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ABSTRACT: Legged robots have always been a focal point of research for scholars domestically and internationally.
Compared to other types of robots, quadruped robots exhibit superior balance and stability, enabling them to adapt
effectively to diverse environments and traverse rugged terrains. This makes them well-suited for applications such as
search and rescue, exploration, and transportation, with strong environmental adaptability, high flexibility, and broad
application prospects. This paper discusses the current state of research on quadruped robots in terms of development
status, gait trajectory planning methods, motion control strategies, reinforcement learning applications, and control
algorithm integration. It highlights advancements in modeling, optimization, control, and data-driven approaches.
The study identifies the adoption of efficient gait planning algorithms, the integration of reinforcement learning-based
control technologies, and data-driven methods as key directions for the development of quadruped robots. The aim is
to provide theoretical references for researchers in the field of quadruped robotics.
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1 Introduction

Science and technology are advancing rapidly, and the application fields of robots are gradually
expanding, with increasing demands for their functionality [I-3]. Various types of robots are gradually
entering the public’s view [4]. Due to the large stability domain and simple structure of quadruped robots
[5-7], they have more research value and significance compared to other legged robots. Generally speaking,
the drive methods for quadruped robots are divided into two categories [8]: hydraulic drive and motor drive.
Motor drives make it easier to achieve precise speed and position control, with a simple mechanical structure
that is convenient for maintenance and operation, but it carries a relatively small load [9]. Hydraulic drive can
provide greater force, making it suitable for heavy-duty and high-intensity tasks, but the hydraulic system is
complex, and maintenance and repair are relatively difficult [10].

The development of quadruped robots can be roughly divided into five stages: the mechanical funda-
mentals stage, the theoretical foundation and experimental research stage, the intelligent exploration stage,
the bionics and efficiency stage, and the application and commercialization stage.

The First Stage—Mechanical Fundamentals Stage: Research on quadruped robots can be traced back to
the late 19th century, focusing primarily on mechanical drive systems and the exploration of simple gaits. In
1870, Chebyshev designed the world’s first quadruped robot. This robot utilized a crank-rocker mechanism,
with its four legs performing diagonal synchronized movements. Although it had only one degree of
freedom and could not handle complex terrains, its mechanical design provided an initial framework for the
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realization of quadruped robots [11]. In the 1960s, robot technology experienced a new wave of development
opportunities with the rise of computer science. In 1966, McGhee and Frank at the University of California
developed the world’s first computer-controlled quadruped robot, the Phony Pony. This robot featured eight
degrees of freedom and, for the first time, used electric motors as the power source, with a computer
controlling leg movements. This design laid an important foundation for subsequent research into automated
gaits for quadruped robots [12]. To promote the transition from mechanical technology to intelligence,
research during this stage focused on structural optimization and drive methods. For example, in 1968,
General Electric and the U.S. Army collaborated to develop a hydraulically driven walking vehicle, which not
only achieved breakthroughs in load capacity but also enabled flexible mechanical legs to overcome obstacles.
Although research during this period was primarily centered on hardware development, it established the
foundational framework for quadruped robot research [13].

The Second Stage—Theoretical Foundation and Experimental Research: With advances in computing
technology, research on quadruped robots gradually moved towards a combination of theory and practice.
In the 1970s, Professor Hirose from the Tokyo Institute of Technology designed the KUMO-I robot, which
was the first to integrate bionic design with gravity decoupling methods. By equipping the robot with tactile
sensors and a posture control system, it achieved basic terrain adaptation capabilities [14]. At the same time,
McGhee further proposed a scientific definition of gait, clarifying key parameters such as stride length, phase,
and duty cycle. These parameters not only provided a standardized framework for robot gait analysis but also
offered theoretical support for optimizing the gait of multi-legged robots [15,16]. During this stage, various
gait planning algorithms began to emerge, including static gaits, dynamic gaits, and optimized diagonal gaits.
Taking static gaits as an example, quantifiable modeling of each leg’s support time and relative movement
was implemented, enhancing the robot’s stability on flat terrain [17,18]. The research achievements of this
period laid a solid theoretical foundation for subsequent control methods based on dynamic models.

The Third Stage—Exploration of Intelligence: In the 1980s, with the gradual maturation of sensor
technology and the application of embedded systems, quadruped robots entered the stage of intelligent
exploration. The Tokyo Institute of Technology introduced the TITAN series robots, particularly the TITTAN
VIII, which featured a high-efficiency chain drive in its mechanical structure. It also integrated tactile
sensors, accelerometers, and a visual feedback system. Its intelligent control capabilities enabled it to
accomplish complex tasks such as demining and load carrying [19]. Research during this stage also focused
on environmental perception and real-time path planning. By integrating the robot with external sensor
networks, the TITAN series demonstrated exceptional performance in obstacle crossing and navigating
unstructured terrains [20].

The Fourth Stage—Bionics and Efficiency: In the early 2Ist century, research on quadruped robots
advanced further towards bionic design and high efficiency. In 2005, Boston Dynamics released BigDog,
which became a hallmark achievement of this stage. As a hydraulically driven robot, BigDog demonstrated
impressive load-carrying and balancing capabilities on complex terrains. By integrating bionic princi-
ples with dynamic models, BigDog achieved dynamic pressure adjustments on its footpads, significantly
improving stability and energy efficiency [21]. In 2008, Boston Dynamics introduced the second-generation
BigDog [22], resembling the size of a large dog or small mule. Weighing approximately 109 kg, with a
height of 1 m, a length of 1.1 m, and a width of 0.3 m, it could carry loads of up to 154 kg on flat terrain.
The second-generation BigDog was equipped with four active joints per leg, totaling 16 active joints, all
driven by a hydraulic servo system. Its power source was an onboard internal combustion engine. The robot
could execute a crawling gait at a speed of about 0.2 m/s, a diagonal trot at 2 m/s, and even a jumping
gait in laboratory settings, reaching speeds of over 3.1 m/s. What made BigDog particularly remarkable
was its superior locomotion capabilities and terrain adaptability. It could jump 1.1 m high, climb steep
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slopes of up to 35°, and traverse challenging terrains such as mountains, jungles, icy surfaces, and snow.
Subsequently, Boston Dynamics introduced the smaller and more agile LittleDog. This robot weighed only
2.85 kg, measured 34 cm in length and 18.5 cm in width, and was powered by a lithium-polymer battery.
Supporting the remote control, LittleDog could navigate rocky terrains and operate for up to 30 min.

The Fifth Stage—Application and Commercialization: After 2010, quadruped robots entered the stage
of application and commercialization. Boston Dynamics’ Spot series, through modular design and intel-
ligent control algorithms, quickly became a leading solution for complex terrain inspection and logistics
handling [23]. Among them, SpotMini stood out for its lightness and flexibility, excelling in commercial
environments and further driving the application of quadruped robots in the service industry [24]. Sub-
sequently, Boston Dynamics released SpotMini, a fully electric-driven quadruped robot equipped with a
mechanical arm and gripping device, along with a sophisticated autonomous navigation system capable of
mapping and quickly performing simple repetitive tasks. In 2017, after two years of optimization, SpotMini2
was introduced as an all-electric driven robot. Thanks to its agile “limbs” and lightweight mobility, it quickly
attracted attention. SpotMini2 can easily navigate stairs, and complex terrains, and autonomously patrol
using lidar and visual cameras. It is suitable for various commercial applications, such as power inspection
and complex environment search [25]. The StarlETH robot from ETH Zurich in Switzerland used series
elastic actuation (SEA) technology for precise torque control and compliant movement. Based on this,
the ANYmal series robots further integrated SEA with global motion planning, finding widespread use in
industrial inspections, search and rescue, and the energy sector [26,27]. In addition, MIT’s Cheetah series
robots focused on breakthroughs in extreme performance [28]. In terms of high-speed running and jumping
abilities, the Cheetah robots showcased unmatched technical advantages and achieved efficient ground
reaction force utilization through improved foot structures [29]. Meanwhile, Chinese companies also began
to make their mark in this field. Since its establishment in 2016, Unitree Robotics has rapidly advanced
quadruped robot technology, thanks to the technical accumulation of its founder, Wang Xingxing. In 2017,
Unitree Robotics launched Laikago, the first quadruped robot for educational and research purposes, widely
used in motion control research [30]. Later, Unitree released higher-performance robots, including the Al
in 2020, which achieved a speed of 3.3 m/s and demonstrated excellent dynamic balance capabilities [31].
By 2021, Unitree released the Bl, the world’s first industrial-grade quadruped robot, capable of carrying a
maximum load of 80 kg and adaptable to complex environments such as stairs and rubble [32]. Additionally,
Gol became a smart robot for daily applications such as companionship and guide dogs [33]. Yunshenchu
Technology’s Jueying series also made breakthroughs in the field of quadruped robots. From 2018 to 2021,
Yunshenchu released several robots, including the Jueying Mini, which weighs 23 kg and has a load capacity
of 10 kg, widely used in education, research, and competition scenarios. The larger versions of the Jueying
robot have a stronger load-bearing capacity and can adapt to various complex terrains, such as stairs, grass,
and snow, with excellent self-adaptive capabilities [34,35]. The latest Jueying X20 model weighs 50 kg and
is capable of performing hazardous tasks like power inspection and firefighting reconnaissance [36]. The
development of quadruped robots is shown in Fig. 1, spanning from mechanical drive to intelligent control,
and from theoretical research to practical application. In the future, as artificial intelligence and robotics
further converge, quadruped robots will make significant breakthroughs in efficiency, energy conservation,
and multifunctionality, bringing more possibilities for various application scenarios.

As mentioned above, quadruped robots can adapt to various complex environments, making their
application prospects very broad [37]. They cover multiple fields, primarily including the following areas:

Military and Security: Used for tasks such as reconnaissance, surveillance, and mine clearance,
quadruped robots are capable of performing high-risk operations in complex environments.
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Figure 1: The development history of quadruped robots
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Border Patrol: In high-altitude areas, patrol efficiency is often limited by physiological factors like
altitude sickness. Quadruped robots, with their excellent terrain adaptability [38], can be equipped with
environmental sensing devices, generate high-precision maps in all weather conditions, and effectively
identify and detect suspicious individuals. Therefore, they have a clear advantage in border patrol and can
effectively replace humans in executing these tasks.

Emotional Companionship: Quadruped robots show great potential in family life applications. They can
be equipped with navigation systems for autonomous movement, engage in emotional communication with
family members through speech and gestures, participate in interactive games, and even perform activities
such as dance.

Search and Rescue: In post-disaster environments such as earthquakes and floods, quadruped robots
can traverse rubble to conduct life detection [39] and transport supplies.

Therefore, the development of quadruped robots is not only a critical foundation for emerging industries
and a core direction for future technological advancements but also an important part of human societal
progress, widely serving the national economy and defense construction. However, to fully leverage the
adaptability and functionality of quadruped robots in complex environments, gait planning and motion
control technologies are crucial. These technologies not only determine the robot’s movement efficiency and
stability but also directly impact its ability to complete tasks in dynamic, unstructured environments. As
a result, in-depth research and optimization of gait planning and motion control methods, as well as the
exploration of diverse algorithm designs and control strategies, will provide robust technical support for the
practical application of quadruped robots in various fields.

2 Model-Based Planning/Optimization Methods for Quadruped Robots

Waldron defined gait precisely in 1989 as how a robot moves its legs in a specific sequence during
motion [40]. In the natural world, legged animals choose appropriate gaits based on different terrain
conditions and survival environments [41], thereby improving their adaptability to the environment. For
legged robots, gait planning is the core of motion control and defines how the quadruped robot moves.
Proper gait planning can reduce the impact of the foot on the ground [42], thereby minimizing damage to
the robot. Different gait patterns have a significant impact on the robot’s motion stability and speed, serving
as an important basis for determining whether the quadruped robot can operate stably [43] and complete
tasks effectively.

2.1 Definition of Gait Parameters

The gait of a quadruped robot is a complex leg movement that involves multiple gait parameters such as
leg support, swing, and phase differences [44]. These parameters are key indicators that describe its walking
pattern and are crucial for the robot’s motion control and behavioral performance. By adjusting the gait
parameters, the gait pattern of the quadruped robot can be optimized, improving its movement efficiency,
stability, and adaptability. Table 1 provides an introduction to each gait parameter.

The gait cycle, step length, and duty cycle of a quadruped robot are interrelated and mutually influential.
When planning the gait of a quadruped robot, these three relationships must be considered. The specific
relationships are shown in Eq. (1).

T =Ty + Ty
v=8/T ()
/)) = TSt/T

where v: Running speed.
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Table 1: Gait parameters of quadruped robots

Parameters Definition
Gait cycle (T) The time required for a robot to complete a full motion cycle when
executing a specific gait
Support phase The phase during the movement when the leg is in contact with the

Support time (Tst)
Swing phase

Swing time (Tsw)
Step length (S)
Duty cycle ()

Phase difference (¢)

Leg lift height (H)

ground and propels the body forward
The duration of the single-leg support phase within a gait cycle T
The phase during movement when the leg is lifted and swinging in the
air
The duration of the single-leg swing phase within a gait cycle T
The distance traveled by the body during a single-motion cycle
The proportion of the duration of a single-leg support phase within a
gait cycle T
The time deviation between the gait cycle of a single leg and the gait
cycle of a reference leg in a quadruped robot
The maximum vertical distance the foot end lifts oft the ground during
the movement

2.2 Gait Classification

The gait characteristics of a quadruped robot [45] are determined by the duty cycle  and phase
difference ¢. Table 2 shows the relationship between different gaits and these two factors. By adjusting the
values of the duty cycle and phase difference parameters, the gait can be set and switched [46]. Fig. 2 presents
a timing diagram of common gaits.

Table 2: Relationship between gaits, duty cycle, and phase difference

Gait Phase difference (¢) Duty cycle ()
Left front  Right front Righthind  Left hind
leg (LF) leg (RF) leg (RH) leg (LH)
crawl 0 0.25 0.5 0.75 0.75< B <1
walk 0 0.25 0.5 0.75 B=0.75
Trot 0 0.5 0 0.5 p=05
Pace 0 0.5 0.5 0 B=05
Bound 0 0 0.5 0.5 B=05
Gallop 0 ~0 ~0.5 ~0.5 0<p<05
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Figure 2: Timing diagram of common gaits

The gaits of quadruped robots are generally classified into static and dynamic gaits [47], with Fig. 3
illustrating the classification of these gaits. A gait is considered a static gait if at least two legs are in the
support phase at all times. A gait is considered a dynamic gait if, at any point during the movement, the
quadruped robot has at most two legs in the support phase [48]. Static gaits [49] include crawl and walk;
Crawl: At least three legs are in the support phase at any given time, and the body may use other parts (such
as the abdomen) to assist with movement or stability, offering good stability. Walk: All four legs alternate
in a set order between swing and support phases, with a four-beat cycle. Dynamic gaits include Trot [50],
Pace [51], Gallop [52], Bound [53], and others; Trot [54]: Diagonal pairs of legs form a group, alternating
between swing and support phases in a set order, offering relatively good stability. Pace: Also known as a
lateral jog, this gait uses two legs on the same side as a group, alternating in a set order between swing and
support phases. This gait tends to roll and is suitable for long-legged animals, effectively avoiding collisions
between legs on the same side, but with less stability. Gallop: The front and hind legs form a group, alternating
between swing and support phases in a set order, with at most three legs in contact with the ground at the
same time. This gait may involve complete aerial phases, generating higher impact forces. Bound: In this gait,
the torso exhibits noticeable pitching movements, accompanied by larger impact forces during double-foot
jumps. Fig. 4 shows the different gaits of quadruped animals during a single-motion cycle.
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Figure 4: Gait of quadruped animals

2.3 Gait Planning Methods for Quadruped Robots

Currently, gait planning methods for quadruped robots are relatively mature and can be roughly divided
into two categories based on the robot’s gait. One category is the planning method for static gaits, with a
commonly used approach being gait planning based on ZMP [55] (Zero Moment Point). The other category
is the planning method for dynamic gaits, with commonly used approaches including gait planning based on
CPG [56] (Central Pattern Generator), gait planning based on SLIP [57] (Spring Loaded Inverted Pendulum),
and compound curve trajectory planning [58], among others.

2.3.1 Application of ZMP Method in Gait Stability

ZMP refers to the point where the resultant moment of the ground reaction force, projected onto the
horizontal plane, equals zero. It was proposed by the Yugoslav scholar Vukobratovic. ZMP is a commonly
used method for analyzing the static gait stability of legged robots [59]. Initially, ZMP was used to analyze
the stability of biped robots during motion, and later it was gradually applied to the static stability analysis
of quadruped robots. During the robot’s motion, the ZMP must always remain within the support polygon
formed by the foot and the ground. This ensures that the robot is in an ideal static equilibrium state. The
schematic diagram of the ZMP equivalent position is shown in Fig. 5. When the robot is stationary or moving
slowly, the projection of its center of gravity (COG) onto the ground is essentially coincident with the ZMP
position [60]. Stability can be determined by whether the projection of the center of gravity is within the
support region. However, when the robot moves quickly, due to inertial forces, the positions of the center of
gravity and ZMP may shift. In such cases, the robot’s stability can only be determined by the position of the
ZMP. Therefore, the ZMP-based gait planning method has significant limitations, as it can only be applied
to static gaits and cannot ensure stable control for dynamic gaits.

The coordinates of the ZMP are calculated using the resultant of the gravitational and inertial forces
and are derived using D’Alembert’s principle [61]. Assuming that the mass of each robot joint link is ;, and
the center of mass coordinates of the link are (x;, y;, z;), the resultant of the gravitational and inertial forces
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is given by:

Fy " X
F=|F,|=-) m|ji (2)

Fz =l Zz

(il
Figure 5: Schematic diagram of ZMP equivalent position
The resultant moment of the combined force about each coordinate axis is given by:
M, no |Gt g)yi-iz

M=|M, :_Zmi ¥izi — (Zi + g) Xi (3)

M, i=1 Vixi — Xiyi

To move the resultant force from the origin of the reference coordinate system to the ZMP, the
components of the resultant force about the X and Y axes at the ZMP must be zero. Therefore:

Mx_Fzyzmpzo (4)
M, + F.X;pp = 0
Therefore, the coordinates of the ZMP are given by:
n n
Z m; (Z, +g) Xi— Z m,-)'é,-zi
xzmp _ i=1 . i=1
Z m; (Z; + g)
n = n (5)
Z m; (Zi+g) yi— Z miyizi
Vemp = i=1 . i=1
> mi(Zi+g)
i=1

Since the robot is moving slowly in a static gait, the inertial forces can be reasonably ignored relative to
the gravitational force [62]. In this case, the ZMP calculation formula can be simplified to the formula for
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the center of gravity (COG) position:

Xeog =
2, mig
5 ©)
D migyi
Yeog = :

=1

When the quadruped robot walks in a static gait, as long as the vertical projection of its COG always
remains within the geometric area formed by the three supporting legs, it can be determined that the robot
will continue to walk stably. Fig. 6a,b visually demonstrates the principle of this judgment method. By
analyzing Fig. 6a,b, and knowing the specific coordinates of legs 2, 3, and 4, and the projection point of the
center of gravity, one can easily determine whether the projection point of the center of gravity lies within
the polygonal area formed by the supporting feet using mathematical geometric analysis [63]. The specific
calculation method is as follows:

A~

Pz (:L'\) - ™ <\
33 3 i ‘\,\ 2 P:_T(x:a,v])

a7 X

y Y
n
A
|

(@) (b)

Figure 6: ZMP analysis diagram

Assuming that at a certain moment, the robot’s COG and the contact points have horizontal projections
at G(x,, ¥y) Pz2(x2, 2) P23(x3, ¥3) Poa(x4, y4) the areas corresponding to AP, P4 P3, AGP,, P4, AGP4P 3 and
AGP;3P,, are: Sapzopzapzs> SAGPz2Pz4> SAGPzaPz3> SAGPz3Pz2- By calculating these areas, it can be determined
whether the robot’s center of gravity projection is within the support polygon formed by the feet. The specific
formulas are as follows:

SAPz2Pz4Pz3 = SAGPz2Pz4 + SAGPz4Pz3 + SAGPz3Pz2 (7)

If the above formula holds, it indicates that the robot satisfies the geometric static stability condition
and can achieve stable walking. On the other hand, if the center of gravity projection point lies outside the
stable region formed by the supporting feet, it means the robot does not meet the stability condition and is
in an unstable state. The indicator used to judge stability is called the stability margin. The stability margin is
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calculated by determining the minimum distance from the robot’s center of gravity vertical projection point
to the edges of the polygon formed by the supporting feet, and this minimum distance is denoted as d. The
larger the stability margin d, the more stable the robot is during motion.

Under the condition that the above formula is satisfied, the steps for calculating the stability margin
using the polygon static stability judgment method are as follows:

Step 1: Determine the equation of the straight line corresponding to each edge based on the coordinates
of the supporting foot points.

Step 2: Use mathematical formulas to calculate the perpendicular distance from the center of gravity
projection point to each straight line.

Step 3: Compare all the perpendicular distances and take the smallest value as the stability margin for
the current polygon in the static stability analysis.

Given the positions G(X,, yg), Pz2(x2, y2)s Pz3(x3, y3), Poa(x4, y4) the process for calculating the stability
margin is as follows:

Step 1: Solve for the equations of lines: P,, P4, P,4P,3, P3P,

Step 2: Solve for the perpendicular distance of each line:
p ‘aixg+biyg+c,~‘
’ Jai+ b

Step 3: Take the smallest perpendicular distance as the stability margin:

(i=1,2,3) (8)

dm = min {dl,dz,d3} (9)

By the above method, the static stability of the quadruped robot can be easily calculated, along with the
magnitude of the stability margin that satisfies the stability requirements.

2.3.2 CPG Model-Driven Biomimetic Gait Generation

The exceptional adaptability exhibited in human and animal movement allows them to cope with
harsh environments. Modern biological research indicates that such movements, which are regular, periodic,
symmetrical, and adjustable under the regulation of the nervous system, are called rhythmic movements.
Rhythmic movements are the most common form of movement in humans and animals, with their control
core located in the CPG within the spinal cord. CPG is a neural network in the biological spinal cord that
can generate regular robotic joint angle and velocity control signals by simulating the structure of lower
animal central nervous systems [64]. This structure enables the robot to generate rhythmic motion control
signals even when the control and sensor systems are isolated. As a control method that mimics the structure
and mechanism of movement control nervous system of higher animals, CPG has been widely applied in
robotics. It serves as the “nervous system” of the robot, outputting control signals to regulate the robot’s gait
and joint movements. Based on the model construction, CPG models can be divided into two categories.
The first category is neuron-based models, which are biologically accurate but are less commonly used due
to their complex structure [65]. The second category is nonlinear oscillator-based models, with the Hopf
oscillator being the most widely used model due to its simple mathematical form and mature application
technology [66]. The oscillatory curves generated by mathematical methods, as inputs for the leg joint
positions and velocities, can easily adjust the phase relationships between the robot’s legs. The CPG control
method can transmit rhythmic behavior between the neural control system and the physical system, forming
a stable limit cycle in the state space, thus giving the robot strong interference resistance [67]. This method
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not only mimics the basic principles of animal movement control but also provides crucial technical support
for robotic motion control.

The specific mathematical model of the Hopf oscillator is as follows:

x:oc(y—rz)x—a)y
y=a(p-r)y+wx (10)
= x4y

In the equation, y is a positive value that determines the amplitude of the oscillator’s output; w is the
frequency of the oscillator; x and y represent the state variables; « is a constant greater than zero, used to
control the speed at which the limit cycle converges.

The above equation expresses that the rise and fall times of the Hopf oscillator’s output signal are
identical. If this signal is used as the control signal for the robot’s joint angles, it corresponds to the case
where the robot’s leg swing time and support time are equal, which is just one special case among various
gaits. The gait cycle T represents the time required for a complete movement cycle, i.e., the sum of the leg
swing time and the support time. The ratio of the leg support time to the entire gait cycle is called the duty
cycle; denoted by 3, it is given by:

{T =T + Ty

/3 = Tst/T (11)

In real-world environments, robots need to generate multiple gaits to cope with various complex
terrains. Therefore, the parameter w in Eq. (10) is modified as follows:

Wst Wy

= +
e+l ew+1
1-8 (12)
Wst = —— Wsy
p
The gait cycle is:
s s
T=—+ (13)
Wst Wsw

ws; and wy,, are the frequencies of the stance phase and swing phase of the leg, respectively. The speed
at which w transitions between w;; and w,, is determined by «.

By adjusting the value of 3, the rise and fall times of the oscillator’s output signal can be changed, thereby
altering the robot’s leg swing time and support time. This in turn changes the duty cycle [68], allowing the
quadruped robot to achieve different gaits.

The CPG control network can be classified into two types based on its connectivity: mesh and chain
types. The rhythmic signals generated by this network can be used to regulate the walking motion of
organisms. In the absence of higher-level neural commands and external feedback, the CPG neural network
can still autonomously generate stable oscillatory signals. This feature is widely applied in quadruped
robots, especially for the 8 active joint degrees of freedom involved in the hip and knee joints of their four
legs. Typically, there are two common network topologies for control: the first method uses 8 oscillators,
with each oscillator corresponding to a joint. This structure employs a hierarchical control network: the
first layer contains 4 coupled oscillators that generate control signals for the hip joints; the second layer
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further generates control signals for the knee joints through unidirectional coupling between the hip and
corresponding knee joint oscillators, as shown in Fig. 7. However, due to the larger number of oscillators
involved in this structure, the complexity of the CPG control network increases, which in turn raises the
difficulty of control [69].

Left front

First level

Left front
leg
Hip joint

Left rear

leg
Hip joint

Left rear
leg
Knee joint

Figure 7: Hierarchical structure of the CPG control network

Another CPG control network, as shown in Fig. 8, requires only 4 oscillators, making the structure
simpler. The state variable x output by each oscillator can directly serve as the control signal input for
the hip joint, while the state variable y is transformed into the corresponding control signal for the knee
joint through a functional relationship. Due to the simplicity of this network structure, the computational
complexity is reduced, which shortens the computation time and significantly improves the system’s
real-time performance. This CPG control network structure is widely adopted in the gait planning of
quadruped robots.

x1:Knee joint signal x2:Knee joint signal
y1:Hip joint signal y¥2:Hip joint signal

x4:Knee joint signa :Knee joint signal
y4:Hip joint signal y3:Hip joint signal

Figure 8: Single-layer CPG control network
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By comprehensively analyzing the characteristics of the Hopf oscillator and the single-layer CPG control
network, a CPG control network mathematical model was established using 4 Hopf oscillator models to
construct the phase coupling relationships [70], as shown in Eq. (14):

[;] i [a (”w_l- g @ (;a_)irl;)] [;] + gR(eﬁ') [;j] Ji=1..4

2 _ .2 2
=Xty
Wi = Wyt + Wiy
e+l et (14)
1-5
Wst = Wy

B

Oni = x;

Oni: Hip joint control signal; x;: Output of the oscillator; 9{ : The relative phase between the i-th and j-th

oscillators; R (9{ ): The rotation matrix, which describes the relative phase coupling relationships between
the oscillators.

o i\ _|cosij —sin6;;
Rl] B R<61) B |:SiIl 6,']' COSH,']' :| (15)

where 9{: =0;; =2m(¢: — ¢;) and ¢, are the phases of the i-th oscillator, the differential equations can be
expressed in matrix form as:

Q=F(Q)+RQ (16)

T

Q= [x1 Y1 X2 Y2 X3 Y3 X4 y4] represents the 8 output signals of the four oscillators, which
serve as the control curves for the hip and knee joints of the four legs. R: The connection weight matrix of
the control network.

Ry Ry Ry Ry
R, Ry Rs; Ry
Rizs Ry Rsz Ry
Riy Ryy Rsy Ry

(17)

The output pattern of the CPG control network is determined by R. The CPG output signals undergo
phase coupling through the connection weight matrix R, ultimately generating 8 output signals with phase
relationships, thus achieving different gaits for the quadruped robot.

2.3.3 SLIP Model: Elastic Gait and Energy Optimization

In biological motion, tendons and other energy-storing components reduce impact forces upon landing
and enable the storage and reuse of energy. This type of motion is similar to the movement characteristics of
the SLIP model. The SLIP model was proposed by Professor Raibert of MIT [71] during the development of
a single leg hopping robot. It simplifies the dynamics of a quadruped robot into a single-degree-of-freedom
flexible spring and damper model, which allows for dynamic planning using the principles of spring and
damping. This helps to analyze the robot’s motion characteristics and control strategies more intuitively. The
SLIP model is based on biomimetic principles, as shown in Fig. 9.
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trot

Equivalent model

Figure 9: SLIP-based equivalent model of a quadruped animal

In high-speed motion, the contact time of each leg with the ground is significantly shortened, leading
to increased impact forces during landing. To maintain stability during high-speed movement, the tendons
in the animal’s legs play a key role. They not only effectively absorb the impact energy during landing but
also release the stored energy during the push-off phase to optimize movement efficiency and stability. In
this respect, springs function similarly to muscles. During one cycle, the compressed spring replenishes
energy, while the decompressed spring releases stored energy. The entire movement cycle can be divided
into two phases: the stance phase and the airborne phase [72]. In the stance phase, the elastic leg contacts
the ground, undergoing natural compression and subsequently decompressing to release energy. In the
airborne phase, the spring-loaded leg lifts oft the ground, enabling the body to become airborne, as shown
in Fig. 10. In subsequent studies, Professor Raibert proposed the “three-part control method” based on
this approach, which analyzes the robot’s jumping height, forward velocity, and body posture in three
dimensions. This method effectively controls the robot’s movement state during the jumping process. It has
had a profound impact on subsequent robotic control research and has driven the development of dynamic
motion control. Fig. 11 shows the SLIP model analysis of a quadruped robot.

Stance Phase | Flight Phase | ’.'1'

4N s

Figure 10: SLIP model Figure 11: SLIP model analysis of a quadruped robot

The kinematic equations of the SLIP model in three-dimensional space can be decomposed into forward
(X direction) and lateral (Y direction) motion components, while in both directions, the Z direction height
control is also considered. Specifically, the overall motion can be described as a set of coupled nonlinear
differential equations, where the motion in the X and Y directions is influenced by gravity and spring
force, while the Z direction is controlled through height control algorithms to achieve both steady-state and
dynamic adjustments, ensuring the overall stability and flexibility of the robot. Fig. 10 shows the spring-
loaded inverted pendulum model on the ZOX plane. The forward kinematic equations of the SLIP model
on the ZOX plane can be expressed by Eq. (18). The analysis method in the ZOY plane follows the same
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equation.

x(t) = xo + xt

2
z(t):zo+ét—% (18)

9:90+wt

Xo: Initial position in the x-axis direction; zy: Initial position in the z-axis direction. 0: The initial angular
displacement of the rotating mass block, which corresponds to the initial pitch angle of the quadruped robot.

During the movement of the quadruped robot, the stance phase and airborne phase alternate to form
the robot’s motion characteristics. When the robot’s leg is in the airborne phase, the contact force between
the robot’s foot and the ground is Fouqc¢ = 0. In the stance phase, the contact force is Fonqc > 0. A landing
event is defined as the transition from the airborne phase to the stance phase, while a take-off event is defined
as the transition from the stance phase to the airborne phase.

The airborne phase can be further divided into the ascent and descent phases, based on the sign of the
vertical velocity of the robot’s body. Ascent Phase: When the vertical velocity of the body is denoted as y > 0,
the body height continues to increase. During this phase, the system’s kinetic energy is gradually converted
into potential energy. In the descent phase, when the vertical velocity of the body, denoted as y < 0, the body
height continuously decreases. During this phase, the system’s potential energy is gradually converted into
kinetic energy. This phase division allows for a clearer description of the energy conversion process and the
movement state of the robot’s body during the airborne phase.

In the support phase, it can be further divided into the compression phase and the recovery phase, based
on the trend of the equivalent spring leg length.

Compression Phase: When the virtual spring leg length gradually decreases, the vertical velocity I <
0, the spring is compressed, and the system’s elastic potential energy increases. Recovery Phase: When the
virtual spring leg length gradually increases, the vertical velocity [ > 0, the spring recovers and extends,
and the system’s elastic potential energy decreases. This phase division provides a clearer depiction of the
deformation behavior of the spring leg during the support phase and its impact on energy conversion.

Assume the equivalent model of the quadruped robot has the following characteristics: the moment
of inertia is J, the mass is m, the mass of the equivalent spring leg is ignored, the equivalent spring leg is
connected to the model through the center of mass G, with length r, and the spring’s stiffness and damping
coeflicients are k and ¢, respectively. The equivalent spring leg has a rotational degree of freedom relative to
the center of mass G within the plane, and the rotational angle within the body coordinate system is denoted
by ¢. The torque corresponding to the rotational degree of freedom of the body is 7. In the global coordinate
system, the angle 0 is used to describe the orientation of the equivalent spring leg within the plane (as shown
in Fig. 12). This model simplifies the actual mechanical structure, making it easier to analyze the dynamic
characteristics of the support phase.

The system’s kinetic energy is:
Ey = El + E} (19)
E[: Systens translational kinetic energy. EX: Rotational kinetic energy of the system.

EkT = %m#z + %m (ré)2



18 Comput Model Eng Sci. 2025;143(1)

t
=
I

1 .2
—Jx
2]

Figure 12: SLIP model dynamics analysis schematic

The system’s potential energy during the support phase includes both gravitational potential energy and
the elastic potential energy of the equivalent spring:

1
E,= 711grcos@+5k(r0—r)2 (20)
Therefore:
L=E;-E, (1)

Define the generalized coordinate g = [r 0 oc], then the corresponding system’s dynamic equation is:

Q=52 (22)

To simplify the system, during the support phase, only the spring damping force —c7 and the joint
driving torque 7 are considered. The value of the generalized force is as follows:

Q; = T~ cff (23)

doL oL __ .

dt or or

d oL oL

49L o 24
dtaf 00 24)
doL oL

dt de O
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The result is:
mi — mO*r + mgcost —k(rg—r)=—ct
2mriQ + mr*0 — mgrsin@ = T (25)
Jo=-1

Flight Phase Analysis: When the system is in the flight phase, the entire motion process is only
influenced by gravity. The dynamics equation in the global coordinate system is as follows:

mx =0
my = -mg (26)
Ja=0

Transition Conditions between Flight Phase and Support Phase: The gait cycle of the SLIP model
consists of the landing phase and the flight phase, with these two motion states switching periodically. The
following are the transition conditions between the two states.

Support Condition: The landing condition occurs when the system is in the flight phase and descending.
When the height of the center of mass reaches a critical value, the foot makes contact with the ground, and
the system transitions from the flight phase to the support phase. Therefore, the transition condition from
the flight phase to the landing phase is:

y—rosinf =0 (27)

Flight Condition: When the system is about to lift off, the interaction force between the foot and the
ground gradually decreases. At the moment this interaction force reaches zero, the system transitions from
the support phase to the flight phase. Therefore, the transition condition from the support phase to the flight

phase is:
F, =0
2
{Fy =0 (28)

F,: The ground reaction force in the x-direction during the support phase. F,: The ground reaction force
in the y-direction during the support phase.

2.3.4 The Smoothing Effect of Composite Curves in Trajectory Optimization

Composite curves generally include cycloidal curves [73], polynomial curves [74], and Bézier
curves [75], among which Bézier curves are the most widely used. The cycloidal curve has smooth velocity
characteristics and continuous acceleration, but the slope at the start and landing points is too steep, causing
the leg to almost become vertical to the ground when lifting or landing, which is inconsistent with the natural
gait of legged animals. This leads to increased energy consumption in the robot system. In polynomial curve
design, cubic polynomials are simple but discontinuous in acceleration, which causes greater interference
between the leg and the body; while quintic polynomials, although smooth in both velocity and acceleration,
are more complex and computationally heavier. In comparison, Bézier curves maintain continuity in both
velocity and acceleration, and their shape can be flexibly adjusted through control points, making them ideal
for foot trajectory planning in complex environments. Reasonable trajectory planning includes the following
aspects:
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(1) Movement Smoothness: During robot movement, body posture stability must be ensured to avoid
sharp vertical fluctuations, lateral swaying, or front-to-back collisions. This requires the gait design
to achieve balance in force distribution for each step to ensure smooth center of gravity transfer.
Furthermore, the harmony of joint movements is crucial. During leg swinging, the motion of the joints
should be smooth, avoiding sharp impacts when lifting or landing the leg. This depends on precise
control algorithms to adjust joint movements and achieve smooth and coordinated actions.

(2) Mobility in the Swing Phase: In the swing phase, the robot’s leg should move quickly and efficiently.
The foot trajectory should remain smooth, and the joint velocities and accelerations should change
continuously without abrupt transitions. This significantly improves walking efficiency and reduces
energy consumption [76].

(3) Foot Contact Stability: During walking, the robot’s foot must maintain firm contact with the ground,
avoiding slipping or dragging. This requires the foot design to adapt to various ground conditions,
while the control strategy ensures foot stability during ground contact.

The origin of Bézier curves can be traced back to 1959 when Paul de Casteljau used numerical methods
to plot Bézier curves in his algorithmic research. Later, the French engineer Pierre Bézier successfully applied
this curve to automotive body design. Due to its excellent controllability and smoothness, Bézier curves
quickly found widespread applications in various fields [77]. The mathematical expression of a Bézier curve
is as follows:

n
P(t) =Y PBin(t) te[0,1]
i=0 | (29)
Bin(t)=Citi(1-1)"" = — i (1- )" i=0,1,2,3....
il(n—1i)!

Considering the computational complexity and the practical requirements of the task, a cubic Bézier
curve is chosen as the trajectory curve for the foot end. The height of the swinging leg is considered as the
highest point of the curve. The trajectory curve of the foot end is divided into the ascending trajectory and
descending trajectory, with the position curve in the Z-axis direction given by Eq. (30) as follows:

Py+ (2 +3t2(1-1))h 0<t<05
Pwt:{(’ ( (1-1) (30)

Po+h+(£+32(1-1t)) (Po+h-ps) 05<t<1

Py represents the initial position of the foot end; Pf is the landing position; & denotes the swing leg’s
lift height; and t is the ratio of elapsed swing time to the total swing phase duration. For the trajectories
along the X and Y axes, since there are no intermediate point constraints, the trajectories are not divided into
ascending and descending phases. Therefore, the curve expression is as follows:

Pout =Py + (£ +3t° (1-1)) (Pf - Py) 0<t<l1 (31)

By substituting the actual coordinates [x,y,z] of Py and Py, as well as the leg-lift height A, the foot-end
trajectory can be derived. Taking the 2nd and 4th-order Bézier curves as examples, the expressions are shown
in Eq. (32). The resulting curve approximates the triangular area defined by the starting point Py, control
point P;, and endpoint P,, as illustrated in Fig. 13.

B(t)=(1—-t)’Py+2t(1-t) P + 2P, te[0,1] (32)
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Figure 13: 2nd-order Bézier curve fitting

Eq. (33) represents the 4th-order Bézier curve. The shape of the curve changes and adapts based on the

number and position of control points, as shown in Fig. 14.

B(t)=(1-1)"Py+4t(1-1)’ P +32 (1= 1)’ Py +2 (1- 1) Py + 1P, te€[0,1] (33)

P P2

Po

Figure 14: 4th-order Bézier curve fitting

Bézier curves exhibit strong shape controllability, and their higher-order derivatives also remain Bézier
curves. This ensures smooth transitions in the trajectory, meeting the requirements of an ideal path. As a
result, Bézier curves are widely used in foot trajectory planning for quadruped robots.

The choice of different gait planning methods should be comprehensively considered based on the spe-

cific application requirements, environmental complexity, and the dynamic characteristics of the robot [78].
For most robotic applications, it is often necessary to combine multiple methods to achieve optimal
results. Table 3 provides a comparison of various gait planning methods.

Table 3: Comparison of gait planning methods

Planning Advantages Disadvantages
methods
ZMP Simple to implement, suitable for It is mainly suitable for flat terrain and
real-time control; ensures robot stability has poor adaptability to irregular
during walking. surfaces; it is not well-suited for fast
movements or large-amplitude actions.
SLIP The model is simple and can capture The model’s applicability may be limited

many walking characteristics, especially
jumping and running. It is effective for
analyzing dynamic behaviors.

for complex gaits and diverse terrains;

precise parameter settings are required

for the implementation of the control
strategy.

(Continued)
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Table 3 (continued)

Planning Advantages Disadvantages
methods
CPG It can generate natural and coordinated It requires a deep understanding of neural
gaits, suitable for various movement networks or biological mechanisms, with
modes; it is well-suited for bio-inspired higher model complexity; tuning and
control strategies and has strong optimization are necessary to adapt to
adaptability. specific robots and environments.
Composite It can combine the advantages of multiple The computational complexity is
Curve curves, offering strong adaptability and  relatively high, which may affect real-time

Planning  high flexibility; in complex environments,  performance; it requires precise model
it can achieve smooth path planningand  and algorithm design, and the debugging
avoid obstacles. process can be cumbersome.

3 Motion Control of Quadruped Robots on Multiple Terrains

Motion control of robots [79] refers to the use of algorithms during the robot’s movement to control
the torque of its joints. It is employed to manage various states of the robot, including speed, posture, and
stability while minimizing impact forces during contact with the ground. This enables dynamic stability
and robustness. In the field of robotics, motion control for multi-legged robots has always been a key focus
and a challenging research area. Currently, motion control methods for quadruped robots [80] mainly
include model-based control methods, reinforcement learning-based control methods, decentralized control
strategies, distributed control strategies, and hybrid control algorithms.

3.1 Model-Based Control Methods

Model-based control methods, as a classical approach, are widely applied in the field of legged robots.
This method first simplifies the robot’s mechanical structure and then performs kinematic modeling based
on its physical parameters. By analyzing and deriving the relationship equations between the foot trajectory
and joint angles or the forces at the joints, the desired joint values or forces can be determined based on
the expected motion. This is a widely applied and classic motion control method for quadruped robots.
Currently, representative control methods include: MPC [81] (Model Predictive Control), VMC [82] (Virtual
Model Control), WBC [83] (Whole-Body Control), and others.

3.1.1 Optimal Control: The Advantages of MPC in Dynamic Control

MPC is a model-based motion control method that emerged in the 1970s [84,85] and has become one of
the most commonly used control strategies in robotics in recent years. It is an efficient control strategy that
predicts the future state changes of the system by constructing a predictive model of the robot, transforming
the control problem into a constrained optimization problem. In each control cycle, MPC calculates a series
of control inputs based on the current state, aiming to minimize the deviation from the target trajectory
while satisfying the system’s actual constraints. Fig. 15 illustrates the principle of MPC. Specifically, MPC
uses sensor data to obtain the state information at each sampling time, solves the optimization problem
over a finite time horizon, and sends the resulting action sequence to the robot. The process is repeated at
each sampling time, with the control strategy being updated in real-time to adapt to the system’s dynamic
changes. Fig. 16 shows the MPC control flow for a quadruped robot.
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Figure 16: MPC control flowchart for quadruped robot

MPC generally consists of three stages: building the predictive model, online rolling optimization, and
feedback correction.

Building the predictive model: This is the core of MPC. Its main function is to link the historical
information of the robot system with future inputs, describing the robot’s dynamic behavior, and enabling
the prediction of the system’s future output.

Online rolling optimization: MPC takes the first optimal solution from the series of optimal solutions
as the current control input. Unlike traditional optimal control algorithms that perform oftline optimization,
MPC adopts a real-time rolling optimization process [86], thereby improving control performance.

Feedback correction: MPC can handle issues such as external environmental disturbances or model
mismatches. In a new sampling cycle, MPC compares the actual system output with the theoretical value,
adjusts the results of the predictive model, and then recalculates the optimal control solution.

At time k, the system state is x(x), and the system uses past input information to predict its future
output state.

Select a performance index for online optimization calculation to obtain the optimal control input
sequence u*(k) = [u*(k1 k), u*(k + 11k), ..., u*(k + N-11k)] within the prediction time horizon N.

The first term of u*(k), u*(k 1 k), is taken as the input control at time k.

At time k + 1, repeat the above steps in the new time domain.
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MPC uses the state variables X, at time k and the pre-established prediction model, considering
the constraints, to solve a series of optimal control values over the time domain using QP (Quadratic
Programming) optimization [87]. The first optimal control value is then applied to the current time step Uy).

In quadruped robot motion control, MPC can accurately describe the system dynamics and predict
future states, making it a commonly used control strategy. Through rolling optimization, MPC can calculate
the optimal control inputs in real-time while satisfying various constraints, enabling efficient management
of the robot’s motion and precise trajectory tracking [88]. The MPC control block diagram is shown
in Fig. 17. The following section will provide a detailed description of the specific control process of MPC for
quadruped robots.

Reference I.{ol'ling. u > Quadruped Output state x
trajectory optimization robot
Expected state
A Y
Current state X | Prediction | Model | _
function | prediction |
A
- +
o

Figure 17: MPC control block diagram

Modeling: Based on the dynamic characteristics of the quadruped robot, establish an appropriate
discrete-time model (e.g., a rigid body dynamics model), defining the state variables xj, input variables u,
and system output y; Setting the objective: Define the cost function J (which generally includes trajectory
tracking errors, smoothness of control inputs, etc.).

N-1
J=>. (ka — Xrefllg + ||uk||fz) (34)
k=0

Xrer: Desired state Q, R: Weight matrices used to balance the errors.
Constraints:

Dynamic constraints: Ensure that the state changes within the prediction horizon conform to the
system’s dynamic equations.

X1 = f (ks k) (35)
Input constraints: Set physical limits on control inputs (e.g., foot forces or joint angles).
Umin < Uk < Umax (36)

State constraints: Ensure that the robot’s foot trajectory and center of mass position remain within
feasible bounds.

Xmin £ Xk < Xmax (37)
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Rolling optimization:
Prediction phase: Based on the current state xi, use the model to predict the system behavior over the
next N time steps. Optimize the cost function J and compute the control input sequence t. x+n-;-

Execution phase: Only use the first step of the optimized result u; in the system and update the actual
state X ;.

Feedback update: Use data collected from sensors to measure the actual robot state and update xy,
perform rolling prediction, and repeat the above process to form a closed-loop control.

The core of MPC lies in transforming the control problem into an optimization problem within a finite
time window. By considering future constraints and objectives, and utilizing continuous prediction and
optimization, it provides proactive and adaptive control capabilities for the system’s dynamic behavior.

3.1.2 VMC: Real-Time Motion Control and Stability Assurance

VMC was proposed by Jerry Pratter at the Massachusetts Institute of Technology in the 1990s [89] and
was successfully applied to biped robots [90]. The core principle of VMC is the introduction of non-existent
virtual components, through which a connection is established between the points of force application
in the mechanism and the external environment. By calculating the virtual forces and torques acting on
these virtual components, the robot can achieve the desired motion goals. Next, the Jacobian matrix is
used to map these virtual forces to the desired joint torques of the robot, which are then used as inputs
to control joint motion, resulting in effective control outcomes. VMC is a variant of compliant impedance
control [91] (compliant impedance control can be classified as a model-based motion control method, but
unlike traditional model-based control, compliant control focuses more on the robot’s ability to perceive and
adapt to both its body and the environment during control. It emphasizes dynamic interaction between the
controller and the external environment, improving the robot’s control performance and adaptability). The
equivalent model of VMC for quadruped robots is shown in Fig. 18. Virtual model control reflects the force
interaction characteristics between the robot and the external environment more simply and directly. It is
important to note that in virtual model control, the virtual force [92] acts on imaginary virtual components
that do not physically exist and do not correspond to any physical mechanism. The virtual force is actually the
resultant force acting on the robot’s foot, which is achieved through joint drives during actual motion. There
is a mapping relationship between the foot forces and joint torques, determined by the robot’s mechanical
structure. By using the robot’s forward kinematic model, position information of the foot relative to the
robot’s leg-side swing joint coordinate system can be obtained, thereby determining the mapping relationship
between the foot workspace and the joint space:

x=f(q) (38)

= [x1, X2, . . ., x, ]: The pose vector of the robot’s body foot relative to space.

x
q=1[91> 92 --->qm]: The position vector in the joint space.
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Figure 18: Equivalent model of VMC for quadruped robot

Find the partial derivative of x concerning g:
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The principle of virtual work: 778q + (~F) ' §x = 0 can be obtained as:
t=]J'F (41)

7 € R™!: The joint torque vector F € R"*!: External environmental forces. ] € R"*™: Velocity Jacobian
matrix, which converts the angular velocity values in the joint space to the velocity values at the end-effector.

The ] matrix changes as the robot’s joint angles g vary.

The virtual model control method is intuitive and simple, not relying on precise dynamic modeling.
Although it cannot achieve high-precision position or force control, it focuses more on perceiving and
responding to external disturbances in practical applications, rather than strict trajectory constraints.
Compared to workspace control, its accuracy is lower, but it is sufficient to meet the requirements for foot
height and trajectory when a legged robot is walking or running, where precision is not critical. Virtual model
control simplifies complex motion models, converting high-level posture commands into torque control for
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the leg joints, intuitively reflecting the robot’s motion state, effectively interacting with the environment, and
ensuring stability. When controlling a quadruped robot, spring and damping components are used as virtual
elements for control. The basic formula for calculating virtual forces is as follows:

Fyme = Kyme (xd - .X) + Dyme (xd - x) (42)

Fyme: The virtual force generated by virtual components; K, Spring constant; D,,,.: Damping
coefficient; x: Desired displacement. x: Actual displacement; x: Desired velocity; x%: Actual velocity.

By using the force Jacobian matrix to map the end-effector virtual force to the joint space, the leg’s
adaptation to the body motion can be achieved. Fig. 19 shows the virtual model control block diagram.

Gain J r Robot

X | Forward
nematics|

Figure 19: Virtual model control block diagram

Due to the characteristics of virtual model control, a certain control error is inevitably generated during
the motion control of a quadruped robot. The desired joint torques calculated are based on a simplified robot
model, but in practical applications, complex factors such as system inertia, centrifugal forces, and structural
friction must also be considered. These factors may cause discrepancies between the actual motion and the
ideal motion. By properly adjusting the damping and stiffness coefficients in the control model, this difference
can be effectively reduced, bringing the motion state closer to the target. Virtual model control is one of the
easiest force control methods to implement in practice, as it does not require considering the robot’s complex
dynamic relationships and can achieve good force control characteristics with minimal computational effort.
The algorithm’s intuitiveness and simplicity have led to its widespread use in the motion control field of
quadruped robots [93].

3.1.3 Motion Control Based on WBC: Multi-Task Coordination and Dynamic Balance

To address the issue of redundant motion coordination in robot systems, Khatib et al. first proposed a
task-oriented whole-body dynamic coordination control framework in 1987 [94], which is the prototype of
WBC. In 2004, Khatib applied this method to humanoid robot control [95] and formally named it Whole-
body Control (WBC).

When a quadruped robot is viewed as a multi-body system with a floating base, the focus of research
is on determining the position and posture of the robot’s base and legs. Its state variables include the body
configuration and leg joint angles. The control forces within the system consist of joint torques and ground
reaction forces. The desired trajectories of the body and legs can be generated through preset planning
or constraints [96]. In such systems, in addition to constraints related to contact and friction with the
ground, tasks can be represented as equations or inequality constraints involving state variables or joint
torques. To resolve task constraint conflicts, appropriate optimization equations must be used in the design
of hierarchical control [97]. This hierarchical controller is called the whole-body controller (WBC), which
can be roughly divided into two types: WBC based on Null Space Projection (NSP) [98] and WBC based on
Hierarchical Quadratic Programming (HQP) [99].
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NSP-based WBC: The NSP method emerged earlier, and its basic idea is to map low-priority tasks into
the null space of high-priority tasks to ensure that low-priority tasks do not interfere with the execution of
high-priority tasks. The task space vector and the joint space vector satisfy the kinematic constraints:

x = kinematics (q) (43)

g € RN: Joint space vector; x € RM: Task space vector.

Taking the derivative of Eq. (39) gives:
x=J(q)q (44)

J(q) € RM*¥N: The Jacobian matrix of the task.

When the dimension of joint space N is greater than the dimension of task space M, the task has
redundant degrees of freedom. For tasks with redundant degrees of freedom, the Jacobian matrix J(g) has a
right inverse J* and satisfies JJ* = I. When the Jacobian matrix is full rank, the right inverse J* is given by:

-1

Jr=1" (") (45)
The mapping from task space velocity to joint space velocity is represented as:
q=7"(q)x (46)

If the task has redundant degrees of freedom, there will be a null space. In the case of a robot, it refers
to the set of all joint space velocities that result in a zero-task space velocity.

Null (J) = {q € Q:Jq =0} (47)

The null space projection matrix N can project any joint velocity onto the corresponding null space
projection matrix.

Vq,JNg=0 (48)

Null space projection matrix N: I-J*J; and it satisfies the properties: N* = N, NN = N

*

If there are two tasks, x; X, with corresponding task Jacobian matrices J; and J,, and the task x; has a
higher priority than the task xJ, the joint space velocity satisfying task x;" is:

G- Ti5 + Nido (49)
qo: The velocity vector in joint space of an arbitrary joint

%3 =24 =1 (J{ % + Nigo) (50)
Therefore, gy can be represented as:

g0 = (]2N1)" (% = JoJ{ & (5)

*

Therefore, for task x; X3, the final joint space velocity is:

g=4f + (LN (%5 - oJf %7 (52)
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.d + .
qy =J{ %

Based on the above theory, a multi-task priority control strategy in the null space can be derived. For #;
tasks, the joint space velocity that satisfies the task priorities is:

=), Ni;
i=1 . i—l_ (53)
i = (JiN;) (x ~Ji Zquk)
k=1

N;: The combined Jacobian matrix J; and the null space projection matrix. J;: The combined Jacobian
matrix J; = [ Jjr--- o 1] " of all tasks with higher priority than task i

Based on HQP WBC: Tasks are represented as constrained optimization problems, with slack variables
introduced to address infeasible constraints. Hierarchical Quadratic Programming, as a cascade form of
quadratic programming, can be used to solve multi-task problems with priorities.

Rewrite Eq. (43) in the optimized form:
min []q - x|, (54)

x: Desired velocity in the task space.

When considering only x;", introduce the slack variable S; and write x;" in the form of a quadratic
programming problem:

min | S,
Psi (55)
s.t. ]1q + Sl = ).Cl
Si: The slack variable for task Tj.
Task T is defined as a set of linear equality or inequality constraints on the solution vector x € R".
Ax-b=w
T: (56)
Dx—-f<v

w, v: The slack variable to be minimized.

When solving a set of tasks T, ..., T, simultaneously, they can be either weighted relative to each other or
solved strictly according to priority order; for example, solving in strict priority order based on the null space:

Once the optimal solution x* for p tasks is obtained, to ensure strict priority separation, the next solution
Xp+1 is found in the null space Z, = N (Ap) of all equality constraints for higher-priority tasks; where A, =

T
[AIT ... AIT,] . Eventually, x,41 = x* + Z,z,4 is obtained, with z,,, being a vector in the row space of
Zy,. Solving a new task T},,; means calculating Z7,, and V,, from the following quadratic programming
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problem:

. . 1
nin > |Aps (X* + Zpzps1) = by H2 + [ VP+1H2
st. Dpn (Xyr + ZPZP+1) ~ frr1 < Vo

DP (X* + ZPZerl) _fp S VP* (57)

VP+1 2 O

Let f; = [Z ; VPT], the above QP problem can be written as:

l.g T
min —&;  Hpn&p + 1 épn
Fpu 2 PHUTPTIRPTL T TprInpY (58)

s.t. DP+1£P+1 < fp+1

where:
Ho. = ZgA£+1AP+1ZP 0 _ ZI?A;H (APHX* - bP“)
pHl = Cp+1 =

| 0 I 0

—DpHZp -1 fp+1 - Dp+1X*
. DPZP 0 . fp - DPX* + Vp*
Dp+1 = : : fp+1 = :

Dlzp 0 fl = DIX* + ‘/1*
0 I 0

The above expression represents the hierarchical QP form based on the null space. By solving this
hierarchical QP problem [100], the desired state variables x* can be obtained, which include the robot’s
velocity, acceleration, and contact forces, among other information. This information is then integrated with
the robot’s dynamic model to compute the required joint torques and pass it to the controller. In this way,
control of multi-task problems with priorities can be achieved, enabling trajectory tracking in the joint space
and thereby completing tasks planned in the task space.

Model-based control methods can be categorized into multiple levels of complexity. Virtual Model
Control (VMC) is an intuitive and highly real-time approach, suitable for achieving simple gait control.
Whole-Body Control (WBC) optimizes global dynamic objectives and finds broad applications in multi-
task control. Meanwhile, Model Predictive Control (MPC) represents a more advanced optimization-based
control method, featuring online rolling optimization capabilities that enable gait trajectory and energy
consumption optimization in complex environments. The applicability and advantages of these methods
lie in balancing real-time performance, computational resources, and adaptability. Different application
scenarios call for selecting the appropriate control method, as illustrated in Table 4.
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Table 4: Comparison of model-based control methods

Methods Optimization capability Environmental adaptability

MPC High High
VMC Low Average
WBC Moderate High

3.2 Autonomous Learning-Based Control Methods

Autonomous learning-based control methods mainly rely on Deep Reinforcement Learning (DRL)
algorithms [101]. With the rapid development of artificial intelligence and computer science technologies,
DRL has shown great potential in the motion control of legged robots. In recent years, the development of
deep learning has propelled reinforcement learning to new heights. The combination of deep learning and
reinforcement learning enables the handling of high-dimensional, continuous action and state spaces [102];
reinforcement learning learns better control strategies through continuous trial and error, exhibiting strong
decision-making capabilities [103]; while deep learning has strong perceptual abilities [104]. Therefore, the
integration of these two, DRL, breaks the traditional constraints in the field of robotics. It demonstrates
enormous potential in the field of robotics, as DRL does not require extensive computation or precise
parameter design. The robot learns motion strategies through interaction with the environment, possessing
the ability for autonomous learning, making it more adaptive and versatile [105]. The use of DRL for motion
control in robots is becoming a hot topic in the research of quadruped robots.

DRL is an end-to-end learning method with strong generalization ability [106]. Based on the type of
update strategy, DRL is divided into three categories: Value-Based [107], Policy-Based [108], and Actor-
Critic [109], as shown in Table 5. The learning process of DRL can be described as follows:

(D Initialize the network parameters for both deep learning and reinforcement learning;

(@ The agent observes the environmental data through its perception system, where deep learn-
ing processes the high-dimensional environmental perception data, which includes specific feature state
representations;

(® The decision-making system evaluates the value function of each action based on expected rewards
and uses the policy network to map the current state to the output action;

(@ The action reacts to the environment and results in a new set of observations. This process repeats
steps @-() in a loop.

Table 5: Comparison and classification of DRL algorithms

DRL algorithms Type State space Action space
(Deep Q-Network, DQN) Value-Based Continuous/Discrete Discrete
(Soft-Actor-Critic, SAC) Actor-Critic Continuous/Discrete Continuous
(Police Gradient, PG) Policy-Based Continuous/Discrete Continuous/Discrete
(Deep Deterministic Policy Gradient, =~ Actor-Critic Continuous/Discrete Continuous
DDPG)
Proximal Policy Optimization (PPO) Actor-Critic Continuous/Discrete Continuous/Discrete
Twin Delayed Deep Deterministic Policy ~Actor-Critic Continuous/Discrete Continuous

Gradient (TD3)
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Value-Based Algorithm (DQN): The agent’s state space and action space are used as inputs, and the
expected cumulative reward over time is output. Based on this expectation, the action with the highest value
in the action space is selected. This type of algorithm requires traversal of all action values, so the action
space must be discretized. The loss function of the DQN [110] algorithm is as follows:

2
L(OnN)=E [(rm +y - maxQ (st+15a, OnN) — Q (54> ays GNN)) ] (59)

Onn: Neural network weight parameters. Q(sy+1,a,0nN): Q-value obtained by the neural network with
parameters Oyy; 7: Reward value; y: Discount factor.

The squared error between the actual Q-value and the estimated Q-value is used as the loss function.
Gradient descent is employed to update the network parameters, resulting in the final converged value.

Policy-Based Deep Reinforcement Learning Algorithms: The current policy is used to obtain the
corresponding action space in the state space. Unlike Value-Based methods, Policy-Based methods do
not use a value function, but instead evaluate the effectiveness of the policy by executing it multiple
times [111]. The update process calculates the gradient of the network parameters (such as the weights and
biases of the neural network) based on the obtained rewards, adjusting the learning parameters in the
direction that increases the reward, thereby updating the policy. Policy-based deep reinforcement learning
algorithms update parameters in an episodic manner, but they suffer from lower learning efficiency and
higher convergence difficulty.

Actor-Critic Algorithm: This improves the episodic update method in Policy-Based approaches [112]
by adopting a single-step update mode from Value-Based algorithms while combining the policy gradient
from Policy-Based methods. In this approach, the Actor-network takes the state space as input and outputs
the corresponding action space, while the Critic network takes both the state space and the action space
output by the Actor as input to evaluate the value of the action. By comparing the actual reward with the
value estimate of the Critic, an error can be calculated. The Critic network uses the time difference (TD)
error obtained after the agent’s single-step execution as the loss function and updates the Critic network
parameters intending to minimize this loss. Meanwhile, the Actor-network updates its network parameters
based on the TD error provided by the Critic.

Currently, commonly used deep reinforcement learning methods in legged robot control include DDPG
and PPO.

3.2.1 Deep Deterministic Policy Gradient (DDPG)

DDPG adopts the Actor-Critic (AC) framework [113], combining the advantages of both policy gradient
and value function methods. It is a deep reinforcement learning algorithm designed to solve continuous
action control problems, which not only enhances the stability of learning but also improves convergence.
It uses an experience replay strategy by storing samples in an experienced pool and sampling them with
a normal distribution to break the correlation between samples, thereby accelerating training speed [114].
This method effectively balances the exploration of unknown environments with the exploitation of the old
policy, enabling precise and effective control of quadruped robots. Table 6 provides the pseudocode for the
DDPG algorithm [115], and its flowchart is shown in Fig. 20.

Online Actor-network: Represents the action policy u (als, 0*); a: the action is taken; s: the current
state; 0¥: network parameters; This network has decision-making functionality, selecting action a based on
state s, and the environment transitions to a new state s’ and provides a reward r.
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Table 6: DDPG pseudocode

Algorithm DDPG

1: Randomly initialize the critic network Q (s, a|#?) and actor  (s|6* ) with weight 62 and 6*.
2: Initial target network 62 and 6% with weight 2 «62,6% «6*

3: Initial replay buffer R

4: for episode =1, M do

5: Initialize a random process N for action exploration

6: Receive initial observation state s;

7:-fort=1,Tdo
8:  Selectaction a; = p (s/6*) + N; according to the current policy and exploration noise
9: Execute action a; and observe reward r; and observe new state s,

10:  Store transition (s, a7, St41) in R
11:  Sample a random mini-batch of N transitions (s;, a;, #;, Si+1) from R
12: Sety; =r;i +yQ'(sis1, M’(5i+1|9”,)|9Q’)
1
13:  Update the critic by minimizing the loss: L = N > (y,- -Q (s,-, ai|90))2
i

14:  Update the actor policy using the sampled policy gradient:
1
Vol 22 VaQ (8 al0%) lo=s; amp(s) T slom) I

15:  Update the target networks:
04 « 760 + (1-1) 6%
09 « 702 + (1-1) 0%
16: end for
17: end for

Target Critic network: Represents the action policy ' (a’ s’ 0“,); this network has decision-making

functionality, selecting action a’ based on state s, and network parameters 6*" are periodically updated from
the Online Actor-network.

Online Critic network: Represents the value function Q (5, a, 09 ); this network has an evaluation
function, used to estimate the value of the action chosen at the current state and calculate the Q value of the
current action.

Target Critic network: This network has an evaluation function, used to estimate the action chosen in
the new state and calculate the optimal action Q value for the new state.

3.2.2 PPO’s Policy Optimization and Efficient Decision-Making Capability

PPO algorithm is an important deep reinforcement learning method [116], based on the idea of natural
gradients, aiming to improve training stability and convergence speed. PPO limits the step size of policy
updates to prevent instability caused by excessively large updates. Its core method [117] introduces a clipping
mechanism or Kullback-Leibler divergence penalty in the objective function to ensure that the deviation
between the new and old policies remains within a reasonable range. This approach not only retains the
improvement of the advantageous policy but also avoids the training instability caused by large policy jumps.
In practical applications, such as robot control, the PPO-Clip method is particularly common [118]. Table 7
presents the pseudocode for the PPO-Clip algorithm [119], and the algorithm flowchart is shown in Fig. 21.
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Figure 20: DDPG algorithm flowchart

Table 7: PPO-clip algorithm pseudocode

Algorithm PPO-clip
L: Input: Initial policy network parameters 0,; initialize value network parameters ¢,
2:fork=0,1,2, .., do
3:  Collect set of trajectories Dy = {7;} by running policy 7y = 7 (6) in the environment.
4:  Compute rewards-to-go R,

(Continued)
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Table 7 (continued)

Algorithm PPO-clip

5. Compute advantage estimate, A, (using any method of advantage estimation), based on the current

value function V,, .
6:  Update the policy by maximizing the PPO-Clip objective:
1 ! mp (alse)
Ok+1 = arg max min (—A”"k (st a:),g(e, A" (54, ay))
o |Dk|TTEZD:ktZ(:) TT0) (at|st)
typically via stochastic gradient ascent with Adam.
7. Fit value function by regression on mean-squared error (MSE):

1 r A N2
- i V, (s;) - R
Pl argm(pln |Dk| T Tezl;k Z(:)( ? (St) t)

Typically via some gradient descent algorithms.
8: end for

Buffer
@,5) | Sample and.,
sy iti
Critic
> Actor network (ORI A CARS) Network

Update Calculate the action
network | probabilities 7,(a,|5,)
parameters | based on the latest policy &

Tooala,|s,) ¥
Calculate the state
valuesV(s:) and V(se+1)

0
l Backpropagate
Calculate the actiunr 6)= Ty(a,|s,) Lalculatfe the advantage the
BN = unction
probability ratio To@ |8, A =8+, + (M)g S 4T updates
Y
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Clip the action probability ratio TD error= r— w ( Co ) +V( s,
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o .| Py
JY=Ey o) s, Min ; (:: Is) , B Calculate i
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Figure 21: PPO-clip algorithm flowchart

A: Generalized Advantage Estimation (GAE) is used to compute the advantage at each time step. It is a
method that balances the trade-off between bias and variance, improving the stability and convergence speed
of policy gradient algorithms.

(yA) 8 (60)

M8

Atz

0
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y: Discount factors, used to balance the weight between short-term and long-term rewards. A: GAE
weight parameter, used to control the trade-oft between bias and variance. §;: TD error, calculated as: §; =
re+ YV (sta1) — V (s¢).

In practical applications, due to the inconvenience of infinite summation, GAE uses a finite horizon T
to truncate the estimation, meaning it only computes the advantage values within a finite number of steps.

T—t
A=Y (P1) 8un (61)
1=0

GAE finds the right balance between bias and variance depending on the value of A. When A is closer
to 1, the estimation becomes smoother, but the variance is larger. When A is closer to 0, it focuses more on
the current reward, resulting in a smaller variance but larger bias.

- (1098

e: The hyperparameter, known as the clipping range, limits the magnitude of policy changes. A:
Advantage estimation represents the advantage of the current action in the current state, i.e., how good or bad
the current action is compared to the average situation. A > 0: Encourage the current behavior, but without
allowing the policy to deviate too far. A < 0: Reduce the current behavior, ensuring it doesn't exceed (1-€);

A>0

A<O (©2)

The advantages and disadvantages of several commonly used motion control methods for quadruped
robots are shown in Table 8. This table summarizes the pros and cons of each control method in the applica-
tion, allowing for the selection of the most suitable control method based on specific task requirements and
hardware conditions.

Table 8: Comparison of motion control methods

Control Advantages Disadvantages
method
MPC Can predict control inputs for a future Large computational cost, poor real-time
period, generating smoother trajectories; performance, and usually requires
can consider multiple system constraints; ~ powerful computational resources; needs
exhibits good adaptability and robustness  an accurate system model and is sensitive
in dynamic environments. to model errors.
VMC Intuitive design, easy to implement and Relies on predefined models, making it
adjust; suitable for dynamic balance difficult to maintain high performance in
control in complex terrain; low unknown environments; performance is
computational burden, making it suitable ~ limited under high degrees of freedom
for resource-constrained embedded and complex constraints.
systems.
WBC Task-oriented whole-body coordination Complex to implement and usually

control, capable of optimizing conflicts in
multi-task control; suitable for
multi-degree-of-freedom and redundant
systems; can adapt to more complex
multi-task operation requirements.

requires precise modeling and large
computational effort; needs real-time
optimization problem solving, with high
hardware resource requirements.

(Continued)
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Table 8 (continued)

Control Advantages Disadvantages
method
DDPG Suitable for continuous action spaces, Training takes a long time and requires a
capable of generating smoother action large amount of data; prone to getting
outputs; through autonomous learning, it stuck in local optima and sensitive to
can adapt to dynamic and complex hyperparameters; low sample efficiency
environments. and unstable learning process.
PPO-Clip Fast convergence speed and stable Requires a large amount of sample data,
training process; suitable for complex with high training costs; performance
environments and large state spaces; more may degrade when the action space is too
robust during policy updates, making it large; and sensitive to hyperparameters.

suitable for robot control.

3.3 Decentralized Control Strategies and Distributed Control Strategies

Decentralized control refers to a system in which no central controller coordinates the overall
behavior [120]. Instead, each component of the systems such as the joints or actuation modules of the
robot—operates and makes decisions independently. Each component typically completes tasks based on
local perception information (e.g., sensor data) and its localized objectives [121]. The primary goal of
this control method is to achieve efficient system operation by eliminating the reliance on centralized
control strategies. In contrast, distributed control involves multiple control modules within the system
that can operate independently [122] while collaborating through mechanisms such as information sharing
or local coordination to achieve complex tasks. Unlike decentralized control, distributed control typically
incorporates a form of local information exchange and coordination mechanism [123]. When making
localized decisions, each module may need to access state information from other modules to adjust its
actions in alignment with global objectives.

3.3.1 Decentralized Control Strategies

In quadruped robot motion control, decentralized control involves distributing control tasks across
multiple independent control units. These units do not rely on global information but instead use their local
data to execute motion control. Each control unit operates autonomously, managing its motion without
requiring input from other units [124]. The main strategies include:

a: Local Feedback Control

Each leg control unit utilizes local sensor data (e.g., joint angles, velocities, accelerations) to
independently perform feedback adjustments. Using local feedback controllers, such as Proportional-
Integral-Derivative or Linear Quadratic Regulator controllers, each leg can achieve independent control of
position, velocity, or force [125]. During specific gaits, the control units of individual legs adjust indepen-
dently based on their local feedback (e.g., joint angle or velocity errors), ensuring precise movement. This
method simplifies the control of architecture and reduces computational complexity. Since each leg can func-
tion autonomously, it offers high flexibility, making it well-suited for dynamically changing environments.
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b: Feedforward Control

Feedforward control calculates the required control input in advance using the system model or
predefined trajectory information, without relying on feedback error adjustments. This approach effectively
prevents system deviations during motion [126]. In quadruped robot locomotion, feedforward control can
predict the trajectory of each leg and preemptively correct deviations by applying pre-calculated control
inputs. Particularly in scenarios involving rapid motion or complex gaits, feedforward control significantly
reduces delays and errors. By anticipating control inputs, it not only shortens response times but also
enhances the precision of the control system.

c: Adaptive Control

Adaptive control enables each control unit to automatically adjust its parameters in response to changes
in the environment or the robot’s dynamic state [127]. This method is especially suitable for scenarios
where the system’s dynamic characteristics are uncertain. For instance, when a quadruped robot traverses
uneven terrain, the controller for each leg can dynamically adapt its control parameters based on ground
conditions, such as friction coefficients or slopes. This ensures the robot maintains stable locomotion across
various terrains. Adaptive control effectively handles system uncertainties and external disturbances, offering
flexibility to accommodate diverse environmental demands.

3.3.2 Distributed Control Strategies

Distributed Control achieves global objectives through information exchange and collaboration among
multiple control units (e.g., the four legs of a quadruped robot) [128]. Unlike decentralized control,
distributed control relies on communication and coordination between control units to ensure the successful
accomplishment of global goals. The primary control strategies include:

a: Distributed Model Predictive Control (DMPC)

Each control unit (e.g., the controller for each leg) utilizes a local model for prediction and optimization
while coordinating through information exchange to achieve global control objectives. DMPC optimizes
current control inputs by predicting future states for each control unit [129]. In complex gait tasks such as
jumping or stair climbing, DMPC allows the controllers of each leg to dynamically adjust their trajectories
based on the predictive information of the other legs. For instance, during a jumping motion, each leg’s
control unit predicts future forces and positions to optimize its motion control. By facilitating information
exchange and collaborative optimization among multiple control units, DMPC significantly enhances global
performance, mitigating the impact of local optimizations on overall stability.

b: Cooperative Control

In cooperative control, each leg of the quadruped robot works collaboratively to optimize global
objectives. Each control unit not only relies on its sensor data but also shares information with other control
units to jointly accomplish tasks [130].

For instance, during gait coordination, the control unit of each leg dynamically adjusts its actions
based on information from other legs, ensuring coordinated and balanced overall motion. This approach
significantly enhances the system’s robustness and coordination, facilitating efficient collaboration among
multiple control units to achieve stable global behavior.

c: Multi-Agent System Control

In a multi-agent system, a quadruped robot can be considered as being composed of multiple
agents, with each leg’s control unit acting as an independent agent [131]. Each agent is capable of
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autonomous decision-making while also communicating and sharing information with other agents to
achieve global objectives.

For example, when the robot turns or adjusts its gait, the control units of the legs (as agents) exchange
information such as gait patterns and speeds to coordinate their movements, ensuring smooth execution of
overall actions. The collaborative cooperation among agents not only improves the system’ flexibility and
robustness but also enables the robot to maintain efficient coordination in dynamic environments

d: Distributed Force Control

Distributed force control is designed to coordinate the distribution of contact forces or interaction forces
among multiple control units. Each control unit adjusts its force control input based on its force sensor data
and achieves reasonable force distribution through coordination with other units [132]. In scenarios such
as climbing slopes or overcoming obstacles, distributed force control ensures that the contact forces and
interaction forces of each leg are evenly distributed among the control units, thereby enhancing the robot’s
stability. This method is particularly suitable for tasks requiring precise control of contact forces, enabling
the robot to maintain stability and sufficient traction on complex terrains.

Decentralized control, where each leg is controlled independently, offers high flexibility and is well-
suited for tasks requiring rapid response. However, it may perform poorly in global optimization and
complex tasks. In contrast, distributed control leverages information exchange and cooperative control to
efficiently coordinate multiple control units, making it ideal for complex motion control tasks, albeit at
the cost of increased computational complexity. Both strategies have their respective application scenarios,
and the choice of the most suitable control method depends on the complexity of the task and the
performance requirements of the quadruped robot. Table 9 provides a summary of and comparison of these
two control strategies.

Table 9: Comparison of decentralized and distributed control strategies

Decentralized control Distributed control
Collaboration The control units operate independently, The control units optimize global
methods of making decisions based solely on local behavior through information sharing
control units information and collaborative work, coordinating with
each other
Information Relying solely on local sensor data and Coordination is achieved through the
sharing feedback, without involving the sharing of exchange and sharing of local information
global information
Control Local Feedback Control, Feedforward DMPC, Cooperative Control,
strategy Control, Adaptive Control Multi-Agent System Control, Distributed
Force Control
Control Each control unit operates independently, It is more complex, as it relies on the
structure effectively reducing computational exchange of information and
complexity coordination between control units
Advantages  Simple structure, high flexibility, suitable =~ Able to coordinate multiple control units,
for handling local control tasks suitable for complex tasks and global goal

optimization, enhancing robustness and
stability

(Continued)
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Table 9 (continued)

Decentralized control Distributed control
Applicable Suitable for fast response and Suitable for tasks that require
scenarios independent control tasks, such as simple coordination and optimization of
gait control multiple control units, such as complex
gait control, terrain adaptation, obstacle
avoidance
Disadvantages Not suitable for global optimization of Requires higher computational power
complex systems, which may lead to and an information-sharing mechanism,
instability with higher complexity

3.4 Fusion Control Algorithms
3.4.1 Combination of ZMP and MPC

To enhance the dynamic performance, robustness, and multitasking capability of quadruped robots,
researchers often optimize by combining multiple algorithms. In this optimization framework, MPC (Model
Predictive Control) is used to calculate the optimal distribution of reaction forces over a longer time
horizon based on a simplified dynamic model, while WBC (Whole-Body Control) utilizes the reaction
force information generated by MPC to further compute joint torque, position, and velocity commands.
This method has been successfully applied to the Mini-Cheetah quadruped robot, achieving excellent
performance with a maximum running speed of 3.7 m/s after completing various gait tests. Through this
fusion framework, not only is the dynamic model effectively simplified, but the computational complexity
is significantly reduced. Experimental results demonstrate that the robot can smoothly transition between
different gaits, fully proving the stability and effectiveness of this hybrid control strategy.

3.4.2 Integration of Reinforcement Learning with MPC

When performing highly dynamic tasks such as running and jumping, the application of methods like
MPC (Model Predictive Control) is significantly constrained if the robot lacks high-precision environmental
perception or accurate self-model support [133]. Additionally, end-to-end learning often exhibits low
robustness when faced with drastic changes in tasks or environments and suffers from low sample efficiency.
To address these challenges, researchers have proposed a method that combines MPC with learning-
based techniques to better solve complex robotic motion tasks. Specifically, this method employs a simple
linear function approximator to represent the control policy, and force distribution is computed via a
Quadratic Programming (QP) process involving only 12 variables. Within this framework, MPC based on
centroidal dynamics generates reference trajectory data, which is subsequently used to train the linear policy
through imitation learning to minimize deviations from the reference trajectory. Thanks to this efficient
computational approach, the controller has been successfully deployed on the Stoch3 robot, enabling it to
stably execute highly dynamic tasks in both indoor and outdoor environments.

3.4.3 Integration of Reinforcement Learning with CPG

In addition to combining reinforcement learning (RL) with MPC to improve training efficiency
and trajectory performance, researchers have also explored the integration of RL with Central Pattern
Generator (CPG) models. Specifically, CPG models are used to represent open-loop motion strategies,
while RL is employed to further optimize these strategies. Furthermore, in elastically actuated robots,
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another approach to achieving dynamic gaits involves using reflex-based controllers, whose parameters also
require optimization.

This research framework applies not only to CPG controllers but also to reflex-based controllers. By
leveraging learning-based methods to optimize the parameters of reflex controllers, automatic parameter
adjustments can be achieved, thereby enhancing the system’s robustness and jumping performance.

To better understand the advantages and disadvantages of different integrated algorithms, Table 10
compares these algorithms. Fig. 22 illustrates the framework for gait planning and motion control structures
in quadruped robots.

Table 10: Comparison of integrated algorithms

Method Advantages Disadvantages
ZMP + MPC  Enhances the robot’s responsiveness and High computational cost, increased
adaptability while improving energy complexity, and significant
efficiency implementation difficulty, while relying
on the accuracy of the model
Reinforcement It possesses stronger stability, accelerates The model becomes more complex,
learning + MPC the learning process, and enhances requiring more resources

generalization ability
Reinforcement It enhances the robustness of the control It enhances the robustness of the control

learning + CPG  system, thereby improving its overall system, thereby improving its overall
performance performance
——
Static Gait ZMP Method
— Gait Planning
Methods SLIP Method
. . CPG Method
Dynamic Gait A
Gait Composite Curve
Planning Planning Method
and Motion
Control for < MPC Method - ZMP ﬂ“_d MPC
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Figure 22: Structure block diagram of gait planning and motion control for quadruped robot
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4 Challenges and Future Directions for Quadruped Robots

Quadruped robot technology is an interdisciplinary field that spans mechanical engineering, control
engineering, computer engineering, and other areas [134]. The goal of quadruped robot research is to mimic,
and even surpass, the movement capabilities and environmental adaptability of four-legged animals in
nature [135]. According to existing literature, to bring robots closer to practical applications and fully exploit
their flexible task capabilities, making their movements biomimetic to four-legged creatures, two major
challenges remain [136]: First, quadruped robots are highly redundant systems with complex motion control;
second, they must operate in dynamic and unpredictable environments.

Thus, achieving robust motion control for quadruped robots remains a significant challenge. Future
research should focus on the following key aspects:

(D High-strength mechanical design: During movement, the robot’s feet endure large impacts from the
ground, which can be several times the robot’s static weight. New materials are not yet widely used
in quadruped robots. Although active and passive compliance technologies can alleviate some of
the shock, solid structural design remains crucial when robots need to carry weight [137]. Future
quadruped robot research should focus on the application of high-strength lightweight materials and
innovative mechanical structures to improve load bearing and shock-resistance performance.

(@ Multisensor data fusion: Integrating multiple sensors and effectively processing the data they provide is
critical for enhancing a quadruped robot’s environmental awareness [138]. This involves solving issues
such as sensor synchronization, calibration, and data fusion to ensure the robot can accurately perceive
its surroundings.

(® Improving autonomy: The goal of quadruped robot development is to replace humans in performing
tasks and to autonomously handle unexpected situations without human intervention [139]. Achieving
higher levels of autonomy requires more than just basic motion planning; it necessitates in-depth
research and optimization of control algorithms to ensure stronger autonomous decision-making and
task execution capabilities.

(®  More flexible movement modes: Quadruped animals in nature exhibit diverse and agile movement
modes, including multiple gaits, jumping, and self-recovery after falls [140]. These capabilities enable
them to adapt to various complex environments. An important future challenge is to enable quadruped
robots to learn such flexible and agile movements and autonomously switch between different modes
to adapt to real-world environments [141].

5 Conclusion and Outlook

This paper systematically analyzes the main methods and key challenges in the field of gait trajectory
planning and motion control for quadruped robots. As quadruped robots are increasingly applied in complex
environments, gait planning and motion control have become critical technologies for enhancing their
stability, flexibility, and adaptability. The paper first categorizes the gaits of quadruped robots, introducing
the different characteristics of static and dynamic gaits. It then discusses the commonly used gait planning
methods, as well as the unique advantages and applicable scenarios of each method. By analyzing these
gait planning methods in-depth, this paper also proposes optimization objectives for quadruped robots
in gait planning, including motion smoothness, maneuverability of the swing phase, and stability of foot
contact. Particularly in complex dynamic environments, reasonable foot trajectory planning is crucial for
improving the robot’s movement efficiency and reducing energy consumption. In terms of motion control,
quadruped robots face numerous challenges, especially in ensuring stability and adaptability in complex
terrains and uncertain environments. As research progresses, reinforcement learning-based control methods
have gradually emerged, offering stronger autonomy and better environmental adaptability. However, to
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enable the widespread use of quadruped robots in practical tasks, many technical bottlenecks must still be
overcome, including efficient control algorithms, multi-sensor data fusion, and decision-making capabilities,
as well as stronger hardware designs.

Future research can focus on the following areas: further optimizing gait planning algorithms to improve
their stability and efficiency in dynamic and complex environments; integrating artificial intelligence meth-
ods such as deep learning to enhance the robot’s autonomous perception and decision-making abilities; and,
in hardware design, exploring lighter and more efficient driving systems to enhance the robot’s load-bearing
capacity and motion performance. At the same time, interdisciplinary research, such as the combination of
robotics and materials science, and control theory and artificial intelligence, will bring more technological
breakthroughs to quadruped robots.

Research advancements in gait planning and motion control not only provide a solid technical
foundation for the stability and flexibility of quadruped robots in complex environments but also address
the enhancement of autonomy in dynamic tasks. With continuous innovations in algorithm optimiza-
tion, artificial intelligence integration, and control methods, quadruped robots are poised to demonstrate
greater environmental adaptability and task execution capabilities in increasingly diverse and challenging
application scenarios.
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Nomenclature

ZMP Zero Moment Point

CPG Central Pattern Generator

SLIP Spring Loaded Inverted Pendulum
COG Center of Gravity

MPC Model Predictive Control

VMC Virtual Model Control

WBC Whole-Body Control

Qp Quadratic Programming

NSP Null Space Projection

HQP Hierarchical Quadratic Programming

DRL Deep Reinforcement Learning
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DQN Deep Q-Network

SAC Soft-Actor-Critic

PG Police Gradient

TD Time Difference

DDPG Deep Deterministic Policy Gradient

AC Actor-Ciritic

PPO Proximal Policy Optimization

TD3 Twin Delayed Deep Deterministic Policy Gradient
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