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AEROSPACE 3D TEXTILE PREFORM ANALYSIS:  

EXPERIMENTAL AND MESOMODELING 

For the purpose of predicting how textile preforms affect the quality of the composite material and its performance,  

the stitched textile preform must be characterized. Experimental compaction analysis and finite element analysis of textile 

preforms are the main subjects of this paper. The formability parameters of a preform can be changed by the stitching  

process, according to research on the mechanical properties of preforms conducted during compression testing. The load-

deformation response, which is depicted in detail, had the greatest influence on preform deformation. Less fiber bundle undu-

lation in the plane direction and more stitching thread undulation in the thickness direction were observed during compres-

sion of the stitched preform, whereas the stitching thread improved the resistance of the preform to compression loading. 
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INTRODUCTION 

High-quality composite materials have been utilized 

in space applications for many years, and are primarily 

used in satellite structures, manned spacecraft, and 

space launch vehicles [1, 2]. They are employed in  

a wide range of applications in launch vehicles such as 

solid rocket engines in addition to fuel and gas pressure 

vessels. Many composite materials are used as a ther-

mal protection system for vehicles to re-enter the  

atmosphere [3, 4]. The literature states that aerospace 

companies like NASA, Boeing, and Airbus are attempt-

ing to develop huge transport planes that are more  

effective and efficient to operate [5, 6]. With blended 

wing body (BWB) fixed-wing aircraft, which have no 

lines dividing the wings from the main body of the air-

craft, the abovementioned companies are seeking to 

replace existing commercial aircraft designs with tubu-

lar fuselages and attached wings with more efficient 

ones. The usage of fasteners and rivets in aircraft is 

drastically reduced when the fuselage is completely  

integrated and blended with the aircraft wings accord-

ing to research on the design, production, and testing of 

stitched composite constructions [7]. Three-dimensional 

(3D) textile composite structures for aerospace applica-

tions have been developed to solve the drawbacks  

of two-dimensional (2D) laminate composites [8].  

The following characteristics of 3D textile composites 

made out of 3D textile preforms can be designed and 

manufactured, which exhibit increased strength and 

stiffness in the thickness direction [9]. 

The manufacturing of textile preforms and the 

evaluation of their performance for cutting-edge 

aerospace applications both rely heavily on the 

deformation modes that happen in 3D preforms. 

Equation (1) indicates the relation between applied 

pressure P and fabric volume V, where the constant is 

influenced by Young’s modulus E, mass m, density �, 
and variable K of the fiber [10, 11]. The crimp value 

and fiber orientation have an impact on the value of K, 

but fiber diameter df has no bearing. The relationship 

between fiber volume fraction Vf and applied compres-

sive pressure P is expressed in Equation (2). The 

bending rigidity and fiber orientation both have an 

impact on the constant k. The order in which fabric 

layers are stacked, the orientation of the fibers, and the 

volume of the fibers all have a enormous impact on 

how compressible a textile is. When fabricating textile 

composites using mold pressure, it is crucial to establish 

the resin flow pattern 
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The intricate 3D stitched fabric geometry and the 

spatially dissimilar yarn characteristics can be modeled 

using the 3D finite element method [12, 13]. The devel-

opment of suitable material models and a geometry de-

scription can, however, be tremendous challenges  

and no published studies on this subject are currently  

available [14]. Numerous studies concern the examina-

tion of textile deformations, but no comprehensive gen-

eral modeling study has been conducted on the com-

pression of 3D stitched preforms [15].  
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In the current work, preform compaction mecha-

nisms are covered, and how stitched and unstitched pre-

forms respond to applied compression loads in terms of 

geometrical variables is explored. In order to forecast 

thickness as a function of compression pressure, a finite 

element model is utilized, along with an experimental 

test based on pressure displacement. The significance of 

the geometrical and mechanical parameters of stitched 

preforms impacting compression behavior is high-

lighted the most. The  ability of this method is demon-

strated by applying it to a 3D stitched preform, notably 

in terms of anticipating the evolution of the reconfigu-

ration of the textile fabric structure. 

EXPERIMENTAL MATERIAL AND EQUIPMENT 

In this research study, the 11 layers of woven fabric 

that made up the textile preforms were arranged in  

a quasi-isotropic arrangement. The textile material 

weighs 305 g/m
2
. Using a 6-axis KUKA robot with  

a commercial tufting head, these textiles were stitched 

with twisted 240 Tex polyester thread. Compression 

tests on the preform specimens were carried out using 

an MTS testing apparatus with a load cell capacity of 

100 KN. A diagram of the compression test performed 

by an MTS machine is shown in Figure 1. The stitched 

preform was compressed by an upper circular punch 

that was moved downward during the compression test 

setup. The punch automatically reversed direction when 

the compressive force reached the specified limit. 

Throughout the test procedure, the force and displace-

ment were recorded. The punch movement occurred at 

a rate of 1 mm per minute. The maximum load was lim-

ited to 20 KN. The final thickness was determined to be 

the thickness at which the compressive force reached  

20 KN, and for analytical purposes, a representative 

load/deflection response curve for compression testing 

was recorded. 
 

 
Fig. 1. Stitched preform compression test setup 

Furthermore, the three-dimensional (3D) multiscale 

modeling approach allows more accurate modeling of 

the complex fabric geometry. In this procedure, the me-

chanical performance of the 3D textile composite is 

studied using the finite-element method to recognize the 

critical regions in which damage is probable to pro-

gress. Figure 2 presents the multiscale modelling of  

a stitched preform at the mesoscale. To explore the 

compacted textile geometry and assess its impacts on 

preform permeability and composite mechanical per-

formance, a suitable unit cell simulation was run.  

The unit cells of the stitched and unstitched woven  

fabrics were discretized using appropriate elements,  

and rigid elements were employed for the compression 

platens. 

The unit cell model was placed between the platens. 

The upper plate was crushed at a constant rate of  

displacement, while the lower plate was completely 

restrained. The surface-surface technique defined sev-

eral interactions between the yarns and the unit cell sur-

faces with the plates. The geometry, material properties, 

mesh creation, and boundary conditions were all com-

pleted in order to carry out the simulation. 

 

  

 
Fig. 2. Stitched preform unit-cell subjected to compression loading 

The linear properties of a mesoscale elastic material 

were used to represent the textile preforms as a trans-

versely isotropic component. The geometry of the fun-

damental weave structure was determined by measuring 

the actual sample, and Table 1 provides the characteris-

tics of the woven textiles. 

 
TABLE 1. Material properties used in simulation [11] 

���	= 41 GPa 

�
��
 = 0.5 

�� = 128	MPa 

��� = 89	MPa 

��� = 4.3 GPa 

�
��
 =  0.28 

�� = 39  MPa 

��� = 89  MPa 

��� = 3.5 GPa 

��� = 10.4 GPa 

�� = 1140 MPa 

�� = 620 MPa 

Textile 

fabric 

 

Figure 3 displays the boundary conditions that were 

specified in the unit cell model. The unit cell was sub-

jected to an applied pressure and slip boundary condi-

tions were applied at the intersections of the fiber bun-

dles. Periodic boundary conditions were employed in 

the X and Y directions, which are in-plane directions, 

while wall boundary conditions were applied along the 

Z direction, which is the through thickness direction. 
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Fig. 3. Meshed model of stitched preform in mesoscale

a)

 
Fig. 4. Compression loading applied to preforms: a) load vs. displacement of stitched and 

a)

  
b)

   
Fig. 5. Stress and displacement contours of: a) unstitched  and  b) stitched preform unit cells
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(2023)  All rights reserved 

 

 
3. Meshed model of stitched preform in mesoscale 

RESULTS AND DISCUSSION

Figure 4a presents the pressure curves for stitched 

and unstitched preforms. The features of the stitched 

preforms were identical to those of the unstitched ones. 

Comparing the stitched preforms to the non

preforms, the stitched preforms had the highest loading 

values at the same displacement.

Figure 4b shows the compression behavior

against the displacement curves for the stitched and u

stitched preforms. Our results obviously demonstrate 

that the modelling approach is very suitable for antic

pating any preform changes in the thickness direction as 

well as the mechanical respon

The stitched preform subjected to compressive pressure 

during modeling may have a slight variation, such as 

a sharp rise in force brought on by thread misalignment 

or bending across the thickness.

Figure 5 displays the simulated def

for the unstitched and stitched preforms. The compre

sion of an unstitched preform created stress in a small 

region that comes into contact with the upper platen. 

The two yarns of a cross-section of a yarn first formed 

a flat zone, which deformed the cross

pacted the yarns.  

 

 

b)

 
a) load vs. displacement of stitched and unstitched performs, b) stress vs. strain plot of stitched pre

                 

                
a) unstitched  and  b) stitched preform unit cells 

ON 

Figure 4a presents the pressure curves for stitched 

and unstitched preforms. The features of the stitched 

preforms were identical to those of the unstitched ones. 

Comparing the stitched preforms to the non-stitched 

preforms, the stitched preforms had the highest loading 

values at the same displacement. 

Figure 4b shows the compression behavior force 

against the displacement curves for the stitched and un-

stitched preforms. Our results obviously demonstrate 

that the modelling approach is very suitable for antici-

pating any preform changes in the thickness direction as 

well as the mechanical response during compression. 

The stitched preform subjected to compressive pressure 

during modeling may have a slight variation, such as  

a sharp rise in force brought on by thread misalignment 

or bending across the thickness. 

Figure 5 displays the simulated deformed unit cells 

for the unstitched and stitched preforms. The compres-

sion of an unstitched preform created stress in a small 

region that comes into contact with the upper platen. 

section of a yarn first formed  

deformed the cross-section and com-

 
b) stress vs. strain plot of stitched preform 
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The overall compressive load-bearing capacity of 

the preform is shown in Figure 6 by the application of 

localized compressive pressure to a small area of yarn 

crossovers in the stitching area. When compared to 

other parts of the fabric, the fiber volume fraction is the 

greatest and the cross-sectional area is the smallest at 

these points.  

 

a)

   

b)

  
Fig. 6. Stitched preform deformation under compression loading:  

a) sequence of preform deformation, b) stress contour of stitched 

composite 

In this study, it was found that a multiscale model-

ing technique can be used to precisely replicate the ge-

ometry and constitutive behavior of textile assemblies. 

Experimental testing was conducted to determine the 

accuracy of the simulation results for two-layer textiles. 

The domain size, fiber length, fiber quality, restrictions, 

and boundary conditions were among the factors that 

were investigated. The modeling enables a complete 

understanding of the behavior of the stitched textile pre-

forms and the deformation they encounter under com-

pression loading. The number of threads and fibers in 

actual preforms might reach hundreds. Nevertheless, 

only a few fibers were used to demonstrate the principle 

and potential of the approach. A large variety of differ-

ent textile structures have been subjected to multiple, 

complex loading scenarios that can be simulated using 

the developed finite element modeling techniques. One 

of the key advantages of the finite element modelling of 

a unit cell compression model over other approaches is 

its capacity to record the most important preform prop-

erties when the preform is under compressive pressure. 

Nonlinear geometric and nonlinear preform characteris-

tics should be modelled the most. Fiber bundle compac-

tion and its bending deformations are the main variables 

influencing compaction behavior.  These findings might 

have an impact on the development of analytical  

models, and ultimately, stitched textile preform design. 

Even though the model presented here is capable of 

capturing the most important responses of a unit cell to 

compressive pressure, the yarn was characterized as  

a continuum solid body, which is unable to effectively 

capture true yarn deformation mechanisms as a yarn is 

made up of many filaments. Meso-bending, shearing, 

and cross-section compaction all have a significant im-

pact on how the yarn behaves. As a group, the authors 

are now doing research on the micro-modeling of 

stitched textile preforms. 

CONCLUSION 

Experimental analysis and a mesomodeling ap-

proach were used to characterize the compression test 

of stitched preforms. According to our findings, the  

fiber bundle underwent greater undulation in the thick-

ness direction and less in the plane direction as a result 

of compression of the stitched preform, while the stimu-

lation of the preform to start applying pressure was pro-

duced by the stitching thread. Because the fiber bundles 

flattened and the fiber crimp decreased when compres-

sion stress was applied to the preforms, the fiber  

volume fractions grew. During the compression test, the 

energy absorption in the stitched preform was found to 

be high. 
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