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Abstract

Composite materials have revolutionized structural engineering through their superior strength-to-
weight ratios, corrosion resistance, and design flexibility. Among them, fiber-reinforced polymer (FRP)
composites have emerged as a dominant class in aerospace, automotive, civil, and marine sectors. With
increasing demands for performance and multifunctionality, conventional two-dimensional (2D)
reinforcements have been progressively replaced by multidimensional fabric architectures such as
multiaxial, orthogonal, and three-dimensional (3D) woven, braided, and knitted preforms. This review
presents a comprehensive discussion on the development, processing, and applications of advanced
multidimensional fabrics in composite manufacturing. The paper synthesizes the historical progression
from planar to volumetric reinforcements, evaluates the mechanics of load transfer and damage
tolerance, and highlights recent trends in hybridization, automated manufacturing, and sustainability.

Keywords: Multidimensional fabrics, 3D weaving, hybrid composites, textile preforms, advanced
composites, structural reinforcements.

1. Introduction

Composite materials are engineered combinations of two or more distinct phases—typically a high-
strength reinforcement embedded in a polymer, metal, or ceramic matrix—to achieve superior
mechanical and physical properties (Balasubramanian et al., 2019). The structural performance of
composites is highly dependent on the nature and configuration of reinforcement. Traditionally,
reinforcements were limited to unidirectional fibers, mats, or 2D woven fabrics; however, these
architectures often suffered from weak interlaminar strength and delamination susceptibility under
multi-axial loading.

To overcome these limitations, researchers and engineers have developed advanced multidimensional
fabrics—notably three-dimensional (3D) woven, braided, and knitted textiles—which allow
reinforcement continuity in the through-thickness direction. These architectures enhance interlaminar
shear strength, energy absorption, and impact resistance, making them suitable for complex structural
applications. Bilisik (1998, 2011) and Khokar (2001, 2014) made seminal contributions in developing
theoretical and practical models for 3D weaving and fabric-forming processes, enabling high-
performance preforms for modern composite manufacturing.

The increasing need for high-performance, lightweight, and damage-tolerant materials in sectors such
as aerospace, automotive, marine, and defense has accelerated the adoption of these advanced textile
reinforcements. This paper reviews the fundamental principles, manufacturing techniques, and
application domains of multidimensional fabrics, emphasizing their role in next-generation composite
systems.
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2. Evolution of Fabric Reinforcements in Composites
2.1 Conventional Two-Dimensional Reinforcements

Early generations of composites relied predominantly on 2D woven or laminated reinforcements due to
their simplicity in manufacturing and ease of handling. However, laminated composites are susceptible
to delamination between layers under impact or fatigue loading. The weak bonding between laminae
leads to crack propagation along the interfaces, limiting structural integrity.

2.2 Transition to Multidimensional Architectures

The pursuit of enhanced through-thickness properties led to the evolution of multidimensional fabric
systems. Multiaxial and 3D woven structures incorporate yarns in multiple orientations and layers,
improving mechanical isotropy and load distribution. The integration of binder yarns or z-fibers through
the thickness minimizes delamination and enhances fracture toughness (Bilisik, 2011).

Figure 1 (conceptually) represents the progression from 2D planar fabrics to true 3D interlocked
architectures, illustrating the transition from surface-dominant reinforcement to volumetric load-
bearing systems.

Table 1. Evolution of fabric reinforcements from 2D to advanced 3D architectures

Stage Reinforcement Type Characteristics Limitations
Stage Unidirectional Fiber High stiffness in one Delamination under multi-axial
I Laminates direction load
Stage 2D Woven Fabrics Balanced in-plane Weak z-direction bonding
11 strength
Sﬁlge 3D Woven/Braided Fabrics Relnforcerirrlleéllt)contlnulty Complex manufacturing
Stage . . . . . High cost, limited
v Hybrid & Smart Fabrics Multifunctional, adaptive standardization

3. Multidimensional Fabric Manufacturing Technologies
3.1 Three-Dimensional (3D) Weaving

3D weaving allows simultaneous interlacing of yarns along x-, y-, and z-axes, forming a solid or hollow
preform with integral thickness. Bilisik (1998) introduced the concept of multiaxial 3D circular
weaving, expanding the potential for near-net-shape preforms suitable for tubular or cylindrical
components.

3D woven fabrics can be categorized into orthogonal, angle-interlock, and layer-to-layer configurations.
The orthogonal weave offers excellent through-thickness stiffness and minimal crimp, while angle-
interlock weaves provide superior energy absorption under impact.

Key advantages include:
¢ Reduced delamination risk due to z-yarn binding.
¢ Improved dimensional stability.
o Capability for complex geometries (e.g., [-beams, T-joints, tubes).
e Automated 3D weaving machines now enable continuous production of preforms with
controlled fiber orientations, directly compatible with resin transfer molding (RTM) or vacuum
infusion processes.
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3.2 3D Braiding

3D braiding is another versatile technique that intertwines multiple yarn systems diagonally around a
mandrel, forming tubular or solid shapes. The resultant structures exhibit high torsional stiffness and
damage tolerance, making them ideal for propeller shafts, drive components, and structural beams.
Recent advances in 4-step and 2-step braiding machines allow variable angle control, enabling tailor-
made fiber orientations for specific stress conditions.

3.3 Multiaxial Warp Knitting

Multiaxial warp-knitted fabrics consist of multiple layers of yarns oriented in various directions (0°,
+45°, 90°) held together by stitch yarns. Although not true 3D structures, they provide enhanced quasi-
isotropic properties and drapability compared to traditional woven fabrics.

3.4 Hybrid Fabric Preforms

Hybridization—combining different fiber types (e.g., carbon, glass, aramid, basalt)—further enhances
the multifunctionality of composites. Balasubramanian et al. (2019) emphasized that hybrid composites
exhibit synergistic mechanical, thermal, and cost benefits, making them viable for lightweight
engineering applications.

4. Structural and Mechanical Characteristics
4.1 Load Transfer Mechanisms

In multidimensional fabrics, load transfer occurs through both in-plane and through-thickness
directions. The presence of binder yarns or z-fibers ensures effective stress distribution, reducing
interlaminar stress concentrations. This results in higher compressive strength and impact tolerance
compared to laminated composites.

4.2 Damage Resistance and Impact Behavior

3D fabrics show remarkable resistance to delamination and crack propagation due to fiber interlocking.
Impact studies demonstrate that energy absorption capacity increases significantly in 3D woven and
braided composites. Moreover, the integration of ductile or hybrid fibers (e.g., carbon—Kevlar) improves
post-impact residual strength.

4.3 Fatigue and Creep Performance

The continuity of yarns in all directions enhances fatigue life by delaying micro-crack initiation and
propagation. The 3D woven composites exhibit lower stiffness degradation under cyclic loading
compared to conventional laminates.

Table 2. Property comparison of 2D vs. 3D woven composites.

Provert 2D Woven 3D Woven Improvement
perty Composites Composites (%)
Tensile Strength 380 MPa 420 MPa 10%
Flexural Strength 500 MPa 610 MPa 22%
Interlaminar Shear 32 MPa 55 MPa 2%
Strength
Impact Energy Absorption 12] 201] 67%
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5. Applications of Multidimensional Fabrics in Modern Composites
5.1 Aerospace Structures

The aerospace sector has been a primary driver for 3D fabric composites due to stringent weight and
safety requirements. Examples include wing stiffeners, fuselage panels, fan casings, and turbine
components. The ability to integrate reinforcement and shape simultaneously reduces assembly
complexity and improves structural efficiency.

5.2 Automotive and Transportation

3D woven and braided reinforcements are increasingly used in automotive crash components, drive
shafts, and suspension arms. The high energy absorption capacity and design flexibility support the
production of lightweight yet crashworthy structures.

5.3 Marine and Civil Engineering

In marine applications, multidimensional composites provide superior resistance to impact, fatigue, and
moisture. In civil engineering, 3D fiber-reinforced polymers are used for strengthening bridges,
columns, and protective barriers due to their enhanced shear and flexural performance.

5.4 Defense and Protective Equipment

Ballistic and blast-resistant composites benefit from the 3D architecture’s ability to dissipate energy and
prevent catastrophic failure. Hybrid 3D woven Kevlar—glass systems are used in helmets, armor plates,
and vehicle panels.

5.5 Renewable Energy and Sports Equipment

Wind turbine blades and sports goods such as bicycle frames and helmets increasingly use 3D textile
reinforcements for improved stiffness-to-weight ratios and fatigue resistance.

6. Recent Advances and Future Prospects

6.1 Automation and Digital Weaving

Advancements in computer-aided design (CAD) and robotic control have made possible complex 3D
preform architectures with precision fiber placement. Integration with Industry 4.0 systems allows
predictive modeling of mechanical behavior and defect analysis in real time.

6.2 Sustainable and Bio-Based Reinforcements

Eco-friendly fibers such as flax, jute, and basalt are being adapted into multidimensional structures.
Their use aligns with circular economy principles while maintaining acceptable mechanical
performance.

6.3 Hybrid and Smart Composite Systems

The future of multidimensional fabrics lies in multifunctionality. Integration of sensors, conductive
yarns, and shape-memory fibers can lead to smart composite systems capable of self-sensing, self-
healing, and adaptive response under service conditions.
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7. Challenges and Research Directions
Despite their advantages, several challenges hinder large-scale commercialization:
e Complex and expensive manufacturing machinery.
e Limited design databases for 3D fabric composites.
e Difficulty in resin infiltration and void-free consolidation for thick preforms.
e Lack of standardized testing methods for multidirectional structures.

Ongoing research focuses on process optimization, resin flow modeling, and predictive simulation to
ensure repeatable quality and cost-effectiveness.

8. Conclusion

1. Multidimensional fabrics (3D woven, braided, knitted) offer superior mechanical performance
compared to conventional laminates.

2. Through-thickness reinforcement effectively mitigates delamination and enhances impact
tolerance.

3. Hybridization enables tailoring of mechanical, thermal, and cost characteristics.
4. Applications span aerospace, automotive, marine, civil, and defense sectors.

5. Automation and digital simulation are key to industrial scalability.

6. Sustainability through bio-fiber integration is emerging as a significant trend.

7. Challenges remain in cost reduction, process uniformity, and material modeling.

8. The future of composite manufacturing lies in smart, multifunctional, and eco-sustainable
multidimensional fabric systems.
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