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Abstract

An integrated structural parameter optimization method is presented to improve the vibration
performance of medical rotating systems. Key geometric and material parameters were selected
using sensitivity analysis, and a response surface model was constructed based on 48 finite element
simulations. The optimization objective was to minimize vibration displacement under operational
speeds between 300 and 900 rpm. Results indicate that optimized designs reduced maximum
vibration displacement by 31.2% while maintaining structural stiffness within +5% of the original
design. The proposed framework provides an effective pathway for vibration reduction without
introducing additional damping devices.
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1. Introduction

Medical rotating systems, including computed tomography (CT) gantries and other precision
rotating assemblies, operate under strict vibration limits because mechanical motion directly affects
signal stability, imaging consistency and long-term service reliability [1]. As operating speed
increases, small geometric deviations, mass distribution errors, and stiffness variation can excite
structural modes and amplify vibration displacement [2]. Excessive vibration not only degrades
imaging quality but also accelerates wear in bearings and drive components, increasing maintenance
requirements and reducing system availability [3]. Recent developments in clinical imaging systems
indicate that mechanical layout and operating speed continue to evolve toward higher throughput
and finer resolution, which places increasing demands on vibration performance over a wide speed
range rather than at a single operating point [4]. In this context, recent studies on medical structural
components have emphasized the importance of computational modeling in linking design
parameters to mechanical performance under realistic service conditions [5]. Modeling-based
investigations of medical welded structures have shown that local structural characteristics and
parameter selection can significantly influence stress distribution and fatigue-related performance
metrics, highlighting the value of simulation-driven design optimization in medical applications [6].
Although such studies focus on different structural forms, they underscore a common principle:
reliable performance in medical systems increasingly depends on quantitative prediction and
optimization of structural behavior rather than empirical adjustment [7].

Over the past decade, vibration improvement strategies for rotating systems have gradually
shifted from the addition of damping devices toward design-stage optimization of structural
parameters [8]. Finite element analysis is widely used to evaluate mode shapes, natural frequencies
and dynamic response characteristics, while surrogate models are often introduced to reduce the
computational cost associated with repeated simulations during optimization. Response surface
methods have been applied to vibration-related design problems in rotating and high-speed
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structures, enabling efficient mapping between design variables and vibration response using a
limited number of simulations [9]. To further improve efficiency and robustness, recent studies have
reported adaptive and high-accuracy surrogate modeling strategies that better capture nonlinear
behavior in complex design spaces and near resonant regions [10]. Parameter screening and
sensitivity analysis have also become integral components of vibration-oriented optimization
workflows [11]. By identifying parameters that exert the greatest influence on dynamic response,
these methods reduce model dimensionality and improve optimization stability. Recent work has
proposed sensitivity-based frameworks that relate parameter importance to vibration or
displacement objectives, allowing designers to focus on a small set of effective variables while
maintaining structural and functional constraints [12,13]. In parallel, hybrid optimization approaches
that combine statistical regression with classical design-of-experiments techniques have been applied
to rotating systems, offering a balance between physical interpretability and computational efficiency
[14]. Broader reviews on vibration and noise control further emphasize that reliable surrogate models
and consistent performance metrics are essential for translating optimization outcomes into practical
engineering solutions [15].

Despite these advances, several limitations remain when vibration optimization methods are
applied to medical rotating structures. First, many existing studies focus on general machinery or
industrial frames, and their operating conditions do not fully reflect the speed range, assembly
constraints, and reliability requirements characteristic of medical equipment. As a result, optimized
parameters may not transfer directly to medical platforms [16]. Second, surrogate models are
sometimes constructed using limited sampling plans, which may overlook nonlinear response
behavior near resonant regions. This can lead to designs that perform well at sampled conditions but
exhibit increased vibration under unsampled operating speeds [17]. Third, validation is often
conducted at a small number of steady operating speeds, whereas medical rotating systems typically
experience speed variation during start-up and shut-down. Although imbalance-related vibration
has been widely investigated, systematic structural parameter optimization without reliance on
additional damping devices remains relatively underexplored for medical rotating applications [18].

In this study, a structural parameter optimization framework is developed for medical rotating
systems that integrates sensitivity-based parameter selection with response surface modeling. Finite
element simulations are used to construct a surrogate model capturing the relationship between key
structural parameters and vibration displacement over a broad operating speed range. Optimization
is carried out across rotational speeds from 300 to 900 rpm, with the objective of reducing vibration
displacement while maintaining structural stiffness within +5% of the baseline design. By focusing
on design-stage parameter adjustment rather than auxiliary damping measures, the proposed
approach provides a practical and efficient solution for vibration reduction and supports systematic
engineering iteration in medical rotating system design.

2. Materials and Methods

2.1. System description and study objects

The analysis was performed on a medical rotating structure typical of diagnostic imaging
equipment. The system included a rotor, support frame, drive unit, and bearing assembly. One
baseline configuration was defined according to a common clinical design. Based on this
configuration, 48 structural variants were generated by adjusting selected geometric and material
parameters within practical manufacturing limits. The rotational speed ranged from 300 to 900 rpm,
covering normal operating conditions and regions close to resonance. All variants were analyzed
using identical boundary conditions to allow direct comparison of vibration response.

2.2. Experimental design and control configuration

A design-based numerical study was carried out instead of physical testing. The baseline
structure was treated as the control case, while the parameter-modified designs formed the
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comparison group. Design variables such as local thickness, support stiffness, and elastic modulus
were chosen based on structural relevance and preliminary screening. Each design variant was
evaluated independently using finite element analysis. This setup isolated the influence of structural
parameters on vibration displacement without changing operating speed, boundary constraints, or
introducing added damping elements.

2.3. Measurement methods and quality control

Dynamic behavior was obtained from finite element simulations that included mass distribution,
stiffness, and rotational constraints. Modal analysis was first conducted to identify dominant modes
within the target speed range. Harmonic response analysis was then used to calculate vibration
displacement under rotational excitation. Mesh density was increased in regions of high stress and
displacement to reduce numerical error. Convergence checks confirmed that vibration results were
stable with respect to mesh size. Material properties and loading conditions were kept consistent
across all simulations to ensure repeatability.

2.4. Data processing and model formulation

Post-processing focused on extracting the maximum vibration displacement at selected critical
locations. A second-order response surface model was fitted to describe the relation between
structural parameters and vibration response, given by

n n
- E § 2 §
y_ﬁ0+ 161' xit ﬁii Xt ﬁl] XiXjs
i=1 i=1 i<j
Where y represents vibration displacement, x; are normalized design variables, and 3 are
regression coefficients. Structural stiffness change was evaluated using

K-K,
AK= x100%,
0

where K| is the stiffness of the baseline structure and K is that of a modified design. These

expressions allowed vibration reduction to be assessed together with stiffness preservation.

2.5. Optimization procedure and validation

The response surface model served as a surrogate in the optimization process. Vibration
displacement was minimized subject to a stiffness constraint of +5% relative to the baseline design.
The search was carried out within predefined parameter bounds. The optimal design identified by
the surrogate model was then reanalyzed using a full finite element simulation. Agreement between
surrogate predictions and finite element results was used to verify the reliability of the optimization
procedure for vibration improvement in medical rotating structures.

3. Results and Discussion

3.1. Vibration response of the baseline structure

The baseline design exhibited a clear increase in vibration displacement with rising rotational
speed. At lower speeds, displacement grew gradually, while a faster rise occurred as the speed
approached the dominant structural modes. The maximum displacement appeared at locations with
reduced local stiffness, such as support transitions and connection regions, indicating that
compliance distribution played a stronger role than mass variation alone. This speed-dependent
response is typical for rotating structures operating near resonance. Similar amplitude growth trends
have been reported in recent vibration studies based on response analysis under varying operating
conditions, where displacement increases sharply once structural modes become active [19]. Figure
1 illustrates this behavior for the present medical rotating structure within the 300-900 rpm range.
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Figure 1. Vibration displacement of the medical rotating structure versus rotational speed for baseline and

optimized designs.

3.2. Sensitivity results and dominant design parameters

Sensitivity analysis across the 48 design samples revealed that vibration displacement was
governed by a limited number of structural parameters. Parameters related to local thickness along
the main load path and stiffness in the support region produced the largest changes in displacement.
In contrast, several geometric details had only minor influence within the tested ranges. This result
indicates that vibration reduction can be achieved by targeting specific compliance-sensitive regions
rather than modifying a large number of design variables. Similar findings have been reported in
response-surface-based vibration optimization studies, where sensitivity screening is used to reduce
the design space and improve robustness of the surrogate model [20]. These results justify the
parameter selection adopted in the present optimization framework.

3.3. Response surface behavior and parameter interaction

The second-order response surface model provided a stable description of the relationship
between structural parameters and vibration displacement. The fitted surface captured both
nonlinear trends of individual parameters and interaction effects between parameter pairs. The
strongest interaction was observed between local thickness near the support region and the global
stiffness parameter, where increasing thickness led to a larger displacement reduction when stiffness
was simultaneously increased. This interaction explains why one-parameter tuning is insufficient for
vibration control in compact rotating structures. Response surface representations have been widely
used to reveal such coupled effects in structural optimization problems, as shown in recent studies
on vibration-oriented surrogate modeling [21]. Figure 2 presents the response surface obtained in this
study and highlights the coupled influence of key parameters on peak vibration displacement.
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Figure 2. Response surface relating selected structural parameters to peak vibration displacement.

3.4. Optimization outcome and comparison with published studies

After optimization, the maximum vibration displacement was reduced by 31.2% across the
operating speed range, while the stiffness variation remained within +5% of the baseline design. The
improvement was most pronounced near the peak-response region, where moderate stiffness
enhancement produced a clear reduction in displacement. This result is consistent with published
optimization studies showing that response-based objectives are more effective for vibration
reduction than frequency-shift-only strategies, particularly when resonance cannot be avoided [22].
Compared with recent response-surface-driven vibration optimization workflows, the achieved
reduction level falls within the reported improvement range, while maintaining a tighter stiffness
constraint suitable for medical rotating equipment. These results indicate that the proposed
parameter optimization approach is effective for vibration control without introducing additional
damping devices.

4. Conclusion

This work studied vibration reduction in medical rotating systems using structural parameter
optimization based on sensitivity analysis and response surface modeling. The results indicate that
vibration displacement is mainly controlled by a small set of stiffness- and thickness-related
parameters along the primary load paths. Adjusting these parameters leads to a clear reduction in
vibration without adding damping devices or changing operating conditions. Using a finite-element-
based surrogate optimization approach, the maximum vibration displacement was reduced by 31.2%,
while the overall structural stiffness remained within +5% of the original design. The study shows
how interactions between key structural parameters influence vibration response in compact rotating
systems. It also confirms that response-based optimization is more effective than strategies that rely
only on shifting natural frequencies.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0877.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 January 2026 d0i:10.20944/preprints202601.0877.v1

6 of 7

References

1. Luan, X, Yu, H, Ding, C,, Zhang, Y., He, M., Zhou, J., & Liu, Y. (2025). A Review of Research on Precision
Rotary Motion Systems and Driving Methods. Applied Sciences, 15(12), 6745.

2. Chen,F, Liang, H., Yue, L., Xu, P., & Lj, S. (2025). Low-Power Acceleration Architecture Design of Domestic
Smart Chips for Al Loads.

3.  Bhosle, S. M., Bhosale, S. S., Mahadik, S. C., & Pondkule, S. M. (2025). Exploring research trends in use of
finite element analysis for optimization of stress concentration factor in bars with fillets. Discover
Mechanical Engineering, 4(1), 68.

4. Yuan, M, Wang, B., Su, S.,, & Qin, W. (2025). Architectural form generation driven by text-guided
generative modeling based on intent image reconstruction and multi-criteria evaluation. Authorea
Preprints.

5. Hashemi, S. M., Parvizi, S., Baghbanijavid, H., Tan, A. T., Nematollahi, M., Ramazani, A., ... & Elahinia, M.
(2022). Computational modelling of process—structure-property-performance relationships in metal
additive manufacturing: A review. International Materials Reviews, 67(1), 1-46.

6. Gui, H, Wang, B, Lu, Y., & Fu, Y. (2025). Computational Modeling-Based Estimation of Residual Stress
and Fatigue Life of Medical Welded Structures.

7. Islam, M. A, & Haque, E. A. (2022). Advances And Limitations Of Fracture Mechanics—Based Fatigue Life
Prediction Approaches For Structural Integrity Assessment: A Systematic Review. American Journal of
Interdisciplinary Studies, 3(03), 68-98.

8.  Sheu, J. B, & Gao, X. Q. (2014). Alliance or no alliance—Bargaining power in competing reverse supply
chains. European Journal of Operational Research, 233(2), 313-325.

9.  Hosseini, S. H. S., Hajzargarbashi, S., & Liu, Z. (2025). Enhancing robotic manipulator performance through
analyzing vibration, identifying deep-learning-based modal parameters, and estimating frequency
response functions. The International Journal of Advanced Manufacturing Technology, 1-23.

10. Wu, S, Cao, J., Su, X, & Tian, Q. (2025, March). Zero-Shot Knowledge Extraction with Hierarchical
Attention and an Entity-Relationship Transformer. In 2025 5th International Conference on Sensors and
Information Technology (pp. 356-360). IEEE.

11.  Alemayehu, D. B., Todoh, M., & Huang, S. J. (2025). Hybrid Biomechanical design of dental implants:
integrating solid and gyroid triply periodic minimal surface lattice architectures for optimized stress
distribution. Journal of Functional Biomaterials, 16(2), 54.

12. Zar, A., Hussain, Z., Akbar, M., Rabczuk, T., Lin, Z., Li, S., & Ahmed, B. (2024). Towards vibration-based
damage detection of civil engineering structures: overview, challenges, and future prospects. International
Journal of Mechanics and Materials in Design, 20(3), 591-662.

13. Narumi, K,, Qin, F., Liu, S., Cheng, H. Y., Gu, J., Kawahara, Y., ... & Yao, L. (2019, October). Self-healing UI:
Mechanically and electrically self-healing materials for sensing and actuation interfaces. In Proceedings of
the 32nd Annual ACM Symposium on User Interface Software and Technology (pp. 293-306).

14. Remache, A., Pérez-Sanchez, M., Hidalgo, V. H., & Ramos, H. M. (2025). Hybrid Optimization Approaches
for Impeller Design in Turbomachinery: Methods, Metrics, and Design Strategies. Water, 17(13), 1976.

15. Feng, H. (2024). High-Efficiency Dual-Band 8-Port MIMO Antenna Array for Enhanced 5G Smartphone
Communications. Journal of Artificial Intelligence and Information, 1, 71-78.

16. Kim, J. C,, Cheong, S. K., & Noguchi, H. (2013). Residual stress relaxation and low-and high-cycle fatigue
behavior of shot-peened medium-carbon steel. International Journal of Fatigue, 56, 114-122.

17. Wu, C,, Chen, H., Zhu, ], & Yao, Y. (2025). Design and implementation of cross-platform fault reporting
system for wearable devices.

18. El-Khoury, O., & Adeli, H. (2013). Recent advances on vibration control of structures under dynamic
loading. Archives of Computational Methods in Engineering, 20(4), 353-360.

19. Singh, G., & Vasudev, H. (2025). A review on smart welding systems: Al integration and sensor-based
process optimization. Journal of Advanced Manufacturing Systems, 1-30.

20. Chen, F,, Liang, H., Li, S., Yue, L., & Xu, P. (2025). Design of Domestic Chip Scheduling Architecture for
Smart Grid Based on Edge Collaboration.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0877.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 January 2026 d0i:10.20944/preprints202601.0877.v1

7 of 7

21. Zhang, X,, Gao, Y., Hu, X,, Li, H,, Zhang, Z., & Li, Y. (2025). Research on intelligent prediction of vibration
performance and multi-objective optimization using CGWOA-RBF enhanced neural network and
MOCGWOA-based optimization algorithm. Proceedings of the Institution of Mechanical Engineers, Part
C: Journal of Mechanical Engineering Science, 09544062251395655.

22. Bourouina, H., Derguini, N., & Yahiaoui, R. (2023). Coupling spring-induced resonance shift in PDNB
system with PSH network. Microsystem Technologies, 29(1), 91-106.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.0877.v1
http://creativecommons.org/licenses/by/4.0/

