction between its legs through
an actuator network system (ANS). With this mechanism, the
robot was enabled to transfer energy between its legs during
locomotion. And as the experimental results showed, in terms
of the roll motion and the vertical oscillation of the robot’s
body, the robot was able to produce a more stable locomotion
behavior with mutually connected legs compared to other types
of independent legs that do not have the ability to interact with
each other.

I. INTRODUCTION

The natural walking behavior of humans results from the
interaction among all the parts of the body. And it is not
only restricted on the dynamics of each leg separately; rather
the synergy between the two legs and the way they interact
with each other, along with the other parts of the body
plays a significant role in the adaptive walking behavior
of humans [1]. Due to these complex interactions among
all the parts of the body, it is not an easy task to realize
bipedal robots that are able to walk like humans. Therefore,
for many years now, building bipedal robots with walking
behavior similar to that of humans has become a subject
undergoing intense study in the robotics field [2],[3],[4]. Two
approaches have been followed for realizing such robots,
the numerical computation approach (classical), and the
embodied intelligence approach (modern).

Robots like HRP-2 [5] and Honda’s ASIMO [6], are
examples of bipedal robots following the classical approach.
These robots showed an impressive array of abilities that
made them classified among the most advanced humanoid
robots. However, these robots require a precise model of the
surrounding environment, and demand extra computational
duties for calculating the trajectories of their body’s joints to
realize adaptability.

To obtain robots with natural and more efficient walking
patterns, researchers following the embodied intelligence
approach on the other hand [7], have developed robots able
to exploit its dynamics and the material properties (e.g.,
elasticity/ stiffness) of their bodies. Many of these robots
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were developed based on bio-inspired models [8],[9]. Passive
Dynamic Walkers (PDWs) are examples of bipedal robots
following this approach [10],[3],[11]. Without any actuator or
control strategy, PDWs have demonstrated natural, and more
efficient humanlike walking behavior; mainly by focusing on
utilizing the inherent dynamics of the swinging limbs and
gravity. However, the ecological niche (i.e., the environment
in which the robot is capable of operating) is extremely
narrow; as these robots are only capable of walking down
inclines of certain angles. Therefore, these robots lack adapt-
ability, and cannot cope with other different terrains.

To augment a robot with adaptable capabilities, it has to
change its hardware dynamics accordingly to overcome the
continuous changes in the environment. Therefore, recent
studies have considered the use of actuators with variable
elasticity, to adapt the robot’s morphology to the desired
task and environment [12],[13],[14]. Bipedal robots with
compliant limbs have shown a variety of stable and efficient
motions [15],[16],[17],[18]. However, without exploiting the
different dynamics emerging from the direct interactions
among all parts of the robot’s body, it might not be enough
to generate a variety of locomotion patterns to cope with the
various situations.

Here in this research, to realize whole-body dynamics, and
to ensure a direct mutual interaction between the robot’s
limbs, we use an Actuator Network System (ANS). ANS
was introduced in recent researches to improve a robot’s
adaptability during locomotion with the surrounding envi-
ronment [19],[20]. The robot had a swinging mass with a
rotary motor attached to its body, which provides energy
into the whole system for locomotion. Its ANS composed of
multiple cylinders that are connected by many valves, and
passive, fluid-mediated interactions between them are used
to change the robot’s hardware dynamics.

This paper describes the usage of ANS in developing a
simple structure bipedal robot based on Klann mechanism,
shown in figure 1. The robot uses an ANS to transfer energy
between its legs through the passive interaction between the
pneumatic cylinders mounted on its legs. By focusing on
the role of energy transfer between the robot’s legs, this
study aimed to investigate the effect of different connection
patterns on the robot’s stability.

The rest of the paper is organized as follows. In Section
II, we introduce the developed bipedal robot and show its
design in details. We also explain the valve system of the
implemented ANS and its different connection patterns. Sec-
tion III, presents the conducted experiments, its settings, and
show its results. In Section IV, we provide some discussions
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Fig. 1. Bipedal robot with ANS.

on the results and evaluate the stability of the robot in terms
of the roll motion, and vertical oscillation of the robot’s body.
This section also points to some areas of research for future
work. Section V concludes the paper.

II. BIPEDAL ROBOT WITH ACTUATOR NETWORK SYSTEM

A. Structure of the Robot

With a pneumatic cylinder attached to each leg of the pro-
posed bipedal robot, the compliance of each leg in addition
to the energy transfer between them become adjustable. The
30 cm height robot is built with a simple structure based on
Klann linkage (figure 2) that is mechanically coordinated
by a single-degree-of-freedom [21]. The robot consists of a
servomotor (LEGO MINDSTORMS EV3 large servomotor)
responsible for the robot’s locomotion, two identical Klan
linkages coupled together at the crank and one-half cycle out
of phase with each other are representing the robot’s legs,
allowing the robot’s body to travel parallel to the ground.
Each of the linkages consists of the robot’s body frame, a
crank, two grounded rockers, and two couplers all connected
by pivot joints. A supporting structure is also added to the
robot to ensure stability and to prevent the robot from falling
down. The length of the supporting structure is set in a way
that all of its four wheels are touching the ground when the
robot is in its initial posture as shown in figure 5-c.

B. Connection Patterns

As mentioned earlier, Actuator Network System (ANS)
was proposed in recent researches to improve a robot’s
adaptability during locomotion [19],[20]. The essence of
ANS is the mutual interaction among a network of inter-
connected actuators. Whereas with every pattern connecting
these actuators, different body dynamics will emerge.

A simple valve system of two hand-valves forms the
ANS of our bipedal robot. It connects the robot’s legs as
shown in figure 3. Valve (a) links the advancing chambers
(proximal) of the two cylinders together, while valve (b)
links the retracting chambers (distal) together. By opening/
closing the valve system with various combinations, different
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Fig. 2. Diagram of Klann linkage.

interactions between the actuators will emerge to generate a
variety of dynamics for the robot’s body.
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Fig. 3. The valve system of the ANS.

During the conducted experiments, the robot’s movement
was examined with three different types of legs as illustrated
in figure 4. Under type 1, both of the hand-valves are kept
open to allow energy transfer between the two legs. For
example, once the robot steps on its right leg, the piston
of the cylinder attached to this leg will fully retract. In
response to that, the left leg will fully expand due to the
air transmission between the two legs. Under type 2, both
of the valves are kept closed as illustrated in figure 4-b, to
prevent the direct interaction between the robot’s legs. In this
case, the robot has compliant legs; its legs are attached to air
springs created by the locked air inside the chambers of each
actuator. As shown in figure 4-c, under type 3, the robot has
stiff legs, since the pistons of both cylinders are locked-up
at their half-advanced lengths.

III. EXPERIMENTS

A. Procedure and Experimental Settings

To examine the effect of the three different types of legs
(mentioned in Section II) on the stable walking behavior of
the robot, both of the roll motion (shown in figure 5-a), and
the vertical oscillation of the robot’s body (shown in fig-
ure 5-b) were observed and measured during the conducted
experiments.
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Fig. 4. Applied connection patterns during the experiments. (a) Type 1: Mutually interconnected legs, (b) Type 2: Compliant independent legs, and (c)
Type 3: Rigid legs.
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Fig. 5. (a) Demonstration of the roll motion, (b) Demonstration of the
vertical oscillation of the robot’s body, and (c) The initial posture of the
robot: both of its legs are at their half-advanced lengths. The left leg is in
the front, and the right one is in the back.

The steps below are the performed preparation procedures
before starting any trial:

• Pumping air into the ANS using an air compressor.
• Setting the air pressure inside the cylinders with proper

values to get the legs at their half-advanced lengths.
• Selecting one of the three previously mentioned connec-

tions by manually open/ close the valves respectively,
and fixing it during the robot’s locomotion.

After that, we start the experiment with the robot having
the same posture for all trials. Its right leg is in the back
while the left one is in the front as shown in figure 5-c. For
each connection, three trials were conducted. The motion of

the robot was analyzed by placing reflective markers on the
robot as shown in figure 1. To track those markers, a motion
tracking system (OptiTrack-V120:TRIO) was used.

B. Results

For the three trials conducted for each connection, the roll
motion in addition to the vertical oscillation of the robot’s
body during locomotion are graphed in figures 6-a and b. As
can be inferred from the graphs, With connected legs to allow
energy transfer between them, the robot realizes the lowest
oscillation amplitude of both the roll motion and the vertical
oscillation of the robot’s body, with ranges of (2.06◦),
and (4.32 mm) respectively. On the other hand, the robot
with rigid legs had the shakiest behavior with oscillation
amplitude ranges within (7.34◦) for the roll motion, and
within (10.27 mm) for the vertical oscillation of the robot’s
body. The robot with compliant legs (type 2) has amplitude
values that lie between the other two types of legs, closer to
type 3. Based on the applied t-test with 4 degrees of freedom,
the experimental results showed a significant difference (p
<= 0.001) in behavior between the three connections, as
shown in figure 7. Table I summarizes the results of the
conducted experiments. It compares the average of both, the
roll motion and the vertical oscillation of the robot’s body
for the three types of legs.

TABLE I
AVERAGE RANGE OF BOTH THE ROLL MOTION’S ANGLE [DEG] ± S.D,

AND THE VERTICAL OSCILLATION [MM] ± S.D.

Range of the roll mo-
tion [deg]

Range of the vertical
oscillation [mm]

Type 1 2.06 ± 0.18 4.32 ± 0.34

Type 2 5.47 ± 0.11 8.92 ± 0.11

Type 3 7.34 ± 0.45 10.27 ± 0.16

The snapshots of figure 8 display one of the three con-
ducted trials for each type of legs. It shows the bipedal robot
during the first gait cycle of its locomotion.
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Fig. 6. Comparison of (a) the roll motion and (b) the vertical oscillation of the robot’s body under the three types of legs. The black lines represent the
average behavior among the three conducted trials of each type, which are drawn in gray colors. The horizontal red lines (Θ = 0◦) of the roll motion
graphs, represents the vertical axis shown in figure 5-a.
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Fig. 7. (a) Average range of the roll motion’s angle [deg] ± S.D. (b) Average range of the vertical oscillation [mm] ± S.D. * indicates p <= 0.001.

IV. DISCUSSION

As the experimental results showed, by changing the
interaction between the actuators of the ANS, the robot’s
walking behavior was also changed even though all of the
other experimental settings remained the same. Whereas can
be inferred from the conducted experiments with three types
of connections, the robot showed a noticeable difference in
behaviors regarding the vertical oscillation of the robot’s

body and the roll motion. These differences in behaviors
could be exploited to enhance the robot’s adaptability based
on the given situation.

During the robot’s locomotion with mutually intercon-
nected legs (which allows energy transfer between them),
the robot was able to move in a smoother and more stable
way compared to the other two connections of the rigid
and compliant legs. It showed low oscillation amplitudes
of both the roll motion and the vertical oscillation of the
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Fig. 8. Time-series photographs of one gait cycle of the bipedal robot during locomotion, showing one of the conducted trials of each connection pattern.
(a) Type 1, (b) Type 2, and (c) Type 3. The interval between every two successive pictures is 0.37 s.



robot’s body. However, the experiments here were conducted
to test the robot’s behavior on one type of ground materials
(carpet on a leveled ground). Therefore, these results might
get changed on other ground materials with different texture
and different inclinations. And there, different connection
patterns might be required to realize better performance.

Although the obtained promising results show possible
improvements on the robot’s walking behavior by applying
ANS, our robot (introduced in this paper) is just a prototype
that has some drawbacks and limitations that need to be
addressed in the future. For example, the robot’s demands
to an extra supporting structure to keep it in balance and
preventing it from falling down during locomotion, affects
the robot’s gravitational reaction force. Another thing, the
robot was more leaning to the right side during locomotion
compared to the left side, which indicates the asymmetrical
distribution of the robot’s mass. Therefore, in the future,
improving the design of the robot would be the first thing to
be done, to realize a self-balanced bipedal robot.

In this paper, the experiments were conducted to investi-
gate the improvements that can be realized by utilizing ANS.
However, the experiments were only done on one type of
ground materials, and with only three types of legs. Thus,
in the future work, and after upgrading the robot’s design,
the robot’s performance with different connection patterns
will be examined on different ground materials with different
inclinations. The effect of different types of independent
legs with adjustable elasticity will also be considered. In
addition to that, we will look for other emerged differences in
behaviors that might occur by changing the way the robot’s
legs interact with each other. For example, the pitch and roll
motions, walking speed, the period of swing phase, stance
phase and double limb support during the gait cycle, and
how the robot will adapt to the variations of loads weights.

V. CONCLUSIONS

Here in this research, we introduced the development of a
bipedal robot prototype. The robot uses an ANS to transfer
energy between its legs through the passive interaction
between the pneumatic cylinders mounted on its legs. By
focusing on the role of energy transfer between the robot’s
legs, this study aimed to investigate the effect of different
connection patterns on the robot’s stability. To examine the
effect of the three different types of legs on the stable walking
behavior of the robot, both of the roll motion, and the vertical
oscillation of the robot’s body were examined during the
conducted experiments. As the results showed, having direct
interaction with the ability to transfer energy from one leg
to the other, the robot was able to move smoother with
stable behavior as it realizes low oscillation amplitude of
both the roll motion and the vertical oscillation of the robot’s
body. The robot with rigid legs, by contrast, had the highest
oscillation amplitudes of both the roll motion and the vertical
oscillation of the robot’s body, which led to a noticeable
vibration of the robot during locomotion. However, the robot
with compliant independent legs (type 2), showed a behavior
in-between the other two types of legs.
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