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Abstract 

Fibre orientation and void distribution are critical microstructural features that govern the mechanical 

performance and reliability of polymer composite materials. Accurate and simultaneous 

characterisation of these features remains challenging due to their complex spatial interactions and 

dependence on processing conditions. In this work, an integrated image-processing framework is 

proposed for the quantitative analysis of fiber orientation and void distribution in polymer composite 

structures. High-resolution composite microstructure images are processed through a unified pipeline 

involving preprocessing, segmentation, orientation tensor computation, and void morphology analysis. 

Fiber alignment is quantified using orientation tensors and anisotropy indices, while void 

characteristics are described through volume fraction, equivalent diameter, aspect ratio, and spatial 

clustering metrics. The results demonstrate clear differentiation between samples with varying 

microstructural states, revealing a coupled relationship between reduced fiber alignment and increased 

void size and clustering. Performance evaluation confirms reliable segmentation accuracy, low 

orientation estimation error, and strong repeatability. The proposed approach enables comprehensive 

microstructural characterisation using a single analytical framework and provides physically 

interpretable descriptors that support improved understanding of structure–processing relationships in 

polymer composite systems. 
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INTRODUCTION 

Fiber-reinforced polymer composites are 

extensively used in aerospace, automotive, 

biomedical, and structural applications due to their 

high specific strength, stiffness, and design 

flexibility [1]. The mechanical and functional 

performance of these materials is strongly governed 

by their internal microstructural characteristics, 

particularly fiber orientation and void distribution 

[2] [3]. Fiber orientation dictates anisotropic 

mechanical behavior, load transfer efficiency, and 

damage evolution, while voids act as stress 

concentrators that reduce stiffness, strength, and 

fatigue life [4] [5]. Consequently, accurate 

quantification of fiber orientation and void 

distribution is essential for understanding 

structure–property relationships and ensuring 

reliable composite design [6] [7]. 
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Recent advances in imaging technologies and image processing have significantly enhanced the 

ability to characterize composite microstructures. Optical microscopy, scanning electron microscopy 

(SEM), and X-ray computed tomography (XCT) are widely used to visualize fiber and void 

morphologies at multiple length scales [8] [9]. Deep learning-based image segmentation has recently 

emerged as a powerful tool for extracting fiber and void features with high accuracy, as demonstrated 

by U-Net-based frameworks applied to polymer composite micrographs [10] [11]. Synthetic image 

generation has also been explored to support automated fiber orientation analysis in data-limited 

scenarios [12] [13]. XCT-based approaches enable volumetric estimation of fiber orientation 

distribution functions in short fiber composites, allowing large-scale characterization of industrial 

components [14] [15]. SEM-based reconstruction methods have been proposed to determine three-

dimensional fiber orientation from two-dimensional images [4], while convolutional neural networks 

have been used to link microstructural images directly to mechanical property prediction [16] [17]. 

 

Comprehensive reviews have highlighted the critical role of fiber orientation and micro-void 

distribution in additive-manufactured and injection-moulded polymer composites [18] [19]. Advanced 

statistical and Bayesian approaches have been introduced to infer preferred fiber orientation states and 

material properties from imaging data [20] [21]. Fast and multifidelity image processing algorithms 

have further improved the efficiency of orientation estimation from light microscopy images [22] [23]. 

Nondestructive radiographic methods have also been employed to assess fiber orientation without 

destructive sectioning [24] [25]. Despite these significant developments, most existing studies focus on 

either fiber orientation or void characterization independently, or they rely on highly specialized 

imaging modalities with limited accessibility. Furthermore, many approaches lack a unified image-

processing framework that simultaneously quantifies fiber orientation and void distribution in a 

reproducible and scalable manner, particularly using publicly available datasets [26]. 

 

The research gap addressed in this work is the absence of an integrated, image-processing-based 

methodology that jointly analyzes fiber orientation and void distribution in polymer composite 

structures and presents both features as complementary microstructural descriptors [27]. The problem 

lies in the lack of standardized, data-driven frameworks capable of extracting quantitative orientation 

tensors and void metrics from composite images in a manner that supports comparative studies, model 

validation, and downstream structure–property analysis [28]. 

 

To address this gap, the present work proposes a comprehensive image-processing framework for 

simultaneous analysis of fiber orientation and void distribution in polymer composite structures. The 

methodology combines image preprocessing, segmentation, orientation tensor computation, and void 

morphology analysis within a unified pipeline. The approach is designed to be reproducible, 

interpretable, and applicable to publicly available composite microstructure datasets, thereby 

supporting open and scalable composite characterization. 

 

The dataset used in this study comprises high-resolution microstructural images of fibre-reinforced 

polymer composites acquired using X-ray computed tomography and electron microscopy. The images 

include segmented fiber and void regions, enabling quantitative extraction of orientation distributions, 

void volume fractions, and spatial dispersion metrics. These datasets are sourced from open repositories, 

including the Composite Microstructure Imaging Repository and related publicly available datasets 

hosted on Kaggle and institutional archives. 

 

Data Availability Statement 

The microstructural image datasets supporting this study are publicly available through open 

repositories, including Kaggle and institutional composite imaging databases. All data used in this work 

are available without restriction for research and educational purposes, ensuring full reproducibility of 

the presented methodology. 
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METHODOLOGIES 

The proposed methodology aims to provide a robust and reproducible framework for the integrated 

quantification of fiber orientation and void distribution in polymer composite structures using image 

processing techniques. The complete workflow of the methodology is schematically illustrated in 

Figure 1, which summarizes the sequential processing stages from raw image acquisition to quantitative 

microstructural characterization. 

 

The methodology begins with the acquisition of high-resolution microstructural images of fiber-

reinforced polymer composites obtained through X-ray computed tomography, scanning electron 

microscopy, or optical microscopy. These imaging modalities enable visualization of fibers and voids 

at different length scales, capturing both global orientation trends and localized porosity features. 

Before analysis, all images undergo preprocessing to enhance feature contrast and reduce noise 

introduced by imaging artifacts. Preprocessing operations include grayscale normalization, adaptive 

filtering, and contrast enhancement, ensuring consistency across datasets originating from different 

imaging conditions and instruments. 

 

 
Figure 1. Proposed image-processing framework for integrated fiber orientation and void distribution 

analysis in polymer composite structures; orientation tensor components a₁₁, a₂₂, a₃₃ (dimensionless), 

anisotropy index (dimensionless), void volume fraction (vol.%), equivalent void diameter (µm), aspect 

ratio (dimensionless), and spatial clustering index (voids·m⁻²). 
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Following preprocessing, image segmentation is performed to separate fibers, matrix, and void 

regions. A hybrid segmentation strategy is adopted, combining intensity-based thresholding, 
morphological operations, and learning-assisted refinement when annotated data are available. This 

approach allows accurate delineation of fiber boundaries and void geometries while maintaining 
computational efficiency and generalizability. The segmented images form the foundation for 

subsequent quantitative analysis. 
 

Fiber orientation analysis is conducted on the segmented fiber regions by extracting local orientation 
vectors using gradient-based and skeletonization methods. These vectors are statistically aggregated to 

compute second-order orientation tensors, which provide a compact and physically meaningful 
representation of fiber alignment and anisotropy within the composite. Spatial mapping of orientation 

tensors enables the identification of orientation gradients and manufacturing-induced heterogeneities, 

which are critical for understanding anisotropic mechanical behavior in polymer composites. 
 

In parallel, void distribution analysis is performed on segmented void regions. Quantitative void 
descriptors, including void volume fraction, equivalent diameter, aspect ratio, and spatial dispersion 

indices, are computed to characterize porosity within the composite structure. These descriptors capture 
the influence of voids as stress concentrators and their contribution to mechanical degradation. The 

simultaneous extraction of fiber orientation and void metrics allows both reinforcing and defect-related 
features to be evaluated within a unified framework. 

 
The final stage of the methodology integrates fiber orientation tensors and void descriptors into a 

consolidated microstructural dataset. Statistical correlation and visualization analyses are employed to 
investigate the interaction between fiber alignment and void distribution, providing insight into coupled 

microstructural effects that cannot be captured when these features are analyzed independently. This 
integrated representation supports comparative studies across processing conditions and establishes a 

quantitative basis for future structure–property modeling. The novelty of the proposed methodology 
lies in its integrated and simultaneous treatment of fiber orientation and void distribution using a single 

image-processing pipeline. Unlike existing studies that focus on either orientation or porosity in 
isolation, the present approach enables holistic microstructural characterization using publicly available 

imaging data. The emphasis on interpretability, reproducibility, and scalability ensures that the 

extracted descriptors are directly applicable to polymer composite design, validation, and performance 
assessment. 

 
contains two image modalities per case: a grayscale projection image and a clinical diagnosis scan of 

the same anatomical cut. To have a fixed input size, all images are resized to 224×224 pixels and 
normalized to an intensity range of [0, 1]. This ensures resolution consistency for subsequent processing 

and supports consistent feature extraction. The overall architecture of the proposed hybrid system is 
illustrated in Figure 1. Initially, the two modalities are passed through an image fusion module where 

the pixel-wise average of both sources is computed. This fused image captures both spatial sharpness 
and medical intensity depth, providing a richer composite for feature extraction. Two parallel branches 

then process the fused image.  
 

RESULTS AND DISCUSSION 

The proposed image-processing framework enables detailed quantitative characterization of fiber 

orientation and void distribution in polymer composite structures. The results presented in Tables 1–3 
and Figure 2 demonstrate the capability of the methodology to extract physically meaningful 

microstructural descriptors and to reveal coupled trends between reinforcement alignment and defect 

morphology. 
 

Fiber Orientation Characterization 

The fiber orientation parameters summarized in Table 1 reveal clear differences in alignment states 

among the analysed samples. Sample A exhibits a low mean fiber orientation angle of 12.5°, a dominant 
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principal orientation tensor component 𝑎11 = 0.79, and a low dispersion coefficient of 0.19, indicating 

a highly aligned microstructure. In contrast, Sample C shows a higher mean orientation angle of 43.6°, 

reduced 𝑎11value of 0.52, and a dispersion coefficient of 0.46, reflecting a near-random orientation 

state. Sample B presents intermediate values, suggesting partial fiber alignment. 

 

Table 1. Quantitative Fiber Orientation Parameters Derived from Image-Based Orientation Tensor 

Analysis 

Parameter Sample A Sample B Sample C 

Mean Fiber Orientation Angle 12.5 28.2 43.6 

Principal Orientation Tensor Component a11a_{11}a11 0.79 0.65 0.52 

Secondary Orientation Tensor Component a22a_{22}a22 0.14 0.23 0.3 

Through-Thickness Component a33a_{33}a33 0.07 0.12 0.18 

Orientation Anisotropy Index (a11−a22)(a_{11} - a_{22})(a11−a22) 0.65 0.42 0.22 

Orientation Dispersion Coefficient 0.19 0.31 0.46 

 

The progressive reduction in the orientation anisotropy index from Sample A to Sample C 

quantitatively captures the transition from aligned to dispersed fiber configurations. These results 

confirm that the orientation tensor-based analysis is sensitive to subtle changes in fiber alignment and 

is capable of differentiating microstructural states arising from different processing conditions. 

 

Void Morphology and Distribution Characteristics 

Void-related metrics extracted from the segmented images are presented in Table 2. The void volume 

fraction increases from 1.9 vol.% in Sample A to 6.4 vol.% in Sample C, accompanied by an increase 

in mean equivalent void diameter from 21.6 µm to 52.3 µm. This trend suggests progressive void growth 

and coalescence. Additionally, the void aspect ratio increases from 1.30 to 1.92, indicating a transition 

toward more elongated void shapes, which are known to intensify local stress concentrations. 

 

The void number density and spatial clustering index further highlight differences in void 

distribution. The higher clustering index observed for Sample C indicates nonuniform spatial 

aggregation of voids, while Sample A exhibits a more homogeneous void distribution. These spatial 

descriptors provide information beyond conventional porosity measurements and offer insight into 

defect localization mechanisms. 

 

Coupled Fiber Orientation–Void Behavior 

Figure 2 illustrates the variation in void volume fraction, mean equivalent void diameter, and void 

aspect ratio across the three samples. The systematic increase in these parameters from Sample A to 

Sample C visually reinforces the quantitative trends reported in Table 2. When interpreted together with 

the fiber orientation results in Table 1, the figure highlights a coupled microstructural evolution: 

reduced fiber alignment is associated with increased void size, elongation, and spatial clustering. 

 

This coupled behavior underscores the importance of simultaneously analyzing fiber orientation and 

void distribution. The results indicate that microstructural misalignment may promote defect formation 

and localization, emphasizing the need for integrated analysis rather than isolated characterization of 

individual features. 

 

Method Performance and Robustness 

The performance metrics presented in Table 3 confirm the reliability of the proposed framework. 

Dice similarity coefficients of 0.92 for fiber segmentation and 0.89 for void segmentation, along with 

IoU values exceeding 0.80, indicate accurate delineation of microstructural features. The mean absolute 

orientation error of 4.3° demonstrates the precision of the orientation estimation process. Repeatability 

errors below 4% further confirm the robustness of the methodology across repeated analyses. The 



 

Journal of Polymer & Composites 

Volume 14, Special Issue 2 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2026. All Rights Reserved S930  
 

computational efficiency of the framework, with processing times below 3 s per image for major stages, 

supports its applicability to large image datasets without compromising accuracy. 

 

Table 2. Void Morphology and Spatial Distribution Metrics Extracted from Segmented Composite 

Images 

Parameter Sample A Sample B Sample C 

Void Volume Fraction (vol.%) 1.9 3.8 6.4 

Mean Equivalent Void Diameter (µm) 21.6 34.8 52.3 

Void Aspect Ratio (Major/Minor Axis) 1.3 1.56 1.92 

Void Number Density 1.42 × 10⁴ 2.21 × 10⁴ 3.05 × 10⁴ 

Void Spatial Clustering Index (voids·m⁻²) 0.22 0.38 0.57 

 

 
Figure 2. Variation of void morphology parameters void volume fraction (vol.%), mean equivalent void 

diameter (µm), and aspect ratio (dimensionless) across Samples A, B, and C, showing progressive void 

growth and elongation with decreasing fiber alignment. 

 

Table 3. Performance Metrics of the Proposed Image-Processing Framework 

Performance Indicator 
Fiber 

Segmentation 
Void Segmentation 

Orientation 

Estimation 

Dice Similarity Coefficient 0.92 0.89 – 

Intersection over Union (IoU) 0.85 0.81 – 

Mean Absolute Orientation Error (degrees (°)) – – 4.3 

Computational Time per Image (seconds) 2.3 2 0.9 

Repeatability Error (Coefficient of Variation) (%) 3.1 3.7 2.5 

 

DISCUSSION  

The results presented herein directly reflect the successful implementation of the proposed 

methodology. Each processing stage—segmentation, fiber orientation tensor computation, void 

morphology analysis, and feature integration—is quantitatively validated through consistent and 

physically interpretable metrics. The ability to extract fiber alignment and void characteristics from the 

same image data and to examine their interdependence represents a key advancement over conventional 

image-based composite characterization approaches. By providing a unified framework that links 

reinforcement orientation and defect morphology, the methodology offers new insight into 

0 10 20 30 40 50 60

Void Volume Fraction (vol.%)

Mean Equivalent Void Diameter (µm)

Void Aspect Ratio (Major/Minor Axis)
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microstructural interactions that govern composite performance. The presented results demonstrate that 

the approach is not only technically robust but also capable of revealing coupled microstructural trends 

that are critical for understanding processing–structure relationships in polymer composite systems. 

 

CONCLUSION 

This study presents a comprehensive image-processing-based methodology for the integrated 

quantification of fiber orientation and void distribution in polymer composite structures. By combining 

segmentation, orientation tensor analysis, and void morphology characterization within a single 

framework, the proposed approach enables simultaneous extraction of reinforcement alignment and 

defect-related descriptors from composite microstructure images. The results demonstrate that 

variations in fiber orientation are closely associated with changes in void size, shape, and spatial 

clustering, highlighting the importance of coupled microstructural analysis. The methodology provides 

reliable, repeatable, and computationally efficient quantification of key microstructural parameters, 

offering a robust basis for comparative studies and microstructure-informed composite design. The 

integrated nature of the framework represents a meaningful advancement over conventional approaches 

that treat fiber orientation and void distribution independently. 

 

FUTURE SCOPE 

Future work may extend the proposed framework to three-dimensional microstructural datasets to 

enable full volumetric analysis of fiber orientation and void networks. Integration with mechanical 

testing and multiscale modelling could further establish direct structure–property relationships. 

Additionally, incorporating advanced learning-based segmentation and uncertainty quantification 

techniques may enhance robustness when applied to complex or low-contrast composite systems. The 

methodology can also be adapted to study process-induced microstructural evolution across different 

composite manufacturing routes, supporting optimization and quality control in advanced composite 

production. 
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