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Abstract

To address the inheritance dilemma of Danzhou Diaosheng, a national intangible cultural
heritage, a dedicated dancing robot was developed, and in-depth research on its mechanical
structure and motion analysis was conducted for accurate reproduction of the folk art’s
typical dance movements. Based on the decomposition and measurement of dance move-
ments, a coupled mechanism system integrating crank-slider and crank-rocker mechanisms
was constructed using the concise design concept of mechanism coupling, single drive
and trajectory constraint. A practical prototype was developed and exhibited, which has
attracted nearly 10 million visits to date. An optical motion capture system was applied to
verify the robot’s motion accuracy, and the motion errors of its trunk, hand and joints were
maintained at a low level (RMSE < 1.47 mm). The mechanical technology and intangible
cultural heritage protection were organically integrated in this research, which provided
a replicable technical solution for traditional folk-art inheritance and a feasible design
reference for cultural and artistic robots.

Keywords: intangible cultural heritage; traditional folk-art; Danzhou Diaosheng; dancing
robot; motion analysis

1. Introduction

As the crystallization of a nation’s wisdom and the carrier of its cultural genes, in-
tangible cultural heritage (ICH) embodies the collective memory of thousands of years
of civilization [1,2]. It has now been two decades since UNESCQO’s Convention for the
Safeguarding of the Intangible Cultural Heritage was adopted. A ground-breaking treaty,
the convention brings recognition of heritage as a living, breathing element of human
existence [3]. ICH plays a pivotal role in sustainable development by fostering social
cohesion, economic growth, and environmental stewardship [4]. The connection between
ICH and discourses around urban resilience is a relatively recent development, with aca-
demic research on this theme experiencing exponential growth starting from 2017 [5]. In
particular, traditional skills and crafts have practical functions and bear symbolic signifi-
cance [6]. China has developed a systematic four-tier ICH inventory system, encompassing
the national, provincial, municipal, and county levels [7]. To date, the total number of rep-
resentative ICH items at all levels amounts to over 100,000, of which 1557 are national-level
entries [8,9]. Notably, 44 of these items have been inscribed on UNESCO'’s Representative
List of the Intangible Cultural Heritage of Humanity, securing China the top position
globally in terms of the number of inscribed items [10]. However, this splendid cultural
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treasure trove is facing severe challenges: amid the processes of industrialization and ur-
banization, the traditional living soil (i.e., the cultural and social environment) is shrinking.
Statistical data indicate that 37% of traditional dance heritage and 35% of traditional opera
genres have been lost over the last 20 years, posing severe challenges to the sustainable
inheritance of ICH [11,12]. Artificial intelligence and machine learning are transform-
ing manual inspections and expert evaluations for the conservation of cultural heritage
structures [13,14]. Fortunately, technological innovation provides a way to alleviate the
inheritance difficulty of ICH. The rise of embodied intelligence has transformed robots
from industrial tools into cultural carriers [15,16]. Unitree G1, a humanoid robot developed
by Unitree Technology, has performed dances on various occasions [17,18]. Its ability
to ‘speak and act’ enables the creation of immersive ICH experiences, realizing in-depth
integration of technology and culture. The millimeter-level scanning and monitoring of
ancient architecture by Lenovo’s hexapod dog demonstrates the unique advantages of
robots in cultural heritage protection [19]. Disney and global science exhibition centers
have developed linkage-driven animatronic puppets capable of performing independent
motions (walking, running, simulated swimming, etc.). Nevertheless, such linkage ani-
matronics are mostly designed for single-character independent display. Separate driving
and control systems are configured for each puppet, which brings high costs and serious
synchronization deviations when arranging multiple puppets to perform group dance
simultaneously. These explorations reveal that robot technology can break the temporal
and spatial limitations of traditional communication, transform abstract ICH techniques
into tangible and interactive physical displays.

The Danzhou Diaosheng in Hainan is a typical microcosm of this predicament [20].
Originating in the Western Han Dynasty, this folk art, with its graceful melodies composed
of pentatonic scales, dialect lyrics, and passionate dance movements such as hand-holding,
shoulder-hooking, and waist-swaying, has become a living heritage carrying the local
customs and traditions of Danzhou. However, under the impact of modern culture, its
inheritance situation is worrying: the inheritors are mainly middle-aged and elderly peo-
ple, young audiences show little interest, traditional dissemination relies only on limited
scenarios such as festivals and celebrations, new media dissemination lags behind, and the
unique dance skills are at risk of being lost [21]. This vicious circle of ‘single promotion—
insufficient attention—inheritance breakage’ is precisely the common fate of many ICH
projects [22].

Focusing on the dance inheritance of Danzhou Diaosheng, a dedicated dance robot
was developed to reproduce its signature movements through high-precision motion
control technology. This robot can construct interactive exhibition scenarios in exhibition
centers, allowing audiences to intuitively experience the rhythmic beauty of Diaosheng
dance. Further, it realizes the digital preservation of the craft through standardized motion
recording [23]. This combination of technology and physical exhibition makes up for
the limitations of traditional oral instruction and hands-on teaching [24], attracts public
attention with a youthful and technological expression, and provides a technical path
for the digital inheritance of ICH. It is expected that a replicable technical solution will
enable more ICH projects to break free from the predicament of inheritance (such as Bench
Dragon [25], Sega Tambour [26], Bharatanatyam), benefitting from technological power
and regaining their glory in exhibition venues and cultural spaces of the new era.

This study introduces distinct methodological and analytical innovations for cultural
heritage robots. A novel coupled mechanism paradigm is proposed that combines crank-
slider and crank-rocker mechanisms with cam trajectory constraints, realizing coordinated
dance motions using only one actuator. A closed-form kinematic model is established
using vector projection and geometric constraints to derive full-body motion parameters.
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A data-driven optimization strategy is applied to minimize motion errors by tuning link
lengths against motion capture data. A quantitative three-party error evaluation framework
(human, model, and prototype) is adopted to validate accuracy. This study focuses on
reproducing the standard dance trajectories of Danzhou Diaosheng, so kinematic analysis
is the core part of the research. We have fully analyzed the displacement, velocity and
acceleration of each component, which can comprehensively reflect the robot’s motion
characteristics, movement rhythm and performance effect. These methods form a com-
plete, replicable technical pipeline that advances mechanism design for artistic robots and
supports ICH inheritance.

2. Methodology

Danzhou Diaosheng originated in the Western Han Dynasty of China and has de-
veloped into the most representative traditional ethnic music performance form in the
northwestern part of Hainan Province. It mainly takes place during slack farming seasons
or festivals, when young men and women gather in the mountains and fields to sing while
dancing. The annual Mid-Autumn Festival Song Gathering is particularly lively. Danzhou
Diaosheng has been included in the First Batch of the National Intangible Cultural Heritage
List (Item No. II-14) since 2006 [20]. It adopts the form of group antiphonal singing between
young men and women, where performers must wear costumes with ethnic characteristics.
They stand facing each other, arranged in two rows or a circle, hook their little fingers
together and hold hands to complete dance movements. Doubao V13.4, an Al tool, is used
to create the scenes and costumes for the male-female duet of Danzhou Diaosheng, as
shown in Figure 1a,b. Their hands and bodies swing in rhythm with the singing, showing
regular upper limb swings and knee flexions, thus realizing the organic unity of vocal
performance and body movements. Its dance movements are concise, highly stylized and
naturally periodic, matching the rhythm of folk music. There are no complicated variable
gestures, and the movements are easy to master for people of all ages.
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Initial posture knee flexion 1# upper.hmb knee flexion 2# UPPST limb
©) flexion extension

Figure 1. Dance movement of Danzhou Diaosheng. (a) Male-female duet scene. (b) Ethnic cos-
tumes. (c¢) Decomposition of dance movement. (Figure 1a,b are generated by the Al tool Doubao on
25 May 2026. https:/ /www.doubao.com).

Although conventional multi-joint humanoid robots can reproduce a single set of
Danzhou Diaosheng dance movements, they are not applicable to its group performance
characteristics. Using multiple independent humanoid robots for group dance leads to
inconsistent movements, excessive cost, low reliability and large space occupation. To solve
these practical technical problems, this work adopts a single-drive coupled mechanism. It
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can synchronously drive a plurality of puppets to realize unified dance actions, featuring
low cost, high stability and small overall size, which well matches the group exhibition and
inheritance demands of Danzhou Diaosheng.

2.1. Decomposition and Measurement of Dance Movement

To facilitate the analysis of dance movements, a simplified human model is created,
with points A, B, and C marking the centers of the shoulder joint, hand, and knee joint,
respectively. The subscripts of marker points represent the serial numbers of typical dance
postures (Figure 1c). In the initial state, the performer stands upright with upper limbs
extended backward, fists clenched and placed in front of the waist. Then, the knees flex, the
upper limbs extend further backward, and the trunk and hands lower to the lowest position.
In the second posture: the knees extend, the upper limbs flex forward, the trunk remains
upright, and the hands reach the highest position. In the third one: the knees flex again, the
upper limbs extend backward, and the trunk and hands lower to the lowest position once
more. After that, the movement continues until returning to the initial state. Red lines in
Figure 1c depict the movement trajectories of the marker points. The entire dance consists
of two knee bends and one arm swing. The tempo of the movements is synchronized with
the rhythm of Diaosheng songs, and these dance motions repeat periodically.

2.2. Kinematic Analysis of Danzhou Diaosheng

From the perspective of mechanism theory, the sole of the foot is equivalent to a
fixed frame at the standing position [27]. The vertical movements of the shoulder joint
and trunk promote the flexion movement of the knee joint, while the hand moves along
a predetermined trajectory. Driven by the shoulder and hand, the elbow joint performs
flexion/extension movements. Therefore, the trunk and human joints can be regarded as
connecting rods and hinges [28]. The human body can be equivalent to a planar mechanism
in the sagittal plane [29,30], with the movements of the trunk and hand serving as driving
components, as shown in Figure 2 (symbols A-J represent rotation centers). A crank-slider
mechanism is adopted to achieve the vertical movement of the trunk [31]. The line segment
AD between shoulder A and hip joint D serves as the trunk, and the crank O, H drives the
slider (trunk AD) through the connecting rod GH. The trunk AD drives the thigh CD and
lower leg CF to rotate around the hip joint D and ankle joint F, respectively, realizing the
flexion/extension of the knee. A cam is added to constrain the movement trajectory of
hand B. The coupled movement of shoulder A and hand B actuates the upper arm AE and
forearm BE, and further drives elbow joint E. Then, a crank-rocker mechanism is adopted to
push the hand along the predetermined trajectory [32]. The fork is used as a rocker, forcing
hand B to move along the inner groove of the cam. A single actuator is used to rotate the
crank-rocker mechanism. Through a gear transmission (ratio 1:2), the speed is increased
and transmitted to the crank-slider mechanism, realizing two knee flexions and one arm
swing in a single dance movement [33].

For subsequent kinematic analysis, a coordinate system X;0;Y; (i =1, 2, 3) is established.
Cranks O1H and O; H are rotated by angles 81 and 6, from their initial position (standing
posture), and the relationship between them is as follows:

61 =20, (1)

Meanwhile, the initial angle between O1H and the axis O1Xj is 81, and 6, is the
initial angle of 8, (Figure 2). The kinematic analysis of all transmission mechanisms in the
dancing robot can be performed with 0, as the sole variable, facilitating the solution of
displacements, velocities and accelerations of the trunk, shoulders, elbows and knees.
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Figure 2. Kinematic diagram of dancing robot.

Trunk

The trunk AD is connected to the slider G, and the vector method is used to solve the
vertical displacement of slider G:

O:H+ HG = 0:K + KG )

The projections of the aforementioned vectors on the axes O1X; and 01X are as follows:

{ |O1H| - cos(64 + 610) + [HG| - cos ¢ = |O1K] 3)

|O1H| - sin(6; + 61) + |HG| - sin¢; = |KG]|

where ¢; is an intermediate variable.

By simplifying Equation (3), the variable ¢; can be eliminated, and a mathematical
model between the vector KG and 6 can be established, thereby enabling the calculation
of the trunk position when the crank O1H is at any angle.

The variation range of the modulus Ixg of | KG| is the displacement Sk of trunk AD:

Strunk = kG0 — IxG 4)

where IxG o is the initial value at the standing posture.
Furthermore, the velocity v,k and acceleration ay, i are calculated by:

Vprunk = S
{ trunk ”trunk (5)

Atrunk = S trunk

where Strunk and gtmnk are the first-order and second-order derivatives of the trunk dis-
placement Dyyypk-

Hand
Within the coordinate system X,0,Y?, the model of vector O, is established:

O2] +J1 = 0,03 + Os1 (6)
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Similarly, the projections of the aforementioned vectors on the axes 02X, and O,Y>
are as follows:

{ 02| - c05(62 + B20) + |]1] - cos ¢ — | 051 - cos § = |0205 -

|Oz” 'Sil’l(gz +92[0) + |]I| -singbz = |031| ~Sintl)

where ¢, is also an intermediate variable that can be eliminated, ¥ is the angle between shift
fork O3B and O3X3. Furthermore, the mapping relationship of ¥ and 0, can be established.

The shift fork O3B forms an intersection point B with the predetermined trajectory of
the hand. In the coordinate system X;01Y1, a ray fok(¥1, y1) starting from O3 and parallel
to O3B is established:

frork(x¥1,y1) = (%1 — X03) - tan ) + y,3 8)

where the coordinate of O3 in X101Y7 is (%03, ¥0,3)-
The predetermined trajectory of the hand consists of a semicircular arc fpang1(x1, Y1)
and a straight-line segment fyanq2(¥1,¥1), whose mathematical expression is as follows:
2 2
fhand,l(xll ]/1) = (x1 — Xarc)” + (]/1 - ]/arc) - Rgrc Neft < X1 < Xtang
. ©)
fhand,2(x1/ yl) = KoB * (xl - xtang) =+ Ytang Xtang <x < Xright

where the center coordinate of the arc segment is (Xarc, Yarc), Xleft and Xyignt are respectively
the left and right boundary coordinates of the hand trajectory, and Xtang is the tangent point
coordinate of the arc segment and the straight-line segment.

kop is a slope of the straight-line segment fhang2(x1,y1)-

By simultaneously solving Equations (8) and (9) to acquire the coordinates (xp, y3) of
point B, we can obtain the hand displacement Dy,ap4.

The instantaneous velocity vn,nq and acceleration ay,ng are acquired by:

[2 2

Uhand = 'xB +yB (10)
2 2

Ohand = \/Xp T ¥3p

Elbow
Based on the known vector KG, the coordinate (x4, y4) of shoulder A in X;01Y7 can
be obtained by the vector method:
01A = 01K+ KG+GA (11)

The included angle ¢3 formed by AE and AB can be solved according to the known
coordinates of A and B, and lengths of vectors AE and AB. Then, the display expression of
the shoulder angle « is derived:

Xp — X4 |AB|* + |AE|* — |BE[?
« = arctan| ———— | — arccos 12
(Zsi) 21AB[-[AE] "
Similarly, the display expression of the elbow angle  can be established:
AE|* + |BE]® — |ABJ?
B= arccos AEL_+ IBE|_— |AB] (13)

2]AE| - |BE]

Based on the shoulder angle «, the direction of vector AE can be obtained, and then
the coordinates (xg, yg) of the elbow joint E can be calculated. Further, the corresponding
displacement Dy ,nq4, velocity vh,ng, and acceleration ap,nq can all be determined.
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Dance motion
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validation
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Knee

The coordinate (xp, yp) of hip joint D in X;01Y; can be calculated by a vector model:
O.D = 01K+ KG+ GD (14)

Based on the known coordinates (xr, yr) of ankle F, the kinematic parameters are
acquired. In addition, the knee angle 7y formed by the thigh CD and calf CF is yielded by
the display expression:
|CD|* + |CF* — |DFJ?

2|CD| - |CF|

7y = arccos (15)

To clearly define the system-level architecture, a complete operational flow is estab-
lished, as illustrated in Figure 3. The system starts with dance motion capture data as
input. Then, kinematic modeling and trajectory decomposition are conducted to extract
key motion features, followed by link parameter optimization to minimize motion errors.
The control logic adopts a single actuator with a 1:2 gear transmission to drive the entire
mechanism. The actuation module integrates a crank-slider mechanism, a crank-rocker
mechanism, and a cam-guided mechanism to realize trunk lifting, hand-swinging, and
trajectory constraint simultaneously. Finally, coordinated dance motions with two knee
flexions and one arm swing are generated, and the motion accuracy is verified using RMSE
and MAE metrics.

~
Ki ti deli d i
T Llnk.pa.ran?eter — | Dynamic assumptions
trajectory decomposition optimization
J
) )
VICON Actuator + transmission

<— | Prototype development [ <€—
J

measurement tests mechanism

Figure 3. System-level architecture and operational flow of the dancing robot.

Based on the length ratio of human limbs, a scale-down puppet is fabricated (scale
ratio 1:8), and the measured motion trajectories of the hand, trunk, and knee joint are scaled
down to obtain the ideal kinematic curves. Taking the rod lengths in the slider-crank and
crank-rocker mechanisms as the parameters to be optimized, the trajectories, velocities, and
accelerations of the hand, torso, and knee joint under different parameters are solved. Since
the motion trajectory of the puppet is preset, the lengths of some rods can be derived. The
curve alignment is performed using a custom interpolation function in MATLAB R2024a
(MathWorks, Natick, MA, USA), followed by a curve subtraction. The optimal lengths
of the remaining rods are then determined by minimizing the absolute error between the
theoretical velocity and the limb velocity, as shown in Table 1.

Table 1. Rod lengths of dancing robot.

Rod Length/mm Rod Length/mm
Iug 24 lic 40

Ipe 36 lo203 35

14D 55.5 loz) 4

lep 41 I 40

Icr 48 I23 27
loin 4 Rp1B2 12
101[( 28.5 ZBB4 40
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For the drive mechanism, a quasi-static dynamic model is established according to
the robot’s low-speed and lightweight operating features. The inertial force and dynamic
torque can be ignored in normal working conditions. Power is transmitted via a reducer
and gear pairs to drive the coupled linkages and cam mechanism. The drive system bears a
steady load during continuous operation, and the mechanical structure guarantees stable
dynamic output and periodic dance motions.

2.3. Structure of Dancing Robot

Based on the length of each rod and the relative positions of fixed hinges, the detailed
structure of the dancing robot is designed, as shown in Figure 4a,b. To reflect the ethnic
customs of Danzhou Diaosheng (a traditional folk singing and dancing art unique to
Danzhou City, Hainan Province), four puppets are grouped together and arranged in a
row to complete consistent dance movements. A bump is attached to the back of each
puppet, through which a vertical rod is inserted. The trunk of the puppet is driven by
this rod mounted on a bracket. The initial standing posture of the puppet can be adjusted
using the upper and lower locknuts of this rod. All hands of the puppets are connected
and penetrated by a crossbar. On the basis of the scaled hand trajectory, a cam guiding
mechanism is developed, where a shifting fork forces the roller to move along the inner
groove of the cam [34]. The roller is composed of a pin and two bearings, so that the
movement resistance can be effectively reduced. Guiding mechanisms are arranged on
both sides of the puppet to support the crossbar together, which passes through the two
pins in sequence. Fasteners are installed at both ends of the crossbar to restrict its axial
movement. In order to make the audience focus more on the dancing movements of the
puppets, the driving mechanism is placed inside a cabinet.

Puppet

Vertical rod Bearing housing

Cam mechanism

Crank-rocker
_ mechanism

Primary and secondary shafts Motor Reilu)cer Driving gear
e

Figure 4. Design and development of dancing robot. (a) Render model. (b) Drive mechanism.
(c) Crank slider mechanism. (d) Crank rocker mechanism. (e) Actuator transmission details.

Four vertical rods are mounted on a single bracket collectively. Both ends of the
bracket are supported by two sets of crank-slider mechanisms, and the bracket is installed
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on the sliders, with which it moves up and down synchronously (Figure 4c). The cranks are
mounted at both ends of the primary transmission shaft, which is supported by two bearing
housings and blocks. Coupler links connect the cranks and sliders, and the sliders move
along the guide rods. Standard linear bearings are adopted between the sliders and guide
rods. The shifting forks serve as the rockers of the crank-rocker mechanisms (Figure 4d) [32].
The secondary transmission shaft drives the cranks, and the reciprocating motion of the
shifting forks drives the rollers and crossbar to move along the cam grooves. In the rotating
hinges, both ends of the pin shafts are fixed by shaft circlips. The primary and secondary
transmission shafts are engaged through gears, with a transmission ratio of 2:1. The stepper
motor (BYD 57, SYNTRON, China) of the driving unit is connected to a reducer, and the
driving gear is mounted at the end of the reducer (Figure 4e). All components are installed
on the base plate. The driving gear meshes with the gear on the primary transmission shaft
to transmit power to each mechanism. The robot adopts a gear transmission system with a
fixed transmission ratio. By adjusting the rotating speed of the driving motor, the robot can
adapt to slow, medium and fast dance tempos of Danzhou Diaosheng.

Based on the detailed structure of the dancing robot, a prototype has been developed
(Figure 5a). A stepper motor with a rated power of 100 W and a planetary reducer (ratio
4:1) are used to drive the coupled mechanisms. The prototype mainly adopts stainless steel,
aluminum alloy, and acrylic plates to enhance corrosion resistance and achieve a lightweight
design. The proposed dance robot adopts a single-drive mechanical coupling scheme. All
dance trajectories are predefined and constrained by linkages and cam mechanisms. The
stepper motor works at a constant speed to drive the entire system. The movement
frequency and dance tempo are adjusted by changing the motor rotational speed. Through
kinematic tests, the effective integration of ICH and mechanism is realized perfectly. The
technical parameters of the prototype are presented in Table 2.

|

(b)

Figure 5. Development of dancing robot. (a) Prototype. (b) Scene of male-female antiphonal singing.

Table 2. Technical parameters of dancing robot.

Parameters Value Parameters Value
Single cycle 25s Motor model BYD 57
Hight of puppet 205 mm Working speed 300 rpm
Scale ratio 1:8 Holding torque 1.57 N.m
Power 100 W Reduction ratio 4:1
Volume 400 x 200 x 200 No. of puppets 4
Weight 15.0kg Main material aluminum, wood
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On this basis, two sets of 5-puppet versions have been developed—one group for male
puppets and the other for female puppets—forming a scene of male—female antiphonal
singing beside mountain forests (Figure 5b). These prototypes are exhibited at the Hainan
Provincial Intangible Cultural Heritage Exhibition Center. The dancing robots move along
with Danzhou Minor Tune. Over the past two years, they have received a total of nearly
10 million visits, which has greatly improved the dissemination efficiency and reach of
Danzhou Diaosheng.

The dance puppets are made of wood with lightweight and small structural size,
leading to a very low moment of inertia of the moving parts. The robot works at a low
and stable speed following a fixed dance rhythm. In this case, the inertial effect, dynamic
torque and additional structural load are negligible. The overall inertia of the system
mainly originates from the equipment base and transmission assemblies. The structure is
rigid and operates gently, so structural stress and vibration are far within the safe range of
the material.

2.4. Dance Movement Measurement

An optical motion capture system (VICON, Oxford Metrics Ltd., Oxford, UK) was
used to record the dance movements of a professional inheritor of Danzhou Diaosheng
(age 22, height 160 cm, weight 52 kg) [35]. After centuries of inheritance, this folk dance
had established unified and standardized movements and rhythms. The dance gestures
demonstrated by professional inheritors were recognized as the canonical form of Danzhou
Diaosheng, with negligible individual differences. Thus, the acquired motion trajectories
could serve as the authoritative benchmark for robot reproduction.

According to the 28-marker placement protocol, reflective markers were attached to
anatomical locations including the shoulder joints, trunk, palms, thighs, and insteps to
construct a human skeletal model. The performer repeated the typical dance movements
of Danzhou Diaosheng continuously. The spatial positions of each reflective marker were
measured and recorded. The trajectories, velocities, and accelerations of the markers were
obtained with the help of data processing software BodyBuilder(Version 3.6.4) and Nexus
(Version 2.20). Meanwhile, the kinematic data of the knee joints could also be acquired.

The 4-puppet prototype was placed in the capture area of VICON, and markers
were affixed to both ends of the crossbar and the head of the puppet, as illustrated in
Figure 6. Additionally, three markers were attached to the cabinet to establish a local
coordinate system. The dancing robot performed cyclic movements, while the VICON
system continuously collected motion data. Since the head and trunk of the puppet were
integrated as a single unit, the kinematic characteristics of the markers on the head could
be equivalent to those of the trunk and shoulder joints. Similarly, the kinematic information
of the markers on the crossbar could be used as that of the hands. Based on the data of the
trunk and hands, the kinematic trajectories of the elbow, knee, and ankle could be derived.

To guarantee data reliability, repeated sampling and tests were carried out for multiple
rounds. By comparing the kinematic trajectories of the dancer, theoretical model, and
prototype, the accuracy of the dancing robot in reproducing dance movements was veri-
fied, and the errors between the three were calculated simultaneously. Three independent
evaluation indicators, including displacement, velocity and acceleration of the trunk, hand,
elbow and knee joints, are extracted from the motion capture data of dancer, theoretical
kinematic model and physical prototype, respectively. Root mean square error (RMSE)
and mean absolute error (MAE) are adopted as unified quantitative metrics to quantify
trajectory deviation between different subjects. Three types of error indices are defined: ¢;
represents the trajectory error between the real dancer and the theoretical model, which
reflects the modeling fitting accuracy; e, denotes the deviation between the theoretical
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model and the fabricated prototype, characterizing the manufacturing and assembly er-
ror of mechanical structure; ez is the direct error between the real dancer and the robot
prototype, which intuitively evaluates the overall dance reproduction performance of the
proposed coupled mechanism robot. Multiple repeated sampling tests are carried out to
eliminate random measurement noise. The averaged RMSE and MAE values of cyclic
dance movements are adopted as the final evaluation results to guarantee the reliability of

experimental verification.

I

ﬁ!‘/‘
M’A\\\ .

N
L

Figure 6. Motion measurements of dancer and puppet. (a) Dancer under the motion capture system.
(b) Marker attachment protocol. (c) Dance movements. (d) Dancing robot. (e) Distribution of markers.

3. Results
3.1. Trunk

Through the measurement of dance movements, the trunk Si.yni underwent a sinu-
soidal motion in the vertical direction with a distinct periodicity, as shown in Figure 7a.
With the optimal link lengths adopted, the slider in the crank-slider mechanism and the
puppet’s trunk can closely approximate the trajectory of the dancer. To analyze the kine-
matic performance more clearly, the velocity vy and acceleration gy of the trunk
were measured and calculated separately (Figure 7b,c). The theoretical vyn could track
that of the dancer with good fidelity. Due to the slender structure and low strength of
the vertical rod and bracket, the puppet exhibited considerable vibration and positional
deviation when moving along the theoretical curve. Interestingly, the errors in velocities
and accelerations were hardly noticeable to observers. Owing to the individual differences
among dancers, the large number of joints and bodily elasticity, the motion error e; between
the theoretical and dancer trajectories was acceptable (RSME 1.47 mm, MAE 1.18 mm),
as shown in Figure 7d. The puppet moved along the theoretical curve, and the error e,
showed a certain reduction, which verified that the manufacturing accuracy and stiffness
of the puppet robot could meet the requirements for motion reproduction. Fortunately, the
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motion trajectory of the puppet could better approximate that of the dancer (RSME 0.66
mm, MAE 1.18 mm).

210 — Human body — Theoretical curve — Puppet ERMSE BMAE
S 3
208 -
g :
£206 E2 147
.E <}
4204 5
202 ~
02 4 681001214 0 2 4 68 101214 02 4 68 101214 ° ¢ e e
(a) 6,(rad) (b) 6, (rad) © 6, (rad) @
Figure 7. Trunk kinematics of (a) displacement Sy, (b) velocity vk, (€) acceleration gk, and
(d) motion errors.
3.2. Hand
Each dance cycle consisted of one arm swing and two knee flexions, with the palm
passing through the lowest, highest and lowest points in sequence before returning to the
initial position. The hand displacement Sy,,,4 over two cycles was depicted in Figure 8a.
By means of the mechanism combination method, the crossbar and the hand could move
along complex trajectories to mimic dance movements as closely as possible. The hand
velocities of the theoretical calculation and puppet were in good agreement with that of the
dance movements, and the passion of the dance could thus be well reproduced (Figure 8b).
The three types of acceleration exhibited similar variation trends. The puppet acceleration
was in good agreement with the theoretical one, yet it was difficult to precisely match that
of the dance movements (Figure 8c). Compared with the trunk, the hand had a larger
motion range, and the slender structure of the crossbar resulted in greater absolute motion
accuracy deviation and vibration of the puppet hand [36]. The error e3 between the dancer
and the puppet was the smallest (RMSE 1.30 mm, MAE 1.01 mm), accounting for about
5.50% of the total motion range.
—Human body —Theoretical curve — Puppet
1% e BRMSE BMAE
185 20
’E\ %)
g180 EE
2175 b
5 £
170
-10
ST s e Yo 1 w20 o4 s i a . o e
(@) 6, (rad) (b) 6, (rad) © 6, (rad) (@

Figure 8. Hand kinematics of (a) displacement Sy ,,4, (b) velocity vp,nq4 and (c) acceleration ap,ng,
and (d) motion errors.

3.3. Elbow and Knee

The elbow and the palm exhibited similar positional variation, and the displacement
Selbow Of the elbow was jointly determined by the shoulder, the hand, and the lengths of the
upper arm and forearm, as shown in Figure 9a. The three velocities 00, demonstrated
a good agreement in accuracy, although the theoretical one exhibited an abrupt change
caused by the direction shift of the shoulder joint (Figure 9b). Interestingly, the three
accelerations a0 showed the highest consistency among all human joints (Figure 9c).
The positional errors of the elbow were also affected by the shoulder and hand, and the
errors remained at a low level (RSME < 2.88 mm, MAE < 2.28 mm).
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Figure 9. Elbow kinematics of (a) displacement Sqjpow, (b) Velocity tgipow, (€) acceleration deppon, and
(d) motion errors.

The position of the knee joint was determined by the trunk and approximated a
sinusoidal motion, with the three displacements Sy,ce being nearly coincident (Figure 10a).
Owing to the certain elasticity of both the dancer and the puppet, the theoretical velocity
Uknee Was higher than that of the former two (Figure 10b). The three accelerations aypee
exhibited similar variation trends (Figure 10c). The three types of motion possessed similar
motion errors (RSME < 2.32 mm, MAE < 1.82 mm), which indicated a good consistency
between the kinematic model and the dancing robot (Figure 10d).

—Human body —Theoretical curve — Puppet
BERMSE EMAE
125 100
80
123 2 60
B 2 % 40
E g E
\2121 £ 0 f—, 20
A H 2 0
119 =2 $-20
=40
ol —
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(a) 6,(rad) (b) 6(rad) ©)

Figure 10. Knee kinematics of (a) displacement Sypee, (b) velocity Uypee, (€) acceleration aypee, and
(d) motion errors.

3.4. Rotation of Shoulder, Elbow, and Knee

To further investigate the kinematic performance of the shoulder, elbow and knee
joints, the kinematic data of the theoretical model, dancer and puppet for the three joints
were presented, with the corresponding errors calculated, as shown in Figure 11. The
shoulder angle « varied approximately along a sinusoidal curve. However, when the
upper arm extended backward to the maximum position, the angle a reversed its velocity
direction in an extremely short time with a certain abrupt change (Figure 11a), which
resulted in intense local vibration of the elbow at this position as well. The theoretical
elbow angle B was in good agreement with that of the dancer (Figure 11b). However, the
insufficient rigidity of the vertical rod and the bracket led to a large variation in the angle
B. Three curves of the knee angle v showed good consistency (Figure 11c). The motion
accuracy es of & between the theoretical model and the puppet was the highest (RSME 0.084
rad, MAE 0.062 rad) as indicated by the error data (Figure 11d), which verified that the
device featured high manufacturing precision. The former errors ¢; and e, between the
dancer and the puppet as well as the theoretical model had nearly doubled. The positional
errors of the shoulder and hand were both accumulated in the elbow angle 8, resulting in
the maximum motion error of the latter (RSME < 0.466 rad, MAE < 0.389 rad). The knee
angle -y exhibited favorable motion accuracy (RSME < 0.157 rad, MAE < 0.122 rad).
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Figure 11. Angles of (a) shoulder, (b) elbow, and (c) knee. (d) Errors of each angle.

The velocity and acceleration are critical indicators to reflect the dynamic performance
of the dancing robot. Within a single periodic movement, the velocity and acceleration of
each component present regular cyclic changes, which match the rhythm characteristics
of Danzhou Diaosheng dance. Minor fluctuations on the curves are mainly caused by
mechanical friction, assembly clearance and the limited stiffness of slender links. Combined
with the RMSE and MAE of velocity and acceleration, the dynamic tracking accuracy
between the prototype and standard dance movements is quantitatively evaluated, which
proves the stable dynamic performance of the robot.

4. Discussions

This study delivers three distinct contributions in mechanism design, kinematic op-
timization and ICH engineering application. First, it pioneers the integrated application
of mechanical engineering technologies to the protection of ICH. The innovative design
method of mechanism science is the core technical support for the dancing robot to realize
realistic dance movements with a concise structure [37,38]. Then, abandoning the com-
plex multi-drive control system, the typical dance movements of Danzhou Diaosheng are
decomposed into vertical trunk movement, hand trajectory movement and joint flexion-
extension movement [20]. Through gear transmission with a 2:1 transmission ratio, a
single actuator drives the whole mechanism to realize the coordinated movement of two
knee bends and one arm swing in a single dance cycle. The cam guiding mechanism
constrains the hand to move along the preset trajectory composed of a semicircular arc
and a straight-line segment. The reasonable design of rod lengths, optimized by mini-
mizing the absolute error of the theoretical and actual velocity, ensures the accuracy of
movement reproduction [25]. Last but not least, this concise design concept lowers the
robot’s manufacturing and maintenance costs while enhancing motion stability, offering a
feasible design reference for the development of cultural and artistic robots grounded in
mechanism theory [14,23]. This low-cost mechanical design avoids the high hardware and
maintenance costs of multi-joint humanoid robots for exhibition, which greatly reduces
the threshold of physical display for dance ICH. In addition, the established kinematic
optimization framework can be transplanted to other group folk dance heritage projects for
rapid mechanical prototype development.

A research method of comparing the theoretical kinematic model with prototype
motion measurement is adopted to evaluate the motion errors of the dancing robot and
provide an objective basis for mechanism optimization. By using the VICON system, the
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kinematic data of professional Danzhou Diaosheng dancers, the theoretical model and
the physical prototype were collected respectively [19]. Three types of errors were de-
fined to evaluate the approximation accuracy, manufacturing accuracy and reproduction
accuracy of the robot. The calculation results of RMSE and MAE showed that the motion
errors of the trunk, hand, elbow and knee joints were all at a low level, and the knee joint
trajectory even achieved nearly coincident performance. The error analysis verified that
the optimized mechanism parameters could meet the requirements of ICH movement
reproduction [36,39,40]. The main sources of motion uncertainty include machining tol-
erances, assembly clearance, mechanism friction, and low structural rigidity of slender
rods. These factors lead to minor trajectory deviations, but all errors are controlled within
a reasonable range for folk dance reproduction. The quantitative comparison via RMSE
and MAE can separately quantify the contribution degree of modeling error and mechani-
cal manufacturing error to the overall motion deviation. Compared with a single binary
comparison between model and prototype, the triple-subject comparison scheme realizes a
more systematic and rigorous experimental verification of motion reproduction accuracy.

The residual motion errors observed in the trunk, hand and joint trajectories can be
fully interpreted from the intrinsic mechanical characteristics of the proposed single-drive
coupled mechanism. Manufacturing tolerances of each connecting rod lead to deviations
between actual rod lengths and theoretical optimized values in Table 1, which directly shifts
the kinematic equilibrium position and generates a static trajectory offset. The periodic
position jitter during reciprocating dance motion is generated by the gear meshing clearance
and hinge assembly clearance of the transmission system. The sliding friction between
shifting forks and cam grooves creates hysteresis loss that cannot be fully eliminated under
quasi-static operation conditions. In addition, thin vertical support rods and crossbars
exhibit obvious structural compliance (low stiffness), resulting in elastic deformation under
small alternating loads, especially for the hand part with a large motion range, which
causes the relatively higher error e3 of hand trajectory. The cam profile limits the hand’s
moving track within a fixed arc-line composite path. The slight contact separation between
the roller and the cam groove at extreme positions further amplifies transient tracking
error. All mechanical factors mentioned above jointly contribute to the final RMSE and
MAE values.

To further enhance the analytical depth, a sensitivity analysis of key structural param-
eters is conducted. The influences of link lengths, installation positions, and transmission
ratios on motion trajectory and stability are evaluated. The results show that this system
maintains good motion stability within a reasonable parameter variation range. Com-
pared with traditional multi-motor cultural robots, the proposed single-actuator coupled
mechanism achieves a more compact structure, lower cost, and higher reliability while
ensuring satisfactory motion accuracy (RMSE < 1.47 mm). The design avoids complex
control systems and provides better stability for long-term exhibition scenarios. According
to long-cycle repeated tests, the mechanical structure maintains stable motion accuracy and
weak vibration during continuous operation. It possesses good robustness and durability,
fully satisfying the demand of long-term continuous exhibition in cultural venues.

Different from modern robots equipped with advanced intelligent control systems,
this prototype adopts a full mechanical driving and constraint scheme. Considering the
characteristics of Danzhou Diaosheng dance, complex motion planning, adaptive control
and Al algorithms will increase system complexity, cost and failure risk unnecessarily. The
proposed coupled mechanism and cam structure can physically constrain the movement
track, which guarantees high motion accuracy and long-term operation stability. This
technical route is more suitable for fixed-scene exhibition in cultural venues. Meanwhile,
we also point out the follow-up development directions: based on the existing mechanical
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platform, closed-loop feedback control and reinforcement learning algorithms can be
integrated in future research to expand the application scope of the robot. In future research,
the proposed design method will be adopted to develop single- and multi-character dancing
robots for other ethnic folk dances.

5. Conclusions

By designing a dedicated dancing robot and conducting a corresponding kinematic
analysis, this work integrates mechanical technology with the inheritance of Danzhou
Diaosheng. The adopted single-drive coupled mechanism design, kinematic analysis and
motion accuracy test method are able to provide practical references for the development
of similar dance robots and the reproduction of traditional folk dance movements. This re-
search offers new ideas for applying mechanical engineering to the protection of traditional
folk arts.
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