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Abstract—1In order to be applied in complex environment,
humanoid robots are desired to have the ability of both
biped walking and quadruped crawling. Crawling is a multi-
contact motion. If the mechanism is completely rigid, there
will be a closed kinematic chain of robot which is likely to
cause damage to robot joints. Therefore, the robot needs to
have some flexibility in mechanism. However, biped walking
requires highly rigid mechanism to maintain walking stability.
Consequently, it is a crucial issue to study crawling motion and
biped walking motion in case of rigid-flexible mechanism. In
this paper, firstly a 3-DoF rigid-flexible waist is proposed. The
waist has rigidity when walking and flexibility when crawling.
Then a crawling pattern generation algorithm based on CPG is
presented, which solves the problem of difficult to plan crawling
motion of robot with rigid-flexible mechanism. Finally, the
validity of the proposed method is confirmed by experiments.

I. INTRODUCTION

Humanoid robots are expected to be applied in various
circumstances, such as post-disaster relief and post-disaster
reconstruction, where usually have complex environment and
uneven terrain. Consequently, it is necessary for humanoid
robots to have the ability of biped walking and quadruped
crawling.

Humanoid robots with crawling ability are relatively diffi-
cult to realize stable biped walking. This is mainly because
the flexibility of robot is paid more attention than the rigidity
of mechanism. iCub [1] imitated infant crawling motion with
the help of a CPG network developed by L. Righetti et
al. [2]-[6]. Its lower legs were rubbing against the ground
when crawling, which hindered its crawling motion. More-
over, its biped walking was slow and not so stable. iStruct
[7]1(8], more precisely a hominid robot, crawled efficiently
by extending its rigid connecting elements to single flexible
subsystems. But it can not realize biped walking so far.

On the other hand, humanoid robots with good biped
walking ability are hard to complete efficient crawling mo-
tion. Because crawling is a multi-contact motion and the
mechanism of robot is rigid, there will be a closed kinematic
chain formed in the robot when crawling. Moreover, unlike
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quadruped robots, humanoid robots rarely install force/torque
sensors in contact points of crawling motion, such as hands
and knees. Once the robot model is inaccurate, the joint
damage of robot is likely to be caused and difficult to be
reduced by real-time control algorithm. H7 [9] crawled with
hands and feet, and there was only one swing limb at a time.
The range of its available crawling height was narrow and
its crawling speed was slow. HRP-2 [10]-[12] crawled with
hands and knees. It yawed its waist to reduce the friction
between swing knees and ground. However its waist DoF
was not adequate for solving inverse kinematics, its support
hands had to slide inward. Furthermore, support hands of H7
and HRP-2 were sliding back and forth when crawling due
to the inaccuracy of robot models.

In addition, there are some legged robots have been devel-
oped aiming at multi-locomotion recently. Gorilla Robot III
[13], a prototype of Multi-Locomotion Robot [14], is able
to realize crawling and biped walking. However, its biped
walking was relatively slow and not very stable. E2-DR [15]
is a torque controlled legged robot capable of biped walking
and quadruped crawling, whereas it is larger and heavier
than our robot. Thus it has less potential than ours to move
in narrower spaces.

In this paper, we aim at developing a humanoid robot
with the ability of biped walking and quadruped crawling
in case of a rigid-flexible mechanism. We intend to achieve
this target from two aspects. Firstly, we propose a 3-DoF
rigid-flexible waist, which can maintain rigidity in walking
motion and provide flexibility in crawling motion. Secondly,
owing to the difficulty of planning crawling motion in case
of a rigid-flexible mechanism, we present an algorithm of
crawling pattern generation based on CPG which can provide
rhythmic control signals to the robot.

The paper is organized as follows: Section II gives the
mechanical design of the 3-DoF rigid-flexible waist. The
algorithm of crawling pattern generation is described in
Section III, which includes the CPG network constructing
and the inverse kinematics solving. Section IV shows the
results of crawling and walking experiments. Finally, we
conclude the study in Section V.

II. MECHANICAL DESIGN OF WAIST

BHR-6P is a 21-DoF humanoid robot with the height of
1.52m and the weight of 55kg. The kinematics configuration
and the specification of BHR-6P are shown in Fig. 1 and
Table. 1 respectively. The design concept of BHR-6P is
that the robot can be performable for working in various



environment and adaptive to external perturbation. BHR-
6P is expected to realize walking, crawling, rolling and
recovering from falling down. Waist plays an important role
in crawling motion. The agility of waist is helpful in realizing
desired stable crawling motion, and the flexibility of waist is
efficient in reducing the joint damage caused by the closed
kinematic chain.

Fig. 1. Left: a picture of BHR-6P. Right: specification of axial composition.

TABLE I
SPECIFICATION OF BHR-6P

Specification Value
Height 1.52m
Weight 55kg
Arm 3 DoF (Shoulder: 2 Elbow: 1)
Waist 3 DoF
Leg 6 DoF (Hip: 3 Knee: 1 Ankle: 2)

A. The 3-DoF Series-parallel Waist

Fig. 2 shows the mechanical design of 3-DoF series-
parallel waist whose protoype has been proposed in our
previous work [16]. It utilizes the concept of the human
erector spinae. The available movement of waist in three
directions is essential in crawling motion since the movement
of arms and legs is limited. To reduce the friction between
swing knees and ground, the waist needs to yaw to lift swing
knees up. To keep contact points motionless, the waist must
pitch and roll to realize the desired poses. The pitch and roll
rotations are realized by a parallel mechanism while the yaw
rotation is achieved by a series joint. The parallel mechanism
is a differential mechanism with two linear translation pairs.
We use the linear drive unit shown in Fig. 2 to realize the
linear translation pair. The waist can achieve pitch movement
when the linear translation pairs move in same direction
and roll movement when the linear translation pairs move in
opposite direction. Meanwhile, the series rotary joint, whose
structure is highly integrated, allows a large yaw rotation
range.

B. Rigid-flexible Device in Linear Drive Unit

Fig. 3 shows the mechanical model of linear drive unit
with rigid-flexible device. In this paper, we add this rigid-
flexible device to improve the flexibility of our former
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Fig. 2. Left: schematic diagram of the 3-DoF series-parallel waist. Right:
3D mechanical model of the 3-DoF series-parallel waist.

waist. The rigid-flexible device and the linear drive unit are
in series connection. The rigid-flexible device consists of
ten helical springs, a pair of magnets, a guide belt and a
cushion. If the pressure exerted on linear drive unit is less
than the maximum attractive force between the magnets,
the magnets will stick together and the device will be in
rigid state. In rigid state, only linear drive units participate
in generating waist pitch angle. If the pressure exerted on
linear drive unit is greater than the maximum attractive force,
the magnets will separate and the device will be in flexible
state. In flexible state, the springs are compressed to provide
additional pitch angle of waist according to the pressure.
The maximum attractive force which is determined by our
empirical knowledge between each pair of magnets is 200NV,
and the maximum elongation of spring is 6mm.

Linear
drive unit

Nut Springs Guide Magnets Cushion
belt

Rigid-flexible
device

Nut Springs Guide Magnets Cushion
belt

Fig. 3. Left: 3D mechanical model of the linear drive unit with rigid-
flexible device. Right top: cutaway view of the rigid-flexible device in rigid
state. Right bottom: cutaway view of the rigid-flexible device in flexible
state.

C. Flexible Rotation in Pitch Direction

Fig. 4 shows the function of rigid-flexible device in
crawling motion. In actual robot motion, there is always an



error between actual pose and desired pose because of the
inaccurate robot model. If the kinematic chain of robot is
closed, the error is more likely to generate extra pressure
on robot joints and lead to joint damage. Therefore, we
intend to rotate the robot waist compliantly according to the
extra pressure to reduce the joint damage. According to our
previous crawling experiments, the error in forward direction
is larger than the other two directions. Thus it is important for
the robot to have flexible rotation in pitch direction since the
pitch angles are strongly connected to the forward movement
of crawling. When the pressure exerted on waist joint is over
the threshold, the magnet pairs in waist will separate and the
state of waist will turn to flexible from rigid. Then the springs
in two rigid-flexible devices will be compressed and adjust
the waist pitch angle compliantly according to the pressure.
The maximum adjustable value of pitch angle is 0.05rad, and
the stiffness of waist in pitch direction is 28650N - m/rad
in flexible state.

Flexible rotation
in pitch direction

Fig. 4. Schematic diagram of crawling motion of robot with rigid-flexible
devices. Suppose the support knee keep motionless when crawling. A is the
desired crawling pose, and B is the adjusted crawling pose after the flexible
rotation of waist in pitch direction in actual crawling motion

IIT. CRAWLING PATTERN GENERATION

Our group have made many contributions on biped walk-
ing pattern generation [17]-[21]. Here we present a method
of crawling pattern generation for humanoid robots. The
method includes two parts. One is generating rhythmic
control signals for the body by a CPG network. The other is
an analytical approach to solve inverse kinematic of desired
crawling motion with the help of 3-DoF waist.

A. Design of CPG Network

There are two kinds of CPG models. One is based on
neuron models, and the other is based on nonlinear oscilla-
tors. The former has a relatively clear biological significance,
but it is difficult to perform parameter tuning and dynamics
analysis. The latter has the advantages that fewer parameters
need to be tuned and more models which are mature are
available for reference.

Considering of the convenience of engineering applica-
tions, our requirement for the CPG model is to generate
stable rhythmic signals for crawling motion and to facilitate
programming and parameters tuning. Therefore, we select the
modified Hopf oscillator (1)(2)(3) developed by L. Righetti
et al. [5][6] as the single control neuron of our CPG network.
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This oscillator is stable, has simple tuning of parameters, and
is capable of receiving sensory feedback [5].
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where 7 = +/x2+y2, /i is the amplitude of the
oscillator, and w is the frequency of the oscillator. a, b and

[ are constants. ¢ and b control the convergence speed to
the stable limit cycle. 3 controls the switch speed between
support phase and swing phase.
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Fig. 5.

Output waveforms of the modified Hopf oscillator.

f(x1): Left Shoulder
f(y1): Left Elbow

f(x2): Right Shoulder
f(y2): Right Elbow

f(x3): Left Hip
f(y3): Waist (Left)

f(x4): Right Hip
f(y4): Waist (Right)

Fig. 6. The modified CPG network. Arm is the forelimb including shoulder,
elbow and hand. Leg is the hindlimb including hip, waist and knee here.

According to the output waveforms of the modified Hopf
oscillator shown in Fig. 5, the rising phase of = corresponds
to the phase of y where y is less than 0 and the falling phase
of x corresponds to the phase of y where y is greater than
0. For better motion synchronization between joints in same
limb, we modified the original extended CPG network [5]
by using one neuron control two joint angles according to
this phase relationship between x and y. The better motion
synchronization can reduce the friction between swing limbs
and ground. In our extended CPG network shown in Fig. 6,
we use x; to control pitch angles of shoulders and hips and
use y; to control elbow pitch angles and waist yaw angles.
The modified CPG network has the same structure as the
original one [5]. Therefore, the modified CPG network can
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Fig. 7. Definition of related parameters used in this algorithm. S is the step
length. 0 is the elbow pitch angle when the robot in equilibrium position.
The equilibrium position is the position that legs (straight lines connecting
hips and knees of same limbs) and arms (straight lines connecting shoulders
and hands of same limbs) are perpendicular to the ground respectively. 0
(x = arml, 2, leg3, 4, elbowl, 2, waist) is the angle between the current
joint position and the equilibrium joint position. A, (x = arm, leg, elbow,
waistright, waistleft) is the amplitude of 0.

be proved stable [5] by H/K theorem [22]. It should be
noted that we do not apply x; and y; directly to joint angles,
instead we modify them before we apply them. The related
parameters used in the following equations are defined in Fig.
7. The equations of the modified CPG network are given as

Ti=a (,ui - 7‘3) Ti — Wili )
Jo=b (=) e+ k)
o Wsupporti Wswingi

Wi = 1+ e—Bui 1+ ePyi (6)
oarml,Q = "17172 (7)
916!}374 = 1‘3’4 (8)
0 = { T Ao 122YL2 = 9
elbowl,2 { 07y172 >0 ®)

_ Awaistleft >0y, <0

o Aleg Y3, Ys 2 U, Y1 =

Owaist = Awaistright (10)

R Y4y Y3 > 0,54 <0

where r; = /12 + yi?, k;; is defined by coupling matric.
In this paper we use the matric for trot gait [5] which has
advantages in both stability and speed.

B. Analytical Solution to Inverse Kinematics

In this subsection, we provide an analytical solution to
inverse kinematics of the desired crawling poses. The desired
crawling poses require that support hands and knees should
not slide around to improve the crawling efficiency and
the torso should not yaw to reduce the possibility of robot
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rollover. Thus we make some restrictions given as follows
to describe the desired crawling poses.

o The shoulders are supposed to be in same horizontal
plane so that the torso will not yaw.

o The shoulders are supposed to be in same coronal plane
due to the lack of yaw DoF of arm. Otherwise, support
hands would yaw and slide, which would generate
unnecessary perturbation.

o The straight lines connecting toes and knees of same
limbs should maintain a certain angle to the ground in
order to avoid collision between feet and ground.

o The upper legs should remain in sagittal planes to
decrease the rotational inertia of lower body when the
waist yaws.

The available movement of waist in three directions is nec-
essary in realizing the desired crawling poses. Obtaining the
pitch and yaw angles of waist is the key to solving the inverse
kinematics of the desired crawling poses. Other angles can
be easily calculated according to the waist angles, generated
control signals and listed restrictions through analytical way.
The analytical method of calculating waist angles is given
below.

®, Support
Shoulder Joint
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Shoulder Joint
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|
|
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Fig. 8. Definition of parameters used in the inverse kinematics solution
and simplified model of crawling robot . Opw, 0rw and 6y, are pitch, roll
and yaw angles of waist respectively. L and [ are the length of torso and
waist respectively. D is the distance along Y-axis between support hip and
support shoulder. d is the straight line distance between two hip joints. H is
the distance along Z-axis between support hip and support shoulder. D, H
and 60y, can be easily calculated according to the control signals generated
by the CPG network (4)(5)(7)(8). Let plane A be the plane determined by
waist joint and two hip joints. The plane with blue boundary is where plane
A locates after the yaw motion of waist. The plane with green boundary is
where plane A locates after the yaw and pitch motion of waist. The plane
with red boundary is where plane A is desired to locate.

Parameters used in the following equations are defined in
Fig. 8, and the considered crawling robot model is shown in
Fig. 8. Consider the waist in the plane with blue boundary
where the waist only yawed. For the law of cosines, the pitch
angle of waist is given by

L2—|—12 _D2 _H2
2L1

(1)

01 = m + arccos



So that the desired pitch angle of waist in the plane with
red boundary is given by
epw == 01 - (02 - 03)
>+ D*+ H? - L?

T H
0y = — — | arctan— + arccos
) < D 21v/D? + H? 213)

(14)

(12)

lsinf
03 = arctan 2

lcosts — 0.5dsinfyw

Consider in the plane with green boundary, the desired roll
angle of waist is given by

O = — (5 — 02— 05) (1s)
d 2 d\2 | 2 lsing2 )2
B (m) +(5)" + - (505)
0y = y = (16)
€086y (5) +l
05 = arctang 17)

IV. EXPERIMENTS
A. Crawling Experiment

Fig. 9 shows the snapshots of crawling experiment on
humanoid robot BHR-6P with 3-DoF rigid-flexible waist.
The parameters of the CPG network are listed in Table. 2.
The crawling speed of BHR-6P reached over 0.41km - h~".

TABLE II
PARAMETERS OF THE CPG NETWORK

Parameter Value
Arm Leg
Vi 0.327 0.349
Wsupport = Wswing 0.121 0.129
a 10050 | 10050
b 10050 | 10050
B 102 102
Aarm 18.7° -
Aleg - 20°
Aclbow 5°
Awaistright = Awaistleft - 15°

Fig. 9.

Snapshots of BHR-6P crawling experiment.

We analyzed the crawling stability by measuring the
whole-body dynamics whose limit-cycle behavior can il-
lustrate the whole-body stability [23]. Similar with the
quadruped robots, we consider that the pitch dynamics
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reflect the up and down movement in pitch plane and the
roll dynamics reflect the sinusoid movement of the robot
spine [3]. Therefore, the whole-body dynamics of crawling
humanoid robots can be obtained by measuring dynamics in
pitch and roll planes separately. Fig. 10 shows the dynamics
of BHR-6P in pitch and roll planes during experiment, and
they are confined to certain limit cycles. Thus BHR-6P with
3-DoF rigid-flexible waist crawled stably in experiment. The
quadruped crawling ability of BHR-6P with 3-DoF rigid-
flexible waist has been confirmed by crawling experiment.

The Pitch Dynamics of Crawling BHR-6P The Roll Dynamics of Crawling BHR-6P
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Fig. 10. Right: the pitch dynamics of crawling BHR-6P including the pitch
angles of shoulders, hips, knees, elbows, ankles and waist. Left: The roll
dynamics of crawling BHR-6P including the roll angles of shoulders, hips,
ankles and waist. The red circles indicate the corresponding limited cycles
respectively.

B. Walking Experiment

Fig. 11 shows the snapshots of walking experiment on
humanoid BHR-6P with 3-DoF rigid-flexible waist. The
walking speed was over 1.5km - h~!. The result of walking
experiment is shown in Fig. 12. The actual ZMP is within
the boundaries of the robot support polygons. Thus the robot
walked stably. The biped walking ability of BHR-6P with
3-DoF rigid-flexible waist has been confirmed by walking
experiment.

Fig. 11.

Snapshots of BHR-6P walking experiment.

V. CONCLUSIONS

This paper focused on developing a humanoid robot with
the ability of biped walking and quadruped crawling in case
of a rigid-flexible mechanism. The contributions of this paper
are summarized as follows.

o A 3-DoF rigid-flexible waist was proposed. The waist is

rigid in walking motion and flexible in crawling motion.

e An algorithm of crawling pattern generation was p-

resented. The algorithm can provide desired crawling
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12.  Actual ZMP in walking experiment of BHR-6P. The black lines

indicate the boundaries of the robot support polygons.

pattern for the humanoid robot with the rigid-flexible
mechanism and also improve the motion synchroniza-
tion among robot joints.

The validity of the proposed method was confirmed
by experiments. The humanoid robot with 3-DoF rigid-
flexible waist has the ability of stable quadruped crawl-
ing and good biped walking.
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