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Table 1 ML prediction accuracy of stress zone performance
indicators (5-fold CV, nested CV and hold-out test)

R
Performance
RF  XGBoost GBR Nested CV Hold-out test
Attenuation 09901 0.9887 0.9900 0.9904 0.9870
Radiation-induced 0.9030 0.8983 0.8997 0.9044 0.908 3
attenuation
Tensile strength 0.8577 0.8515 0.8571 0.8593 0.8473
nd value 0.9563 0.9510 0.9523 0.9569 0.9636
Extinction ratio 09231 0.9221 0.9274 0.9244 0.9242
Temperature-induced 0.7971 0.7853 0.7979 0.8024 0.8022
ER variation
Beat length 0.9328 0.9267 0.9310 0.9327 0.9363
Grinding crack 0.7624 0.7513 0.7647 0.7808 0.8260

probability
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Indicator Direction Value
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Table 3 Comparison of experiment reduction rate in typical design scenarios

Design scenario Constraints Satisfaction rate Satisfaction rate Expected trials Expected trials ystem Reduction
(all 500)/% (hold-out)/% (all 500) (hold-out) rate/%
S1 (Low loss + high ER) 2 12.6 10.0 8 10 1 87.5
S2 (Radiation-resistant + high 2 12.0 6.0 8 17 1 87.5
strength)
S3 (Three-constraint combined) 3 4.6 3.0 22 33 1 95.5
S4 (Low loss + 2 14.0 12.0 7 8 1 85.7
radiation-resistant)
S5 (Polarization-stable) 3 0.2 1.0 500 100 1 99.8
S6 (High strength + low 2 13.2 10.0 8 10 1 87.5
cracking)
S7 (Four-constraint combined) 4 0.2 500 >100 1 99.8
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Table 4 Recommended design schemes for seven typical

scenarios
X . SAP Mole fraction of Edge
Design scenario . .
diameter/pm B20:/% distance/pum
S1 (Low loss + high ER) 39.75 17.03 20.00
S2 (Radiation-resistant + 20.25 16.14 19.75
high strength)
S3 (Three-constraint 34.94 15.76 20.00
combined)
S4 (Low loss 20.51 16.01 19.75
+radiation-resistant)
S5 (Polarization-stable) 29.11 15.25 0.75
S6 (High strength + low 20.00 20.95 20.00
cracking)
S7 (Four-constraint 33.92 19.05 20.00
combined)
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Fig. 4 Comparison of expected experimental trials between random trial-and-error and the intelligent design system
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Table S Constraint conflict diagnosis and minimum relaxation solutions

Scenario Constraints Conflict source Relaxation Relaxation margin
A (High ER + low loss + low cracking) 3 Extinction ratio =33—-2=20.7 37.4%
B (Radiation-resistant + strength + high ER) 3 Extinction ratio =32—-=21.0 34.3%
C (Six-constraint extreme) 6 Interlocked Infeasible
D (Polarization-stable) 3 Temperature-induced ER variation <3556 58.8%
E (Low loss + high nd + high strength) 3 Originally feasible
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Intelligent Multi-Objective Design of Stress-Applying Part in Polarization-Maintaining Fibers
via Machine Learning and Large Language Model Collaboration

YANG Kun'?, WANG Jing', ZHANG Yifei?, LI Yu?
(1. School of Materials Science and Engineering, Wuhan University of Technology, Wuhan 430070, China;
2. Yangtze Optical Fibre and Cable Joint Stock Limited Company, Wuhan 430070, China)

Extended Abstract

Introduction The design of the stress-applying part (SAP) in polarization-maintaining fibers (PMF) is a typical multi-variable,
multi-objective optimization problem. The coupled effects of SAP diameter, B2O3 molar fraction and SAP edge-to-core distance
determine attenuation, polarization-maintaining capability, mechanical reliability, and radiation resistance. Conventional
trial-and-error design is therefore inefficient, especially when multiple performance constraints must be satisfied simultaneously.

Methods Based on 500 experimental datasets, predictive models were established for eight performance indicators, including
attenuation, post-irradiation loss, tensile strength, nd value, extinction ratio, temperature-induced extinction-ratio variation, beat
length, and grinding crack probability. Three ensemble learning algorithms, i.e., random forest (RF), XGBoost, and gradient boosting
regressor (GBR), were systematically compared via 5-fold cross-validation. SHAP analysis was employed to reveal the dominant
effects of design variables. Furthermore, a large language model (LLM) was introduced as a natural-language interface and
explanation layer to parse user requirements, diagnose infeasible constraints and provide minimum-relaxation suggestions.

Results and discussion The optimal models achieved R? values ranging from 0.76 to 0.99 with an average of 0.906, indicating that
the nonlinear mapping between SAP parameters and performance metrics can be reliably captured. SHAP analysis revealed that the
edge distance dominated attenuation-related indices, the SAP diameter governed mechanical and polarization-related properties, and
the B203 molar fraction exerted the strongest effect on grinding crack probability. For 30 natural-language test cases, the LLM
achieved 100% accuracy in indicator recognition and inequality-direction determination, and 85.0% exact-value accuracy. Across
seven representative design scenarios, the proposed framework reduced the expected number of trial experiments by 91% on average
and by up to 99.8% in the four-constraint scenario. When no feasible solution existed, the system could identify the bottleneck
constraint and quantify the minimum relaxation required to recover feasibility.

Conclusions A collaborative ML-LLM framework was developed for the inverse design of PMF SAPs. The method integrates
quantitative prediction, mechanism-oriented interpretation and natural-language-driven interaction, thereby converting conventional
trial-and-error design into an efficient data-driven screening process. This approach provides a practical pathway for intelligent design
of polarization-maintaining fibers and may also be extended to other inorganic non-metallic materials with strongly coupled
process-property relationships.

Keywords polarization-maintaining fiber; stress-applying part; machine learning; large language model; inverse design





