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Abstract: This paper presents the design and control of a quadruped robot equipped with a
six-degree-of-freedom (6-DOF) bionic active torso based on a parallel mechanism. Inspired
by the compliant and flexible torsos of quadrupedal mammals, the proposed torso structure
enhances locomotion performance by enabling coordinated motion between the torso and
legs. A complete kinematic model of the bionic torso and the whole body of the quadruped
robot is developed. To address the variation in inertial properties caused by torso motion, a
model predictive control (MPC) strategy with a variable center of mass (CoM) is proposed
for integrated whole-body motion control. Comparative simulations under trot gait are
conducted between rigid-torso and active-torso configurations. Results show that the active
torso significantly improves gait flexibility, postural stability, and locomotion efficiency.
This study provides a new approach to enhancing biomimetic locomotion in quadruped
robots through active torso-leg coordination.

Keywords: bionic torso; coordinated locomotion; model predictive control; variable
mass center

1. Introduction

From a biological standpoint, a key distinction between quadrupedal robots and
animals lies in the structure of the torso. Most quadrupedal mammals possess a compliant
and flexible torso [1], which plays a crucial role in enhancing speed during high-speed
gaits, improving locomotion efficiency, reducing muscular effort, and increasing stability in
low-speed gaits. Further anatomical studies have revealed that the lumbar vertebrae in
mammals are finely tuned to meet specific biomechanical demands, with the morphology
of the torso being shaped by natural locomotion patterns [2]. These biological insights
collectively underscore the significance of the torso in animal locomotion, emphasizing
that implementing a flexible torso is imperative for quadrupedal robot design.

To date, numerous robotic designs have drawn inspiration not only from the limb
structures of animals but also from their flexible torsos. For example, when a cheetah runs
at high speeds, the pitching motion of its torso facilitates full extension of both forelimbs
and hindlimbs while simultaneously absorbing ground reaction forces transmitted to the
torso [3]. Based on structural properties and actuation mechanisms, robotic torso designs
can be classified into passive and active types. Kani designed a flexible torso capable
of bidirectional pitching and demonstrated that this flexibility is crucial for maintaining
balance during passive hopping in quadrupedal robots [4]. Chong et al. developed a
Salamandra robot with a laterally free-moving back, which improved forward, rotational,
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and lateral stride displacement while expanding the reachable target positions of the robot’s
feet within a gait cycle [5]. Se designed the quadrupedal robot ELIRO, which incorporates
a passive yaw joint in the torso, demonstrating that the torso enables smooth turning
maneuvers [6]. Takuma et al. developed a quadrupedal robot with a torso exhibiting
viscoelastic mechanical variations, which, despite lacking mechanical joints, achieved
passive swinging [7]. To mimic biological torso structures, Ikeda introduced a passive elastic
joint at the torso’s center to facilitate energy exchange and reduce energy consumption [8].
Zhang et al. showed that a compliant torso significantly enhances coordination and postural
stability in robots [9]. Wang et al. experimentally confirmed that reducing the torso pitch
angle is beneficial for minimizing energy expenditure during high-speed running, and
passive torso joints contribute to efficient high-speed locomotion in quadrupedal robots [10].

MIT Cheetah features a flexible active torso coupled with the hind legs, enabling
bionic kinematics and acting as a rear-body spring to improve energy efficiency [11]. Laika,
a quadrupedal robot with a flexible active torso, incorporates a tensegrity structure that
helps maintain balance when traversing obstacles such as rocks [12]. Cho et al. proposed
a torso mechanism capable of rapid repeated bending and stretching, achieving a veloc-
ity of 1.0667 m/s, while the phase difference between torso and leg motion influenced
locomotion patterns [13]. Kim et al. demonstrated that torso joint motion increases the
forward velocity of the center of mass [14]. Kawasaki et al. developed a small quadrupedal
robot, Sugoi-Neco, featuring an active torso that enables longer jumping distances [15].
Lei Jingtao et al. proposed a bionic flexible body mechanism that achieves bending by
adjusting the gas pressure of artificial muscles, with a maximum bending angle of 18°
recorded in experiments [16]. Qian Wei et al. designed a rigid-flexible coupled contin-
uum bionic parallel torso capable of continuous bending in the lateral plane. Due to its
underactuated properties and compliance, the torso can achieve large-amplitude flexible
swinging, addressing the limitation of rigid torso constraints in traditional quadrupedal
robots. However, their study did not explore coordinated motion with the legs [17]. Wang
Qi et al. investigated articulated active-torso quadrupedal robots and found that coordi-
nated torso-leg motion increases stride length and enhances running speed [18]. Zhang
Chunsong et al. from Tianjin University proposed a reconfigurable quadrupedal robot,
demonstrating through simulations and experiments that torso torsion effectively increases
stride length [19]. Lei Jiang et al. from Zhejiang University proposed a quadruped robot
with a spine, capable of performing high-dynamic activities. Their findings indicate that
the flexible spine significantly impacts the robot’s motion, particularly enhancing its aerial
phase performance [20].

Despite significant advancements in the research of biomimetic torso structures, most
existing quadruped robot designs still suffer from limitations in degrees of freedom, of-
ten being constrained to sagittal plane motions or realized through simplified serial-link
mechanisms. While such designs offer advantages in structural simplicity or compliance,
they frequently compromise load-bearing capacity, directional agility, and dynamic adapt-
ability, thereby limiting their applicability in high-performance locomotion tasks. In our
previous studies [21-23], we proposed a fully actuated six-degree-of-freedom (6-DOF)
biomimetic parallel torso and systematically analyzed its workspace, stiffness modulation,
neuromechanical responsiveness, and damping characteristics. Comprehensive compar-
isons with conventional single-degree-of-freedom and passive structures demonstrated
that the actively controlled parallel mechanism significantly enhances multidirectional
mobility, impact mitigation capability, and coordination between the torso and limbs.

Building upon this foundation, the present study advances from structural modeling
to integrated locomotion control, with a specific focus on realizing active coordination
between the torso and legs in quadruped robots. A compact and efficient bionic parallel
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torso is developed, and a model predictive control (MPC) framework incorporating a
variable center of mass (CoM) is introduced to address the inertia variations induced by
torso movement. Under a trot gait, the proposed system employs gait-phase-synchronized
control to replicate biologically realistic whole-body locomotion. Simulation results indicate
that the method significantly improves postural stability, foot-end workspace coverage,
and locomotion efficiency, thereby validating the effectiveness and advantages of active
torso—leg coordination under dynamic gait conditions.

The subsequent sections of this paper are structured as follows: Section 2 introduces
the structure and kinematic model of the bionic active torso, Section 3 describes the structure
and overall kinematics of the quadrupedal robot with an active torso, Section 4 presents the
trajectory planning for coordinated torso-leg motion, Section 5 validates the coordinated
motion of the torso and legs through simulations and compares the overall motion with
that of a rigid-torso robot, and Section 6 concludes the paper.

2. Bionic Active Torso Modeling
2.1. Overview of the Active Torso Model

The structure of the bionic active torso is illustrated in Figure 1. Three L-shaped
brackets for securing spherical hinges are evenly distributed on the moving platform. Each
L-shaped joint has two through-holes for fixation, with two spherical hinges considered as
a pair. Three inclined connection brackets for securing DC motors are evenly distributed on
the fixed platform, with the plane of each connection bracket forming a 60° angle with the
fixed platform. Two motors are mounted in parallel on each connection bracket, considered
as a motor pair. Each kinematic chain consists of a link and a rocker. The link is formed
by two short links, a tension-compression force sensor, and a coaxially arranged threaded
connection with a rod-end spherical hinge link. The force sensor is used to monitor the
real-time force conditions of the six links in the active torso.

/,,..__,._ «-V Moving Platform

Upper Ball Join

Ball Joint Bracket

Force Sensor
Upper Link

Lower Link
Lower Ball Joint

Motor Static Platfor Rocker Arm

Figure 1. The structure of the bionic active torso.

One end of each kinematic chain is connected to the output shaft of a DC motor,
while the other end is linked to the spherical hinges on two adjacent L-shaped joints of
the moving platform. Each motor output shaft can be regarded as a revolute joint, and
the rotation of the rocker driven by the motor output shaft induces the movement of the
kinematic chain. The simultaneous movement of the six kinematic chains results in the
positional and orientational changes of the moving platform. At this stage, the moving
platform and the fixed platform are supported by six kinematic chains, forming a complete
six-degree-of-freedom (6-DOF) bionic active torso.

The designed bionic active torso is connected to the front and rear sections of the
quadrupedal robot, with the fixed platform at the front and the moving platform at the
rear, as shown in Figure 2. It is well known that the torso in animals not only provides
support and load-bearing functions but also enables various spatial movements, including
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flexion, extension, lateral bending, and torsion. The vertebrae on both sides of the torso
joint also allow a limited range of relative motion. The lateral bending, axial rotation,
and longitudinal pitching between the moving and fixed platforms of the bionic active
torso mimic the lateral swaying, rolling, flexion, and extension of a canine’s torso during
locomotion. This series of coordinated movements effectively replicates the motion patterns
of mammalian torsos, with the potential to significantly enhance the flexibility and stability
of quadrupedal robots.

S force sensor
73 Gt —_ <

Figure 2. Motion patterns of the torso. (a) flexion-extension pattern of the torso; (b) later bending
pattern of the torso; (c) waist roll pattern of the torso.

2.2. Inverse Kinematics Analysis

In the entire parallel-configured torso structure, the motors on the static platform are
arranged in pairs, evenly distributed at 120° intervals, as shown in Figure 3. Within each
pair, the two motors are installed with a spacing of D; and an inclination angle of # with
respect to the vertical plane. The output shaft of each motor is connected to a rocker at
point RS, forming a circular plane with a radius of Ry. The length of the rocker is r, and its
distal end is connected to a spherical joint at point Q°. The connecting rod, with a length of
L, is attached to the upper spherical joint at point QM, which forms a circular plane with a
radius of R. The spherical joints are grouped in pairs with a spacing of D, and the upper
spherical joints are located at a height / from the moving platform. The distance from R®
to the static platform is denoted as h. The coordinate systems of the moving and static
platforms are defined as {M} and {S}, with their origins marked as OM and O%, respectively.
The parameters of the active torso mechanism are listed in Table 1 [21,23].

Table 1. Structural parameters of the active torso.

Symbol Structural Parameter Value
Ul Motor inclination angle /6 rad
R Radius of the QM 0.136 m
Ry Radius of the R® 0.132m
D Distance between QM 0.110 m
D, Distance between RS 0.088 m
r Rocker length 0.040 m
L Link length 0.140 m
h Height of QM from the moving platform 0.015m

hy Height of R® from the static platform 0.0235 m
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Figure 3. (a) Geometric configuration of the static platform; (b) Geometric configuration of the moving
platform. The orange points represent the installation positions of the torso motor; (¢) Geometric
configuration of the active torso.

The vector O° to Rf in the {S} coordinate system and the vector OM to QZM in the {M}
coordinate system can be directly expressed as follows:

OSRZ.S = [Rycosw;, Rysinw;, hq) (1)

OMQM = [Rcosc;, Rsina;, —Hh] @)

The angle w; represents the angle between O°R? and the X axis, while o; represents
the angle between OMQM and the X axis. The parameters « and B are defined as follows:
a = arcsin(D1/2R1), B = arccos(D/2R). If the desired pose of the moving platform relative
to {S}is given as [X, Y, Z, ¢, 0, ] (representing position and orientation in roll, pitch, and
yaw), the rotation matrix from coordinate frame {M} to {S} can be expressed as follows:

copclcyp —spsyp  —cpclsyp —spcyp  cpsh
aT = |scfcy + cosp  —spcbsy + copcp  s0s¢ (©)]
—sfcy sOsyp co

The position vector of O° relative to QZM in {S} can be written as follows:
oSQM =3, T-OM.QM +[X,Y,Z]",(i=1,2...6) @)

The direction vector of the motor output shaft in the base coordinate frame {S} is given
by the following equation:

u; = [%cosg, ﬁsin@, hl], (i=1,2,3...6)

®)
g == {01_2%/_2%/_4%1_4%10}

A new reference coordinate frame is established at the center of the rotational joint
on the motor output side. The direction vectors of each axis in this frame are defined
as follows:

UixZ° ifi=1,3,5

Tz U; x X?
Xp = |zs||u| Y= e £ = 1001 ©
oy ifi=246 || X7
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The vectors along each kinematic branch can then be expressed as follows:

RZ.SQI.S = r(Xiscosél- + Yissinéi)
RPQM = 0°QM — O°R? ?)
QQM = RPQM - Ry Q7

By substituting into the above equation, we obtain the following equation:

2 2
QP QM| = 12 = 2 —2RSQM-RF QS + |RF Q) (®)
To simplify the solution process, we define A; = L2 — 1% — ’R?QIM 2, based on (7) and
(8), the following result can be obtained:
A; +2RSQM -r(XiScoséi + stz'n(si) =0 )
Using the universal trigonometric identities:
sind; = (2tan(5;/2))/ (1+ tan(62/2) )
(10)
c0sd; = (1 — tan (51-2/2) ) / (1 + tan (512 /2) )
And defining y = tan(é;/2), the equation can be further solved as follows:
PN — 2r X3 REQM) + pu(4rY? - REQM) +2r X7 -RFQM + A = 0 (11)
The motor rotation angle can thus be obtained as follows: §; = 2arctan(u). This

equation yields two solutions, from which the appropriate one can be selected based on the
actual rotational requirements of the active torso. The entire solution process can therefore
be simplified as follows:

(Slzf[X/Y/Z/q)/H/l/J],l:l,z,6 (12)

3. Bionic Active Torso Quadruped Robot
3.1. Bionic Quadruped Robot Structure

Inspired by the anatomical structure of canine quadrupeds, the bionic quadruped
robot with an active torso developed in this study is illustrated in Figure 4. The robot is
composed of the following four main components: the legs, front body, active torso, and
rear body. The front and rear bodies fulfill three primary functions. First, they provide
structural support by serving as attachment points for the legs. Second, the front body
contains a spacious internal compartment for accommodating key hardware components,
including the controller and battery. Third, they form the interface between the static and
moving platforms of the torso mechanism, enabling a transition from a rigid torso structure
to a biologically inspired active torso.

Notably, in the parallel-configured torso structure, the static platform—which houses
the drive motors—is heavier than the moving platform. To maintain structural balance and
enhance bionic fidelity, the static platform is connected to the front body, mimicking the
skeletal layout observed in canine species. This structural arrangement improves both the
stability and biological resemblance of the quadruped robot equipped with an active torso.
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Front Body Active Torso Module Rear Body

Hip Joint
Knee Joint

Thigh

Figure 4. Structure of the bionic active torso quadruped robot.

3.2. Single-Leg Kinematics

The kinematic modeling of the quadruped robot is conducted using the D-H method,
as illustrated in Figure 5. The established coordinate systems are categorized into two
sections: the right foreleg, representing the kinematic modeling of a single leg, and the
right hind leg, which incorporates the active torso and hind leg kinematics. The structural
parameters of the robot are listed in Table 2.

== Model of the Torso and Hind Limbs"‘~~ 4
=== Model of single foreleg ANX

Figure 5. D-H coordinate frames of the bionic quadruped robot with active torso.

Table 2. Major parameters of the bionic active torso quadruped robot.

Symbol Description Value
L Distance from the torso CoM to the front/rear hip joint 0.286 m
L Distance from the longitudinal midline of 0.058 m
" The body to the hip joint '
Distance between the
L Hip joint and the knee joint 0-155m
Ly Length of the thigh 0.323 m
Ls Length of the shank 0.304 m
H Vertical distance from the CoM to the foot end 0.450 m

In the single-leg kinematics analysis, coordinate systems {2}, {3}, and {4} are defined
at the root joint, hip joint, and knee joint of the right leg, respectively. These coordinate
systems move along with the corresponding leg segments. Coordinate system {0} is fixed
to the robot body, with its X-axis aligned with the robot’s forward direction, the Z-axis
pointing upward perpendicular to the body, and the Y-axis perpendicular to the XZ plane,
pointing to the left side of the robot.

For convenience in deriving the transformation matrices, coordinate system {1} is
initially set to coincide with {2}. After deriving the transformation matrix in {1}, coordi-
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nate transformations are applied to obtain the transformation matrix in {0}. Additionally,
coordinate system {5} is defined at the foot end and moves along with the foot.

The robot leg can be simplified as a series of interconnected links. Once coordinate
frames are assigned to each link, the relative transformation between two adjacent coordi-
nate frames, {i — 1} and {i}, can be established through two rotations and two translations.
This transformation is commonly referred to as the generalized link transformation matrix
and is defined as follows:

C9i —591‘ 0 a;_1

sO;ca;_q  cOicai_q  —swaj_1 —disai_q

i—1
AT = (13)

sOisa;_q  cOiswi_q  coi_q dico;_q
0 0 0 1

In this matrix, s and c denote the sin and cos functions, respectively. The Denavit—
Hartenberg (DH) parameters for a single leg are listed in Table 3.

Table 3. DH Parameters of a single leg.

i «° a (m) 0° d (m)
2 0 0 61 0
3 90° 0 0> -1
4 0 L, 05 0
5 0 Ly 0 0

Based on (13) and Table 3, the sequential transformations from coordinate frame {1} to
{5} can be obtained as follows:

cg —s1 0 0 cp —sp 0 0
%T _ |51 «a 0 0 %T _ 0 0 -1 Iy
0 0 10 Sy € 0 O
0 0 01 0 0 0 1
(14)
cz —s3 0 Lp 1 0 0 L3
1
0 0 1 0 0 01 O
0 0 0 1 0 0 0 1

The transformation from coordinate frame {0} to frame {1} involves a 90° rotation about
the Y-axis followed by a 180° rotation about the X-axis. The corresponding transformation
matrix {T is given by the following equation:

T = Rot(x,180°)Rot(y,90°) = (15)

o = o o
o |
_

o o o R

o o o

In summary, the overall transformation matrix T for a single leg can be expressed

as follows:
523 23 0 px
—s1c $1S c
gT _ 123 1523 1 Py (16)
C1C23  —C1523 S1 Pz

0 0 0 1
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The first three elements of the last column of this transformation matrix represent
the position of the foot end in coordinate frame {0}. Accordingly, the position of the right
foreleg in frame {0} is given by the following equation:

X = L8y + L3sp3
y = —Lic1 — Lasico — Lasicps (17)
z = —L181 + Lacicy + Lzcicos

Similarly, the position of the left foreleg in coordinate frame {0} is given by the follow-
ing equation:
x = Lysy + L3sos
y = Licy — Lasicp — Lasico3 (18)
z = Lys1 + Lacico + Lacycos

3.3. Kinematics of the Torso and Hind Limbs

A coordinate frame {0} is established at the robot’s center of mass, and a total of eight
coordinate frames are defined along the path from the center of mass to the right hind leg’s
foot. During the transformation from frame {0} to frame {1}, the primary contribution comes
from the bionic parallel torso, which actively performs torso motions. This motion causes
the rear body of the robot to swing laterally, resulting in a yaw angle 0, between the X-axes
of the two frames around the Z-axis. Simultaneously, translational displacements occur
along the X and Y directions. Therefore, the transformation matrix {T can be expressed

as follows:
¢ —Sr 0 —Lycy
(1]T _ s o 0 —Lysy (19)
0 0 1 0
0 0 0 1

The transformation from coordinate frame {1} to frame {2} involves only a positional
offset along the Y-axis. Specifically, the offset is L, for the left leg and —L;, for the right leg.
The corresponding transformation matrix }T is given by the following equation:

100 0O
010 —L

1 n

T = 20

2 001 O (20)
000 1

The transformation from coordinate frame {2} to frame {3} involves a 90° rotation about
the Y-axis, followed by a 180° rotation about the X-axis. The corresponding transformation
matrix %T is given by the following equation:

2T = Rot(x,180°)Rot(y,90°) = (21)

c -~ o o
I
O)—\

oo o R

- o o o

The transformation matrix from coordinate frame {3} to frame {7} is analyzed using
the D-H method. The D-H parameters for a single leg are listed in Table 3.
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The transformation from coordinate frame {3} to frame {7} can be derived by referring
to the transformation from frame {1} to frame {5} in the single-leg kinematic model. The
overall transformation matrix %T is given by the following equation:

c1c3 —c1823 81 —L1s1 + Lacicr + Laciens
3T — $1¢3 —81823 —¢1  Licy + Lasicr + Lasica3 22)
$23 23 0 Losy + L3so3
0 0 0 1

Here, s; and ¢; represent sin(6;) and cos(6;), respectively, while sy3 and cp3 denote
sin(f2 + 63) and cos (0> + 03). Accordingly, the final transformation matrix 9T in the torso
CoM coordinate frame is given by the following equation:

7T =TT 3T5T

CrS23 +S¢S1C23  CrC23 — S¢51523 —S¢C1  CrPx — SrPy +5:Ly —crLi

0T — §r523 — Cr51€23  5¢C23 +Cr51523  CrC1  SyPx +CrPy — crLy —s¢Lim (23)
oT =
C1C23 —C1523 51 pz
0 0 0 1

The first three elements of the last column of the transformation matrix represent the
position coordinates of the foot end in coordinate frame {0}. Based on (17), (18) and (23),
the position of the right hind leg in frame {0} can be obtained as follows:

x = ¢;(Lpsy + L3spz) — sy(—Licy — Losicp — Lasicpz) + Ly — ¢ L
v = sy(Lasy + Lasoz) + cr(—Licy — Losicp — Lasicps) — crLy — s¢Li (24)
z = —Lys1 + Locico + Lacioos

The position of the left hind leg in coordinate frame {0} can be obtained as follows:

X = Cr(LZSZ + L3523) — Sr(Llcl — Lysqicr — L3S]ng) — 8Ly —crLyy
y = sy(L2s2 + Laso3) + cr(L1cy — Lpsica — Lasic3) + ¢y Ly — syLi (25)
z = L1871 + Locicy + Lzcicos

3.4. Model Predictive Controller Based on Shifted Center of Mass Position

Model predictive control (MPC) is essentially a rolling optimization problem over
a finite time horizon and has been increasingly applied in motion control algorithms for
quadruped robots in recent years. Due to the repetitive switching of the robot’s legs
between stance and swing phases, the foot-end of the robot is susceptible to irregular
impacts caused by various factors, making it difficult to maintain balance. Furthermore,
the rapid changes in contact states among the legs add additional complexity to the control
problem. To address these challenges, this paper employs a linearized model predictive
controller for quadruped robots. By leveraging discrete finite-horizon predictive control,
the controller calculates the desired contact forces at the feet, which are then mapped to
joint torques. As a result, the desired joint control torques are obtained.

3.4.1. Simplified Dynamic Model

At present, most conventional quadruped robots adopt model predictive control
(MPC) based on a single rigid body model [24]. However, when it comes to quadruped
robots with a spine structure, the motion of the spine introduces additional complexity
to the system, leading to significant variations in the robot’s center of mass and inertial
parameters. Traditional approaches typically simplify the entire robot as a single rigid
body with constant inertial properties, neglecting the changes induced by spinal motion.
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Applying such methods directly to the bionic parallel torso quadruped robot proposed in
this study may result in unstable motion and even cause the robot to fall. Therefore, to
ensure stable and efficient locomotion in complex environments, this paper proposes a
rigid body model that accounts for the influence of spinal motion. Specifically, the bionic
parallel torso quadruped robot is simplified as a single rigid body dynamic model with
variable inertial parameters.

The quadruped robot is modeled as a single rigid body with a variable inertia tensor.
Considering the design of the robot, in which the legs are relatively lightweight and have
low inertia, the leg masses are neglected in the model. As a result, the system is simplified
to a rigid body with variable inertial parameters and four massless legs, forming a single
rigid body torso model of the quadruped robot.

As shown in Figure 6, the world frame is defined as {W}, the inertial frame is defined
as {I} and the body frame is defined as {B}. The vector r; denotes the position of the i-th foot
relative to the center of mass of the body, and f; represents the ground reaction force acting
on the i-th foot.

Figure 6. Single rigid body simplified model.

The quadruped robot is subjected to gravitational force and ground reaction forces.
Accordingly, the rigid body dynamics of the robot in the world frame can be expressed
as follows:

Vi

m

Tt

W“ _l
pc_

-8 (26)

In the above equation, "V p, represents the position of the robot’s center of mass in
the frame {W}, m denotes the total mass of the quadruped robot, and g is the gravitational
acceleration vector. "V f; is the contact force applied at the foot-end of the i-th leg in the
frame {W}.

According to the law of conservation of angular momentum, the rotational dynamics
of the robot’s body can be expressed as follows:

d (wlww)

4
Z I}"l» X Wfi—l—03><1 X (mg) = T
i=1

LV W) = WLWG 4 W W]

(27)

In this equation, Ww denotes the angular velocity of the robot’s body in the frame
(W), Wi represents the inertia tensor of the robot described in the frame {W}, and I r; is the
position vector of the support point of the i-th leg relative to the body frame {I}.
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Given that the robot’s angular velocity is relatively small and has minimal impact on
the system dynamics, the nonlinear terms can be removed to simplify the model. Based on
(27), the following expression is derived:

4
%(wlww) AU xPw =Y Tr; xVf, (28)
i=1

The relationship between the inertia tensors expressed in the body-fixed frame {B} and
world frame {W} can be described as follows:

“I ="Rp-PI-"R (29)

Due to the presence of an animal-like torso structure in the bionic parallel torso
quadruped robot, the inertial parameters of the robot change with torso motion. In this
study, the front and rear body segments of the robot are simplified as rigid bodies with
lumped masses, connected via a parallel-linked torso structure. To further simplify the
model, each segment of the torso is represented as a point mass connected by massless rods.
The simplified model for computing the torso’s overall inertia is illustrated in Figure 7. The
overall torso inertia of the robot, denoted as VI, can be expressed as follows:

I =1+ I+ Iy +mpdp +mydy (30)

Figure 7. Simplified model for torso inertia calculation of a bionic quadruped robot. The orange
points represent the COM of the robot’s components. From left to right, they correspond to the COM
of the front body, static platform, torso, moving platform, and rear body.

Here, mp and mp represent the masses of the front and rear bodies of the robot. Ir and
I denote the distances from the front and rear bodies to the moving and static platforms of
the parallel torso mechanism; 6 and 6y are the rotation angles of the front and rear bodies
with respect to the parallel torso. dr and dp represent the relative distances between the
front/rear bodies and the center of mass of the parallel torso mechanism and are expressed
as follows:

dr = \/112 + (lp)z — 2:-l11pcos(6f)
dy = \/122 + (lH)z — 2'l21HCOS(9H)

In the single rigid body model, the robot’s orientation is represented using Z-Y-X Euler

(31)

angles © = [¢, 0, ], where ¢ is the roll angle, 0 is the pitch angle, and ¢ is the yaw angle.
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Assuming that the body-fixed coordinate frame initially aligns with the world frame in both
position and orientation. The corresponding rotation matrix can be expressed as follows:

R = RZ(lP)‘Ry(Q)'Rx((P) (32)

Therefore, the angular velocity in the world coordinate frame is expressed using the
first-order time derivatives of the Z-Y-X Euler angles. The expression is given by [25] the
following equation:

, cos(0)cos(p) —sin(p) O
Yw = RO = |cos(0)sin(¢p) cos(p) 0O (33)
—sin(6) 0 1

By combining the translational and rotational dynamics of the quadruped robot’s
single rigid body, a complete first-order state-space equation can be formulated, as shown
below. In this expression, 03 denotes a 3 x 3 zero matrix, and I3 denotes a 3 x 3 identity
matrix. The resulting dynamic model of the quadruped robot is established as follows:

) 03 03 R! 0;][0® 03 03 03 03 wf 03
i Wp - 03 03 03 13 Wp + 03 03 03 03 sz + 03 (34)
dt|w| |03 03 03 03 Wi—tdy, o Withy, Wil o Wi=Lhy VA 03
"p 03 03 03 03] ["p 13/m 13/m 13/m a/m | ["f, g
To formulate a standard first-order state-space representation, the gravitational acceler-
ation g is introduced as an additional state variable. Accordingly, (34) can be reformulated
as follows:
0 03 03 R 03 0][O© 03 03 03 03 W
J "p 0 03 O3 13 0| [Wp 03 03 03 03 W fl
Fle =10 0 0 05 0 |w|+ "Ity Wihly o Wil o Wbl WfZ (35)
"p 03 03 03 03 1| ["p 13/m 13/m 13/m /m | WS
g 01x3 O1x3 O1x3 O1x3 0] L g O1x3 O1x3 O1x3 01x3 \_\{4_/
~—— S~—— u(t)
X(t) Ac X(1) Be

The control system of the quadruped robot operates in a discrete-time domain. There-
fore, the discretized state-space equation can be expressed as follows:

X(h+1) — X(h)
dt

— AX(h) + BU(h) (36)
Here, X}, and X}, represent the robot’s pose state at time steps h and h + 1, respec-
tively. Accordingly, the discrete-time state-space equation of the quadruped robot can be
formulated in the following form:
X1 = ApXp + Byly (37)
Given the known control input U, at the i-th control cycle, the subsequent state Xj, 1
can be propagated from Xj,. By recursively applying (37), the future states over k cycles can
be predicted. The model predictive state equation can be formulated as follows:
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X; Ao By 0 ... 0 Uy
X A1 A A1By By ... 0 u
| = . Xo + . . 0 . b (38)
X T A (k1 A)Bo (i1 ADBr - Bia] [Ups
N—— N—_——
Xref qu qu Ueq

Here, X,.; denotes the state matrix over the future k control cycles. A is the state
transition matrix, Beg is the control input matrix, and Uy, represents the control input matrix
within the prediction horizon k.

3.4.2. Construction of the Model Predictive Controller (MPC)

In this section, MPC is developed for the quadruped robot based on the shifted center
of mass position. The objective of the MPC is to predict the optimal desired contact forces
at the feet that ensure stable locomotion of the robot. Given the current discrete-time
state-space model of the system, the controller estimates the future states over a finite
prediction horizon. At each sampling instant, an optimal control problem with constraints
is solved over this finite horizon. The resulting optimal control sequence is then obtained,
and only the first control input of this sequence is applied as the output of the controller
to govern the desired input for the supporting legs in the next control cycle. This process
is repeated at every control step, enabling rolling (receding horizon) optimization of the
control inputs.

In this study, the problem is formulated as an MPC problem that solves for the optimal
control inputs over a prediction horizon of N steps. Let X}, denote the system state at
time step & + 1, and the corresponding reference state thrrl The objective is to minimize
the tracking error between the system and the reference states. This goal is achieved by
solving the following optimization problem:

mm Z HXh+1 ZﬂHQh + [[Uf || Ry
S.t. Xh+l = AhXh + Bhuh
Amin <U,< Jmax

10 —u (39)
Fu, <o F=| > Y
L —u
0 -1 —pu
Here, Ul = [Uj, U, ..., U] denotes the control input matrix over the prediction

horizon. Qj, is the state weighting matrix that ensures adequate tracking performance,
while Ry, is the control weighting matrix that penalizes excessive control effort. F represents
a linearized approximation of the Coulomb friction cone, enforcing that the foot-end
contact forces remain within the friction limits, where y is the friction coefficient between
the foot and the ground. gmin and gmax define the lower and upper bounds of the control
input, respectively. These bounds help reduce energy consumption and impulsive forces,
thereby enhancing control robustness and preventing issues such as actuator saturation or
motor overheating.

Based on (38) and (39), the optimization problem can be formulated in the standard
form of a quadratic programming (QP) problem:

1
min- U {2(BE-Q-Beg + R) U+ U™ {2:-BLQ(Aeq Xo — Xoep) | (40)

H 8
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In this study, consistent weighting parameters are employed across all control cycles.

{ Q.diag(13 x h,13 x h) = Qy, (41)

R.diag(12 x h,12 x h) = Ry,

By solving the above linear optimization problem, a set of foot-end virtual forces that
satisfy the corresponding constraints can be obtained as the optimal control input for the

current control cycle.
u; = fMFe (42)

Here, fMPC denotes the foot-end reaction force during the support phase, computed
based on the MPC method. Accordingly, the joint torques T of each leg generated by the
MPC controller can be expressed as follows:

T = RT-]T~fMPC (43)
Here, R denotes the rotation matrix of the robot, and | represents the Jacobian matrix.

3.4.3. Overall Motion Control

The previous subsection established a rigid body dynamic model of the quadruped
robot with variable inertial parameters and designed MPC to predict the optimal contact
forces at the feet. These forces are then translated into motor torque commands through
coordinated leg and torso motion control based on joint variables.

The overall control framework of the bionic parallel torso quadruped robot is illus-
trated in Figure 8. The control input is defined as the desired velocity of the robot. Based
on this command, a motion planning module generates a desired trajectory for the robot’s
body. Motor joint angles and angular velocities are used as inputs to compute the necessary
state variables for control using both leg and torso kinematics. Together with the robot’s
structural parameters, the relative positions of various components are calculated to obtain
the position and orientation of the torso and body.

User Command PID Control

r— 4 3 ]

Foot Trajectory
Planning

Inverse Torso
Kinematics

Quadruped Robot with
Bio-inspired Torso

MPC ]|

Reference || LIme-varying QP |
State Rigid Body Optimization

Model |

|l = " == ]

Figure 8. Overall control framework of the quadruped robot with a bionic parallel torso.

The model predictive controller then utilizes the simplified dynamic model to optimize
the control inputs and predict the optimal contact forces at the feet over the prediction
horizon. These predicted forces, combined with leg-level PD control, yield the required
joint torques, which are subsequently applied to the robot’s legs. Motor feedback is used to
close the control loop, forming a simple yet effective feedback control system.
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4. Torso-Leg Coordinated Locomotion
4.1. Torso—Leg Coordinated Locomotion Mechanism

The diagonal trotting gait of the quadruped robot with a bionic active torso is designed
based on behavioral observations of four-legged animals. This gait essentially mimics the
natural movement patterns of quadrupedal animals. To effectively plan the robot’s trotting
behavior, it is essential to analyze the key motion features exhibited by typical quadrupeds,
such as canines, during diagonal trotting. As illustrated in Figure 9, the analysis focuses on
the coordinated movement of the dog’s torso during this gait.

Figure 9. Illustration of diagonal trotting motion in quadrupedal canines. The blue arrows represent
the forward motion of the dog, while the blue box indicates the movement state of the dog’s torso
and legs during stages 1-3.

It can be observed that the motion of the legs always occurs in diagonally paired
limbs, accompanied by a torso motion that drives both the shoulder and hip regions. This
motion is synchronized with the forward swing of the legs. Therefore, the design of the
diagonal trotting gait in this study fully incorporates the yaw motion of the torso and its
coordination with the legs, ensuring stable and balanced locomotion of the robot.

The coordination and phase relationship between the torso and hind legs are shown
in Figure 10. In Figure 10a, a novel trotting gait is presented by superimposing active yaw
motion of the torso on a conventional diagonal trot. The robot’s forebody moves forward
according to the planned trajectory, and the front legs follow the designated foot-end paths.
Meanwhile, the rear body undergoes lateral oscillation induced by the active yaw motion
of the torso. This oscillation causes the rear legs to deviate from the motion pattern of the
front legs. Therefore, adjustments to the joint angles of the rear legs are required to ensure
that their motion conforms to the desired swing and support trajectories while also aligning
the touchdown points of the front and rear legs on the same side along a straight line.

As shown by the red line in the figure, the torso motion causes a shift in the robot’s
center of mass (CoM). When the torso yaws, the longitudinal axis of the torso deviates from
a straight line to a curved path, shifting the CoM laterally from the center toward one side
of the body. When the torso yaws in the opposite direction, the CoM shifts to the other side.

Figure 10b illustrates the phase transition pattern that governs the coordinated motion
between the active torso and the rear legs. The torso motion is divided into four stages:
forward yaw, forward limit, reverse yaw, and reverse limit. Throughout this process, phase
transition rules are applied to synchronize the motion of the torso and legs. Additionally,
phase transitions are triggered based on the torso’s motion limits and the ground contact
states of the rear legs (touchdown and liftoff).
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(a)Illustration of Trot Gait with Torso Yaw Motion

(b)Coordinated Motion Phase Diagram

G0
ol

Figure 10. Illustration of coordinated motion between torso and legs. (a) Illustration of Tort Gait with

Torso Yaw Motion. The black dashed line represents the original states of the body and torso, the
red dashed line represents the longitudinal axis of the torso, and the black arrow indicates the yaw
motion of the torso. (b) Coordinated Motion Phase Diagram.

4.2. CPG-Based Torso Motion Trajectory

In recent years, inspired by neurobiological principles, the Central Pattern Generator
(CPG) has been widely adopted in robotic control. The fundamental function of the CPG is
to produce rhythmic behaviors such as locomotion, respiration, sucking, and chewing [26].
These functions have been extensively studied by biologists and neuroscientists. For exam-
ple, multi-degree-of-freedom robots can achieve motion control through CPGs, exhibiting
high levels of coordination and adaptability [27,28].

In this study, a highly coupled Hopf oscillator network is employed to generate
periodic motion signals for the active torso of a quadruped robot [21,29,30]. In the leg
CPG system, each leg is driven by an individual oscillator. To realize coordinated motion
between the legs and the torso, the torso is modeled as a virtual fifth leg. By adjusting
the phase parameters within the CPG network, a dedicated CPG signal for the torso is
generated. The network structure of the proposed CPG system is illustrated in Figure 11.

2 Ay M
Legd g — R [co
g N g

Figure 11. CPG network structure.

Based on the inter-leg phase relationships in angular (diagonal) gait and the phase
coordination required for synergistic torso-leg motion, the phase differences among the
four legs, as well as between the torso and each leg, are defined as follows:
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XcoGg =

YcoGc =

T -1 7

{ Az Ay Az Ayl =] (44)

—7T
[A15 D5 Bss A =[-2n Fm —3m 37

Here, Al-j denotes the phase difference between Leg i and Leg j (ij =1, 2, 3, 4, 5),
where Legs 1 to 4 correspond to the right foreleg, right hind leg, left hind leg, and left
foreleg, respectively.

4.3. Torso Trajectory Based on the Center of Mass

When the robot is walking or running, CoM should remain within a stable support
polygon to prevent tilting or falling. To facilitate CoM calculation, the robot’s total mass
is assumed to be concentrated at the geometric centers of its major components. These
centers are denoted as m;(i = 0,1,2,3,4), as shown in Figure 12.

Figure 12. Illustration of the CoM during torso yaw deflection. The orange points represent the COM
of the robot’s components. From left to right, they correspond to the COM of the rear body, moving
platform, torso, static platform, and front body.

A reference coordinate system is established at 1, with the X-axis aligned with the
robot’s forward direction and the Y-axis perpendicular to the body, pointing to the left. The
distance from point mg to m; is denoted as L,,1, from m to my as Ly, and so on. In the
computation, distances are assigned negative values according to their direction along the
X-axis. The center of mass is calculated as follows:

2 2 2 4
mg X 0+ mqLmy + my( Y, Lm;) +ms( Y. Lm; + Lmgcosq,) + ma( Y. Lm; + cosq, Y. Lm;)
i=1

i=1 i=1 i=3

mo + mq + mp + m3 + my (45)

(mg + mq + my) X 0+ mszLmssing, + ma(Lms + Lmg)sing,

mgy + My + My + M3 + My
Here, 6, denotes the yaw angle of the torso. Since the rotation of the active torso does

not affect the robot’s position along the Z-axis, the coordinates of the center of mass in the
body coordinate frame can be expressed as follows:

COG = [xcoc,Ycoc,0] (46)

To generate the torso motion trajectory, the yaw angle of the torso is determined by
maintaining the robot’s center of mass along the support axis [31]. When the left foreleg
and right hind leg are in the support phase, the positions of their respective foot ends are
given by (L, L) and (—2L,, + L,, —Ly), where L,, denotes the distance from the torso
center of mass to the front and rear hip joints. The support axis can thus be expressed
as follows: L L
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As the active torso begins to swing toward the left side of the robot’s body, the CoM
can be simplified from (45) as follows:

Xcoc = XL+ril(:COSG

ycoG = YLJrrlnfisinG

Xp = —Lsgmg — Lsymy — (Ls1 + Lsp) (my + m3 + my)

Xg = —Lssms — (Ls3 + Lsy)my (48)

Y, = Lsg(mg + mq + Tl’lz)
Ys = Lsgms + (Ls3 + Lsyq)my
my; = moy + my + my + mz + my

The yaw angle of the active torso is given by the following equation:

LyYs — \/L%anz — [LXp = YiLy + Lgmz (L — Le)* + LEX2

0 = 2carctan
g Li(X1 — Xs) — YiLym + Lgmz (L — Ly)

(49)

Here, ¢ represents a tuning coefficient used to regulate the influence of inertial forces
induced by torso yaw motion in the quadruped robot with an active torso. When the right
foreleg and left hind leg enter the support phase, the positions of their foot ends are given
by (Lr, —Li) and (—2L,, + L;, Ly), respectively. The corresponding support axis can then

be expressed as follows:

Ly Ly
— Tk TR, -1
y me+ Lm( r— Lm) (50)

The yaw angle of the torso is given by the following equation:

~LnYe +/I2Y2 — [~LiXp — YiLy + Limz(Ly — L) + L2X2

0 = 2carctan
g Li(X1 — Xs) — Y.L + Lz (L — Ly)

(51)

4.4. Torso Motion Trajectory Based on Zero Moment Point

Compared to static stability methods, the Zero Moment Point (ZMP) approach [32]
enables the robot to maintain dynamic balance while achieving a certain level of locomotion
speed. The coordinate expression of the ZMP is given as follows:

z X
xZMP — xCOG _ COGg COG (52)
_ ZcoGY.
Yzmp = Ycog — —g ¢

Here, xcog, Ycog, and zcog denote the coordinates of the robot’s CoM in the X, Y,
and Z directions, respectively. Xcoc and - represent the accelerations of the CoM along
the X and Y axes, and g is the gravitational acceleration. The position of the ZMP can be
determined based on the CoM coordinates, gravitational acceleration, and ground height.

In contrast to the CoM-based trajectory planning approach to ensure dynamic stability
during the planned diagonal trotting gait of the quadruped robot with an active torso,
the ZMP must remain on the support line at all times. By differentiating the (45), the
accelerations of the center of mass can be derived and subsequently substituted into
(52), yielding:

Xs

Xzmp = 2k + (1 + %)m—zcose
yzmp = 3k +(1+ %)%Sing

(53)
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When the left foreleg and right hind leg enter the support phase, the support axis is
defined according to (47). By substituting the position of the ZMP into the equation, the
following result can be obtained:

7272
—VIy-Li+Ly

0 = 2carctan™ g

Ly =Ly Xy g+ Lymzg(Lyy — Ly) — YL 9L
Ly =Ly(g+h)Ys

Ly = LiXs(g +h)

(54)

When the right foreleg and left hind leg enter the support phase, the support axis is
defined according to (50). By substituting the position of the Zero Moment Point (ZMP)
into the equation, the following result is obtained:

—Ly+ /L2 — 12 +12
Y L H (55)

L, —Ly

0 = 2¢arctan

4.5. Algorithm Verification Framework for Bionic Active Torso Quadruped Robot

To validate the effectiveness of the proposed motion control and trajectory planning
algorithms for the bionic quadruped robot with an active torso, a co-simulation framework
based on MATLAB 2021b and MSC.ADAMS 2019 was established, as illustrated in Figure 13.
The control system is composed of four main modules: gait control, leg motion control,
torso trajectory generation, and torso motion control.

Desired Foot- Foot-End Pi o Pa Forward 01
End Position ] \Trajectory Planning/ +T7~ Kinematics

Inverse
Kinematics of
Active Torso

Torso Trajectory| "™
Generation

—_———e— e e e e — — ———

Figure 13. Algorithm verification framework for bionic active torso quadruped robot.

In the gait control module, gait parameters such as the gait period and duty ratio
are first defined. Then, CPG signals are generated using Hopf oscillators as a function
of time ¢, which are used to plan the motion trajectories of the robot’s foot ends. The leg
motion control module incorporates both impedance control and gravity compensation.
The desired foot-end positions are obtained from the planned trajectories, while the actual
positions are computed through forward kinematics using joint angle feedback. The
deviation between the desired position P; and the actual position P; is processed by an
impedance controller to compute a virtual contact force F. This force, combined with gravity
compensation, is then mapped to joint torques via the leg Jacobian matrix and applied
to the virtual prototype of the quadruped robot with an active torso. The torso trajectory
generation module supports three different strategies: trajectories based on CPG signals,
CoM trajectories, and trajectories derived from the ZMP criterion. These methods allow
for flexible and adaptive torso motion planning under various locomotion scenarios. In
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the torso motion control module, the desired trajectories are converted into motor rotation
angles via inverse kinematics, which are then applied to the active torso joints. Closed-loop
PID control is implemented based on real-time pose feedback from the ADAMS 2019 virtual
prototype to minimize the position and orientation errors of the moving platform, thereby
achieving more accurate and stable torso motion.

This co-simulation framework enables high-fidelity validation of the proposed control
algorithms under realistic mechanical and environmental conditions, providing a reliable
foundation for further development of bionic quadruped locomotion systems.

5. Simulation and Analysis
5.1. Motion Performance of the Bionic Parallel Torso Quadruped Robot

To evaluate the influence of bionic parallel torso motion on overall locomotion perfor-
mance, a set of comparative simulations was conducted under the trot gait. The experiments
compare the robot’s motion and pose parameters in two conditions: one with a fixed bionic
parallel torso and the other with active torso motion (pitching movement). These simula-
tions provide an intuitive understanding of how active torso motion affects the dynamic
behavior and stability of the quadruped robot.

During the flat-ground trot gait simulation, the robot was assigned a forward velocity
of v = 0.3 m/s, and the total simulation duration was set to 10 s. In both test conditions—
fixed torso and active torso—a consistent gait pattern and control strategy were applied to
ensure fair comparison.

Figure 14 illustrates the simulation results of the quadruped robot performing a Trot
gait with a fixed bionic parallel torso. From the first to the fourth subfigure, the robot’s
diagonal gait pattern can be observed, characterized by alternating leg movements and
periodic transitions. These snapshots demonstrate how the quadruped achieves stable
locomotion on flat terrain even when the torso remains static.

OSSN

Figure 14. Quadruped robot performing a trot gait with a fixed torso, the red area represents the

front body, and the green area represents the fixed torso.

The simulation results of the quadruped robot performing diagonal (trot) gait with
active torso pitching motion are shown in Figure 15. From the first to the sixth subfigure,
the robot’s locomotion process under coordinated leg-torso movement can be observed. In
the first to third subfigures, the bionic parallel torso transitions from a horizontal posture to
its maximum downward pitch angle and then returns to the horizontal state. In the fourth
to sixth subfigures, the torso moves into an upward-pitched posture, reaching its maximum
angle before returning to the neutral horizontal position. Throughout the trot gait, the robot
achieves coordinated motion between the active torso and the leg movements, consistent
with the intended control behavior. It can be observed that even with torso pitching motion,
the quadruped robot maintains stable locomotion, demonstrating the effectiveness of the
proposed motion control strategy in simulation.
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Figure 15. Quadruped robot performing a trot gait with a bionic active torso, the red area represents
the front body, and the green area represents the active torso.

As shown in Figure 16, by observing the displacement of the robot’s CoM in both
simulation cases, the actual forward speed in the X-direction is calculated. When the bionic
parallel torso is active, the robot’s actual speed is approximately 0.286 m/s, which differs by
about 4.6% from the desired speed. In contrast, when the torso is fixed, the actual speed is
about 0.275 m/s, resulting in a speed error of approximately 8.3% compared to the expected
value. This comparison indicates that the error in the forward speed of the robot is smaller
when the bionic parallel torso is in motion.
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Figure 16. Comparison of the CoM displacement trajectories with different torsos.

In the Y-direction, the displacement of the robot’s CoM is relatively small during torso
motion, indicating a more stable locomotion state. In the Z-direction, the CoM oscillates
within a certain range in both simulation cases, with no significant difference between the
curves, reflecting a stable movement state.

As shown in Figure 17, by observing the variation of the robot’s pitch angle in two
simulation scenarios, it is evident that the robot’s walking tends to stabilize after approxi-
mately 3 s. The pitch angle exhibits a regular and convergent pattern over time. Due to
the introduction of bionic parallel torso motion in the pitch direction, the variation in pitch
angle during walking is more pronounced compared to the case with a fixed torso.
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Figure 17. Comparison of attitude angle with different torsos.

As shown in Figure 18, the variation in the vertical (Z-direction) ground reaction forces
at the foot ends is presented for both simulation scenarios. After the robot reaches a stable
walking state, the amplitude of the force in the fixed torso case (blue curve) is approximately
290 N, while in the bionic parallel torso motion case (red curve), the amplitude is around
278 N. This comparison indicates that the incorporation of bionic parallel torso motion
reduces the foot-end impact forces during walking, thereby contributing to improved
walking stability and smoother ground contact.
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Figure 18. Comparison of foot-end vertical ground reaction forces with different torsos.

5.2. Coordinated Motion of the Bionic Parallel Torso Quadruped Robot

The simulation of the bionic parallel torso quadruped robot focuses on two conditions
under the trot gait: a rigid (fixed) torso and an actively active torso. In the rigid torso
configuration, the robot is modeled with a fixed torso, and the motion cycle is set to 0.5 s.
The simulated motion of the quadruped robot with a fixed torso is illustrated in Figure 19.
To better visualize leg motion, the right foreleg and left hind leg are marked in black. As
shown in the first frame, the right foreleg and left hind leg are in the swing phase, while the
left foreleg and right hind leg are in the stance phase. In the second frame, the right foreleg
and left hind leg continue to swing forward. In the third frame, they complete the swing
and enter the stance phase, while the left foreleg and right hind leg begin their swing phase.
In the final frame, the left foreleg and right hind leg continue swinging forward. Through
periodic and alternating leg movements, the robot achieves diagonal (trot) gait locomotion
under the fixed torso condition.
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Figure 19. Trot gait locomotion of the quadruped robot with a rigid torso. Frame 1 represents the
right front leg and left rear leg in the swinging phase. Frame 2 represents the right front leg and
left rear leg continuing to swing forward. Frame 3 represents the left front leg and right rear leg
beginning the swinging phase. Frame 4 represents the left front leg and right rear leg continuing to
swing forward. The blue arrows indicate the robot’s forward movement.

The simulated motion with an active bionic parallel torso during trot gait is shown in
Figure 20. In the first frame, the front and rear body segments are aligned parallel along
the horizontal axis, and the torso’s yaw angle is 0°. As the robot moves forward, the torso
begins to yaw to the right, following the swing motion of the right foreleg and left hind leg.
When these legs complete their swing and enter the stance phase, the torso yaws to the left,
passing through the aligned configuration again (third frame), and continues to rotate until
reaching the maximum yaw angle to the left, at which point the left foreleg and right hind
leg complete their swing phase and start supporting. This coordinated torso-leg motion
during diagonal gait demonstrates the effectiveness of the bionic parallel torso in achieving

dynamic adaptability.

Figure 20. Coordinated locomotion of the quadruped robot with an active bionic parallel torso. The
red dashed box indicates the bionic torso movement. Frame 1 represents the front and rear bodies
being parallel along the horizontal axis. Frame 2 represents the torso following the swinging of the
legs and yaw to the right. Frame 3 represents the front and rear bodies being parallel along the
horizontal axis. Frame 4 represents the torso following the swinging of the legs and yaw to the left.
The blue arrows indicate the robot’s forward movement.

The workspace of the foot-end is computed based on the actual joint angles of the
right hind leg during torso motion, as shown in Figure 21. The red region represents
the workspace under the fixed torso condition, while the blue region corresponds to the
torso 7.39° based on the center of mass (CoM) trajectory. The area of the blue region is
approximately 54% larger than that of the red region. Since the foot trajectory primarily
involves forward motion in the X-direction and lifting in the Z-direction, only the XZ-plane
projection is presented. Moreover, the difference in torso yaw amplitudes under different
trajectory strategies is small, so only the CoM-based workspace is shown here. The results
demonstrate that the torso yaw motion significantly expands the foot-end workspace,
thereby improving the flexibility and range of motion of the quadruped robot.
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Figure 21. Workspace of the foot end. The red area represents the workspace of the foot-end when

the torso is fixed, and the blue area represents the foot-end workspace when the torso undergoes a
yaw of 7.39° based on the COM trajectory.

During trot gait locomotion, excessive lateral deviation may lead to loss of balance,
especially on uneven terrain. In addition, the stepping pattern of the trot gait can induce
body rolling, causing significant tilt of the robot during locomotion. Therefore, it is essential
to minimize both lateral deviation and body inclination to maintain stable movement. As
illustrated in Figure 22a, the Y-direction displacement of the robot body under different
torso yaw trajectories is compared with that of a fixed-torso configuration. The four curves
represent Rigid torso 1 (fixed torso), Torso track 2 (CPG-based trajectory), Torso track 3
(CoM-based trajectory), and Torso track 4 (ZMP-based trajectory).

In the first 2 s, before the torso motion is applied, all curves exhibit consistent trends.
Between 2 and 6 s, the Y-direction displacement starts to diverge among the four config-
urations; however, the curves remain close and cross over each other without significant
separation. At 6 s, the Y-direction displacements for curves 1-4 are —0.0316 m, —0.0320 m,
—0.0268 m, and —0.0351 m, respectively. Compared to the fixed-torso case (curve 1), the
lateral deviations are reduced by 1.27%, 15.19%, and —11.08% for curves 2, 3, and 4, respec-
tively. From 6 to 10 s, curves 2 and 3 show smaller variations and clear separation from
curves 1 and 4. Curves 1 and 4 exhibit similar trends and larger Y-direction displacements.
This indicates that torso yawing motion can effectively reduce lateral deviation, particularly
with center-of-mass-based trajectory planning. At 10 s, the Y-direction displacements are
—0.0613 m (curve 1), —0.0495 m (curve 2), —0.0419 m (curve 3), and —0.0600 m (curve 4),
representing reductions of 19.25%, 31.65%, and 2.12%, respectively, compared to curve
1. Overall, the center-of-mass-based torso trajectory achieves the best performance in
reducing lateral deviation, while the ZMP-based trajectory exhibits minimal improvement
over the fixed-torso case. The relatively poor performance of the ZMP-based method is
likely due to the asymmetry in yaw motion, which causes an imbalance in left and right
rotation amplitudes of the moving platform.

Figure 22b presents the pitch angle comparison under different torso trajectories, while
Figure 22c provides a magnified view of the pitch angle variation between 3 and 4 s. In the
first 2 s, before torso motion is introduced, all four curves follow an identical trend. After
2 s, although the curves maintain similar shapes, their amplitudes differ. Att=3.1sand
3.6 s, the pitch angles (from highest to lowest) follow theorder 1 >3>2>4and1>3>4>2,
respectively. Att=3.4s and 3.9 s, the order changes to 4 > 2 > 1 > 3. Compared to the
fixed-torso configuration (curve 1), curves 2, 3, and 4 show reduced pitch angles during
the first peak. In the second peak, curves 2 and 4 exhibit slightly larger amplitudes than
curve 1, while curve 3 consistently maintains lower pitch values throughout. These results
indicate that under torso yawing motion, the center-of-mass-based trajectory provides the
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most favorable coordination performance for the bionic-torso quadruped robot during trot
gait locomotion.
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Figure 22. Comparison of robot pose with different structures and control strategies. (a) Displacement
of the robot in the Y-direction under different structures and control strategies; (b) Pitch angle of
the robot under different structures and control strategies; (c) Pitch angle of the robot between
3—4 s under different structures and control strategies; (d) Roll angle of the robot under different
structures and control strategies; (e) Roll angle of the robot between 3—4 s under different structures
and control strategies.

Figure 22d presents a comparison of the robot’s roll angle under different torso yaw
trajectories and the fixed-torso condition, while Figure 22e provides a magnified view of
the roll angle variation during the interval from 3 to 4 s. As shown in Figure 22d, all four
curves demonstrate periodic fluctuations after t = 2 s. However, notable differences are
observed in both phase and amplitude. Among them, curve 3 exhibits the smallest roll
angle variation, whereas curve 1 presents the largest fluctuation. From Figure 22e, it can be
further observed that curves 1 and 4 follow a similar trend, with curve 4 having a slightly
smaller amplitude. The torso yaw motion in trajectory 4 contributes little to the reduction
in body roll. Curve 2 shows a certain degree of phase delay, and its roll fluctuation is
slightly greater than that of curve 3. Notably, curve 3 maintains the most stable roll angle,
consistently around —0.3°. During the 34 s interval, the differences between the maximum
and minimum roll angles for curves 1 through 4 are 2.0527°,1.5273°, 0.9719°, and 1.8437°,
respectively. These results indicate that torso yawing motion is effective in reducing body
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roll during trot gait. In particular, the center-of-mass-based trajectory (curve 3) achieves the
best performance, significantly enhancing the stability of the bionic-torso quadruped robot.

The comparison of maximum joint torques under fixed-torso and yawing-torso con-
ditions is shown in Figure 23. Figure 23a presents the peak torques of the hip and knee
joints of each leg, where FR, FL, HL, and HR denote the front-right, front-left, hind-left,
and hind-right legs, respectively. The labels R1, W2, W3, and W4 correspond to the same
torso motion strategies, as defined in Figure 23b.
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Figure 23. Comparison of maximum joint torques of the robot. (a) Maximum torque of the leg’s hip
joint and knee joint motors under different structures and control strategies. (b) Maximum torque of
the torso motor under different structures and control strategies,. R1, W2, W3, and W4 correspond to
Rigid Torso 1 (fixed torso), Torso Track 2 (CPG-based trajectory), Torso Track 3 (CoM-based trajectory),
and Torso Track 4 (ZMP-based trajectory), respectively.

As shown in Figure 23a, the hip joint torques of the left foreleg and right hind leg are
approximately equal, both around 80 N-m, while those of the right foreleg and left hind leg
are also similar, approximately 60 N-m. For the knee joints, the torque of the right hind leg
is slightly lower than that of the left foreleg but still higher than those of the right foreleg
and left hind leg. This pattern is consistent with that observed in the hip joint torques,
which reflects the alternating leg movement characteristic of the diagonal trot gait.

Figure 23b presents the maximum joint torques of the actuators in the bionic parallel
torso. Joint 1 to Joint 6 correspond to the six actuated joints of the torso mechanism. Due
to the structural asymmetry between the front and rear body segments of the quadruped
robot, the robot exhibits left-right asymmetry during diagonal gait locomotion. As a result,
the joint torques at the torso actuators do not follow a clear symmetric distribution.

6. Results

A comparative simulation study was conducted to evaluate the locomotion perfor-
mance of a quadruped robot equipped with a bionic parallel-actuated torso versus a
fixed-torso configuration under a trot gait at a target velocity of 0.3 m/s. Kinematic results
showed that the active torso configuration achieved improved locomotion efficiency, at-
taining an average forward velocity of 0.286 m/s—corresponding to a 4.6% deviation from
the desired speed—whereas the fixed torso configuration reached 0.275 m/s, with an 8.3%
deviation. In addition, the actively modulated torso exhibited enhanced lateral stability, as
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reflected by a 31.65% reduction in CoM displacement along the Y-axis, while maintaining
comparable vertical CoM oscillations along the Z-axis.

Postural dynamics further demonstrated the advantages of active torso modulation.
The CoM-based yaw control strategy effectively reduced body roll amplitude and preserved
bounded attitude stability, despite greater variations in the pitch axis induced by periodic
torso movements. These improvements became evident following approximately 3 s of gait
stabilization, after which the robot’s attitude angles converged to regular, periodic patterns.
Dynamic performance metrics also highlighted the benefits of the actively actuated torso.
Ground reaction force (GRF) analysis revealed a 4.1% reduction in peak vertical loading
at the foot ends—278 N compared to 290 N—indicating smoother ground contact and
diminished impact forces. Joint torque analysis demonstrated more balanced distribution
of actuation efforts across the limb joints and the six actuated degrees of freedom of the
torso, supporting improved mechanical coordination during locomotion. Furthermore,
foot-end workspace analysis based on actual joint trajectories revealed that the CoM-based
torso control strategy expanded the reachable area by approximately 54% relative to the
fixed-torso configuration. This increased workspace enhances foot placement flexibility
and overall adaptability during dynamic gait execution.

Collectively, these results confirm that integrating an actively modulated bionic par-
allel torso improves trot gait performance in terms of stability, impact attenuation, and
maneuverability. Among the tested control strategies, the CoM-based trajectory approach
proved particularly effective in reducing lateral deviations and postural fluctuations, offer-
ing a robust solution for coordinated whole-body locomotion in quadruped robots.

7. Discussions and Conclusions

This study proposes a quadruped robot equipped with a six-degree-of-freedom
(6-DOF) bionic parallel-actuated torso, inspired by the compliant and flexible spinal struc-
tures found in quadrupedal animals. A complete kinematic model of both the torso and
the full-body system is established, and a model predictive control (MPC) strategy based
on a variable center of mass (CoM) is introduced to address the inertia variations induced
by torso motion, thereby enabling real-time coordination between the torso and the legs.
Simulation experiments conducted under a trot gait at a target speed of 0.3 m/s demon-
strate that the active torso configuration significantly improves locomotion performance.
Specifically, it enhances CoM stability, reduces joint torques, expands the reachable foot
workspace, mitigates impact forces, and increases forward velocity. These findings val-
idate the effectiveness of active torso-leg coordination in enhancing dynamic stability
and maneuverability.

Although various bionic torso structures and control strategies have been
proposed [7-20], most are still limited by low degrees of freedom, constrained motion in
the sagittal plane, or simplified structures intended for lightweight platforms. In contrast,
the proposed 6-DOF parallel mechanism features symmetrical actuation, bidirectional com-
pliance (including extension and compression), and multi-axis motion capability, enabling
a broader range of posture regulation and dynamic whole-body control. In our previous
studies [21-23], we systematically compared this structure with traditional single-DOF and
passive designs and confirmed its advantages in motion diversity, impact attenuation, and
torso—limb coordination. However, while offering improved flexibility and coordination,
this design also introduces new challenges and limitations. In particular, some individual
limbs within the current parallel structure suffer from insufficient strength and may face
fatigue failure under prolonged multidirectional loading. Additionally, compared with
serial architectures, actuators in the parallel mechanism are more susceptible to axial im-
pacts caused by rapid torso postural changes, especially during high-dynamic tasks such
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as running or jumping. Future study must therefore focus on optimizing structural layouts
and material strength to enhance the shock resistance and dynamic load-bearing capacity
of the parallel mechanism without compromising its motion performance.

Furthermore, we acknowledge that, compared with low-DOF alternatives, the pro-
posed system entails higher mechanical complexity, actuator performance requirements,
and control precision demands. Unlike commercially available platforms such as MIT
Cheetah (Massachusetts Institute of Technology, Cambridge, United States), ANYmal
(ANYbotics, Zurich, Switzerland), and Laikago (Unitree Robotics, Hangzhou, China)—
which utilize rigid or low-DOF torso designs—our approach prioritizes motion compliance
and postural adaptability, making it more suitable for research- and exploration-oriented
scenarios requiring high mobility and dynamic versatility rather than immediate industrial
deployment. To further improve the system’s practical applicability, future research will
explore diverse torso motion patterns under different gait modes, develop hardware pro-
totypes, and conduct experimental validation against current state-of-the-art quadruped
robot platforms.
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