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Realization of Three-dimensional Walking of a Cheetah-modeled
Bio-inspired Quadruped Robot

Shogo Nakatsu, Andre Rosendo, Masahiro Shimizu and Koh Hosoda

Abstract—Adaptability of quadruped animals is not solely ~ gait. Ekeberg et al. [6] presented a robot which duplicated the
reached by brain control, but by the interaction between its muscular-skeletal systems of a cat's hindlimb in the simula-
body, environment, and control. Especially, morphology of the o 4nd succeeded to it walk by using simple control. These

body is supposed to contribute largely to the adaptability. We L .
have tried to understand quadrupedal locomotion by building work gave us a lot of insight on adaptability of quadrupedal

a bio-inspired quadruped robot named "Pneupard”, which has  locomotion, but to identify more definite functions of the

a feline-like muscular-skeletal structure. In our previous study, muscles, we need more precise copy of the muscular-skeletal
we successfully realized alternative gait of hindlimbs by reflex system.

control based on the sole touch information, which is called an For investigating mechanism from the constructive ap-

unloading rule, and that of forelimbs as well. In this paper, we h d | bio-i ired d d robot d
finally connect forelimbs and hindlimbs by a rigid spine, and proach, we develop a bio-Inspired quadruped robot name

conduct 3D walking experiments only with the simple unloading "Pneupard”. We adopt a cheetah as a model and try to
rule. Through several preliminary experiments, we realize that duplicate its muscular-skeletal structure as much as possible

the touch information on the sole is the most critical for stable  py utilizing pneumatic artificial muscles. It has 4 links and
3D walking. 9 muscles in each forelimb and 3 links and 7 muscles in
each hindlimb. In our previous studies [7], [8], we focused
on only hindlimbs or forelimbs and proposed a sole reflex-
Quadruped animals can adaptively locomote over a varieased control system. First, we built a Pneupard’s hindlimbs
of terrain. Such adaptability is not solely reached by braiand successfully made the robot walk on a treadmill [7].
control, but by interaction between body, environment, anflext, we built Pneupard’s forelimbs and succeeded to make
brain [1], [2]. Many researchers studied about quadrupeie robot walk on a treadmill [8].
animals. They observed and measured motions of the an-In this paper, we connect the hindlimbs and forelimbs
imals, and recorded myoelectric activities to explain they a rigid spine and attempt to make the robot walk by
functions of the muscles. However, they could not give anshe reflex-based control. Through the rigid spine, the legs
definite answer for explaining the adaptability. There mayre interacting with each other, but we do not apply any
be ethical problems that arise when we apply physicallgxtrinsic communication among legs: only physical interac-
or electrically interfere to living animals for investigatingtion through the rigid spine. In our previous work [7], [8],
function of the body parts. To avoid such problems, thehe robot only had hindlimbs or forelimbs, therefore, the
constructive approach draws the attention, in which wgovement was almost in the sagittal plane. By combining
develop a bio-inspired robot, experiment on it, and identifyhe legs, the robot can now move in 3D, which makes its
functions of the body. locomotion more challenging. We basically apply the same
Fukuoka et al. [3] developed a quadruped robot using Dteflex-based control as [7] and [8], and show how it works
motors. They controlled the robot by a CPG model baseghrough real experiments. Owaki et al. [9] adopted similar
on a neural oscillator which proposed by Taga et al. [4]. Ieontrol to successfully make a simple quadruped robot walk.
addition, they realized three kinds of reflex control on thérom their success, though their robot is much smaller and
robot. They successfully made the robot walk on irregulagimpler, we expect the robot walk, and as a result, we can
terrains and suggested importance of an interaction betwegggestigate the functions of the muscles.
CPGs and reflex sensory feedback control. Yamada et al.The paper is organized as follows. First, we depict the
[5] developed a bio-inspired quadruped robot which has 2@esign of Pneupard and the reflex-based control system.
pneumatic artificial muscles and springs and investigatethen, we show some 3D walking experimental results with
about the importance of bi-articular muscles in gallopinghe robot. Finally, we discuss our results and present future
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Fig. 2. Graph of comparison between moment arms of a real cheetah
and those of Pneupard. To the best of the author’'s knowledge, the moment
arm of some muscles are not mentioned anywhere. We decide their muscles’
moment arm reffered by muscles’ arrangement or range of motion of joints.

Fig. 1. The design of a bio-inspired quadruped robot named "Pneupard”
modeling a cheetah. Pneupard is actuated by Mckibben pneumatic artific'~'
muscles. The size of the robot is similar to an adult cheetah. This robot
spine has no DOF, and is not flexible. Pneupard has 18 DOF and 38 musc
including the muscles for adduction/abduction.

and Goslow et al. [13]. We paid attention to design momer
arm of each muscle trying to mimic the real cheetah’
structure as much as possible. Figure 2 shows comparis
between moment arms of a real cheetah and those of t
robot. Muscle lengths are determined by considering tr
range of motion of the joint. This robot i$.7 m length,
0.3 m width, 0.63 m height, and about kg weight.
Pneupard is actuated by Mckibben pneumatic artificiatig. 3. Joints and muscles of Pneupard. Each forelimb has 4 DOF, 4 bi-
muscles which enables us to build animal-like muscu'aﬁl’ti-cula.l’ muscles and 5 mono-articula}r muscles. Each hlndllmb has 3 DOF,
Skeletal structure. We produced all the pneumatic artificid]os mi e nescs &5 mone-arular muscls, Spne has o DOF. 25
muscles, and the contracting ratio is up to 24%. Whefiuscles are depicted in red. Spring muscles are depicted in yellow.
pressured air is supplied into a pneumatic muscle, it contracts
and its compliance increases. If the air is exhausted, it gets

back the original length and its compliance decreases. (SM), and gastrochemius (GA). Although biceps femoris is
Figure 3 shows joints and muscles of Pneupard. It has t@-pj-articular muscle, its moment arm at the knee joint is so
tally 18 DOF: 5 DOF in each forelimb - adduction/abductiongmall that we can functionally suppose it as a mono-articular
scapula, shoulder, elbow, and wrist - and 4 DOF in eackuscle. In total, Pneupard has 38 muscles including the mus-
hindlimb - adduction/abduction, hip, knee and ankle (thgles for adduction/abduction. Functions of the muscles are
adduction/abduction joint is not depicted in the figure)shown in Table I. Gray boxes indicate bi-articular muscles.
The forelimb has 8 pneumatic artificial muscles and 1 The pressure of the air source is regu|ated as 0.7 MPa.
spring muscle: 5 mono-articular muscles, Atlantoscapularig/e can measure pressure of pneumatic artificial muscles by
(AS), supraspinatus (SS), pectoralis major (PM), tricepsensors (PSE540). The air is supplied to the muscles through
brachii(lateral and medial head) (TBIm), and flexor carpbpn-off magnetic valves (VQZ series). Each foot of the robot

ulnaris (FCU), and 4 bi-articular muscles, Latissimus dorsias a force sensing register (FSR406) to observe ground
(LD), triceps brachii(long head) (TB), biceps brachii (BB),reaction force in real time.

and extensor carpi radialis (ECR). The hindlimb has 7

pneumatic artificial muscles and 1 spring muscle: 5 mono- I1l. CONTROL SYSTEM

articular muscles, lliopsoas (IL), biceps femoris (BF), vastus Each leg is controlled independently by a state machine.
lateralis (VL), soleus (SO), and tibias anterior (TA), and 3A gait cycle of a leg is divided into 4 states : touchdown,

bi-articular muscles, Rectus femoris (RF), semimembranosatance, lift-off, and swing. A transition from one state to the

— Mono-articular muscle (Mckibben)
— Bi-articular muscle(Mckibben)
Spring muscle



TABLE |
FUNCTIONS OF MUSCLES

muscle

Functions of muscles

Atlantoscapularis
Supraspinatus

Pectralis Major

Triceps Brachii(lateral,medial
Flexor Carpi Ulnaris
Latissimus Dorsi

Triceps Brachii(long)

scapula flexion
shoulder flexion
scapula extension
elbow extension
wrist extension
scapula extension, shoulder flexig
shoulder flexion, elbow extension

when the ground reaction force exceeds a threshclg). In

the forelimb, atlantoscapularis, pectralis major, supraspina-
tus, triceps brachii(long head), triceps brachii(lateral and
medial head), latissimus dorsi, and flexor carpi ulnaris are
activated, and soleus, gastrocnemius, vastus lateralis, rectus
femoris, biceps femoris, semimembranosus, and iliopsoas
are activated in the hindlimb. Then, the state machine
switches from stance to lift-off when the ground reaction

shoulder extension, elbow flexion
elbow flexion, wrist flexion

hip flexion

hip extension

knee extension

ankle extension

ankle flexion

hip flexion, knee flexion

hip extension, knee extension
knee extension, ankle extension

Biceps Brachii
Extensor Carpi Radialis
liopsoas

Biceps Femoris

Vastus Lateralis

Soleus

Tibias Anterior

Rectus Femoris
Semimembranosus
Gastrocnemius

force becomes sufficiently lowFp). Atlantoscapularis,
pectralis major, supraspinatus, triceps brachii(long head), tri-
ceps brachii(lateral and medial head), latissimus dorsi, biceps
brachii, and flexor carpi ulnaris are activated in the forelimb.
Soleus, vastus lateralis, rectus femoris, semimembranosus,
and iliopsoas are activated in the hindlimb. Finally, switching
from lift-off to swing is triggered when the foot leaves the
ground, that is, the ground reaction force is below a threshold
Fsy . Atlantoscapularis, supraspinatus, triceps brachii(lateral
and medial head), latissimus dorsi and biceps brachii are acti-
other is triggered by signals of the force sensing register ifated in the forelimb, and rectus femoris, semimembranosus,
the sole (touchdown, stance, and lift-off) or by time (swing)and iliopsoas are activated in the hindlimb in the swing
Figures 4 and 5 show the state transitions of the forelimitate. This state machine is a realization of a unloading rule
and hindlimb, respectively. Movement of the leg in each stalgriginally proposed by Ekeberg et al. [6], but is modified for
is determined by a desired pressure pattern of the muscless| muscular-skeletal legs.

which is designed by referring real EMG patterns observed in g50h pneumatic muscle is pressure-controlled to follow
the real animals [14], [15]. The desired pressure pattemn usggh, gesired pressure indicated in Table II. In this paper,
for the experiments is shown in Table Il. We modify somene adduction/abduction joint is not controlled, but is fixed

muscles’ activities not to follow the real EMG pattern so thabhysically, therefore, each leg moves in the sagittal plane.
the movement of the robot does not become too large. In the-l-here is no explicit communication between legs here
table, desired pressures in gray boxes are not necessa[_ilgwever, the legs are connected by a rigid spine, we can

determined by the real data, but are determined by trial ar&pect the physical interaction among them. When the body
error. (the torso) is moving forward, we can expect ground reaction

TABLE II force of one of the hindlimbs eventually decreases, and it
DESIRED PRESSURE PATTERN OF THE MUSCLHEMPa]. will be in the lift-off state. After the leg moves forward and
FORELIVB | Swing | Touchdown| Stance | Liftoff touches dov_vn, another hindllimb ﬁs expected to be in_Iift—off
FCU 0.0 0.52 0.72 0.72 state. The lift-off of the forelimb is even more complicated
T8 0.36-0.0 0.36 0.36 0.36 . since the legs are connected by a spine, it may swing back
BB 0.36-0.72 0.0 0.0 0.36 d forth and the forelimb | o Si h
PM 0.0 0.0 00072 | 036 and forth, and the forelimb may lose reaction force. Since the
LD 0.36 0.36 0.36 0.36 robot has four legs, one of them always lifts up. If a pattern
Tg'g‘ 8-% 8-?3 8-?3 8-?3 of the swing legs emerges appropriately, the robot may walk
AS 0.72 0.72 0.72 0.72 only by the reaction-based .control, which may be one of
the most fundamental walking controllers. In ants, Cruse
HlNglblMB %Vgigg Toughdzown Séanzce L(i)ftog [16] found similar mechanism to generate leg coordination
091 5 5 5 . o : . .
GA 0091 052 052 052 V\{|th_out global communication. Owaki et a}l. [9] investigated
VL 0.0 0.52 0.67 0.67 similar leg coordination in a quadruped. Since the legs of the
SM 0.61 0.46 0.30 0.72 guadruped were simple and position-controlled, they could
BF 0.061 0.061 0.061-0.52] 0.061 use phase. In our muscular-skeletal quadruped, we could not
RF 0.42 0.42 0.52-0.72 | 0.67 sep : quadruped,
IL 0.72 0.72 0.72 0.72 simply apply phase because each leg is too complecated.

For utilizing the structured compliance of the leg, we apply
a state machine.
The state machine switches from swing to touchdown
automatically after a fixed period of timel{,ing). IN
the touchdown state, atlantoscapularis, supraspinatus, triceps
brachii(long head), triceps brachii(lateral and medial head), We conduct a walking experiment on the real robot to
latissimus dorsi, and flexor carpi ulnaris are activated icheck the ability of the independent unloading rule to each
the forelimb. In the hindlimb, soleus, gastrocnemius, vastyeint. In each experimental trial, the experimenter holds the
lateralis, rectus femoris, semimembranosus, and iliopsoas aobot spine, make it move, and after a while, he/she release
activated. Swiching from touchdown to stance is triggerethe robot.

IV. WALKING EXPERIMENT AND RESULT



Gait Diagram
Threshold

FSR : less than Fsw[N]

Tswing [MS]

RL

RR

(iv) swing

FL

(iii) lift-off (i) touchdown FR
1 750 1500 2250 3000 3750

Time[ms]

Threshold
FSR : less than Fio [N]

Threshold Fig. 6. Graph of the gait diagram. When the leg touches the ground, which
FSR: more than Fsr[N] Means stance and lift-off state, the output is 1, otherwise the output is O.

From top to bottom, the lines indicate states of left hindlimb (RL), right
(ii) stance hindlimb (RR), left forelimb (FL), and right forelimb (FR), respectively.

Fig. 4. The state transition for a walking motion of the forelimb. Leg
control system is separated for each leg, and at any point in time, it is in 1

state of 4 states : touchdown, stance, lift-off, and swing. A transition from i . f the left f limb ch d
one state to the other is triggered by signals of the force sensing registertﬂrso- Before swing of the left forelimb changed to stance,

the sole (touchdown, stance, and lift-off) or by time (swing). the ground reaction force of the right hindlimb decreased
and its state changed to swing. Finally, the state of the left
hindlimb changed to lift-off and then to swing before that of
the right hindlimb changed to stance.

Threshold
FSR : less than Fsw [N]

Tswing [MS]

V. DISCUSSION

(iv) swing In this paper, we demonstrate that a muscular-skeletal
robot, Pneupard, controlled by an unloading rule can emerge
walking gait pattern even if it does not have any global

communication among leg controllers. The walking emerges

from the interaction among body, brain (control) and en-

(i) lift-off (i) touchdown vironment. As already pointed out, Cruse [16] found simi-
lar mechanism to generate leg coordination without global
Threshold Threshold communication. Owaki et al. [9] investigated similar leg

FSR : less than Fuo[N] FsR: more than Fsr[N] - coordination in a quadruped. Our point in this paper, is that

the robot has complicated muscular-skeletal structure, and
we should have used a state machine to control the robot
Fig. 5. The state transition for a walking motion of the hindlimb. Leginstead of utilizingphase However, we can share the idea
control system is the same as that of the forelimb. that the physical body can play a role of communication. The
emerged gait pattern was a typical walking pattern, which
was our surprise.

Figure 7 shows one successful walking motion sequence of The emerging gait pattern of Pneupard is, however, not a
the robot, and Figure 6 shows the gait diagram of walking dypical walking pattern : front right leg - rear left leg - front
the trial. When the ground reaction force is above a thresholtgft leg - rear right leg. In typical walking gait pattern, a kitty-
which means stance, the output is 1, otherwise the outpé@rnered hindlimb begin moving after a forelimb moves.
is 0. From top to bottom, the lines indicate states of lefiowever, the Pneupard’s walking pattern is different. Maybe,
hindlimb (RL), right hindlimb (RR), left forelimb (FL), and the emerging gait pattern depends on plural factors such as
right forelimb (FR), respectively. body speed, elasticity of spine and muscles, flexibility of

One walking cycle of a leg takes about 3 seconds. As wgints, so on.
can see in the diagram, from 500ms to 3000ms, the robotIn the future, we plan to give a muscle activation pattern
exhibit a walking motion pattern. First, incidentally, the statdor a big walking motion to Pneupard. We will activate all
of the right forelimb changed to lift-off, and then to swing.muscles and succeed to make Pneupard walk and express
After the right forelimb touched the ground, the state of théhe general gait pattern. Next, we will give a flexible spine
left forelimb changed to lift-off, and then to swing. Thisto Pneupard. Eventually, we want to investigate the gait
sequence might be the result of the rolling motion of théransition by using Pnaupard.

(ii) stance



Fig. 7.

230[ms] 240[ms]

250[ms)] 260[ms]

One successful walking motion sequence of the robot. One walking step takes about 3 seconds. This shows the procession of one walking s
cycle. The front right leg moves in a period from Oms to 100ms. The front left leg moves in a period from 120ms to 180ms. The rear right leg moves in

a period from 180ms to 240ms. The rear left leg moves in a period from 230ms to 260ms.
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