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Abstract

An effective strategy for walking over rough terrain, flat plane, and wreckage includes transitioning from quadrupedal
to bipedal locomotion. In this study, we designed a trunk mechanism that provides successful posture transition from
quadrupedalism to bipedalism. The proposed trunk mechanism imitates the human trunk with redundant joints and

elastic muscles supporting the trunk. The simulation results show that the proposed mechanism provides a successful
and more rapid transition compared to the conventional rigid body.
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Background

Morphological transition, a posture transition between
quadrupedalism and bipedalism is an important strategy
for locomotion over rough terrain and rubble and work-
ing in such environments. In particular, quadrupedalism,
which avoids tumble is suitable for walking over rough
terrain [1, 2] and dynamic locomotion [3, 4]. In the con-
tract, bipedalism is suitable for walking over flat or small
convex and concave terrains [5, 6], obtaining a higher
viewpoint, working in the standing position, or bridg-
ing a barrier. Therefore, it is important to achieve quick
transition from quadrupedalism to bipedalism. There are
some approaches toward achieving posture transition
between quadrupedal and bipedal locomotion [7-11].
In [7, 8], authors proposed controllers for the transition
utilizing Central Pattern Generator. In [9, 10], strategies
were proposed for the transition. To our knowledge, few
studies have discusses faster transition. Although a faster
transition is proposed in [11], it required a complete
motion including ankle and knee joints. By considering
that a quicker transition requires the swinging up/down
of the upper body while limbs are moving for locomo-
tion, we discuss the quicker transition utilizing minimum
set of joint actuation.
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and indicate if changes were made.

A dynamic trunk with a larger mass and inertia relative
to the entire body is an important factor for the transi-
tion mechanism. During quadruped walking, the animal’s
or robot’s trunk is located between its fore and hind legs.
During bipedal walking, the trunk is located above the
lower limbs. Therefore, the pathway of the trunk is longer
than that of the other parts, and for a quicker transition,
a higher acceleration or deceleration that significantly
influences the transition stability is required. To achieve
quicker transition, one strategy is to utilize a feedback
controller that determines the location of the limbs and
arms by using precise sensing and a robot model [11],
and the other strategy is to design a suitable trunk mech-
anism that provides mechanical transition without the
feedback controller. In this study, the second strategy is
adopted and a suitable trunk mechanism, providing suc-
cessful posture transition with minimum number of sen-
sors and actuators, is designed.

Conventional bipedal and quadrupedal robots have a
rigid body [1-8, 11]. However, their transition is signifi-
cantly influenced by the trunk’s large inertia, locus, center
of mass, and large acceleration or deceleration during
the quick transition. By adding joints on the trunk and
bending and flexing the trunk at appropriate periods, the
robot is expected to transition between bipedalism and
quadrupedalism without falling down even during quick
transition. For a simple posture transition from quadru-
pedalism to bipedalism, an animal-like trunk mechanism
with viscoelastic joints is adopted. Although some studies
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have examined the effect of a trunk mechanism with vis-
coelastic joints on quadrupedalism [12-14] and bipe-
dalism [15], they do not discuss about the effect on the
transition. Therefore, in this study, we designed a model
that adopts the animal-like trunk mechanism in a simula-
tion and observed the effect on the transition from pos-
ture of quadrupedalism to that of bipedalism. We focus
on the influence of the elasticity of the trunk joints on the
possibility of the transition and the allowable value of the
transition velocity. By tuning the elasticity, the robot is
expected to achieve successful and quick transformation
without using sensors, actuators, and controllers.

Simulation model
Figure 1 shows the model of morphological transition
from quadrupedalism to bipedalism. The model does
not move on the frontal plane because we assume that
the transition is operated symmetrically, and then the
transition is operated on a sagittal plane. The robot has a
foot, leg, trunk, and head. The mass of its fore leg (arm) is
included in its upper body weight even though the inertia
is ignored. This paper aims to obtain a quicker transition
from quadrupedalism to bipedalism. We do not suppose
that the locomotion halts for the transition but that the
trunk is swung up while other limbs are moving for the
locomotion. Therefore, we assumed that knee and ankle
joints drive only for the locomotion, and a hip joint, as a
minimum set of the active joint, is adopted to swing up
the upper body.

Figure 2 shows schematic trajectories of the desired
value or state of the hip, trunk, and foot. T indicates the
transition period in which the hip joint rotates to swing

Hip
Leg ll
Supporting
Heel Toe  point

Fig. 1 Schematic design of the transformation model
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Fig. 2 Schematic trajectory and state of the trunk, hip, and foot

up the upper body. The reminder of this section details
each part.

Trunk configuration

To observe the influence of the joint configuration on
the performance of the transition, this study considers
four trunk mechanisms including three passive joints, as
shown in Fig. 3a (Model A), (b) (Model B), and (c) (Model
C), and (d) (Rigid body). The joints in Fig. 3a—c follow
spring-damper models. The ratios of the links of Models
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Fig. 3 Three trunk mechanisms and rigid body
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A, B, and C are 1:1:1:1, 4:3:2:1, and 1:2:3:4 from bottom
to top, respectively. The weight of each link is propor-
tional to its length. For the development of the physical
robot in future, the length and mass of the links should
be practical to prepare, for example, for maintenance.
The smallest link of the model is one of the trunk links
of Models B and C: tips of the trunk in Model B and bot-
tom of the trunk in Model C. We then set the length of
the link as 0.1 m. Therefore, total length of trunk is 1.0
m. The weight of the smallest link of the trunk is set as
4 kg, which includes sensors and computer to measure
the posture of the link and mechanism to switch viscoe-
lasticity. Therefore, total weight of the trunk is 40 kg, and
by including weight of a 5 kg head, referring human body
weight ratio (head:trunk + arm = 8:60%) [16], the total
weight of the upper limb is set as 45 kg.

The trunk joints have the following spring-damper
characteristics:

1 = —K,0; — K 6;,

where 6; and t; are the angle and torque applied to the
i-th trunk joint, respectively. K, is the elastic coeffi-
cient and K is the viscous coefficient. This allows the
trunk to be flexible with viscoelasticity. In a test trial of
the transition, we determined that the elastic coefficient
should be switched according to the phase of the transi-
tion. Before the transition, a higher elastic coefficient is
needed to keep the trunk horizontal. After the transi-
tion, when the center of the mass of the trunk moves to a
higher position in case of successful transition, the higher
spring coefficient is also needed to keep the trunk verti-
cal. Therefore, as shown in Fig. 2, the coefficient K, is set
higher at 5000.0 Nm/rad just before the transition, and
switched to be lower for 57 when the transition begins.
It is then gradually changed higher as 5000.0 Nm/rad fol-
lowing sinusoidal function from 57 to 8T In the simula-
tion, K}, is changed from 100 to 2000 Nm/rad by 100 Nm/
rad. Ky is fixed at 10.0 Nm/(rad/s). We developed a physi-
cal trunk mechanism in which the joint viscoelasticity
changes [17]. In [17], a trunk is constructed using rigid
blocks made of chemical wood and viscoelastic discs
made of rubber. A string is passed through the blocks
and discs, and the viscoelasticity switches by the chang-
ing tensional force of the string. To change the tensional
force, a feedback controller and an actuator are required.
Except this feedback mechanism, the proposed mecha-
nism does not require any feedback controller to stabilize
the transition if we adopt our trunk mechanism.

Hip joint control

For the transition from quadrupedalism to bipedalism,
the target angle 6,; of hip joint that swings up the trunk is
set as follows (see Fig. 2):
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where 0,44 is the initial angle of the hip joint, and T indi-
cates time period of the transition. Note that the hip joint
follows the desired trajectory; however, the trunk oscil-
lates even after the hip joint converges to the desired
angle. The joint is controlled by a PD feedback controller
as

T = —K, (6 — 6g) — K 6,

where 7 is the joint torque, 6y is the joint angle, and I/(;
and Kj; are positive constants. In this study, they are set at
1.0 x 103 N/rad and 5.0 N/(rad/s), respectively.

Leg and foot configuration

The length of lower leg /; is set as 1.0 m. The weight of the
bottom limb is set the same as the upper body weight,
that is, 45 kg. The length of the foot /s is 0.5 m. The root
of the leg corresponding to the ankle, although it does not
rotate, is attached at the middle of the foot. Therefore,
the length between the ankle and toe is 0.25 m, and it is
similar with that for the human foot. However, the length
between the ankle and heel is considerable more than that
for a human foot, that is, 0.25 m. In the test trial, we found
that the center of mass of the trunk accelerated backward,
and induces falling backward. Therefore, the final angle
of the hip joint should be explored under the condition
that the production of the position of the center of mass
is set within the foot’s region in static state. The complete
study of the final angle lies outside the scope of this paper.
We then set the final angle of the hip joint vertical to the
ground (0,4 = 90°), and the length between the ankle
and heel is set longer at 0.25m to avoid falling backward.
Figure 4 shows a general leg model that has an ankle and
knee joints. When the ankle and knee joints are fixed, the
lower leg is considered as a rigid body. If the positions of
“Heel’, “Toe” and “Hip” that interact with other link or
ground are same with Fig. 1, the model dealt in this paper
and the general model with the fixed knee and hip joints
are almost equivalent although they are not completely
equivalent because the positions of the center of mass and
inertias are different. The masses of the leg and foot are
40 and 5 kg, respectively. In the test trial, we found that
an additional point is needed to support the body while
the spring coefficient is set lower, assuming that the body
is supported by a hand. Therefore, the foot is supported
by two points at the toe and heel, and another supporting
point is set over the tips of the foot to support the trunk at
the beginning of the transition.
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Fig. 4 Equilibrium posture with two models

The distance between the tips and the supporting point
l,1is 0.5 m. The supporting point over the toe at the initial
posture is disassembled after T (see Fig. 2). As explained
earlier, the foot is supported by two points and an addi-
tional point for some time period. The contact model of
point j is given by

F,— { —Kipyj = Kaj ;<0
=90

else

’

where F); is the vertical force, y; is the height of the j-th
contact point, and Ky, and Ky, are the positive constants
corresponding to spring and damping coefficients of the
terrain. They are set as 1.0 x 10* N/m and 1.0 x 10® N/
(m/s), respectively. The friction model of the contact
point toward the horizontal direction is given by

Fj={ M~ Kiaxj (%= 0)
x) — == . . )
wEyj — Ky < 0)

where F,j is the horizontal force corresponding to cou-
lomb and damping frictions on the j-th contact point.
is a friction coefficient, and Ky, is damping coefficient. u
and K;; are set as 0.4 and 1.0 x 10% N/(m/s), respectively.

Experiment

Demonstration of the transition

In this study, we used the simulation platform open
dynamics engine (ODE) 0.13 running on Microsoft Vis-
ual Studio 2010. Figure 5 demonstrates successful tran-
sition when the joint elasticity of Model A is K, = 200
Nm/rad and Ts = 0.15 s. When the time is T (between
Fig. 5b, ¢), the desired hip joint is set to as 0,4 = 90°, and
the supporting point over the toe is disassembled. When
the time is 57, (between Fig. 5h, i), the elastic coefficient
of the trunk joint begins to change from 200 to 5000 Nm/
rad until time 87 (between Fig. 5m, n). As shown in the
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figures, the trunk passively oscillates and then becomes
successfully upright. The point over the tip of the foot is
not in contact after T, and the foot is supported by two
points at the toe and heel. Figure 6 demonstrates a failed
transition (K, = 200.0 Nm/rad of Model C and Ts = 0.15
s) in which the hip joint does not swing up the trunk and
the model falls ahead.

A simulation is conducted using various trunk joint
elasticities K}, from 100 to 2000 Nm/rad with 100 Nm/
rad intervals from 0 s to 57 s, as explained in the previ-
ous section. For each joint elasticity, the transition time
period providing successful transition is searched from
0.05 s to 5.0 s with intervals of 0.01 s. The viscous coef-
ficient of the trunk joint Ky is fixed at 10.0 Nm/(rad/s).

Simulation results

Figure 7 shows the distribution of K, and T providing
successful transition of Model A. When the time period
T; is longer, the model achieves static transition in which
the projection of a center of mass is always between a
toe and heel. In contrast, when the period is appropri-
ately shorter, as shown in the figure, the model achieves
dynamic transition. Figure 8a shows magnified distribu-
tion at 0 < Ty < 0.75 s, where the model with appropri-
ate T achieves dynamic transition. It also indicates the
range of time period providing transition of the rigid
body. The rigid trunk achieves transition from 0.19 to
0.20 s. However, Model A with well-tuned elastic coeffi-
cient K, = 200 Nm/rad achieves the quickest transition
at Ts = 0.11 s: almost 42% shorter than that of the rigid
body. Figure 8b, ¢ show magnified distribution of Mod-
els B and C. As shown in the figures, Model B with an
appropriate elastic coefficient also achieves quicker tran-
sition than the rigid body. However, Model C does not
achieve a quicker transition even if the elastic coefficient
is tuned. These results show that an appropriate design
of the trunk whose joints are equally distributed or con-
centrated at the top achieves quicker transition than the
rigid body without requiring an additional feedback con-
troller to stabilize the faster transition but requiring one
to change viscoelasticity of the trunk joints, in case of our
physical trunk mechanism.

Figure 9a, b show trajectory of torque from 0.0 s to 27}
when the trunk joint elasticity K, = 200 Nm/rad and
Ts = 0.15 s by which the model equipped with Model A
obtains successful transition, while Model C fails. The
statics show that a joint torque close to the root of the
trunk is larger than that close to the tips of the trunk
because the joint of trunk’s root deforms by heavier mass
and then it requires larger torque to swing up or support
the heavier link chain. As shown in the figures, the peak
of joint torque at the root of the joint (joint 1 in Fig. 1) is
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Fig. 5 Successful transition of Model A with K, = 200 Nm/rad, K; = 10 Nm/(rad/s),and Ts = 0.1 s
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Fig. 6 Failed transition of Model C with K, = 200 Nm/rad, Ky = 10
Nm/(rad/s), and 0.15 s

larger than that at the distal position of the trunk (joint
3). Therefore, in case of Model C, the joint at the distal
position did not provide sufficient torque to lift up heav-
ier link at the tips of the trunk: thus, the robot falls ahead.
In Fig. 9a, the hip joint requires as large as 600 Nm,
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Fig. 7 Relationship between elastic coefficient and feasible time

period of Model A transition

which an ordinal electric servo motor cannot generate.
For the physical experiment, we expect a hydraulic actua-
tor to provide such a considerable torque. Otherwise, the
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total mass of the model is reduced to utilize the electric
servo motor. Figure 10 shows the trajectory of the torque
of hip joint when the model equips with rigid body as the

trunk when T is 0.19 s. Although the model obtains suc-
cessful transition, peak torque is approximately 1400 Nm,
that is twice that of Type A. These results show that the
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proposed trunk mechanism restrains the peak of actua-
tion, and allows the use of a smaller actuator in case of
physical operation.

We also observed the feasible range of the period
and elastic coefficient of trunk joints with different
joint viscosities K; for Model A. Figure 11a, b show
results when the viscosity is set as 1 and 50 Nm/(rad/s),
respectively. As shown in the figure, similar distribu-
tions are observed. In both cases, a smaller value of the
elastic coefficient provides a quicker transition than a
rigid body.

Conclusions

This study proposes a novel trunk mechanism with tun-
able viscoelastic joints for morphological transition from
quadrupedalism to bipedalism. The inertia of the trunk
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significantly influences the transition dynamics. The pro-
posed trunk mechanisms achieve successful quick tran-
sition without sensing and precise control but only use
a simple PD feedback controller on a hip joint to swing
the trunk upward. The comparison of the three trunk
models with the rigid body model revealed that a well-
designed trunk mechanism with appropriate viscoelastic
joints provides quicker transformation than a rigid trunk.
In particular, a trunk whose joints are equally distributed
or concentrated at the top achieves quicker transition
than that of the rigid body. In addition, we determined
that the peak torque of the hip joint for swinging up the
proposed trunk mechanism is reduced compared to the
model equipped with the rigid body. This paper is a first
step of the proposed mechanism providing a quick tran-
sition, and comprises issues, which will be analyzed in
future studies. First, we did not analyze why the trunk
mechanism including viscoelastic joints provides quick
transition. It is important to discuss the dynamics of the
transition. Second, this study dealt with the transition
only from quadrupedalism to bipedalism. In the tran-
sition, the hip joint generates torques to swing up the
trunk against gravity. In contrast, in the transition from
bipedalism to quadrupedalism, the gravity contributes to
the rapid swing down of the trunk. Third, there are other
criteria, such as energy efficiency, compactness, and limi-
tation of the torque for the actuation. Such different phe-
nomena and criteria will be discussed in future. Fourth,
this study dealt with a simple model including hip joint
only. The influences of the other joints, such as knee,
ankle, and shoulder, will be discussed. Lastly, the transi-
tion using a physical robot will be investigated in a future
study.
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