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Abstract. In dragon dance performances, precise control of formations and collision avoidance are
crucial for enhancing performance quality and safety. In recent years, mathematical modeling and
computational algorithms have become key research directions for optimizing dragon dance
formations. This study proposes a modeling approach based on the Archimedean spiral to analyze
the dynamic behavior of the "bench dragon" (a specific type of dragon in the formation) along
complex paths. By numerically solving the differential equations and geometric constraints using the
forward Euler method, the spatial distribution of the segments of the "bench dragon” is obtained, and
its dynamic evolution is simulated through time-stepping discretization. The results indicate that the
distance between the "bench dragon” and the origin gradually decreases. Within the first 300
seconds, the distance of the dragon head decreases by 3.8027 meters, and that of the dragon tail
decreases by 2.4486 meters, with more significant changes occurring in the segments closer to the
head. To prevent collisions, the minimum safe distance between the segments is maintained above
0.8 meters, and the maximum position deviation between the dragon head and tail is reduced to
1.3%. However, the inward spiral contraction characteristic of the Archimedean spiral may increase
the risk of trajectory overlap or collision in the central region of the spiral. This study provides
significant theoretical support and practical reference for the dynamic optimization of multi-segment
flexible systems.

Keywords: Archimedes Spiral, Forward Euler Method, Polar Trajectory Optimization, Velocity
Correlation Analysis, Multi-node Connected Rigid Body Dynamics.

1. Introduction

Dragon dance, as one of the symbols of Chinese traditional culture, not only carries rich historical
and cultural connotations but is also an important part of folk celebrations and festive activities [1].
For the bench dragon, ensuring smooth performance progression requires precise formation control
and collision avoidance, which have become critical issues to address. In traditional bench dragon
performances, collisions and misalignments between the benches are common, which can negatively
impact the overall performance and safety. Therefore, optimizing the movement path of the formation
through scientific methods and effectively avoiding collisions between the benches is key to
improving performance quality and safety. In recent years, with the development of motion modeling
and computer simulation technologies, the use of mathematical modeling and computational
algorithms to optimize dragon dance formations has become a new research trend.

This study focuses on the dynamic behavior of the bench dragon moving along an Archimedean
spiral at a constant speed. By analyzing and simulating the position distribution of each bench at
different times, the study explores the movement of the formation. First, the movement trajectory of
the dragon head's front handle is defined based on the Archimedean spiral, and the dynamic trajectory
is obtained by numerically solving the differential equations, which lack explicit solutions, using the
forward Euler method. Then, by applying geometric constraints with a fixed distance between each
handle, coordinate transformation is used to derive the position information of adjacent handles, thus
calculating the spatial distribution of the entire dragon. To ensure the movement conforms to actual
physical laws, the study further establishes a velocity transfer relationship between the dragon head
and the segments of the dragon body and uses time-stepping discretization methods to simulate the
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dynamic evolution of the entire dragon. Finally, an in-depth analysis is conducted on the movement
deviations caused by path contraction and velocity differences, exploring their potential impacts on
system stability and movement consistency.

The marginal contribution of this study lies in its development of a novel dynamic modeling
approach combining Archimedean spiral trajectories and forward Euler numerical methods to address
the gap in precise trajectory optimization for bench dragon performances. By introducing a velocity
transfer relationship and dynamic discretization framework, the study enables realistic simulation of
inter-segment motion coordination and effective collision avoidance, while also offering a practical
foundation for applying these optimization techniques to broader fields such as robotics and
biomechanics. These advancements enhance both the theoretical understanding and practical
implementation of multi-segment flexible systems [2, 3].

2. Motion Analysis of Dragon Dance Formation on Spiral Path

2.1. Overview of the Dragon Dance Structure

Given a bench dragon consisting of one dragon head, 221 dragon body segments, and one dragon
tail, all bench widths are identical. The lengths of the dragon body and dragon tail segments are the
same, and adjacent benches are connected via handrails. The connection between the dragon head
and the first body segment, along with the corresponding dimensions and data, is shown in Figure 1.

dragon head front handle
aperture 5.5cm

| |
| |
U dragon body length 220cm

dragon head length 341 cm
Figure 1. Schematic diagram of bench connection

2.2. Archimedean Spiral Path

The coiled path is an equidistant spiral with a pitch of 55 cm. Initially, the dragon head is located
at point A on the 16th turn of the spiral. The forward velocity remains constant at 1 m/s, and the
centers of all handrails lie on the spiral, meaning the trajectory of each handrail follows the equidistant
spiral shown in Figure 2. Here, A represents the initial position of the dragon head.

A

Figure 2. [sometric spiral diagram of handle trajectories

An equidistant spiral, also known as an Archimedean spiral, is a trajectory generated by a point
moving away from a fixed center at a uniform speed while rotating around the center at a constant
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angular velocity [4-6]. For such a curve, its polar coordinate equation offers a more convenient
expression for analysis. Therefore, the specific equation of the spiral where the handrail trajectories
lie is given as:

r=a+be (1)

Where r is the radial distance from the origin at angle &, and b is the increment in radial
length per unit increase in @, controlling the pitch of the spiral. The pitch p is calculated as:

b_dr P

"0 2x @

2.3. Handle Movement and Velocity Decomposition

The bench dragon consists of multiple long benches connected sequentially at their front and rear
handrails. Determining the positions of the handrails is a critical prerequisite for analyzing the relative
velocities between adjacent benches. The front handrail of the dragon head starts at point A with a
constant speed of 1 m/s. Its motion analysis is shown in Figure 3.

..--‘

Figure 3. Faucet front handle motion analysis

According to the definition of the equidistant spiral, the front handrail of the dragon head moves
along the spiral, combining uniform linear motion away from the center and uniform circular motion
around the center. The resultant velocity v is tangential to the trajectory and directed clockwise, with
a magnitude of 1 m/s [7, 8]. In polar coordinates, the resultant velocity v, can be decomposed into

radial velocity v, and tangential velocity v, as:

dr)’ [ dey
Vi=viHvisl — | 4| r— 3
Combining Equation (3) and the expression for vr, we derive the following differential equation:
dr d deo
—=—(a+bfd)=b—
dt dt( ) dt @

Simultaneous equations (3) and (4) are simplified to give the following differential equation:
b2 +(a+b6) do =dt (5)

There is no explicit solution to this differential equation and can only be solved by numerical
solution, here by the pre-Eulerian method. For Eq. (5), through the discretization time, the differential
equation is converted into a difference equation for recursion, the step size is set h=1s, and the

initial pole diameter 6, is the pole diameter corresponding to the starting point of the front handle
of the faucet A, and the recursive formula is as follows:
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1
b? +(a+b9)2

6,.,=6,+hf(0,,t,)=6,+h (6)

Thus, at a given time, the polar coordinates of the front handle of the faucet are(r (6), a(t)) .

2.4. Adjacent handle Recursive Relationship

The center of the handle of each bench is coiled into the spiral, and the relative distance remains
the same. Therefore, the connection of each handle to the previous hand can be regarded as a fixed
length of moving secant on a spiral. The geometric relationship between the dragon head and the first
dragon body is shown in Figure 4.

distance between the faucet handles

IAY
a la’lce I’)eZM/EEfl f Y
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5 Eg\é
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front handle center By ction] . front handle center B,

Figure 4. The geometric relationship between the head and the first section
In polar coordinates, the formula for coordinates (r,,6,) and (r,,6,) distances are:

L=\/ra2+rb2—2rarb cos(6,-6,) (7)

Substituting the center of the front handle of the first section of the dragon body B, (1,6, ) and
the center of the front handle of the dragon head B, (r,, 6, ),

dy=y(a+b6, ) +(a-+b6,)’ —2(a+bd, )(a+b6,)cos(6, -4, ®)

Among them, the distance between the dragon head handlebars, and the right limit &, — 6,
ensures that the correct center of the first section of the dragon body front handle is found at many
points on the spiral line that meet the distance requirements. From this formula, we can obtain the
polar angle 6, corresponding to the center of the front handle of the first dragon body.

2.5. Comprehensive Solution of Position and Velocity

The speed of the front handle of the faucet is constant and known, and the planks do not deform
during travel. Therefore, the velocity of the rear grip (i.e., the next section of the front handle) can be
obtained about the speed of the front handle [9, 10].

According to the analysis of the speed direction of the front handle of the faucet, it can be known
that the speed direction of each handle is the clockwise tangent direction of the point on the spiral.
Through the parametric equation of Eq. (3), the velocity direction of the handle in the Cartesian
coordinate system is obtained by deriving. Taking the ith dragon body handle as an example, the
velocity direction vector n, is:

n, =(bcosé, —(a+be,)sin g, bsin 6, +(a+be,)cosa, ) (9)

As shown in Figure 5, taking the faucet as an example, the front handle, the rear handle, and its
connecting part are simplified into a rod, and the rod cannot be stretched or compressed because the
wooden board does not deform during the march. The speed of the front and rear handles is the same

along the direction of the rod, and the speed is correlated, that is Vv, cos «, =V, COs «r; . Wherein,
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V, is the speed of the front handle of the faucet, v, is the speed of the rear handle of the faucet (i.e.,
the front handle of the first section of the dragon body), ¢, is the angle between the speed of the
front handle of the faucet and the direction of the rod, and ¢, is the angle between the speed of the
rear handle of the faucet and the direction of the rod.

B, (xo,yo)

Vog

B, (xlayl)

Figure 5. Schematic diagram of faucet speed correlation

n, =(bcosd, —(a+bo,)sing,bsind, +(a+be,)cose)
n_, =(bcosd_ —(a+bd_)sing,,bsing,, +(a+bg,,)cosd,,)

oS e n; DB,BI 5
\n BB (10)
cosq; , =— 1[B'B' =
[ples ]

BB, =((a+h8,)cos6, —(a+bd,_, )cosd,,,(a+h6,)sing, —(a+bo_,)sind,_,)

Among them, 6, is the size of the polar angle of the center of the front handle of the ith dragon in
polar coordinates.

3. Handle Trajectory and Velocity Results

3.1. Handle Trajectory Simulation

The spiral departs from the origin, and the distance is zero when & = O to the origin, that is
a = 0. Knowing the pitch P = 0.55m, brought in equation (2), the solution b=0.55/27 obtains
that the spiral equation where the handle trajectory is located is:

_055
27

Taking the center of the front handle of the dragon head and the center of the front handle of the
first section of the dragon body as examples, the path within 0~300s is simulated in Figure 6.

r 6 (11)
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The trajectory of the dragon head along the spiral

------ Archimedes Spiral
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Figure 6. Schematic diagram of the path within 0~300s

As can be seen from Figure 6 (a) (b), the trajectories of the center of the front handle of the dragon
head and the front handle of the first section of the dragon body follow the spiral equation, and the
distance remains constant. Similarly, the coordinates of 224 handles per second in 0~300s are
calculated, and the results are shown in Table 1.

Table 1. Results of each bench position

0s 60s 120s 180s 240s 300s
Faucet x(m) 8.80000 5.82510 -4.01887 3.08103 2.76991 4.28626
Faucet y(m) 0.00000 5.74552 -6.34785 6.03816 5.27142 2.56917
1st Body x(m) 8.36382 7.47228 -1.36805 5.32084 4.93686 2.21144
1st Body y(m) 2.82654 3.40749 -7.42151 4.,25972 3.40489 4.53760
51st Body x(m) 9.51873 8.69680 -5.60304 2.76959 6.08484 6.31976
51st Body y(m) 1.34114 2.50527 6.32649 7.29789 3.66349 0.18442
101st Body x(m) 2.91398 5.71691 5.42655 2.02594 4.76296 6.38638
101st Body y(m) 9.918312 7.98052 -7.51230 8.44346 6.49859 3.69660
151st Body x(m) 10.86173 6.65437 2.312210 0.87573 2.78171 6.89010
151st Body y(m) 1.82875 8.15781 9.74660 9.43886 8.46434 4.63103
201st Body x(m) 455510 6.64912 10.63758 9.23385 7.33278 7.29496
201st Body y(m) 10.72512 9.00425 1.28163 4.36518 6.33048 5.49252
Tail x(m) -5.30544 7.39258 10.96865 7.29138 3.05683 1.50821
Tail y(m) 10.67658 8.77482 0.92217 7.58394 9.53219 9.35268
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The distance between the bench dragon and the origin decreases over time as the bench dragon
moves towards the origin as a whole. Specifically, the distance between the front handles of the
dragon's head, body, and tail and the origin shows different rates of change. The most pronounced
change in the distance between the dragon's head and the origin, which decreased by 3.8027 meters in
the first 300 seconds, showing a significant reduction in distance, compared to the slower change in
the distance between the dragon's tail and the origin, which decreased by only 2.4486 meters in the
first 300 seconds. Overall, the closer you get to the faucet, the more significant the change in the
distance between the front handle and the origin.

During the movement of the bench dragon, the dragon head did not significantly collide with other
parts in the time range from 0 to 300 seconds. As can be seen from the position map, the positions of
the individual front and rear handles and benches are maintained at a high distance from other benches,
so it can be assumed that there were no overlaps or collisions during this period.

However, when the Bench Dragon traveled along the spiral path, the inward contraction of the spiral
caused the Bench Dragon to gradually decrease from the center of the spiral. Over time, this trend may
increase the risk of overlapping or colliding parts of the bench dragon, especially in areas closer to the
center of the spiral.

3.2. Handle Velocity Simulation

The obtained coordinates at each time and the coiled spiral equation are brought into Eqg. (9), and
the parameters such as the velocity direction vector and the plate direction vector of each handle at
each time are obtained by Python programming, and the velocity is obtained by correlating the velocity,
and the result is shown in Table 2.

Table 2. Partial velocity results

0s 60s 120s 180s 240s 300s
Faucet (m/s) 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000
1st Body (m/s) 0.999971 0.999961 0.999945 0.999917 0.999859 0.999711

51st Body (m/s) 0.999741 0.999662 0.999538 0.999331 0.998943 0.99807
101st Body (m/s) 0.999575 0.999453 0.999269 0.998972 0.998438 0.997310
151st Body (m/s) 0.999448 0.999299 0.999078 0.998728 0.998117 0.996870
201st Body (m/s) 0.999348 0.999180 0.998935 0.998552 0.997896 0.996584

Tail (m/s) 0.999311 0.999137 0.998883 0.998490 0.997819 0.996487

The speed of the front handle of the bench dragon shows a certain regularity with time, and the
speed of the front handle of the dragon head is always kept constant, at 1 m/s, which is not affected by
time change. In contrast, the speed of the front handle and the rear handle of the dragon gradually
decreases with time, and on the whole, the speed of the bench dragon shows a decreasing trend with
time.

In terms of the difference in speed change, the speed of the front handle of the dragon head is always
stable, while the speed of the front handle of the dragon body and the rear handle of the dragon tail
decreases significantly. Especially for the dragon body, the farther away from the dragon head, the
more significant the speed change of the handle, which indicates that the speed change of the bench
dragon at different positions has a certain non-uniformity.

From the perspective of risk, since the speed of the dragon head is always maintained at 1 m/s,
which is significantly higher than the speed of the dragon body and tail when the time exceeds 300
seconds, the dragon head gradually enters the inner circle of the spiral path. At this time, the joints of
the dragon’s body and tail may be difficult to keep up with the trajectory of the dragon's head due to
the difference in speed, which increases the risk of overlapping trajectories or collisions.
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4. Conclusion

This study drew several key conclusions from the movement analysis of the dragon dance formation.
In terms of position, the distance between the front handle and the origin of the faucet gradually
decreases from 8.8 meters to 4.29 meters in 0 to 300 seconds. In terms of speed, the speed of the faucet
is always maintained at 1m/s, while the speed of the other benches gradually decreases. Further
analysis of the handle position showed that the distance between the front handle of the dragon's head,
the dragon's body, and the dragon’'s tail gradually decreased, and the distance between the dragon's
head and the origin changed the most drastically, with a change of 3.80 meters in the first 300 seconds,
while the distance between the dragon's tail and the origin changed slightly, only 2.45 meters.

The motion analysis framework proposed in this paper provides valuable ideas for research in
related fields. The method combines path modeling, velocity decomposition, and numerical simulation
to verify its feasibility and effectiveness in dynamic system analysis. This framework is not only
applicable to the study of dragon dance formations, but also to a wide range of fields such as robotics,
biomechanics, and other dynamic system analyses involving multiple interacting motion component.

However, the path modeling does not fully account for errors in complex scenarios, and the velocity
model excludes external environmental factors. Future work will focus on incorporating more
sophisticated modeling methods and considering various environmental variables. Additionally, the
method's applicability will be extended to scenarios such as motion analysis on non-planar terrains or
dynamic systems like bionic robots and multi-joint manipulators. These improvements will further
enhance the theoretical value and practical applicability of this research.
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