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SUMMARY
In this study, we attempt to develop a biped dinosaur-like walking robot by focusing on its
nervous system as well as its mechanism. We developed a robot ‘Dinobot’ on the basis of
palaeontological knowledge on dinosaurs and extant animals. In addition, we employed typical
biologically inspired walking gait generation and control methods derived from an extant vertebrate’s
nervous system. In particular, we utilized a central pattern generator (CPG), which is a locomotion
rhythm generator in a vertebrate’s spinal cord, to generate the robot’s walking rhythm. Moreover,
a reflex centre was placed below CPG and it produced joint torque of the legs in the swing and
stance phases. Thus, we successfully achieved adaptive 3D dynamic walking generated by the
interaction between the original mechanism of dinosaurs and the nervous system of extant animals.
Our future goal is to find out a dinosaur’s robust locomotive nervous system suitable for its mechanism.

KEYWORDS: Biped robot; 3D dynamic walking; Dinosaur-like robot; Central pattern generator;
Limit cycle walking.

1. Introduction
A number of researchers have studied the walking or running of a dinosaur using simulation models41

and robots.6, 22, 45 Their mechanisms are built on the basis of palaeontology, in which skeletal
specimens are investigated. On the other hand, to produce their gaits, various control methods
have been heuristically tried. However, the simulation models are limited in the sagittal plane, and
the robots walk slowly and cannot adapt to any perturbation.

In the field of biomechanics, Sellers et al.41 developed dinosaur running simulation models for
estimating the maximum running speed of dinosaurs. For the design of the running mechanism, the
segment properties of limbs, muscles and tendons are derived from previous findings on dinosaurs,
extant animals and humans. On the other hand, for producing their walking gaits, the gait cycle
duration and the muscle activation levels are optimized by a genetic algorithm. It runs only on flat
terrain in the sagittal plane. In the robotics field, Hirukawa et al.22 built a dinosaur robot with joint
configuration and link length based on skeletal specimens of dinosaurs. For producing its walking gait,
it utilizes a motion control method based on a zero-moment-point (ZMP) stability criterion peculiar
to conventional walking robots. Dilworth6 developed the robot ‘Troody’ according to the skeletal
model of Troodon, which inhabited North America in the late Cretaceous period. For walking gait
generation, the desired trajectories are produced on the basis of the ZMP-based locomotion control
method as in Hirukawa et al.22 Takita et al.45 developed a small dinosaur-like robot ‘TITRUS’. The
gait was generated by trial and error, and walking with quick short steps was achieved by actively
swinging its head and tail. However, these robots’ walking speeds are slow and they do not adapt to
disturbance.

As stated above, typically, the mechanism in a dinosaur model, including the joint configuration
and link length, is based on the skeletal specimens of dinosaurs. Furthermore, the muscles and
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tendons to drive the joints are modelled on the basis of those of extant vertebrates. However, for gait
generation and locomotion control methods, researchers have been seeking a suitable method based
on the conventional legged locomotion control or learning methods.

Therefore, we propose employing a legged locomotion generator and controller on the basis of
the fundamental dynamic locomotive nervous system of extant vertebrates indicated in biology and
neurophysiology. We mounted the system on a biped dinosaur-like robot that has mechanical features
described in palaeontology and biomechanics. Then we experimentally examined whether the robot
could accomplish stable walking, and possessed flexible autonomous adaptability to disturbance
while walking. As a result, dynamic walking was achieved and the robot could ever autonomously
adapt to the situation in which an unperceived step appeared on flat terrain.

Our future goal is to find out a dinosaur’s robust locomotive nervous system suitable for its
mechanism. It cannot be explained by analysing the skeletal specimens alone. The evaluation is
extremely difficult because dinosaurs are extinct species, but we intend to validate our system by
demonstrating the robot’s walking stability and adaptability to disturbance, which are essential to
an extant animal’s locomotion. We hope that our results will finally contribute to understanding the
walking dynamics of dinosaurs in palaeontology.

This paper is organized as follows. In Section 2 we explain an extant animal’s nervous system for
dynamic walking. In Section 3 we introduce the mechanical design of our biped dinosaur-like robot.
Section 4 describes the walking gait generation and control. Section 5 summarizes the experimental
results of our robot’s dynamic walking on both flat and uneven terrains. Finally, Sections 6 and 7 end
the paper with discussion and conclusions.

2. An Extant Animal’s Nervous System for Dynamic Walking
Contemporary biology reports that various animals such as lampreys, which are the oldest extant
vertebrates, cockroaches, leeches, lobsters and even cats have a locomotion rhythm generator in their
spinal cord.5, 18, 37, 42, 43 The generator is called central pattern generator (CPG). CPG is also capable of
autonomously adapting to changeable and unpredictable states of walking through a combination of
spinal reflexes.5, 7, 18, 37 Therefore, we considered that because dinosaurs are regarded as vertebrates,
they could have been equipped with a basic nervous system for walking that is still possessed by extant
animals. We decided to exploit CPG and spinal reflexes for our gait generation and control system.

Taga et al.44 constructed CPG and a spinal reflexes model for a biped simulation model and
successfully achieved dynamic walking in the sagittal plane of the model. They state that dynamic
walking is not a simple behaviour generated by the movement of an individual body but is a
complicated nonlinear dynamic phenomenon that produces limit cycles by mutual entrainment
between a body and the environment. Following their work, a number of biologically inspired biped
robots that employ CPG or similar oscillators have successfully achieved planar dynamic walking
in the sagittal plane8, 24, 29, 33, 46 and 3D dynamic walking.1, 9, 28 All the planar bipeds are capable of
walking with high speed with small feet and long steps,8, 24, 29, 33, 46 but all the 3D bipeds possess large
feet and short steps to keep their balance, and their speeds are slow.1, 9, 28 Currently, it is difficult for
a biped robot adopting the biologically inspired method with CPG to 3D walk at high speed with
much longer steps than its foot length and adapt to perturbations of humans and animals. However, a
bird and a biped dinosaur having a levelled trunk with a head and a tail implicitly involve an inherent
mechanical stable element to keep their balance (Section 3). Our aim is to determine a dinosaur’s
robust locomotion nervous system as we have mentioned earlier; we can also expect that a biped
dinosaur-like robot can walk 3D with small feet and long steps depending on a simple walking rhythm
generation by CPG and reflexes.

In biomechanics, Full et al.15 stated that posture control at the brain level is required in low-speed
walking, whereas self-stabilization depending on the spring-damper characteristics of muscles and
tendons is dominant in high-speed walking and running. In addition, they showed that CPG and
reflexes work effectively in the medium-speed range. Because we intend to design a gait generation
and control system with CPG and reflexes, we aim to realize medium-speed walking with a Froude
number of approximately 0.6. (The Froude number (Fr) is a dimensionless criterion to evaluate the
mobile speed of a body regardless of its size.2 It is given by Fr = v/

√
gl, where v, g and l denote

speed, gravitational acceleration and leg length, respectively.)
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Fig. 1. (Colour online) (a) The joint configuration, and (b) photo of the dinosaur-like robot ‘Dinobot’. Dinobot
is tethered to a power supply. Dinobot weighs 4.3 kg (each leg: 380 g, the trunk including the head: 2840 g,
the tail: 700 g) with a length of 1.1 m and a height of 0.55 m. The moment of inertia of the trunk around the
centre of gravity around the yaw axis is 0.268 kg m2. The leg length is 0.4 m and the distance between the
two knee joints is 0.14 m. Each foot part is a single rigid body of 90-mm length, 45-mm width and 220-mm
curvature radius. Each joint is driven by a DC motor (Maxon Co. RE25: 20W). The reduction gear mechanism
is assembled by spur gears and has a small viscous friction, and the reduction ratio of the knee and ankle joints
is 40:1. An encoder with a DC motor measures the joint angle. In addition, the body inclination is measured
using a piezoelectric vibrating gyroscope (Murata Co. ENC-03R).

3. Mechanical Design of the Biped Dinosaur-Like Robot
We developed a biped dinosaur-like robot that we called ‘Dinobot’. Figure 1 shows the robot with
its specifications. Dinobot was modelled on ‘Compsognathus’,27 which is a small bipedal theropod
dinosaur of approximately 1-m length. In terms of Dinobot’s leg structure, a general bipedal theropod’s
leg consists of three main long bones, which are the femur (i.e., the part between the hip and the
knee), the tibia (i.e., the part between the knee and the ankle) and the tarsus (i.e., the part between
the ankle and upper part of the foot).13 Dinobot does not have the femur segment; i.e, Dinobot has
only two joints (knee and ankle joints) around the pitch axis in each leg. However, Compsognathus’s
leg structure is very similar to that of birds’, which evolved from dinosaurs,27 such as other bipedal
theropods, and birds also have an immobile femur segment (the hip is statically buried in the torso)
and a mobile posterior tibia and almost vertical tarsus. This is similar to Dinobot’s leg structure. The
ratio of the lengths of the tibia, the tarsus, the tail and the torso along with the head were determined
based on the specimen of Compsognathus.35

In biomechanics, Full et al.15 stated that running dynamics is simply modelled by the motion
of the spring-loaded inverted pendulum (SLIP) model, which is a single degree of freedom (DOF)
linear leg composed of a mass and a spring, and Holmes et al.23 reported that relative leg stiffness
is very similar in bipeds, quadrupeds and hexapods despite their different leg shapes. Therefore, we
consider that an essential factor for dynamic walking is to swing the leg to a valid contact point in
the swing phase and to support the body in the stance phase, and reducing the number of leg joints
has a negligible influence on the global dynamics of dynamic walking. Therefore, at this stage, we
decided to focus on enabling the robot to walk reliably with the lowest possible number of leg joints.

Dinobot’s leg joints only revolve around the pitch axis. The end of the femur in the shoulder joint
of general bipedal theropods do not form a globular shape like in humans, but a cylindrical shape
which restricts the leg motion around the pitch axis.13 Similarly, the limbs of birds have traditionally
been characterized as being restricted to planar motion in the sagittal plane by hinge-like hip, knee
and ankle joints.17

As it is vital for high-speed animals to agilely swing their legs, birds have light legs to minimize
the moment of inertia of the limbs. To mimic these characteristics, actuators that drive all leg joints
are placed on the torso by using timing belts and pulleys, and Dinobot is equipped with small feet.
Furthermore, as animals’ flexible joints are effective for absorbing the shocks transmitted to their
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Fig. 2. (Colour online) Dinobot’s nervous system composed of CPG, motor neurons and a vestibule. CPG and
the motor neurons are located at the higher level and the lower level in the spinal cord, respectively. Each thin
arrow from the leg indicates the sensory feedback of a joint muscle’s length measured by an angle sensor.
Each thin arrow from the vestibule indicates the sensory feedback of body inclination around the pitch and roll
axes. In general, CPG produces self-excited oscillations and merely transmits each leg’s phase switching signal
(swing/stance) to the motor neuron, in which each leg is driven by a PD controller, as described in Section 4.1.2.

feet from the ground while walking, we mimicked the function by using joints with a small viscous
friction designed with a low reduction ratio.

A distinct characteristic of biped dinosaurs is the possession of a heavy levelled trunk with head
and tail, unlike numerous extant animals. The moment of inertia of a biped dinosaur’s tail is much
larger than that of birds’, which are otherwise structurally similar to dinosaurs. This characteristic is
reported by a well-known study on dinosaurs3 and is considered an effective feature for walking. The
existence of the long trunk with a head and a tail and keeping the body level contribute to increasing
the moment of inertia of the body around the pitch and yaw axes; in addition, it inhibits vibration of
the body while walking. Based on this report, Dinobot is also equipped with a level trunk with a long
tail and a head.

It was inferred on general bipedal theropods that the point where each leg was joined was located
somewhat behind the centre of gravity on the level trunk,13 and therefore we attached the legs 70 mm
(experimentally determined) behind the centre of gravity of the trunk as shown in Fig. 1.

4. Walking Gait Generation and Control
Dinobot employs walking gait generation and control systems based on the biologically inspired
method utilized in ‘Tekken’, which is a quadruped robot developed by Fukuoka et al.12, 25 The system
is outlined in Fig. 2. Dinobot’s walking gait is generated by mutually coupled nonlinear oscillators
called neural oscillators. Each oscillator produces the swinging rhythm of a single leg. We call this
upper walking gait generation system CPG. The neural oscillator for each leg transmits a leg phase
switching signal of a swing/stance phase to each leg. The part that produces the leg joint torque,
called the motor neuron, receives the phase switching command, and the leg is controlled differently
in the swing and stance phases on the basis of a phasic stretch reflex. 1 The phasic stretch reflex is

1 A phasic reflex is rapid, brief and involves an intense muscular contraction; in contrast to this, a tonic reflex
is long-lived, and is of low intensity.40
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Fig. 3. (Colour online) PD control of each leg by the phasic stretch reflex. The figure on the top left shows a
typical neural oscillator’s output yi (i = 0: left leg, i = 1: right leg). According to yi , each leg is PD-controlled
to the three desired leg positions in the order A, B and C, as shown by the broken lines in the right figure,
according to Eqs. (4) and (5). For example, in the duration of the bold curve of B→C in the top left figure, the
leg is moving from the leg position B to C of the right figure. The figure in the bottom left shows the origin and
orientation of the knee θ and ankle φ joint angles and the orientation of each torque used in the PD and other
controls. The θ and φ are relative angles that are measured by encoders. For the sake of simplicity, the other leg
is eliminated in these figures, but it is also PD-controlled according to the other neural oscillator output (e.g., y1
if i = 0 in these figures).

the most fundamental spinal reflex performed in a muscle,39 and when muscular tissue is extended
from the initial position, it is contracted by the reflex. We set three initial leg positions for the phasic
stretch reflex, and the neural oscillator discretely switches each position (Fig. 3). The motor neuron
controls the leg towards each leg position in the appropriate order. As a result, Dinobot is capable of
producing its leg trajectory for walking. Furthermore, we apply postural reflexes to adjust CPG and
the phasic stretch reflex according to the body inclination information obtained from a vestibule.

4.1. Walking gait generation and control in the sagittal plane
In the following Sections (4.1.1–4.1.3), we demonstrate the dynamic walking of Dinobot in the
sagittal plain by employing walking gait generation and control around the pitch axis.

4.1.1. Walking gait generation by CPG. We use Matsuoka’s neural oscillator,31 which consists of two
mutually inhibiting neurons in Dinobot. The oscillator has a specific feature that it synchronizes with
external oscillations, such as a sensory input, and can autonomously modulate its own oscillation
according to the state, and that it autonomously returns to its usual stable state from temporal
disturbance. These features were demonstrated by a number of legged locomotion models and robots
(e.g., a monopod hopping robot,38 biped walking simulations,21, 44 a biped walking robot30 and
a quadruped walking robot12) and analyzed by several studies.26, 32, 47 Each neuron in the model is
represented by the following nonlinear differential equations, based on Matsuoka’s oscillator model,31

τ u̇{e,f }i = −u{e,f }i + wf ey{f,e}i − βv{e,f }i

+ u0 + Feed{e,f }i +
2∑

j=1

wijy{e,f }j ,

y{e,f }i = max (u{e,f }i , 0), (1)

τ ′v̇{e,f }i = −v{e,f }i + y{e,f }i ,

where

� the suffixes are defined as follows:
e: an extensor neuron,
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f : a flexor neuron,
i: the number of neural oscillators
(0: for the left leg, 1: for the right leg);

� the variables are defined as follows:
u: the inner state of an excitatory neuron,
v: the inner state of an inhibitory neuron,
y: the output of an extensor/flexor neuron,
Feed: sensory feedback signals from the robot;

� the parameters are defined as follows:
β: a constant representing the degree of self-inhibition influence on the inner state,
τ : the time constant of u,
τ ’: the time constant of v,
u0: an external input with a constant rate,
wf e: a connecting weight between the extensor and flexor neurons,
wij : a connecting weight between neurons of the ith and jth neural oscillator.

This neural oscillator is applied to each leg. The oscillators are mutually connected to each other and
generate walking gaits. During walking, the relationship between the oscillations of the two legs is
usually in anti-phase. Therefore, each oscillator is inhibitorily coupled, but is under the influence of
the sensory feedback Feed{e,f }i and the phase difference between the two legs is appropriately adjusted
according to the walking state. Thus, Dinobot becomes capable of adapting to the perturbations while
walking over irregular terrain. The output of a neural oscillator is shown as follows,

yi = −yei + yf i, (2)

yi appears to be a sinusoidal wave. If yi > 0, the flexor neuron is activated and the leg is led to the
swing phase, and if yi < 0, the extensor neuron is activated and the leg is led to the stance phase.
In this manner, each leg phase is switched by the neural oscillator. However, if the leg is merely
swung following the rhythm of yi , a deviation between the output and the actual leg motion appears.
Therefore, using Eq. (3) together with the sensory information (the knee joint angle θ : the origin and
direction are shown in Fig. 3) of each leg, the oscillations of the neural oscillator and the actual leg
can be synchronized,

Feede·tsr = ktsr (θ − θ0),
F eedf ·tsr = −Feede·tsr ,
F eed{e,f } = Feed{e,f }·tsr .

(3)

This adaptation refers to the tonic stretch reflex (TSR) of animals,34 which is a reflex to sustain muscle
contraction in response to slow stretching. ktsr is the feedback gain and the constant parameter θ0

represents θ while standing. The suffix i is eliminated when referring to a single neural oscillator.

4.1.2. Leg control using the phasic stretch reflex. As shown in Fig. 2, based on the leg phase switching
signal y0 or y1 (Eq. (2)) from each neural oscillator in CPG, each leg is proportional-derivative (PD)-
controlled to three separate desired leg positions marked as A, B and C in Fig. 3. First, if yi ≤ 0
(stance phase), Dinobot supports its body against gravity and obtains propulsion by treading over the
ground (Fig. 3-position C). Second, if yi > 0 (the beginning of the swing phase), Dinobot lifts the
leg backward (Fig. 3-position A) so that the toe does not touch the ground while swinging. Finally,
if the knee joint angle reaches the desired angle of A within yi > 0, Dinobot swings the leg forward
(Fig. 3-position B). These three states sequentially occur according to the rhythmic output from the
neural oscillator on each leg, and thus walking motion is produced.

The joint output torque of the knee and ankle joints for each of the three states A, B and C is
calculated by the following PD control Eqs. (4) and (5), respectively:

Tθ = kph{A,B,C}(θd{A,B,C} − θ) − kdh{A,B,C}θ̇ , (4)

Tφ = kpa{A,B,C}(φd{A,B,C} − φ) − kda{A,B,C}φ̇. (5)
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Fig. 4. (Colour online) A stepping reflex for the swing leg is triggered when Dinobot inclines sharply forward.
B in these figures refers to the desired position in the swing phase in Fig. 3. ψp represents the body inclination.
When the trunk is levelled, ψp = 0 and when it is inclined backward, ψp > 0. The threshold of the stepping
reflex is denoted by ψ threshold

p . Usual walking posture is shown in (a). In (b), the body inclination is beyond
the threshold (ψp < ψ threshold

p ) and Dinobot is about to fall forward. Then, the stepping reflex is activated and
Dinobot steps further forward in the swing phase.

For all joints, T , θ (or φ) and θ̇ (or φ̇) are the tension of the joint muscle (joint torque), the current
joint muscle length (current joint angle) and the current joint muscle velocity (current joint angular
velocity), respectively. Angles θd and φd are the equilibrium values of joint muscle length (desired
joint angles). For example, θdA is the desired knee joint angle for position A and φdB is the desired
ankle joint angle for position B. The origin and direction of each angle and the direction of each
torque are shown in Fig. 3. The values kp and kd are the proportional (P) and derivative (D) gains
(e.g., kpaA represents the P-gain of the ankle joint for position A). If the muscle is extended from the
equilibrium (e.g., θd , φd ), it is contracted by the phasic stretch reflex. This is mimicked by the PD
control. Consequently, a typical walking trajectory is produced.

4.1.3. Postural reflex in the sagittal plane. At times, the trunk has a tendency to gradually incline
even on flat terrain or to suddenly incline the moment the foot stumbles over a step. To avoid falling
forward, we apply a stepping reflex36 in the swing phase to enable posture adaptation, as shown in
Fig. 4. In the state A→B in Fig. 3, if the body inclines forward and the inclination ψp crosses the
threshold ψ threshold

p , as shown in Fig. 4(a) and (b), Dinobot changes the typical desired knee joint
angle θdB in Fig. 3-position B to θdB − ψp and steps further forward. As a result, Dinobot can regain
its posture after a few steps and avoids falling forward. This reflex has a beneficial effect on the
adaptation to disturbance while walking over rough terrain.

4.2. Postural reflex in the lateral plane
Dinobot has joints only around the pitch axis. However, because rolling and yawing motions occur
naturally in dynamic walking, we have to consider them.

First, regarding the motion around the yaw axis, the dinosaur’s long levelled trunk with head and
tail has a large moment of inertia around the yaw axis. As a result, the oscillation of the body around
the yaw axis is small and has little influence on walking.

Second, we consider the motion around the roll axis. While dynamically walking on flat terrain
with a short cyclic period (approximately 0.4 s), the fluctuation of the angular momentum around the
stance leg contact point on the ground is small. Therefore, the rolling oscillation amplitude is also
small. However, while walking over irregular terrain, the body often uncontrollably oscillates around
the roll axis. Then the phase difference of the oscillation between the legs around the pitch and the
body around the roll axis leads to instability. Accordingly, we established Eq. (6) as the feedback to
the neural oscillator, and Eq. (7) as the input Feed{e,f }i in Eq. (1). As a result, the pitching and rolling
motions are mutually synchronized,

Feede·vsr = δ(leg) kvsr × ψr,

Feedf ·vsr = −Feede·vsr ,
(6)
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Fig. 5. (Colour online) The diagram shows the control algorithm of each leg. The stepping reflex is eliminated
in this figure. The knee and ankle joints are controlled to the leg positions, first to A, then from A to B or to C
in the PD controller in Fig. 3 according to the sign of the neural oscillator output y. The oscillator receives the
sensory feedbacks of the knee joint angle θ and the roll body angle ψr .

δ(leg) =
{

1, if leg is a right leg
−1, otherwise ,

F eede = Feede·tsr + Feede·vsr ,

F eedf = Feedf ·tsr + Feedf ·vsr .
(7)

This adaptation is based on the vestibular spinal reflex (VSR) of animals,10 which is the reflex when
the head is inclined, a downward-inclined leg is extended and an upward-inclined leg is flexed. This
reflex around the roll axis prevents the body from excessively inclining sideways in the lateral plane.
Here kvsr is the feedback gain and suffix i is eliminated as in Eq. (3). The body angle around the roll
axis is shown as ψr in Eq. (6). When standing still, ψr = 0, and when right inclined, ψr > 0.

4.3. Integration of CPG and reflexes
The diagram of the control algorithm of each leg described in Sections 4.1 and 4.2 is depicted in
Fig. 5 (eliminating the stepping reflex to adapt to disturbance). According to the sign (disregarding
the amplitude) of the neural oscillator output y in Eq. (2), the knee and ankle joints are controlled by
the PD controller in Fig. 3 using Eqs. (4) and (5) so that the leg reaches the desired leg position of the
swing phase (A and B) or the stance phase (C). Therefore, the leg swings following the rhythm of the
oscillator ~D. In order to synchronize the neural oscillation, the leg oscillation and the body rolling
oscillation while walking, sensory feedbacks of the knee joint angle θ and the roll body angle ψr are
delivered to the oscillator through Eqs. (3) and (6). The standard walking cycle duration determined
by the oscillator’s parameters (e.g., τ and τ ′ in Eq. (1)) is autonomously adjusted by the feedbacks,
and thus the oscillator usually produces an adaptive walking rhythm. The two legs are related to
each other through only the mutual inhibition between their oscillators. Although the algorithm used
for flat terrain walking is simply shown by Eqs. (1)–(7), Dinobot is capable of walking safely on
flat terrain by suitably adjusting the timing of the switching of leg phases (swing/stance) without
explicitly adjusting the leg trajectories.
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Table I. The parameter values used in the experiments. (a) The neural oscillators
[Eqs. (1), (3), (6)]. (b) The PD controllers (Fig. 3). All values were determined

experimentally.

(a)

Parameters Value Parameters Value

u0 1.0 w{11,22} 0
τ 0.06 w{12,21} −0.7
τ ′ 0.6 ktsr (1/rad) 1.7
β 2.0 θ0 (rad) −0.75

wf e −1.5 kvsr (1/rad) 1.4

(b)

Desired angle Value (rad) P-gain Value (Nm/rad) D-gain Value(Nm·s/rad)

θdA −0.91 kphA 2.0 kdhA 0.015
θdB −0.37 kphB 5.2 kdhB 0.01
θdC −0.72 kphC 19.5 kdhC 0.025
φdA 1.27 kpaA 6.0 kdaA 0.005
φdB 1.27 kpaB 9.0 kdaB 0.005
φdC 0.38 kpaC 21.0 kdaC 0.03

5. Dynamic Walking Experiment
Neural oscillators are classified as nonlinear oscillators, which have two particular mathematical
features as follows.

First, when external oscillations with different frequencies are input to a nonlinear oscillator, it
autonomously modulates its own frequency and synchronizes with the external oscillations.19, 20 In
Section 5.1, we verify that Dinobot with neural oscillators is capable of stable dynamic walking on
flat terrain because of the first feature. This would also determine whether Dinobot’s neural oscillators
can synchronize their own neural oscillation with the legs’ oscillations, the body pitching oscillation
and the body rolling oscillation, and whether Dinobot is capable of continuous walking, which means
that a limit cycle is constructed.

The other mathematical feature of nonlinear oscillators is self-stabilization, which means that it
autonomously returns to its usual stable state in a short time even if it receives temporal disturbance.
To prove that our system exhibits this characteristic, we demonstrated that Dinobot did not topple
after perturbations caused by walking over a step. This is described in Section 5.2.

The parameter values of the gait generation and control systems used in the experiments in this
section are experimentally determined, and are shown in Table I. Note that the values of all parameters
for Dinobot are constant. MPEG footage of the walking experiments in this section can be seen at
http://fukuoka.ise.ibaraki.ac.jp/.

5.1. Walking on flat terrain
We performed experiments of Dinobot walking on flat terrain. We show snapshots, experimental
data and a phase plane trajectory in figure snapshots, experimental data and a phase plane trajectory
in Figs. 6–8, respectively. In this experiment, the walking speed was 1.15 m/s, the walking cycle
duration was 0.41 s, Fr was 0.58 and the step was 0.2 m, which is much longer than the foot length
(0.09 m). The duty factor was 0.57, and the number of steps was 20.

In Fig. 7, the neural oscillator’s outputs and the knee joint angles are shown as cyclic and organized
oscillations. In addition, all oscillations have the same constant cycle duration. This proves that the
neural oscillator and the leg movement were synchronized. We can observe that the body inclination
around the roll axis ψr fluctuates slightly but is stable around 0 rad. Moreover, the body inclination
around the pitch axis ψp is stabilized around approximately 0.2 rad, which denotes a slight back-
inclined posture. As the threshold of the stepping reflex (ψ threshold

p ; Section 4.1.3) is empirically set
to 0.07, the body pitch inclination ψp is always greater than ψ threshold

p . As a result, the stepping reflex
was not activated while walking on flat terrain.
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Top view Front view
Right side view

Fig. 6. (Colour online) Snapshots of Dinobot walking on flat terrain.
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Fig. 7. (Colour online) Experimental result of Dinobot walking on flat terrain. The figure shows each leg’s
knee joint angle, the neural oscillator’s output and the body inclination around the pitch and roll axes (ψp and
ψr ). The origin and orientation of the knee joint angles and ψp are shown in Figs. 3 and 4, respectively. ψr is
initialized in a vertically standing state and the sign is positive when the body inclines to the right side. In terms
of each neural oscillator’s output, if it is positive or negative, then the leg phase is swing or stance, respectively,
as shown at the top. The threshold, ψ threshold

p , which triggers the stepping reflex (Section 4.1.3), is empirically
determined as 0.07.

In Fig. 8, the shape of the plot is irregular, but each cyclic trajectory is periodic and follows an
almost fixed path. This means that the plot forms a limit cycle, and Dinobot’s dynamic walking
is stable as a nonlinear dynamic system. Therefore, we conclude that stable 3D dynamic walking
has been achieved. Dinobot was capable of walking up to 7 m (approximately 35 steps) on flat
terrain within a limited area because of the tether. However, Dinobot became strongly stable once the
trajectory converged on the limit cycle. A longer distance would be expected.

5.2. Walking over a step
To validate the effectiveness of the second mathematical feature of nonlinear oscillators in our system,
an experiment to cross a step was conducted on a floor where we placed a step (height 15 mm (3.75%
of leg length) and depth 120 mm). The experimental result is shown in Fig. 9. In this experiment, the
walking speed was 1.2 m/s, the walking cycle period was 0.39 s, Fr was 0.61, the step was 0.2 m,
which is much longer than the foot length (0.09m) and the duty factor was 0.55.

Letter A in Fig. 9 denotes the peak of the right knee joint angle at around 1.4 s and is observed
to be lower than other peaks. This is because while swinging forward, the right leg touched the top
of the step and landed on the step. As the foothold was more backward than usual, the body inclined
forward around the pitch axis (towards the negative side) as indicated by letter B. If Dinobot had not
reacted to this, it would have inclined significantly and fallen down. However, immediately after the
body pitch inclination became smaller than the stepping reflex threshold (ψ threshold

p = 0.07 rad) in C,
the stepping reflex was activated and the leg was swung forward by the maximum possible amount
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Fig. 8. (Colour online) A phase plane trajectory composed of measured right knee angle and angular velocity of
Dinobot walking on flat terrain. In Fig. 8, points A, B and C correspond to those in Fig. 3. C→A is the period
of lifting the leg backward, A→B is the period of swinging it forward and B→C is the period of supporting the
body and obtaining propulsion. The duration of the dotted ellipse indicates the duration when the leg touches
the ground and supports the body.
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Fig. 9. (Colour online) Experimental result of Dinobot crossing a step. This figure is similar to Fig. 7, but it
shows what happened when the robot reached the step at point A and after it successfully crossed over the step.

as denoted by point D in the figure. As a result, the body gradually inclined backward and did not
fall down. Moreover, we can observe that when Dinobot landed on the step, the body inclined in the
lateral plane as shown by point E (towards the positive side) as well as in the sagittal plane. Then,
because of the effect of VSR (Section 4.2), the time period in which the right leg’s neural oscillator
output is negative, that is, the stance phase, became slightly longer than usual as indicated by point F.
Thus, Dinobot supported its right leg for a longer duration than usual, and it can be observed that the
body roll inclination (ψr ) was gradually returning to its normal state. We can observe that Dinobot
finally stabilized owing to the self-stabilization of neural oscillators.

In order to cross a step more than 15-mm high, Dinobot has to lift its feet high and adapt to body
inclinations that occur when the single foot lands on a high obstacle. For the first task, the desired
positions A and B in the swing phase (Fig. 3) should be raised. Specifically, (θdA, φdA, kphA, kpaA)
and (θdB , φdB , kphB , kpaB) in Table I(b) are tuned. This can prevent the foot from catching on a tall
obstacle, and therefore if Dinobot steps across a step, it can walk without falling. However, when the
leg lands on a high step, the body oscillations around the pitch and roll axes occur. Although Dinobot
is capable of adapting to the pitch oscillation with the stepping reflex (Fig. 4), it cannot adapt to a
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Fig. 10. (Colour online) An animal’s nervous system. The reflex to adjust the leg rhythm via the neural oscillator
(CPG) with time constants is called a tonic reflex: the tonic stretch reflex and the tonic labyrinthine reflex. The
reflex to momentarily adjust the leg trajectory is called a phasic reflex: the stepping reflex and the phasic stretch
reflex.

large roll oscillation (more than approximately ±0.18 rad). In order to adjust the state, Dinobot would
have to use its tail or step sideways.

6. Discussion
Dinosaurs did not walk on perfectly flat terrain but over terrain that was many times slightly inclined
and rugged. Moreover, while turning and performing rapid motions using their distinctive long tails,
their leg trajectories and rhythms must have been as disturbed as that while walking over rough terrain.
The previous conventional approaches to modelling their motion (where researchers attempted only
to achieve a dinosaur’s walking straight on flat terrain with a fixed leg trajectory and rhythm) are
inherently insufficient for dynamic walking. Therefore, we consider that their nervous systems can
adapt to disturbances in various walking situations.

6.1. Leg trajectory control by phasic reflexes and leg rhythm control by tonic reflexes
We believe that dynamic walking is accomplished through ‘leg trajectory control’ and ‘leg rhythm
control’ depending on the walking state on the basis of a neurophysiological study.4 As shown in
Fig. 10, the effect of the leg trajectory control activated by the stepping reflex (Section 4.1.3)
momentarily appears via a motor neuron, and therefore we consider the stepping reflex to be a
phasic reflex.16 On the other hand, because the effect of the leg rhythm control activated by the
tonic labyrinthine reflex (Section 4.2) appears to be slightly delayed via neural oscillator with time
constants, the tonic labyrinthine reflex is considered to be a tonic reflex.16 In the experiment discussed
in Section 5.2 that involved walking over uneven terrain, when the body was inclined significantly,
the swinging trajectory was adjusted forward by the stepping reflex and Dinobot immediately broke
the fall; moreover, the disturbed leg rhythm after landing on the step was modified by the tonic stretch
reflex and the tonic labyrinthine reflex. It has been proved that animals control their posture via
various phasic and tonic reflexes that are activated by somatosensory and vestibular information.11 In
the future, we will incorporate other appropriate phasic and tonic reflexes so that Dinobot can adapt
to various walking situations.

6.2. Control parameters tuning and its sensitivity
The parameter values of the neural oscillators and the PD controllers in Table I were determined
experimentally.

When we tuned all the parameters, we first set neural oscillators’ parameters, next PD controllers’
parameters were decided to make legged trajectories. Finally, we adjusted the oscillators’ parameters,
ktsr and kvsr , to synchronize the oscillations of each oscillator and leg. In terms of the decision
of the neural oscillators’ parameters, the output of each neural oscillator is utilized for only phase
switching (swing/stance phases), and we considered that it is most important to set the oscillator’s
cyclic duration, which is equivalent to the walking cycle duration. The cyclic duration of Matsuoka’s
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neural oscillator31 is decided by the proportion of τ to τ ′ in Eq. (1). In our experiments, τ /τ ′ was set
to 0.1 as shown in Table I in order to show that the walking cycle duration resulted in approximately
0.4 s, which was decided based on animals that have similar leg length. However, the walking cycle
duration was slightly adjusted autonomously by walking with the synchronization of the oscillator,
the leg and the body via the sensory feedbacks of Eqs. (3) and (6).

Here we discuss the sensitivities of the parameters. We experimentally observed a margin of error
of each single parameter in Table I where Dinobot was capable of walking on flat terrain with more
than 20 steps, which was recorded in the experiment in Section 5.1. Since the output of each neural
oscillator is used for only phase switching, the parameters are flexible. However, the coefficients of
sensory feedbacks, ktsr and kvsr , are sensitive. The stable walking allows a margin of error of only
approximately ±3%. These are the parameters to synchronize the oscillations of each oscillator, each
leg and the body. For this, we should set the parameters sensitively. The sensitivities of the desired
angles in Table I(b) vary according to the desired positions A, B and C. Position A is the desired
position only to lift the foot in order for the foot not to be obstructed while swinging forward from
position A to B, each of the desired angles θdA and φdA allows a margin of error of approximately
±15%. Position B, which is the end of swinging forward, is also the start of swinging backward,
and thus it affects the touchdown angle, which is the hip angle at the moment when the foot touches
the ground. The touchdown angle plays a significant role in the walking stability,23 and θdB and
φdB are sensitive. These are allowed in approximately ±5%. The desired position C is also sensitive
because it affects the touchdown angle and the propulsion. θdC and φdC are allowed in approximately
±4% and ±6%, respectively. The P-gains have a similar tendency to the desired angles. kphA and
kpaA are allowed in approximately ±20%, while kphB , kphC , kpaB and kpaC are merely allowed in
approximately ±9, ±6, ±12 and ±6%, respectively. All of the D-gains of the joints in every state are
insensitive and changeable from approximately 0.005 to 0.03. This is because the D-gains are much
smaller than the joints’ friction and have small effects.

6.3. The probability of advanced walking using a tail
A biped dinosaur’s original mechanical structure is characterized by a long tail with a large moment
of inertia. It has been reported that Deinonychus and Velociraptor made rapid movements by skillfully
manipulating their tails.13 Exploiting the tail enables rapid turning and movements but also causes
perturbations that disturb the limit cycle for stable walking. This situation corresponds to that of
walking over irregular terrain. Therefore, unless the rhythms of all body parts are synchronized at the
same time, walking could not be achieved.

For example, when a dinosaur turns right by dynamically swinging the tail to the right side,
the oscillations of the body parts are disturbed due to the loss of balance. The neural oscillators
involving the tonic reflexes synchronize these disturbed oscillations, and smooth walking is achieved.
The quadruped robot ‘Tekken’,14 which used the biologically inspired method, sharply inclined its
body towards the turning side by bending the leg joint of the same side, and subsequently lost its
balance. However, because of the effect of its neural oscillators and tonic reflexes, Tekken could turn
smoothly. Dinobot does not yet possess a tail joint. However, we believe that it has the potential
to synchronize the oscillations disturbed by the tail movements because it has demonstrated to be
capable of synchronizing disturbed oscillations in our experiments that involved walking over a step.
Therefore, additional suitable tonic reflexes are required to significantly improve its synchronization
capability. In addition, providing the tail’s oscillation as feedback to the neural oscillator is an
alternative idea.

7. Conclusions
In this paper, we have described stable dynamic walking of a biped dinosaur-like robot by means of
the walking gait generation and control derived from an extant vertebrate’s nervous system. First,
we employed the basic neural system for locomotion of contemporary animals, which consists of
CPG and spinal reflexes, for the dinosaur mimetic mechanism based on the knowledge derived from
palaeontology and extant animals and appropriately tuned the parameters of the system empirically.
As a result, we verified the generation of dynamic walking motion on flat terrain. Furthermore, we
added reflexes (the stepping and vestibular spinal reflexes) dependent on a vestibule, similar to those
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in animals. We also demonstrated that our robot could robustly adapt to perturbations similar to
animals while crossing a step. CPG can be one of the candidates that provides successful locomotion
for a dinosaur.

Now we note some differences between the mechanism of Dinobot and that of dinosaurs as inferred
from skeletal specimens. To increase its reliability, in the future, we will improve our model and make
it more similar to actual skeletal specimens in terms of joint configuration and mass distribution of
body parts among other features. In addition, until now, Dinobot has active joints only for its legs, but
in our future work, we will exploit the motion of the long tail with a large moment of inertia, which
is the dinosaurs’ original feature, and accomplish turning and more advanced motion. Eventually, we
would be pleased to discover a dinosaur’s robust locomotive nervous system suitable for particular
mechanism.
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