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Abstract. Conductive rolling rings utilize a rolling electrical contact mechanism for power and 
signal transmission, effectively mitigating friction, enhancing transmission efficiency, and 
extending service life compared to traditional sliding rings. This study investigates the kinematics 
of the flexible ring using the simulation method. By analyzing velocity contour plot and 
decomposing velocity vectors, the superposition characteristics of the ring's spin-orbit coupled 
motion are elucidated. Simulation results indicate that the linear velocity peaks at 363 mm/s at the 
inner ring interface and approaches zero at the outer ring. Furthermore, the slide-to-roll ratio was 
calculated to quantify rolling performance. Across deformation levels ranging from 0.3 mm to 
0.7 mm, the SRR remains exceptionally low (0.0008-0.0033). This confirms minimal relative slip 
at the contact interface, demonstrating an ideal pure rolling friction state. These findings provide 
a reliable theoretical and simulation basis for structural optimization, friction pair matching, and 
practical applications of conductive rolling rings.  
Keywords: conductive slip ring, dynamic analysis, speed, slide-roll ratio. 

1. Introduction 

Conductive rolling rings adopt rolling electrical contact to mitigate severe wear and short 
service life of conventional sliding rings, thus widely used in aerospace industries. Existing 
research has developed design and fabrication methods for elastic rings under harsh environments 
to support practical engineering applications [1]-[3]. By replacing sliding contact with rolling 
contact, these rings significantly reduce friction and offer superior transmission efficiency and 
longevity. With modern technological advancements, the research significance of conductive 
rolling rings has become increasingly prominent [4], [5].  

Squires [6] developed a space-specific roll-ring, validating its reliability through a 
234-million-revolution accelerated test. The results confirmed the system's dynamic contact 
resistance and signal stability, establishing a robust design framework for deep-space equipment. 
Weber [7] conducted comparative experiments between conductive roll rings and traditional brush 
slip rings. By analyzing friction loss, contact resistance fluctuation, and transmission efficiency, 
the study highlighted the superior wear resistance and adaptability of rolling contact structures for 
aerospace applications. Ferreira [8] established a test platform to compare the triboelectric 
behaviors of flexible rolling rings and metal wire rings. The study quantified differences in wear 
loss and signal transmission, specifically analyzing the influence of coating surface states on the 
contact performance of rolling conductive pairs. Furthermore, Yang [9] investigated failure 
mechanisms within the contact regions, linking microstructural evolution under current-carrying 
friction to interface damage progression. Similarly, Chen [10] examined the lifespan of aerospace 
conductive rolling rings, identifying interface damage evolution as the primary factor limiting 
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long-term stable performance. 
Previous studies fail to precisely characterize the 3D elastic deformation and contact behavior 

of flexible rings, without mechanical verification of pure rolling stability. Herein, a multi-physics 
simulation platform is built to quantify the spin-orbit velocity ratio of 0.0016. This micro-
kinematic verification validates the structural reliability and uncovers the motion mechanism of 
high-power conductive rolling rings. 

2. Establishment of the simulation model 

2.1. 3D modeling and meshing of the power rolling ring 

Simulation analyses are conducted using COMSOL Multiphysics, with the roll-ring model 
depicted in Fig. 1. The flexible ring is modeled as structural steel (𝐸 ൌ 200 GPa, 𝜈 ൌ 0.3,  𝜌 ൌ 7850 kg/m3) and meshed with tetrahedral elements of minimum size 0.5 mm, refined to 
0.2 mm at contact interfaces. The outer conductive ring is fully fixed, while the inner ring rotates 
at 60 rpm. Frictionless contact is defined between the flexible ring and outer ring, whereas 
frictional contact (𝜇 ൌ 0.05) is set between the flexible ring and inner ring. To simulate varying 
load conditions, radial interferences of 0.3 mm, 0.5 mm, and 0.7 mm are applied as preloads. 
Power transmission is achieved through rolling friction between the flexible ring and the outer 
ring. 

Fig. 1 overall design of the power rolling ring. Power transmission is realized via rolling 
friction between the flexible ring and the fixed outer conductive ring. 

 
Fig. 1. Power rolling ring design model 

2.2. Analysis of the speed of the power roller ring 

2.2.1. Analysis of power roll ring speed 

Fig. 2(a) illustrates the kinematic analysis and the composite motion principle of the flexible 
ring based on its geometric configuration. Fig. 2(b) presents the velocity contour plot, revealing a 
distinct gradient distribution during operation. The velocity peaks at 363 mm/s at contact point A 
(inner ring interface) and gradually decreases along both paths (A→B→C→D→E and 
A→K→G→F→E), approaching zero at contact point E (outer ring interface). This distribution 
results from the superposition of spin and orbital velocities under pure rolling conditions, where 
the two velocities are equal in magnitude but vary in directional alignment depending on the 
position. 

Furthermore, the velocity vector analysis in Fig. 3 reveals the velocity superposition 
mechanism at characteristic points: 1. Point A: The spin velocity (𝑉ଶ) and orbital velocity (𝑉ு) are 
in the same direction, resulting in the maximum linear velocity 𝑉஺ ൌ 𝑉ு ൅ 𝑉ଶ. 2. Points B and K: 
The angle between 𝑉ଶ and 𝑉ு  is 45°, yielding resultant velocities 𝑉஻ and 𝑉௄ that are lower than 𝑉஺. 
3. Points C and G: With a 90° angle between 𝑉ଶ and 𝑉ு, the resultant velocities 𝑉஼ and 𝑉  decrease 
further. 4. Points D and F: As the angle between 𝑉ଶ and 𝑉ு increases to 135°, the resultant 
velocities 𝑉஽ and 𝑉ி continue to drop. 5. Point E: The spin velocity (𝑉ଶ) and orbital velocity (𝑉ு) 
are in opposite directions, resulting in a near-zero linear velocity 𝑉ா ൌ 𝑉ு െ 𝑉ଶ ൎ 0. The above 
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points summarize the velocity superposition mechanism of the flexible ring. 

 
a) Kinematic analysis schematic 

 
b) Flexible ring velocity contour plot 

Fig. 2. Kinematic analysis schematic and flexible ring velocity contour plot 

 
Fig. 3. Velocity decomposition along flexible rings 

The velocity synthesis mechanism was analyzed in conjunction with the velocity vector 
diagram (Fig. 4(a)). Based on vector addition principles, the theoretical velocity trajectory aligns 
well with actual conditions. To further validate the model, the results were compared with the 
operational contour plots of the flexible ring (Fig. 4(b)) to verify kinematic characteristics under 
pure rolling. The results show excellent agreement with theoretical predictions, demonstrating 
high reliability. 

 
a) Velocity vectors 

 
b) Contours plot 

Fig. 4. Flexible ring kinematics 

2.2.2. Calculation of the flexible loop's rotational speed 

To address the challenge of velocity extraction under coupled rotation and revolution, we 
adopted Wang Q. et al.’s [11] flexible ring method on an elastic foundation. The instantaneous 
resultant velocity is precisely acquired via vector summation of 𝑌-𝑍 axis velocities and probe 
monitoring at key locations. 

For precise dynamic calculation, the velocity is quantified using the inner ring speed (𝑉ଵ), 
flexible ring rotation speed (𝑉ଶ), and revolution speed (𝑉ଷ). Contour analysis reveals that the 
maximum velocity occurs at the inner contact point (𝑉௠௔௫ ൌ 𝑉ଶ ൅ 𝑉ଷ), while the minimum occurs 
at the outer contact point (𝑉௠௔௫ ൌ 𝑉ଷ െ 𝑉ଶ). By extracting the global maximum and minimum 
velocities in the 𝑌𝑍 plane, 𝑉ଶ and 𝑉ଷ can be decoupled and solved simultaneously. 

V 1

O

AK
G

F
E

D
C

B

A V A

V H

V 2
V H

V 2

B

V B
V H

V 2

C

V C

V H

V 2

D

V D

V HV 2

V   ¡ Ö0E

E V HV 2

F

V F

V H

V 2

G

V G

V H

V 2

K

V K

V A

V B

V C

V DV   ¡ Ö0E

V F

V G

V K



KINEMATIC ANALYSIS AND SLIP-ROLL RATIO QUANTIFICATION FOR CONDUCTIVE ROLL-RING FLEXIBLE RINGS.  
JUNYE LI, HONGXU TIAN, ZENGWEI ZHOU, JUN ZHANG, LIANG XU, PINGPING WEI 

376 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479  

To validate accuracy, two probes on the flexible ring monitored real-time velocities. As shown 
in Fig. 7, both points exhibit periodic oscillations with maxima below 370 mm/s, indicating 
stability. The strong agreement between simulation data and theoretical calculations confirms the 
method's reliability. 

 
Fig. 5. Flexible ring and velocity curve diagram 

2.2.3. Calculation of the rolling ratio for flexible rolling rings 

The rotation and revolution velocities of the flexible ring are thus obtained. The inner contact 
velocity (𝑉ଵ) equals the product of the inner ring's rotational speed and radius. The sliding velocity 
is the difference between 𝑉ଵ and the flexible ring velocity. Accordingly, the slide-to-roll ratio is 
given by: 

𝜆 ൌ 𝑉ଵ െ ሺ𝑉ଶ ൅ 𝑉ଷሻ𝑉ଵ . (1)

Table 1. Flexible circular velocity and roll slip ratio 

DeflectionInternal conductive ring 
line velocity (𝑉ଵ) 

Linear velocity of the 
flexible ring during its 

rotation (𝑉ଶ) 

Linear orbital velocity of the 
flexible ring during revolution 

(𝑉ଷ) 

Sliding 
ratio 

0.3 362.84 181.15 181.22 0.0008 
0.5 363.65 181.48 181.59 0.0016 
0.7 364.12 181.75 182.05 0.0033 

As shown in the table, the flexible ring's revolution velocity slightly exceeds its rotation 
velocity, and their sum is marginally below the inner ring velocity. The very low slide-to-roll ratio 
indicates negligible macroscopic sliding, confirming near-ideal pure rolling. The slight increase 
in this ratio under higher loads further demonstrates kinematic stability. These results validate that 
the proposed velocity vector synthesis method accurately captures the flexible ring’s true motion, 
providing a reliable basis for dynamic analysis. 

3. Conclusions 

Unlike 2D simplified or single-component theoretical models, this study establishes a 3D 
full-structure simulation model to accurately replicate the assembly and kinematic constraints of 
the conductive slip ring system, yielding results highly consistent with practical engineering 
conditions. 

The flexible ring exhibits a distinct velocity gradient, peaking at 363 mm/s at the inner contact 
and approaching zero at the outer contact. Analysis across varying deformations reveals an 
exceptionally low slide-to-roll ratio of 0.0008-0.0033, which increases only marginally with load. 
These results confirm an ideal pure rolling state and excellent kinematic stability, providing a solid 
theoretical basis for future structural optimization. 
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