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Abstract: This paper addresses the problem of multi-joint trajectory planning and cooperative control for humanoid
robots in dance performances. Taking the dance task of the Unitree G1 robot developed by Hangzhou Unitree Robotics
at the opening ceremony of a technology exhibition as the background, a hierarchical motion-planning method is
proposed that decomposes the overall movement into three sub-tasks: torso rotation, coordinated arm motion, and leg
balance adjustment. Torso rotation is planned with a fifth-order polynomial for smooth trajectories; the two arms
perform counter-rotating circular motions and their joint angles are computed via inverse kinematics; the legs provide
real-time balance compensation based on centroidal dynamics and the Zero-Moment Point (ZMP) stability criterion.
Simulation analysis yields coordinated motion trajectories for all 12 degrees of freedom of the torso, arms and legs,
achieving fluent dance motions while guaranteeing overall stability and safety during dynamic movement. The study
offers a viable theoretical and methodological reference for motion planning and control of humanoid robots in complex
scenarios such as artistic performances.
Keyword: Humanoid robot; Trajectory planning; Multi-joint coordination; Inverse kinematics; Stability control; Dance
motion

1 INTRODUCTION

With the rapid development of robot technology,humanoid robots, with their anthropomorphic shape and motion
capabilities, have shown broad application in many fields such as performing arts, social service, and industrial
collaboration[1]. This has made the multi-joint cooperative motion planning and real-time stability control of human
robots key technical challenges for achieving their high-level applications[2], which are of great significance for
enhancing the expressiveness, safety, and environmental adaptability of the robot’s movements.
In terms of robot motion planning problems, existing research has been deeply explored from different dimensions.
Researchers have proposed a variety of methods, such as joint space smooth trajectory planning based on polynomials[3]
or spline curves[4], and energy-optimal trajectory synchronous planning for industrial scenarios, for redundant or
super-redundant robot systems[5], have improved inverse kinematics algorithms and introduced adaptive trajectory
tracking and planning strategies[6], to deal with the complexity of kinematic solutions and configuration deviations. In
the field of coordinated, the load allocation and joint driving force optimization research of dual-arm robots have
provided a theoretical basis for multi-limb collaborative operation[7]. However, the existing research lacks a systematic
planning framework for complex artistic movements with multiple degrees of freedom and multiple task couplings
under a human-like form, making it difficult for humanoid robots to coordinate the aesthetics movement and achieve
real-time balance robustness when executing large-amplitude, dynamic performance movements[8].
This paper takes the dance performance task of Unitree G1 humanoid robot at opening ceremony of the science and
technology exhibition as the background, and through the establishment of kinematic and dynamic models, the joint
motion trajectory and multi-joint cooperative control of the robot modeled and optimized[9], and the problem of
synchronous planning and dynamic stability simulation verification of the whole body coordinated dance movements is
studied[10].

2 MODEL CONSTRUCTIONS

2.1 Data Collection and Analysis

In the study of robotic motion planning and control, accurate coordinate transformations from joint space to task space
form the foundation for precise motion execution.By analyzing the mapping relationships between the rotational angles
of the robot's joint motors and the spatial position of the arm's end-effector, we can not only verify the geometric
feasibility of specific motions (such as waving in greeting) but also lay the theoretical groundwork for subsequent
trajectory planning, dynamic control, and crucial motor safety validation.
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In practical applications, the absence of such calculations would preclude the ability to preemptively determine whether
the motors are operating beyond critical parameters—such as torque, rotational speed, and angular range—directly
impacting the operational lifespan and safety of the robotic system. Based on this, we conducted data collection, and
Table 1 presents some parameters of the robot working normally and running stably.

Table 1 Summary of Collected Robot Parameters
Metric Parameter

Dimensions (Standing) 1320x450x200mm
Dimensions (Folded) 690x450x300mm

Total Degrees of Freedom (DoF) 23-43
Maximum Knee Joint Torque 120N·m
Maximum Arm Payload Approx. 3 kg

Lower Leg + Thigh Length 0.6m
Intelligent Battery Capacity 9000mAh
Charger (Quick-Release) 54V 5A

Extended Joint Range of Motion

Waist Joint:Z±155°、X±45°、Y±30°
Knee Joint:0~165°

Hip Joint:P±154°、R-30~±170°、Y±158
Wrist Joint:P±92.5°、Y±92.5°

For this study, the robot is required to perform a 45° leftward body rotation while simultaneously moving both arms in
circular motions about the shoulders. The circular path has a radius of 300 mm and a period of 4 seconds, with the two
arms moving in opposite directions. To maintain balance during this motion, the legs must be adjusted accordingly. A
mathematical model needs to be established to describe how the joint angles of both arms and legs vary with time t (0 ≤
t ≤ 4).

2.2 Framework for Decomposition and Modeling of Complex Motor Tasks

To achieve precise planning of this compound motion, we first decompose it into three relatively independent yet
interconnected subtasks:
Trunk rotation task: Control the waist joint to achieve a smooth 45° yaw rotation.
Bimanual cooperative task: Plan circular trajectories for the left arm (counterclockwise) and the right arm (clockwise)
separately.
Leg balancing task: Adjusting leg posture in real time according to upper body movement to ensure stable center of
gravity.
Meanwhile, we establish a unified time reference and local spatial coordinate systems, define the total motion duration
as T = 4 s, and introduce a normalized time variable to simplify the trajectory functions. Spatially, we set up local
coordinate systems for the torso, arms, and legs separately to facilitate the description of relative motions of each body
part.

2.3 Smooth Rotational Motion Trajectory Planning of the Trunk Based on Quintic Polynomials

To avoid impacts on the motor during startup and shutdown, we continue to use a quintic polynomial for trajectory
planning of the trunk's rotational motion, ensuring continuity in angle, angular velocity, and angular acceleration. The
solution derived from Problem 2: (a quintic polynomial odd function satisfying smoothness conditions):

p(τ)=10τ3−15τ4+6τ5 (1)
The trunk rotation angle function is defined as:

θtorso(t)=45∘ ⋅ p(τ)=45∘ ⋅ p
t
4

(2)
By differentiating the angular function, the angular velocity and angular acceleration of trunk rotation can be obtained,
which are key parameters for subsequent dynamic analysis and motor load evaluation.

ωtorso(t)=
dθtorso
dt

=
45∘

4
⋅ p'(τ) (3)

αtorso(t)=
d2θtorso
dt2

=
45∘

16
⋅ p''(τ) (4)

Among them, (τ)=30τ2−60τ3+30τ4，p''(τ)=60τ−180τ2+120τ3.

2.4 Modeling of Dual-Arm Cooperative Circular Motion Based on Inverse Kinematics

The motion trajectories of the end points of the two arms in their respective shoulder joint coordinate systems are
described by circular parametric equations. The circular radius is set as R = 0.3 m, and the angular frequency of motion
is ω = 2π rad/s.
Left arm (counterclockwise) trajectory:
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xL(t)=R⋅ cos ( ωt)
yL(t)=R⋅ sin ( ωt)
zL(t)=0

(5)

Right arm (clockwise) trajectory:
xR(t)=R⋅ cos ( ωt+π)
yR(t)=−R⋅ sin ( ωt+π)
zR(t)=0

(6)

Given the position of the end point, the required shoulder joint angles for actuation are determined through inverse
kinematics. The shoulder joint yaw angle determines the arm's orientation in the horizontal plane.

θshoulder\_yawL (t)= arctan
yL
xL

= arctan
R sin ( ωt)
R cos ( ωt)

=ωt (7)

θshoulder−yawR (t)= arctan
yR
xR

= arctan
−R sin ( ωt+π)
R cos ( ωt+π)

=ωt+π (8)

Since the motion occurs in the horizontal plane, the shoulder joint pitch angle remains at 0 throughout this task.
Model the arm as a two-link mechanism consisting of an upper arm (L1 = 0.2 m) and a forearm (L2= 0.15 m). The
elbow joint angle θelbow is determined using the law of cosines to maintain a constant distance R between the end point
and the shoulder.

θelbow(t)= arccos
L12+L22−‖P�� end‖2

2L1L2
(9)

This angle remains constant during the motion.

2.5 Leg Balance Control Based on Center of Mass Stability

The robot's overall center of mass (CoM) position is central to balance control. The total CoM is calculated by summing
the centers of mass of individual components, taking into account their respective masses and real-time positions.

CoMx(t)=
mixi(t)�
mi�

(10)

CoMy(t)=
miyi(t)�
mi�

(11)

Where,mi and (xi(t),yi(t)) are the masses and the coordinates of the centers of masses of the trunk, arms, and legs
respectively.
The stability region of a robot is defined by the support polygon formed by the contact points of its two feet with the
ground. The key to determining whether the robot is stable lies in whether its zero moment point (ZMP) always projects
within the support polygon. The formula for calculating ZMP is:

ZMPx(t)=CoMx(t)−
CoMz⋅ CoM� x(t)

g
(12)

ZMPy(t)=CoMy(t)−
CoMz⋅ CoM� y(t)

g
(13)

To counteract disturbances to the center of mass caused by upper body motion, leg joints need real-time compensation.
① Hip joint compensation: generating movement in the opposite direction of trunk rotation to counteract inertia.

θhipL (t)=khip⋅ θtorso(t) , (khip<0) (14)
② Ankle joint compensation: Proportional control based on the deviation of the center of mass in the Y direction,
rapidly adjusting the support base.

θankle(t)=kankle⋅ (CoMy(t)−CoMy,target) (15)
③ Knee joint: Maintain a slight 5° flexion to enhance postural elasticity and shock absorption.

2.6 Constructions and Solution to Model
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Figure 1 Time-Angle Velocity Relationship

The Figure 1 shows the curves of trunk pitch angle and angular velocity varying with time. Over the entire 4-second
performance period, the robot's waist completes a left turn from 0° to 45° along a smooth fifth-order polynomial
trajectory. The angle curve is continuous without noticeable inflection points or abrupt changes, and the corresponding
angular velocity exhibits a symmetric bell-shaped distribution. The peak angular velocity is only 21°/s, significantly
below the safety threshold of 3 rad/s, ensuring an elegant on-stage turn while avoiding impact on joint motors during
startup and braking. Meanwhile, the maximum angular velocity occurs at t = 2 s, aligning with the midpoint of the
circular motion of the arms, thereby maintaining rhythmic synchronization among upper body movements and
providing a stable, disturbance-free postural reference for subsequent coordinated control of the arms and lower limbs.

Figure 2 Dual-Arm Motion: Time-joint Angle Relationship

The above Figure 2 presents the curve of the left and right joint angles changing over time in the dual-arm motion..Two
sinusoidal trajectories with a 180° phase difference are clearly visible, oscillating uniformly within a range of ±75°,
each completing one full circular motion within four seconds, demonstrating a perfect mirror-image reversal effect. The
angular velocity remains constant at 90°/s—less than 1.6 rad/s after conversion—only half of the motor's safe limit,
with smooth curves free of sharp peaks. This indicates that the quintic polynomial interpolation not only accurately
realizes the planned angular trajectory but also keeps both velocity and acceleration within comfortable ranges, ensuring
balanced motor loading, controlled temperature rise, and enabling the robot to perform a natural, fluid dance movement
of "alternating circular motions with both hands".

Table 2 Angular data from the perspective of key moments
moment/s 1.0 2.0 3.0 4.0
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Trunk pitch angle(°) 4.66 22.50 40.34 45.00

The trunk pitch angle data of the key moment of the robot motion are recorded in the Table 2.

Figure 3 Leg Balance Adustment: Time-joint Angle Relationship

The Figure 3 shows real-time adjustment curves of lower-limb balance joints: the hip joint gradually returns from
−11.25° to 0° through a counter-rotation strategy, counteracting the angular momentum generated by trunk rotation to
the left; the ankle joint makes high-frequency fine adjustments within ±1°, quickly compensating for lateral shifts in
center of mass; the knee joint remains constantly flexed at 5°, providing vertical elastic buffering for the entire system.
Although the amplitudes of these three curves are small, their phases are strictly synchronized with trunk motion,
successfully bringing the projection of the upper body's center of mass back to the center between both feet. This
enables the robot to maintain upright stability without any stepping movement within four seconds, embodying the
control philosophy of "dynamic upper body, stable lower body."

3 MODEL STRENGTHS AND EXTENSIONS

3.1 Strengths

1.Effective simulation validation with intuitive parameter visualization: Numerical simulations produced time-varying
joint-angle curves for all twelve planned degrees of freedom, supplemented by data tables at key instants. The plots and
numbers clearly demonstrate the smoothness and synchrony of every joint motion as well as the balance-compensation
effect, providing direct and compelling evidence for the validity of the theoretical model.
2.Hierarchical and modular modeling with clear structure: The complex whole-body dance motion is decomposed into
three relatively independent yet interrelated sub-tasks—torso rotation, coordinated arm motion, and leg
balancing—within a unified temporal and spatial reference frame. This layered, modular design reduces the complexity
of coordinating a multi-DOF system and enhances the model’s interpretability and maintainability.

3.2 Extensions

1. Extended application scenarios: The cooperative-planning and balance-control framework developed for dance
performances can be readily extended to additional humanoid-robot applications—such as gesture guidance and posture
adjustment in reception services, load-handling and obstacle-avoidance tasks in industrial settings, or even compliant
assistance motions in rehabilitation training—by simply retuning trajectory parameters and constraint conditions to suit
each specific task.
2. Enhanced platform adaptability: The core ideas of hierarchical planning, polynomial-/IK-based trajectory generation,
and ZMP-driven stability compensation are inherently generic. Follow-up work can adapt these modules to humanoid
or biomimetic platforms with varied kinematic configurations (different DOF layouts, mass parameters, etc.), yielding a
universal dynamic-motion-planning toolchain.

4 CONCLUSIONS

This paper focuses on the multi-joint coordinated motion planning and dynamic stability control problems of humanoid
robots in dance performance scenarios, carries out systematic modeling and simulation research. Taking the dance
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action of “turning the trunk 45° to the left with the double arms in reverse circular motion” completed by Unitree G1
robot as an example, a hierarchical and modular motion planning framework is proposed. This framework decouples the
complex whole-body motion into three sub-tasks: trunk, dual-arm coordination, and leg balancing, and models and
controls them respectively using quintic polynomials, inverse kinematics, and real-time compensation strategies based
on the center of massCoM) and zero moment point (ZMP).
Through numerical simulation, a smooth and synchronized joint motion trajectory covering 12 degrees of freedom of
the trunk, arms, and both legs was successfully generated. The results show that the designed trajectory can ensure that
the angular velocity and acceleration of each joint are always within the safe threshold, effectively motor impact. At the
same time, the model-based leg compensation mechanism can respond to the disturbances brought by the upper body
motion in real time, making the ZMP always inside the supporting polygon, thereby maintaining the overall upright
stability of the robot during the four-second dynamic performance without the need to adjust steps. This verifies the
effectiveness of the “ body moves, lower body stable” control concept in achieving dynamic artistic expression.
This research not only provides a feasible planning and control solution for specific dance movements, but also
provides theoretical and methodological references for safe and smooth motion control of humanoid robots in other
complex dynamic scenarios (such as service interaction, industrial operation).
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