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Abstract: The inspiration for the footed robot was originally derived from biology, and it was an
imitation of biological form and movement. In this paper, a bionic-robot dog is designed to reveal
the motion characteristics of a quadruped robot mechanism through modeling, model kinematic
analysis, and other methods. First, the structural characteristics and movement characteristics of
the developed bionic-dog model are studied. The first step is to study the physiological structure of
the dog, analyze the function of the dog’s limbs, and then use a high-speed camera to capture the
motion of the marked bionic-robot dog and shoot motion video of the bionic-robot dog in different
motion states. The effective data of the marked points in the video are extracted using PHOTRON
1.0 software, and the extracted data are analyzed and processed in the software MATLAB R2020a,
and finally the structural characteristics and motion laws of the bionic-robot dog are obtained. Then,
a bionic-robot-dog experimental platform is built to conduct experiments with three planned gaits
(dynamic gait, static gait, and gait transition). The experiments showed that the three gaits were
consistent with the planned movements and the bionic-robot dog could perform stable fast-gait
walking, slow-gait walking, and quickly complete gait transitions. All three gaits were simulated in
ADAMS 2019 software, and the simulation results showed that all three gaits caused the bionic dog
robot to move smoothly.

Keywords: bionic; robot; motion planning; gait transition

1. Introduction

Robot technology is an emerging technology that integrates computer technology,
sensing technology, and vision technology [1]. It is undoubtedly one of the frontier areas
of today’s scientific and technological development [2]. In recent years, with the rise of
artificial intelligence, robotics technology has developed vigorously, and its research has
gradually expanded from the traditional industrial scope to new fields such as biomedicine,
educational services, and exploration and rescue [3]. The prevalence of robots in daily life
is increasingly evident. For example, pet robotic dogs can often be seen taking walks with
their owners, while rescue robots are frequently deployed in disaster areas, providing a
glimmer of hope for victims [4]. In addition, there are also small robots engaged in express
sorting and load-bearing robots engaged in cargo transportation. The development of robot
technology has made life more comfortable and faster [5].

Mobile robots are an important part of robotics technology. An increasing number
of scientific research institutions have been dedicating significant human and material re-
sources to research on mobile robots, due to their broad application markets and promising
prospects [6]. One of the research hotspots in the field of mobile robots is footed robots.
The reason is that nearly half of the terrain in the natural environment cannot be reached
by wheeled or crawler robots, such as forests, grasslands, and disaster areas [7]. Forests
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and grasslands are rich in resources, and disaster areas also need robots to find affected
people and bring necessary supplies [8]. Compared with wheeled or crawler robots, the
discrete-point-like feet of footed robots when they contact the ground are more suitable for
non-continuous plane ground such as forests and disaster areas. Therefore, footed robots
play an important role in human service and well-being and life [9]. Limbed robots are
classified according to the number of feet, and the common ones are biped, quadruped, and
hexapod [10]. Obviously, compared with two-limbed robots, quadruped robots have the
characteristics of stable motion, diverse motion forms, and strong carrying capacity [11].
Compared with hexapod robots, and those with even more limbs, quadruped robots have
simpler structure and easy-to-establish motion models, so quadruped robots appear more
frequently in scientific research and life [12]. The quadruped robot can adjust its movement
gait according to different environments and different speeds [13]. The accessibility of
the ground and the pitch of the ground slope will affect the quadruped robot’s choice of
gait, which leads to a variety of movements by the quadruped robot. Common periodic
symmetrical gaits on unobstructed hard surfaces include wave gait, diagonal gait, and
running gait. At present, researchers have investigated single gaits of quadruped robots
more, including the planning of foot trajectories, the coordination between the four limbs,
and analysis of the stability of the whole machine. Many models have been proposed, such
as the linear inverted-pendulum model and the virtual-limb model [14]. For foot-trajectory
planning, an elliptical trajectory and a parabolic trajectory have been proposed [15].

This study found that, although the above research trajectories are diverse, their
biological diversity is not strong. In addition, researchers have done little research on the
gait transition process, and the research volume for this is far less than the research on
single gaits. On the one hand, the gait-transition process itself is relatively complicated,
and accurate calculation is required between the two gaits to achieve a smooth transition.
On the other hand, during the gait-transition process, the stability and coordination of the
whole machine must be greatly tested. Considering the existing bionic quadruped robots,
it can be seen that in terms of the robot’s body structure, its joints are limited, and there
is still a significant gap compared to flexible organisms. This study designs a quadruped
robot based on research results on the structure and gait of biological dogs. While ensuring
stable motion for the robot, this study considers limb coordination and plans reasonable
low-speed gaits, high-speed gaits, and transition gaits. The aim is to solve the problems
of insufficient bionics in single-gait planning and of coordination in multi-gait transitions,
providing a reference for research on bionic robots.

The structure of this article is arranged as follows. Section 1 elaborates on the back-
ground and significance of this research, and it presents the research content and objectives
of this article. Section 2 studies the structural characteristics and motion patterns of bio-
logical dogs. In Section 3, the mechanical structure of the bionic-robot dog is designed,
the kinematics of the single limb and the whole machine are analyzed, and the kinematic
model is established. In Section 4, based on the motion laws of the biological dog, we
design three gait types for the bionic-robot dog, a low-speed gait, a high-speed gait, and
a transition gait, and verify the feasibility of the gaits. Section 5 summarizes the research
contents and achievements of this paper.

2. Materials and Methods
2.1. Analysis of the Movement Characteristics of the Biological Dog

One of the focuses of quadruped robot research is its gait. Different gaits correspond
to different movements of the robot [16]. A good gait does not only improve the stability
of the quadruped robot, but also minimizes the fluctuation of its energy consumption,
and, therefore, energy can be optimized [17]. As a result of evolution, organisms have
achieved a high degree of conformity with the environment in their shape, structure, and
movement patterns [18]. The current state of evolution can be said to be the optimal state in
the biological environment. The bionic quadruped robot imitates the creature in shape and
movement, so that the robot can approximate the movement of the creature in the same
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biological environment [19]. Since the quadruped robot is moderate in size and easy to
control, its movement can be well observed [20].

The research object of this paper is a bionic-robot dog. Compared with bipeds,
quadrupeds are more stable. When subjected to lateral force or moving on uneven and
rough roads, the biological dog can quickly adjust the position of its center of gravity
to bring the body into a state of balance. Compared to robots with hexapods and above,
quadrupeds have simpler locomotion patterns. Furthermore, the biological dog is moderate
in size, easy to domesticate, and can carry out various exercise experiments. When design-
ing a bionic-robot dog, imitating the shape and movement of a biological dog can improve
the environmental adaptability of the robot and make its movement more reasonable. To
study the bionic-robot dog, the structural characteristics and motion laws of the biological
dog should be studied first, so as to provide a basis for the mechanism design.

An important feature of the bionic robot was that the body structure of the robot was
designed to imitate the biological structure in nature. In the process of designing the limb
structure, we referred to the limb structure of the dog. The quadruped robot needed to
move forward and backward like a living creature. For a series of actions such as steering,
each limb must have several freely rotatable joints. Each limb of the robot in this paper was
designed with 2 active joints and 1 passive joint. The two active joints were located in the
thigh limb. One active joint that could rotate 180 degrees was at the connection with the
calf, and another active joint that could rotate 180 degrees was at the connection between
the thigh and the torso. The passive joint was for passive adjustment when the foot of
the robot was in contact with the ground. After completing the design of the joints of the
robot’s limbs, the design of the posture relationship between the torso and the limbs of
the robot was carried out. Referring to the two-symmetrical model of the quadruped limb
structure in bionics, usually the two front limbs of a robot have the same size and structure,
and the two hind limbs have the same size and structure. Therefore, it was only necessary
to determine the structure of the front and hind limbs.

After the above analysis, the robot limbs in this paper were designed with a total
of 12 joints, including 4 active joints at the hip joints and 4 joints at the knee joints, and
4 passive joints at the feet. For each limb, the 2 active joints of the knee joint and the
hip joint controlled the forward and backward movements of a limb of the robot and the
movements of raising and dropping the limb, respectively. The passive joints were used to
simulate the impact of the soles of the feet when the limbs land. The topological structure
of the robot suggested a limb structure with better symmetry and more convenient motion
analysis. Then, we processed the video captured of the biological dog’s motion. Using
Fastcam Analysis in the video-processing software PHOTON 1.0 to extract the position
coordinates of marker points, we analyzed and processed the extracted coordinate data in
MATLAB R2021a.

2.2. Analysis of the Movement Law of the Biological Dog

This article used an adult Labrador Retriever as the object to capture the motion of
a biological dog. The experiment was conducted indoors. To ensure sufficient time for
motion capture, two LED lights were used indoors for lighting, as shown in Figure 1, for
the experimental images of the biological-dog motion capture.

This experiment selected a Labrador dog weighing 25 kg. When standing, the length
from head to coccyx was 660 mm. The height from the middle of the body to the foot
was 460 mm. The body width was 210 mm. For ease of labeling, we chose a pure black
Labrador dog.
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Figure 1. Experimental image of biological-dog motion capture.

The experimental steps were as follows:

(1) Two weeks before the experiment, the dog trainer trained the Labrador dog on a
treadmill until it could move freely on the treadmill.

(2) White circular paper pieces with a diameter of 40 mm were used as marking points
and pasted on the Labrador dog, marking 14 points. There were four points in the
front limb, namely, the foot end, wrist joint, elbow joint, and shoulder joint. There
were four points on the hind limb, namely, the foot end, ankle joint, knee joint, and
hip joint. The back was divided into 4 sections and labeled with 5 points: S1, S2, 53,
54, and S5. There was a point in the center of the side of the body.

(3) The treadmill speed was set to 2 k/h, and the dog trainer directed the movement of
the Labrador dog. After the Labrador dog was adjusted, the treadmill accelerated
to 3.5 km/h.

(4) After the Labrador dog stabilized at a speed of 3.5 km /h, a high-speed camera, model
FASTCAM Mini UX100, was used to capture a motion video at 500 Hz in this state.

(5) Experimental steps (3) to (4) were repeated and sports videos were shot at four speeds:
40km/h,6 km/h, 6.5km/h, and 7 km/h.

During the experiment, it was found that the range of change in each joint angle was
significantly greater when the movement speed was high than when the speed was low.
In order to determine the joint-angle range of the bionic-robot dog, the change in the joint
angle of the biological dog when the speed was high was analyzed. Figure 2 shows the
change in each joint angle at 7.0 km/h.

From Figure 2, it can be concluded that:

(1) The change trend of the three joints of the hind limb was similar to that of the three
joints of the front limb.

(2) The change trend and angle range of the knee joint and ankle joint of the hind limb
were basically the same.

(3) The back angle did not change much during the exercise.

(4) The variation range of the hip-joint angle was [150°, 160°], and the variation ranges of
the knee-joint and ankle-joint angles were [90°, 130°].
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Figure 2. Changes in joint angles when the biological dog moved.

The biggest difference between the motion of a quadruped robot and that of a wheeled
robot is that the forward and backward movements of a quadruped robot follow a regular
gait. The four limbs of the robot need to be coordinated to ensure smooth movement.
Without regular movement, it is difficult for the body of a quadruped robot to maintain
balance. However, the motion of wheeled robots does not require this consideration of
maintaining balance. As long as the ground is level, wheeled robots can maintain balance.
Therefore, gait pattern is a unique requirement of quadruped robots. Gait refers to the
regular movement process of a robot’s limbs continuously switching from state A to state B
within a fixed motion cycle. Through the coordinated movement of four limbs, the robot’s
body can move smoothly forward or backward. The focus of this article is on the walking
and jogging states of robots.

The walk gait is a static step, which is the most common walking step in the movement
of quadrupeds. The movement is characterized by a certain regularity in the movement of
the quadrupeds. It satisfies the support state with three limbs on the ground, the swing
phase with one limb off the ground, the movement of four feet satisfies the stability margin,
and the movement speed of the center of mass during the forward process is slow, and
the body swings less up and down [21]. The walk gait of the quadruped robot in this
paper mainly refers to the motion law of quadrupeds represented by dogs, and is used
in the analysis of the law of motion period, load factor, swing phase, support, and other
parameters in the process of motion.

2.3. Kinematic Analysis of the Quadruped Robot

The topological structure of a robot mainly refers to the connection structure between
the robot’s trunk and limbs, as well as the spatial modeling and joint analysis of each limb
of the robot. The joints in the robot body structure refer to controllable autonomous motion
joints that can actively adjust the robot’s motion angle. Robots with relatively simple
body structures often have fewer joints, more convenient control, and lower costs, but can
perform fewer actions and have poor bionic performance. The more limb joints a robot has,
the more complex are the actions it can complete. However, the cost will also increase, and
the structural design of the robot will become more complex, making control more difficult.
Therefore, the decision on the number of joints in the limbs is very important.

The bionic-robot dog consisted of approximately 200 parts, with a total length of
775 mm, a total width of 380 mm, and a standing height of 438 mm. The body structure
was mainly divided into three sections, the front limb, the back, and the hind limb. Due
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to the small change in back angle during the movement of the bionic-robot dog, in order
to simplify the structure and make the model simpler, a rigid back without joints was
used for the back. Similarly, because the movement patterns of the front and hind limbs
were similar during movement, the front and hind limbs adopted the same structure. The
entire machine had a total of 12 joints, and all 8 active joints were driven by Maxon DC
brushless motors, with the motor model being the EC45 Flat. The transmission between
the motor and each limb used a belt transmission. Figure 3 shows an assembly diagram of
the bionic-robot dog established in the 3D software SolidWorks 2022.

Foot end- 7.

Ankle joint -10

Figure 3. Mechanical structure of the bionic-robot dog.

Figure 4 is a linkage schematic of the mechanical structure of the bionic-robot dog. M
is the overall mass of the machine. [j is the distance between the shoulder joints of the front
and hind limbs. by is the distance between the hip joints of the left and right limbs. [;, I, I3
and m, my, m3 are the lengths and masses of the thigh, calf, and foot, respectively. ¢; is
the angle at which motor 1, driving the hip joint, rotates. ¢, is the angle at which motor
2, driving the knee joint, rotates. 81 is the rotation angle of the hip joint. 6, and 03 are the
rotation angles of the knee and ankle joints, respectively.

Ze I, M

c b

(x,2)

Figure 4. Linkage schematic of the mechanical structure of the bionic-robot dog.

The main parameters in the structural design of the bionic-robot dog and the actual
parameters of the biological dog are shown in Table 1. The design parameters should be as
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close as possible to the actual parameters of the biological dog. Considering the motion
stability of the bionic-robot dog, the robot dog was slightly wider in the width direction
than the biological dog. After calculation, the size ratio of the robot dog to the reference
biological Labrador dog in this article was around 1.

Table 1. Parameters of the biological dog and the bionic-robot dog.

Parameter M (kg) Iy (mm) by (mm) l; (mm) I, (mm) I3 (mm) 01 (deg) 0, (deg)
Biological dog 25 560 210 130 220 120 [60,90] [90, 130]
Bionic-robot dog 20 550 238 135 180 160 [40, 110] [80, 150]

3. Results and Discussion
3.1. Kinematic Analysis of the Bionic-Robot Dog

The bionic-robot dog was mainly composed of the back and four limbs. The four
limbs had the same structure. The kinematic analysis of the bionic-robot dog was divided
into the kinematic analysis of the single limb and the kinematic analysis of the whole
robot mechanism.

The thigh, calf, and foot end of one limb were in the same plane. Figure 5a shows the
structural diagram of one limb. Translate the lower limb and foot end, and keep the foot-
end position unchanged, to obtain a structural equivalent diagram as shown in Figure 5b.
Consistent with the previous text, ¢1 shows the angle of rotation of motor 1 driving the hip
joint. @, is the angle of rotation of motor 2 that drives the knee joint. 6; is the rotation angle
of the hip joint. 6, and 63 are the rotational angles of the knee and ankle joints, respectively.

b x2
(a) (b)

Figure 5. Structural diagram of one mechanical limb. (a) Structural diagram of one limb; (b) equiva-
lent diagram of one limb’s mechanical structure.

In the structural design, because the thigh and the foot of the biological dog have
similar motion laws, the designed knee joint and ankle joint have the same motion angle,
that is, 8, = 63. The hip-joint motion angle and the drive angle of motor 1 are mutually
complementary, that is, 61 + ¢1 = 77/2. In addition, in the parallelogram structure composed
of the thigh, I1, I, and calf, the motor drive angles ¢; and ¢, and the knee-joint rotation
angle 0, are adjacent angles of the parallelogram and have a complementary relationship,
that is, 8, = m — (@1 + @2). According to the geometric relationship of the single-limb
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structure, the position of the foot end is uniquely determined by the driving angles of the
hip motor and knee motor. Establish a coordinate system (X, Z), which is fixed to the hip,
and set the foot-end coordinates to (x, z). The driving space composed of (x, z) and ¢; and
@2 has a certain mathematical relationship, which can be expressed as Equation (1):

x = X(¢1, 92)
{Z = Z(¢1, 92) M

In the equivalent diagram of the single-limb mechanical structure, ZBCO = @1, ZCDA = ¢»,
then the forward kinematic relationship can be expressed as Equation (2):

x=01B—AB=01B—CE = (l; +13)sin¢p; — I sin ¢, o)
z=—DE— AE = —DE — BC = —(l1 +I3) cos ¢1 — I cos ¢

It can be seen from Table 1 that the range of motion of the hip joint was [40°, 110°],
and the range of motion of the ankle joint was [80°, 150°]. The relationship between each
joint and the motor drive angle is as in Equation (3):

0, =063
r+¢1=7 3)

b =7~ (¢1+ 92)

Based on the range of motion of each joint and the relationship between each joint and
the motor drive angle, it can be concluded that the value ranges of ¢1 and ¢, were [—20°,
50°] and [—20°, 120°], respectively. Combined with the kinematic forward calculation
relationship shown in Equation (2), the reachable workspace of the foot in the hip coordinate
system can be obtained.

Next, the inverse kinematics of the single limb were analyzed. In the previous section,
the forward kinematic equation of the single limb had been obtained as Equation (2), and
now the forward kinematic equation is derived, as in Equation (4):

X+ Ipsingy = (I1 +13) sin ¢
4)
z+1pcos @y = —(l +13) cos ¢
Square both sides, add and arrange to get Equation (5):
h+13)>—13—x2—22
xsin¢2+zcos<p2:(1+3) A ®)

2l

So far, the expressions of the motor drive angle ¢; at the hip joint and the knee motor
drive angle ¢, can be obtained from Equations (4) and (5), respectively. If we know the
position of the dog foot end, we can calculate the corresponding driving angle and complete
the inverse kinematic analysis of the single limb.

3.2. Kinematic Analysis of the Whole Robot Mechanism

Figure 6 shows the kinematic parameters of the bionic-robot dog. Due to the symmetry
of the four limbs, the right-front limb was taken as an example for analysis. The body
coordinate system {C} is established at the initial position of the center of mass of the
body, the Yc axis is the forward direction, and the Zc axis is the vertical return. The
coordinate system {Op} is shown in the figure, and the shoulder has two joints: forward
and backward swing and left and right swing. Therefore, the {O;} coordinate system
is fixed to the shoulder and corresponds to the left- and right-swing coordinate system.
The {O,} coordinate system is the coordinate system corresponding to the forward and
backward swing. Since the coordinate system {O;} of the hip joint swinging back and forth
is coincident with the coordinate system {O;} of the left- and right-swinging of the hip joint,
I; = 0in the equation. {O3} is the coordinate system corresponding to the knee joint. {O4} is
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the coordinate system corresponding to the ankle joint. {Os} is the coordinate system at
the end of the foot. 6; is the angle at which the shoulder joint swings left and right. 6, is
the angle at which the shoulder joint swings back and forward. 65 and 8, are the rotation
angles of the knee and ankle joints, respectively. The angle of X5 entering the ground in
the positive direction is 5. h is the thickness of the torso, and I; (i = 1, 2, 3, 4) is the length
of the rod between point O;, 1 and point O;. The kinematic parameters of the whole robot
mechanism are now established.

Figure 6. Motion-analysis diagram of the whole robot mechanism.

The transformation relationship between the coordinate system {Og} and the body
coordinate system {C} is shown in Equation (6):

0 -1 0 Ip/2
1 0 0 —by/2
C _ 0
To=1p o0 1 —h/2 ©)
0 0 0 1

The conversion relationship between the left- and right-swing coordinate system {O;}
of the shoulder joint and the coordinate system {Op} is shown in Equation (7):

C1 —51 0 —b0/2
0 0 1 0
—S1 —C 0 0

0 0 O 1

0T = @)

In Equation (7), C; = cos(81), S1 = sin(f1). The transformation relationship between the
coordinate system {O5} of the back-and-forth swing of the shoulder joint and the coordinate
system {O1} of the left- and right-swing of the shoulder joint is shown in Equation (8):

Co —S) 0 11
0 0 1 0
1 —
L= —s, —c 0 O (8)
0 0 0 1
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In Equation (8), C, = cos(63), Sy = sin(f,). The relationship of the conversion between
the knee-joint coordinate system {O3} and the shoulder-joint coordinate system {O5} is
shown in Equation (9):

—C3 —83 0 12

2 o S3 Cc3 0 0
B=19 0 10 ©)

0 0 0 1

In Equation (9), C3 = cos(03), S3 = sin(f3). The transformation relationship between
the ankle-joint coordinate system {O4} and the knee-joint coordinate system {O3} is shown

in Equation (10):
Cqy —84 0 l3
3 |54 Cq 0 0
L=l 0o 10 (10)
0O 0 0 1

The transformation relationship between the foot-end coordinate system {Os} and the
ankle-joint coordinate system {O4} is shown in Equation (11):

—Cp —Sp 0 l4

4 . Sp —Co 0 0

5=1lo o 10 an
0 0 0 1

The expression of the foot-end coordinate system {Os} in the body coordinate system
{C} is shown in Equation (12):

Ty = Ty T T T3 T, T (12)

Bring Equations (6)—(11) into Equation (12), and Equation (13) can be obtained:

23450 — 5234C¢ —(23489 — $234C¢ 0 lo/2 + 157 4 I3503 + 145234
T, — —C1C234C6 C15234C9 — C1C23459  —S1 Do/2+lic1 + lerco + 1301003 + lac10o34 (13)
§1C234Co + 51523459 51023489 — S15234C9 —C1 —Il151 — lps10p — I381023 — 14810034 — I
0 0 0 1
ny 0y ay Dy Py
. ny, oy ay P R P, .

According to ‘Ts = | ¥ 7V "V V| = V|, Equations (14) and (15)

ny, o0, a; P P,

0O 0 0 1 0 0 0 1

can be obtained:
23489 — $234C9 —234Cp — $2345¢ 0

R = —C1€234Cg C15234C9 — C1C2345¢ —$1 (14)

51€234Cg 151523459  51C2345¢ — 515234Cg —C1

Py lo/2+ I + 13503 + 148234
P= |Py| = |bo/2+ lic1 + lacico + I3c1c03 + Lacicoza (15)
P, —Ily1s1 — Ips1cp — I3s1c03 — I451C034 — 1

Equation (14) differentiates time to obtain Equation (16):

Py = Lo + I3c23(02 + 03) + lsco3a (02 + 05 + 0s)

Py = —116191 + lzclczél + 12515292 — l3clc2391 4+ ...+

1351523(92 + 03) — l4€1623491 + ?4515234(92 + 03+ 0s) (16)
Py = 115101 + l251¢0601 4+ Irc1520 + I3c100301 + ... +

I3c1523(02 + 03) + 1451023461 + Lac15034 (02 + 03 + 04)
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Organize Equation (16) into the matrix (17):
vV =71(6)6 (17)

.. . AT
Among them, V = {PxPyPZ} represents the foot-end speed of the bionic dog.

. ... . 9T
0 = [ 04 929394} represents the angular velocity of each joint. J(6) is the Jacobian matrix.
It is shown in the form (18):

—licy — beiep —Izereo3 — lycicpzs 1ps182 + 1351523 + 14515034 1351503 + 14515034 14515034

0 reo + 1323 + 146034 I3c03 + 14C934 lycozs
(18)
lis1 +1ps1cp + I3s1003 + 1as10034  loc182 + I3c1503 + lac18034  13c1503 + lac18034  14C15034

Using the Jacobian matrix, the relationship between the speed of the foot end in the body
coordinate system and the speed of each limb joint can be expressed. Similarly, the kinematic models
of the right-hind limb (RH), left-front limb (LF), and left-hind limb (LH) can be obtained similar to
Equation (19):

—bg/2+ lic1 + Ixcico + I3c1603 + 14¢1€034
—I1s1 —Ips1c0 — 1381003 — Ig510034 — 11
lo/2+ 18y + I3s23 + 145234
Prp = [ ]

—lg/2+1psy + 13503 + 145034
Pry =

bo/2 +lic1 + herea + I3c1003 + Igc10234 (19)
—Ilys1 — Ips100 — 381003 — Iys10234 — 1

—lo/24 sy + 13503 + 145034
bo/2+ 1ic1 + leper + I3c1003 + l4C1C234:|

—I1s1 — bsyco — I3s1003 — Ig810034 — h

Prg =

Combining the kinematic model of the single limb and the kinematic model of the whole robot
mechanism, the motion space of the feet of the four limbs in the coordinate system of the whole robot
can be solved; the joint angles and the rotation angle of each motor can also be solved according to
the position of each foot end.

3.3. The Gait Planning of the Bionic-Robot Dog
3.3.1. Basic Concepts of Gait Planning

Gait is the sequence of motion of the limbs of a walker (human, animal, robot) in time and
space [22]. The movement of a footed robot must depend on gait. There are various gaits in the
biological world. Depending on the number of limbs, bipedal, quadrupedal, and hexapodal walking
styles are different. The same four-limbed animals, horses, dogs, cats, and other species, walk in
different ways. Even the same dog will walk in different ways when facing different terrains. Irregular
rough roads and regular flat roads will make bionic-robot dogs choose different ways of walking.
From this, it can be seen that there are various ways of walking in the biological world. Scholars have
defined the relevant concepts of the gait of a quadruped walker. When the limbs are in contact with
the ground, the state of the limbs is the support phase; when the limbs are swinging in the air, the
state is the swing phase; the time required for the same limb to reach the same state is the period (T);
the gait of the biological dog when three or more limbs are in the landing phase at any time is the
static gait; the gait when only two or fewer limbs are in the landing phase at any time is the dynamic
gait; the ratio of landing-phase duration to cycle is the duty cycle (8); and the minimum convex
polygon formed by the landing points is the support area [23]. The common gaits of quadruped
robots are shown in Figure 7.

The duty cycle B; is the ratio of the duration f of the i-th limb on the ground to the period T.
The calculation equation is shown in Equation (20):

Bi= (20)
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Figure 7. Common gaits of quadruped robots.

In the equation, ts represents the duration of the ground phase, and T represents the period.

In addition to the duty cycle B;, another important parameter describing gait is the phase
difference ¢;. The phase difference is defined as the ratio of the difference between the landing
time ¢; of the i-th limb and the landing time t; of the reference limb and the movement period. The
calculation method follows in Equation (21):

_ti—t

9 == @1

The phase difference ¢; describes the phase relationship between the limbs, and the response in
the gait is the sequence of movements of the limbs. Figure 8 lists the relative relationships between
the phases of each limb in several common gaits. In the figure, LF represents the left-front limb. RF
represents the right-front limb. LH represents the left-hind limb, and RH represents the right-hind
limb, all with the left-front limb as the reference limb, i.e., ¢y r = 0.

The duty cycle ; and the phase difference @; together describe the gait. The former reflects the
speed of the walker’s movement, and the latter reflects the coordination relationship between the
limbs. In order to clearly describe the movement speed of the walker, it is also necessary to know the
trajectory curve of the foot end of the walker.

When determining the stability of gait, the zero-moment point (ZMP) method is needed. Its
definition is shown in Figure 9, where the X-direction is the forward direction of the robot. The ZMP
is defined as the intersection point of the extension line of the combined force of gravity and inertial
force on the ground, i.e., P in Figure 9. The combined moment of inertial force and gravity at the ZMP
is zero, so this point is also known as the zero-moment point. If the ZMP falls within the polygonal
support area formed by the foot and ground, the gait is stable. On the contrary, if the ZMP falls
outside the support area, the gait is unstable.
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Figure 9. ZMP definition diagram.

In the inertial coordinate system, if the coordinate of the center of gravity is P. =[x, yc, ZC]T, the
mass of the machine is M, the acceleration of gravity is ¢ = [0, 0, —¢]”, the coordinate of point P is
P =[Px, Py, Pz], and the combined force of the ground reaction force on the support point is F, then
the torque of F around the origin is as shown in Equation (22):

T=PxF+1p (22)

Among them, T, is the torque passing through P.
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Equation (23) can be obtained from the momentum theorem and angular momentum theorem:
' P=Mg+F (23)
L= PC X Mg +T

Combining Equations (22) and (23), the expression for 7, can be obtained as Equation (24):
TP = L — Pc x Mg+ (P — Mg) x P (24)

According to the definition of the ZMP, ), = 0, and 7}, = 0, the expression for the ZMP can be
obtained as in Equation (25):

_ MgX(+ZpPX7Ly
x}? - Mg+1_)z ) (25)
_ Mgy +ZpPY-Lx
Yp = —Mgrr,
If the quadruped robot is simplified to a mass point, the momentum and angular momentum
are as in Equation (26):
.. . \T
P:MPC :M(xc,yC,ZC) (26)
L= PC X MPC

The coordinate expression of the ZMP is shown in Equation (27):

_ . _ (zc—zp)¥c
o @7)
Yp =Yc —

(zc—zp)ic
Zc+g

The coordinates of the ZMP can be obtained based on the coordinates of the center of gravity
and ground height. When the ZMP falls within the support area, the gait is stable.

3.3.2. Dynamic-Gait Planning

A gait with a duty cycle B; < 0.5 is called a dynamic gait. Dynamic gait is the gait taken by
pedestrians when they require a high speed of movement. The planning is mainly divided into two
parts. One part is to determine the coordination relationship between the limbs, that is, to determine
the duty cycle and phase difference, and the other part is to plan a reasonable foot-trajectory curve.

The coordination relationship between the limbs of a quadruped robot is determined by phase
difference and duty cycle. When the movement speed of a biological dog exceeds 6.0 km/h, the
gait adopted is the dynamic gait. Firstly, we calculated the gait duty cycle. Figure 10 shows the
displacement diagram of the right-hind-limb foot end in the Z-direction at 6.0 km/h, and the diagram
shows a period. The displacement change in the Z-direction reflects the state of the limb. When the
displacement remains constant, it indicates that the limb is in contact with the ground and in the
contact phase. When the displacement changes, it indicates that the limb is swinging in the air and in
the swinging phase. By combining the time point of landing in the captured video, the duty cycle
at 6.0 km/h can be calculated, that is, § = %g:g:g = 0.455. Similarly, the duty cycles of 6.5 km/h and
7.0 km/h are 0.417 and 0.420, respectively.

__-—'""-‘_“—_

i i i

0.5

Z-axis displacement (nun)

0.6 0.7 0.8 0.9 1.0 1.1

Time (s)

Figure 10. Right-hind-limb Z-axis displacement at 6.0 km/h.

When designing the gait of a bionic-robotic dog, in order to ensure the stability of the dog
during high-speed motion, take the duty cycle B = 0.5 to ensure that both limbs are on the ground at
all times. The order of swinging the limbs is to swing both the left-front limb and the right-hind limb
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simultaneously, followed by swinging both the left-hind limb and the right-front limb simultaneously.
Using the left-front limb as the reference limb, the phase difference between each limb is as follows:
¢Lr =0, orr = 0.5, ¢ = 0.5, prpg = 0.

In order to achieve bionic gait, it is necessary to first study the foot-trajectory characteristics of
biological dogs during rapid gait. Figure 11 shows the movement of the right-hind-limb foot end relative to
the hip during the test of the Labrador dog on a treadmill at speeds of 6.0 km/h, 6.5 km/h, and 7.0 km/h.
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Figure 11. Movement of the right-hind-limb foot end relative to the hip of the biological dog during
dynamic gait.

Observations have shown that the foot trajectory of a biological dog can be described in two
ways, one in the form of a compound cycloid and the other in the form of a polynomial. This
article simulates the cycloid and polynomial foot-trajectory curves separately, and then derives
the simulation results data from ADAMS post-processing. Because the bionic-robot dog enters
the simulation state from zero when it starts moving in the simulation environment, its position
undergoes a sudden change. At the end of the exercise, it suddenly enters the zero position and
the position undergoes a sudden change. So, this study selected the second period in the middle to
observe its motion, and it compared the two curves in terms of stability and foot-end force. Figure 12
shows the motion of the centroid of a bionic-robotic dog. Figure 13 shows a comparison of foot-end
forces between the two trajectories.
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Figure 12. Comparison of centroid motion between two trajectories. (a) Cycloid-trajectory centroid
displacement; (b) polynomial-trajectory centroid displacement.
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Figure 13. Comparison of foot-end forces between two trajectories.

From the perspectives of stability and foot force, both trajectory curves have advantages and
disadvantages. This study ultimately chose polynomial foot trajectory. On the one hand, stability is
the first factor to consider in the overall motion of the machine, and the stability of the polynomial foot
trajectory is greater than that of the composite cycloid. On the other hand, although the maximum
foot force on the polynomial foot trajectory is slightly greater than that on the cycloidal foot trajectory,
the difference is not significant and has little impact on the stability of the bionic-robot dog.

3.3.3. Static-Gait Planning

A gait with a duty cycle B; > 0.5 is called a static gait. Static gait is the gait taken by a pedestrian
when the speed requirement is not high. Its planning was also divided into two parts, the coordination
relationship between the four limbs and the trajectory curve of the foot ends. To determine the duty
cycle and phase difference during static gait, we observed the static-gait movement of the biological
dog first. Figure 14 shows the gait of a biological dog at a speed of 3.5 km/h.

IR
At A

Figure 14. Gait of biological dogs at low speed.

When a biological dog moves at low speed, its four limbs are stepped out one by one in sequence,
transitioning from having no less than two limbs swinging at any time to having more than two
limbs landing on the ground at the same time. Figure 15 shows the displacement of the right-hind
limb in the Z-direction at 4.0 km/h, and its duty cycle can be calculated based on the time point of

landing in the video, that is, § = %ég:g:gg = 0.74. Similarly, it can be calculated that the duty cycle at
3.5 km/h was 0.722.
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Figure 15. Right-hind-limb Z-axis displacement at 4.0 km/h.

To ensure that three limbs land at any one time, take the duty cycle g = 0.75.

Observing the gait of biological dogs at low speeds, the order of limb swinging used by the
Labrador dog was left front-right hind-right front-left hind. Research has found that when a
biological dog adopts this limb-swinging sequence, its stability is the greatest, and the gait at this time
is called a wave gait. Taking into account stability and the bionics of the robotic dog, this experiment
determined the order of swinging the limbs to be the waveform-gait sequence of left front-right
hind-right front-left hind. When using a wave gait, the phase difference between the limbs is shown
in Equation (28):

Pon—-1 = F(mﬁ) (28)
@on-1=F(gay1+05)m=12,...n—1, 2 <p<1

In the formula, F(x) represents the decimal part of the real number x. 21 + 1 represents the limb
on the left side of the body. Because it was a quadruped robot, it had limb 1 and limb 3 from front to
back, and the corresponding right limbs were limb 2 and limb 4. Equation (29) can be obtained:

91 =0
o
¢4 = F(B+0.5)

Take g =0.75, then ¢1 =0, ¢ = 0.5, ¢3 = 0.75, and ¢4 = 0.25. Follow the order of limb swings
1-4-2-3, with phases increasing by 0.25 in sequence. At this point, the gait is an equal-phase-wave
gait, and when the robot walks in this gait, its energy consumption fluctuates minimally.

Comparative analysis showed that the polynomial foot-trajectory curve is better than the
cycloid, so the polynomial curve was proposed for the static-gait foot trajectory. In order to plan
a reasonable trajectory curve for the bionic foot, this study analyzed the movement of a biological
dog’s body relative to the ground during movement. Following the movement of a biological dog,
when designing a static landing phase, in order to ensure uniform movement of the body relative to
the ground, it was necessary to ensure that the three limbs in the landing phase had the same speed
relative to their respective hips. Therefore, a straight-line form was chosen for the landing phase on
the X-axis. The curve equation combining straight lines and polynomials was used to describe the
foot trajectory, as shown in Equation (30):

X 7{ Xsw=at + b2 +ct+d (0<t < T)

w Xg=et+f (5 <t<T) (30)
s _ [ Zaw=At'+BP +CP + DI+ E(0<t <)
“ Zy=-H({<t<T)

In the equation, sw represents the swinging phase; st represents the landing phase; a, b, c, d, e, f,
A, B, C, D, E are undetermined coefficients; and T is the period of motion.
The curve of foot trajectory and velocity variation in static gait is shown in Figure 16.
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Figure 16. Foot trajectory and velocity variation in static gait.

It can be seen that the foot trajectory composed of polynomials and straight lines was smooth
and changes uniformly. For a single limb, it is ensured that during the landing phase, the foot end
moves at a uniform speed relative to the hip, ensuring that the body moves at a uniform speed
relative to the ground in the overall coordinate system. The position and speed of each limb during
the swing phase change continuously without any sudden changes.

3.3.4. Gait-Transition Planning

In the exercise experiments on the biological dog, as the speed of the treadmill increased, the
gait of the biological dog quickly changed from adapting to a low-speed static gait to adapting to a
high-speed dynamic gait. For bionic-robot dogs, to achieve the transition from static to dynamic gait,
the first consideration is overall coordination. To achieve the rapid-transition effect of a biological
dog, it is necessary to shorten the time required for gait switching. Based on the above considerations,
the bionic-robot dog adopted a method of simultaneously switching the phase of its four limbs
and the trajectory of its feet, completing gait switching within half a period. Figure 17 shows the
phase-change diagram of the planned transition process. The wireframe represents the state of each
limb during gait transition. To the left of the wireframe is a period of static gait. On the right is the
gait of two periods. Using the left-front limb as the reference limb, the static gait [0, T /4] was called
the static-gait swing phase; [T /4, 2T /4] was the first landing stage; [2T/4, 3T /4] was the second
landing stage; and [3T /4, T] was the third landing stage.

LH

RH

B s ioc phase I—[ landing phase

Figure 17. Phase diagram of gait-transition process.



Appl. Sci. 2023,13, 6876

19 of 28

Due to the difference in foot-trajectory curves between static and dynamic gait, the phase-
transition process is accompanied by changes in foot-trajectory curves. Because each limb is in a
different phase, it is necessary to plan the foot-trajectory transition curves for each of the four limbs
separately. Firstly, this study planned the trajectory of the foot end of the right-hind limb. In the hip
coordinate system {O1}, planning is on the X and Z axes, respectively, using a cubic polynomial curve
on the X-axis and a cycloid on the Z-axis. Assuming that the transition curve equations for the X and
Z axes are F(t) and G(t), respectively, and the start time of the static gait is f = 0, in order to ensure
that there is no displacement mutation and no velocity mutation during the gait switching process,
F(t) and G(f) must meet the following conditions:

F(0) = Xo(3F) ( G(0) = Zuw(3f)

F(3) = Xuot(3) | G(3) = Zirat (%)

F(O) = XM%) G(O) = Zw(%)
) )

The right-hind limb enters the transition gait from the third stage of the static landing phase, with
the X-axis entering the dynamic gait through a polynomial curve, and the Z-axis entering the dynamic
gait through a cycloid. To achieve rapid transition, the four limbs are transited simultaneously, and
the changes in the trajectory of each limb’s foot end are shown in Figure 18.
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Figure 18. Changes in the trajectory of each limb during gait transition.

0-0.5s: LF and RH enter the swing phase from the third- and second-landing stages of static
gait, respectively, while RF and LH enter the transition phase from the first- and swing-landing stages
of static gait, respectively.

0.5-1.0 s: Each of the four limbs moves along the transition curve, with LF maintaining its
highest point in the Z-axis, RF and LH having no movement in the Z-axis, and RH rising along the
curve in the Z-axis.

1.0-1.5 s: Limbs continue to move along their respective transition curves.

1.5-2.0 s: At the end of 2 s, LF and RH simultaneously enter the landing phase of the dynamic
gait, and the corresponding RF and LH become the swinging phase of the dynamic gait.

After a 2 s transition process, the bionic robot achieves the transition from static gait to dynamic gait.

4. Experimental Results and Analysis
4.1. Basic Composition of the Experimental System

The bionic-robot-dog experimental system consisted of a control part, a robot-dog body, and
additional components. Figure 19 shows the physical images of the objects used in the control-system
part of the experimental platform. Figure 19a shows the physical image of the EC45 Flat motor. The
reducer and motor were integrated, effectively reducing the volume of the motor. Figure 19b shows
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the inertial-force measurement unit (BW-IMU200-485), which measured the position and attitude
of the bionic-robot dog, including the navigation angle, pitch angle, and roll angle, and the angular
velocity, angular acceleration, and linear acceleration in the X-direction. Figure 19¢ shows an angle
sensor, model WDA-D22-B. This sensor was installed at the knee and ankle joints of each limb to
measure the angle values of the corresponding joints. Figure 19d shows the main control computer.
After the experiment started, the main control computer program ran and sent instructions to the
driver. Figure 19e shows the S-1000-24 power supply, which provided 24 V DC power for the control
system. Figure 19f shows eight EPOS4 drivers used to drive eight motors separately, and which used
CAN communication between each driver. Figure 19g shows the USB-CAN interface, which enabled
communication with the main control computer and the drivers. Figure 19h shows the control parts
stacked by an embedded computer, model PCM-3365, and a data-acquisition card, model PCM-3718.
Figure 19i shows the display screen of an embedded computer.

INCLINOMETER

(d) (e)

(h) (1)

Figure 19. Control system components. (a) EC45 Flat motor; (b) inertial-force measurement unit;
(c) angle sensor; (d) main control computer; (e) S-1000-24 power supply; (f) eight EPOS4 drivers;
(g) USB-CAN interface; (h) control parts stacked; (i) display screen of an embedded computer.

Figure 20 shows the structure of the developed bionic-robot-dog body. The four-limb structure
is consistent, with two parallelogram structures on each limb. The connecting part of the front and
hind limbs is a rigid back, and in order to increase the strength of the back, a ridge was added to the
plate-shaped back. The overall mass of the machine was symmetrical about the two vertical planes
where the center of mass was located. Each limb contained two active joints and one passive joint, so
each limb had two joints. The two active joints were independently controlled by two motors, and
the two motors were coaxial, which can maximize the compact structure of the entire machine. Motor
1 drove the hip joint through the timing belt, and motor 2 drove the knee joint. The eight motors were
symmetrically distributed. The eight angle sensors were powered by independent power sources and
installed in the corresponding hip and ankle joints. An inertial-force measurement unit was installed
at the center of mass of the robot dog.
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Figure 20. Structure of the developed bionic-robot dog.

Figure 21 shows the additional components of the experimental system. Figure 21a shows a
treadmill, model Officewaalk200, where the robot dog walked, saving experimental space. Figure 21b
shows the bracket used to prevent the bionic-robot dog from suddenly tipping over during the
experiment; a steel-wire rope was used to connect the robotic dog to the bracket.

Figure 21. Additional components of the experimental system. (a) treadmill; (b) bracket.

4.2. Analysis of Static-Gait Experiment

The first step was a static-gait experiment. In the experiment, data from each joint was collected
and compared with theoretical values, aiming to achieve the planned theoretical values and achieve
the planned gait. The speed tests were 3.5 km/h and 4.0 km/h, respectively. According to the
static-gait planning, Figure 22 shows the theoretical curve of the changes in the joint angles of each
limb during a period. The variation range of the hip joint was [45°, 70°], and the variation ranges of
the knee and ankle joints were [85°, 100°], both within the predetermined range of structural design.

Figure 23 shows the joint angles obtained through data processing based on eight angle sensors
and four encoders. The angle sensor measured the angle value between the knee and ankle joints,
with a voltage range of [0, 5] (V). The measured angle was [0°, 300°]. If the collected data is a, then
the corresponding angle 6 is shown in Equation (31):

= g x 300 31)

The encoder measured the hip joint angles of the four limbs. Due to the motor deceleration ratio

of 81, if the collected data is set to b, then the hip joint angle 6 is Equation (32):

b 1
Q_MX%OXﬁ (32)
The data collected by each sensor can be obtained from Equations (31) and (32) to obtain the

angle values of each joint, as shown in Figure 23.



Appl. Sci. 2023,13, 6876

22 of 28

T

1 89 e 1D jOINt &
6: 1 Knee (ankle) joint
= 126+ () i

o |ctooonoolo....“'..itltoooo...o.oo.oooo

63—

99 [000ssemecssrsnccesssnscsnncects, c...o'..

66 ' “\_
33

99 Feee e 0 e 000 0000000000, '-'0000---ooc

66 \
33

99 ..
6™ N\
33}

0 I 2 3 4

Time(s)

LH (°)

T

T

RF (%)

AL I TR PR Y R Y YYRLLI LA,

LF (°)

Figure 22. Theoretical curve of the changes in joint angles of each limb.

The dotted line in the figure represents the theoretical data of each joint angle, and the solid
line represents the experimental data of each joint angle. It can be seen from the figure that the
experimental data of the hip joints of each limb was fluctuating near the theoretical data, and the
coincidence degree was very high. This was because the angle of the hip joint was processed using
the data collected by the encoder, and the error was caused by the performance of the motor, and the
error value was very small. Therefore, the rotation angle of the hip joint obtained in the experiment
in the figure basically coincided with the theoretical value. The angle data of the knee and ankle
joints of the four limbs were collected by the angle sensor. It can be seen from the theoretical analysis
that, due to the characteristics of the parallel four-bar mechanism, the angle values of the knee and
ankle joints were equal, and the experimental data were consistent with the theoretical analysis.
The foot trajectory of the bionic-robot dog was the result of the interaction of various joint angles.
The experimental data of the joint angle were close to the theoretical values, which means that the
experimental values complied with the planned foot trajectory and realized the planned static gait.

The change in attitude angle during static-gait motion was analyzed. Attitude angle is the
angle between the ground coordinate system and the center-of-mass coordinate system, including
the heading angle, pitch angle, and roll angle, which reflects the attitude change of the robot during
walking. The angle of rotation of the center-of-mass coordinate system around the axis of the vertical
direction of the ground coordinate system is the heading angle, and it is positive when the head of
the bionic-robot dog is deflected to the right. The angle of rotation around the axis on the right side of
the body is the pitch angle, and it is positive when the head of the bionic robot is above the horizontal
plane. The angle of rotation around the axis of the forward direction is the roll angle, and it is positive
when the right side of the body is tilted upward. Figure 24 is the pose data of the bionic-robot dog
collected by the inertial-force measurement unit, which show the changes in pitch angle, roll angle,
and heading angle in two cycles.
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In Figure 24, it can be seen that the change in the heading angle was the smallest during
the walking process of the bionic-robot dog, which was basically maintained at around 0°, which
indicated that the bionic robot did not rotate around the vertical direction during the walking process.
The variation range of the roll angle was between the heading angle and the pitch angle. At each
landing time point, that is, the integer time point in the figure, the roll angle was at the peak or trough,
and the corresponding pitch angle was also at the peak or at the same time. The reason for the trough
is that the foot end will be impacted by the ground at the moment of landing, and the impact force
will have a certain impact on the stability of the robot dog, resulting in changes in its roll angle and
pitch angle. The range of the roll angle shown in the diagram was [—5°, 5°], and the range of the
pitch angle was [-15°, 10°]. Overall, the robot dog walked relatively smoothly.

4.3. Analysis of Dynamic-Gait Experiment

On the basis of the successful static-gait experiment, a dynamic-gait experiment was conducted,
and the experimental platform and steps were consistent with static gait. Compared to the static
gait, the bionic-robot dog moved faster, so the treadmill also had a higher speed. As in the planned
dynamic gait, the experimental speeds were 6.0 km/h, 6.5 km/h, and 7.0 km/h. When a bionic-robot
dog walks in a gait, the motion of both limbs on the diagonal is consistent and is in a swinging or
landing phase. Observing the dynamic gait experiment, it was found that the quadruped phase and
foot trajectory were basically consistent with the planning. A bionic-robot dog can move steadily on
a treadmill.

As with static gait, the dynamic-gait experiments also collected the angle values of each joint
angle, as well as the attitude angle and displacement of the center of mass through sensors. Figure 25
shows the curves of the ideal joint angle and experimental joint angle plotted based on the experimen-
tal data of the dynamic gait. The theoretical values of the hip joints of each limb basically coincided
with the experimental values. The experimental values of the knee and ankle joints fluctuated around
the theoretical values. The maximum difference between the experimental and theoretical values
in the four limbs occurred at the ankle joint of the left-front limb, occurring in the first second of
the cycle, when the left-front limb was in the swing phase and its foot reached the highest point of
swing. Compared with the static gait, the experimental values of each joint angle in the dynamic gait
coincided better with the theoretical values.

Figure 26 shows the changes in attitude angle of the dynamic gait over two periods. The heading
angle also had the smallest range of variation, fluctuating only around 0°. The variation range of the
roll angle was [0°, 5°], and the variation range of the pitch angle was [-5°, 7°]. Compared with the
static gait, the dynamic gait had a smaller range of attitude angle changes. During the dynamic gait,
it lands diagonally, creating a torque that can be compensated for by the next landing. Therefore, the
change in attitude angle during the dynamic gait was more stable than during the static gait.

4.4. Analysis of Gait-Transition Experiment

On the basis of successful experiments in both the static and dynamic gaits, in order to verify
the feasibility of changing gaits, a gait-transition experiment was conducted. The bionic-robot dog
first walked in a static gait for one cycle before entering a transition gait. After a 2 s gait transition, it
entered a dynamic gait and walked in a dynamic gait for one cycle before ending.

Firstly, we analyzed the changes in each joint angle, as shown in Figure 27. The experimental
values of each joint angle fluctuated around the planned theoretical values. The first 4 s were static
gait, and the experimental results were consistent with the previous static-gait experiment. The last
4 s showed dynamic gait, which was consistent with the experimental results mentioned earlier.
The time period of 4-6 s was a transition gait. At the fifth second, there was a significant difference
between the angle value of the left-front-limb ankle joint and the theoretical value.



Appl. Sci. 2023,13, 6876

25 of 28

( rofeauy  ( ,)wrof apyuy

( ,)wrof dig

(ool apyuy

urof sauy

(

(ol dig

S
T

102 F

85+

- Theoretical value | |RF

Experimental value

17+

81

27F

1 1 1 1

Time(s)

Time(s)

Figure 25. Changes in joint angle during dynamic-gait experiments.

( .)9[Bue spmimE OMUBUACL

15
10

......... Roll angle
= — - Pitch angle
— Heading angle

R 6 8

Time(s)

Figure 26. Changes in attitude angle with dynamic gait.



Appl. Sci. 2023,13, 6876

26 of 28

LLF

o
oC

( ohurof apyuy

""""" Theoretical value RF
Experimental value

~J
1

(ol satry

( ,)nmof dig

( Jhurof apyuy

(. )yurof saury

(ol dryg
L

4 6 8 100 2 4 6 8 10
Time(s) Time(s)
Figure 27. Changes in joint angle during gait-transition experiments.

Figure 28 shows the attitude angle changes of a bionic-robot dog during gait transition. Similarly,
the heading angle was basically 0°, and the range of the pitch angle variation was the largest. It
was observed for 4-6 s, and the trend of the pitch and roll angles in the fourth to fifth seconds was
consistent with the static gait. However, in the fifth to sixth seconds, it no longer changed along
the trend line of the static gait, but entered the dynamic gait. During the dynamic gait cycle, i.e.,
6-10 s, the changes in pitch angle began to be more chaotic and then tended to become regular. This
was because the gait transition had just been completed, and the bionic-robot dog had transitioned
from its original static gait to a dynamic gait, with its right-hind limb, which should have been in the
landing phase, turning into a swinging phase. In order to adapt to the following gait, the bionic-robot
dog needed to adjust its posture, resulting in a brief disorder. After the gait stabilized, the changes in
the pitch and roll angles tended to become regular.
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5. Conclusions

This paper deeply studied the structural characteristics and motion characteristics of a biological
dog, and extracted data from the motion of the biological dog and applied them to the structural
design and gait planning of a bionic-robot dog. When planning the foot trajectory of a dynamic gait,
the polynomial foot trajectory and the cycloid foot trajectory were compared and analyzed, and the
better polynomial foot trajectory was selected according to the simulation results, and its dynamic
stability was finally verified. In static gait, the foot-end trajectory takes the form of a combination
of polynomial and straight lines, so that the motion of a static gait is similar to that of a biological
dog, and so that the bionic-robot dog is not only bionic in the body structure, but also in the form of
its motion. Finally, this study built an experimental platform for bionic-robotic dogs and conducted
experiments on the three planned gaits. Experiments showed that the three gaits were consistent
with the planned motions and that the bionic-robot dog can perform a stable dynamic gait, a static
gait, and quickly complete gait transitions.

In this study, the gait planning focused on coordination between the four limbs. Less considera-
tion was given to the coordination between the quadruped’s limbs and its body. The next generation
of quadruped robots should focus on this coordination between the limbs and body. Furthermore,
when planning the foot trajectory, it is necessary to consider the impact of the foot impact force on
the foot trajectory during landing.
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