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Abstract 

Braiding is an advanced textile manufacturing method that is used to produce two dimensional 
(2D) and three dimensional (3D) components. Unlike a laminated structures braids have interlaced 
yarns that forms a continuity between layers.  This structure allows for improved impact resistance, 
damage tolerance and improved through-thickness reinforcement.  Despite the numerous 
advantages of braided composites, braids also have shortcomings. Their highly complex fiber 
architecture presents challenges in the availability and choice of the strain measuring and 
characterization techniques. Advanced measurement methods such as optical strain measurement, 
micro-computed tomography, and in-situ strain measurement are required.  Optical strain 
measurement methods such as digital image correlation and high speed imaging are necessary to 
accurately measure the complex deformation and failure that braided composites exhibit.  X-ray 
based micro-computed tomography measurements can provide detailed geometric and 
morphologic information for braided structures which is necessary for accurately predicting the 
mechanical properties of braided structures.  Finally, in-situ strain measurement methods will 
provide detailed information on the internal deformation and strain that exists within braided 
structures.  In-situ sensors will also allow for in-service health monitoring of braided structures.  
This paper provides a detailed review of the aforementioned sensing technologies and their relation 
to the measurement of braided composite structures.   
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1 Introduction 
Braided composites are part of the textile composites family of composite materials [1], [2].  

Braiding is used to form geometries by interweaving yarns into a preform architecture [3].  Braided 

composites are then formed by impregnating the braided preform with a matrix material.  Braided 

composites contain two major classes: two dimensional (2D) and three dimensional (3D) braids 

[4]. 2D braided composites are produced using a device known as a Maypole braider that can be 

used to produce mainly cylindrical (or tubular) products, but it is also possible to produce flat or 

axisymmetric structures altering the machine components or the mandrels used during production. 

2D braided composites are composed of yarns placed in a biaxial configuration with respect to the 

longitudinal direction of the braids (i.e. at ±θ° angles). Additional axial fiber yarns can be placed 

in the longitudinal direction in a braided structure to form tri-axially braided composite structures 

when increased axial or bending stiffness and strength is required [5]. 3D braided composites, on 

the other hand, are produced using Cartesian or rotary braiding machines which produce 

components with through thickness fiber reinforcement [2], [6]. Cartesian machines are designed 

in a column-track (or column-row) arrangement where carriers of the yarns are moved in a 

continuous manner by advancing columns and rows systematically in a back and forth manner. 

Rotary 3D braiding machines are similar to that of the Maypole machines in design with the 

exception that the carriers are not only arranged and move in a circular pattern, but they also move 

in the thickness direction [7].  Schematics of a Maypole braiding machine and a Cartesian braiding 

machine are shown in Figure 1.  Examples of 2D braided composite structures (representative 

schematic unit cells) are shown in Figure 2 are biaxial, triaxial and 3D braided composites.  
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Figure 1: Example braiding machines Left: Maypole braider Right: Cartesian braider 

Both braiding techniques are versatile manufacturing methods that can be used to create complex 

fiber architectures with 2D or 3D structures.  A major challenge with braided composites is the 

complex undulating nature of yarns (indicated in Figure 2 for both 2D and 3D braids) within the 

braided structures.  There exists a significant amount of literature on the predictive modeling of 

braided composite structures [8]–[10].  Analytical and numerical models have been utilized to 

predict the elastic properties of braided structures.  Models have also been created to analyze 

damage and failure of braided structures [11], [12].  Finite element analysis (FEA) models have 

also been extensively developed for braided composites [13]–[16].   
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Figure 2: Examples of schematic drawings of 2D and 3D (Cartesian) braided composite 

structures 

To complement the advanced modeling methods that exist for braided composites accurate 

measurement techniques are also required.  These techniques are necessary to thoroughly 

characterize the deformations and strains that occurs in the braided structures. Accurate 

measurements of both internal and external strains provide vital data for numerical and analytical 

model development and validation.  This is particularly important to allow for the increased use 

of braided structures in structural, aerospace, automotive, and biomedical applications.  

Measurements of braid deformation and strains is not only necessary within the elastic loading 

zone of the materials, but also in the plastic and/or failure zones. Failure and damage that occurs 

to braided composite structures is also difficult to predict and assess due to the interwoven nature 

of braided composites.  2D braided composites exhibit a “scissoring” behavior where deformation 

of the braid yarns within the braided structure can occur under loading [17].  Additionally, braids 

exhibit progressive failure which includes failure modes such as matrix failure, delamination and 

fiber failure [18]–[21].  Presently, a number of numerical models have been developed to 
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investigate the failure and damage of braided structures [22].  Accurate measurement methods are 

also crucial to fully characterize the complex damage and failure behavior of braided structures.    

This paper is intended to provide a review of the current and upcoming advanced measurement 

methods used for braided composites. Review will serve as a guide to researchers involved in 

experimental analysis of braided composites.  Advanced topics for the analysis of braided 

composites covered here include: contact free strain measurement, in-situ strain measurement, 

micro-structural analysis, structural health monitoring, and braid geometry analysis.  These 

advanced measurements are necessary to gain further insights into the complex behavior of braided 

structures.  Improved measurement methods will lead to the improvement and development of 

models for predicting the behavior of advanced braided composite structures. Specific advanced 

measurement methods covered in this review for braided composite structures are digital image 

correlation, computed tomography, acoustic emission, optical fiber sensors and co-braided sensing 

yarns/fibers. 

2 Optical Strain Measurement for Braided Composites 
Fundamental understanding of braided composites was initially developed using conventional 

strain gauges.  Fundamental analysis for understanding the effect of unit cell size and number of 

unit cells needed to obtain accurate strain measurements were done using strain gages [23], [24].  

Building on this knowledge, in recent years, digital image correlation (DIC) has become an 

established technique for accurate strain measurement [25].  DIC is particularly advantageous for 

the strain measurement of braided composites due to their non-homogeneous structural nature [26].  

The DIC measurement can be applied in two configurations.  Two dimensional (2D) DIC utilizes 

a single camera as the strain measurement device and 2D deformation and strain (in-plane) is 

measured using this approach.  Three dimensional (3D) DIC utilizes a pair of cameras in a stereo-
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camera configuration to measure 3D deformation and strain (in-plane and out-of-plane).  The 3D 

DIC measurement method is useful for the strain measurement of objects with complex geometries 

or for structures that exhibit in-plane as well as out-of-plane deformation and strain.  The 3D DIC 

measurement method also provides redundant strain measurement since two sensors are utilized 

with this approach.   

One major advantage of the DIC measurement over conventional strain measurement methods is 

the ability to use optics to change the field-of-view of the measurement camera.  By changing 

camera optics varying regions of deformation and strain can be measured using the same camera.  

Additionally, this is a full-field measurement method that allows for strain over the camera field-

of-view to be measured. The DIC measurement method can also be applied to a variety of different 

loading condition which further demonstrates the versatility of this measurement approach [26].   

2.1 2D Digital Image Correlation 
A schematic of the 2D DIC measurement setup is shown in Figure 3.  The schematic shows the 

camera used for strain measurement, test sample with applied speckle pattern and white light 

illumination.  The 2D DIC measurement method can be applied to a multitude of test 

configurations for planar test specimen.  Example measurements that can be performed include: 

uniaxial tension, uniaxial compression, in-plane shear, and bending.  The ability to perform a 

multitude of measurements demonstrates the versatility of the DIC measurement process.   
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Figure 3: Schematic of the 2D DIC measurement method 

As can be seen in Figure 3 the 2D DIC measurement is best used for the measurement of flat or 

planar test samples.  Out of plane deformation and strain should be considered before using the 

2D DIC measurement method.  Longitudinal, transverse and shear strain can be measured for a 

planar test sample.   

Several authors have used the 2D DIC measurement method for braided composite structures.  El-

Hajjar et al. used the 2D DIC measurement method to measure strain for glass fiber triaxial braided 

composite structures [27]. A commercial measurement system, Dantec DIC measurement system, 

was used by the authors for strain measurement.  In this work, the axial and transverse strain results 

obtained from full field strain measurements were used to validate a closed form model to predict 

the elastic properties of tri-axially braided composite structures.  Similarly, Qamhia et al. utilized 

the 2D DIC measurement method for the measurement of braided cellulose reinforced composites 

[28].  Samples were tested under tensile loads by both El-Hajjar et al. and Qamhia et al. [27], [28]. 

Kier et al. utilized the 2D DIC measurement method to evaluate triaxially braided composites 

under two loading conditions: tensile and shear loading [29].  The study by Kier et al. illustrates 

the versatility of the DIC measurement method as it can easily be configured for tensile or shear 
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strain measurement.  Braid samples tested under shear load were fabricated to create v-notched 

samples to perform shear strain of braided composites.  The v-notched test samples used in the 

study by Keir et al. are shown in Figure 4.  The gauge section of the v-notched shear sample and 

example speckle pattern is shown in this figure.  Braid samples were evaluated over a range of 30, 

45 and 60° braiding angles.  The outcome of the strain measurement was used to compare with a 

developed analytical and finite element analysis model.  

 
Figure 4: Example v-notched sample examined by Kier et al. for the shear properties of 

braided composites [29].  

The work of Johnston et al. examined carbon fiber braids with a 0/60/-60° braid structure [30].  

Four sample arrangements were used: Transverse bow-tie, compression, tension, v-notch shear.  

The results from this study demonstrated the effect loading conditions on the resulting strain fields 

exhibited for braided structures. Samples also were tested under three temperature conditions (i) 

room condition, (ii) hot (100°C), and (iii) hot/wet condition (60°C/90% RH).  The result of the 

study by Johnston et al. found a 19% decrease in failure stress due to environmental conditions.  

Contact free measurement methods demonstrated that edge effects increase with environmental 

conditions.   

2.2 3D Digital Image Correlation 
To allow for both in-plane and out-of-plane strain measurement a 3D strain measurement method 

is required.  A schematic of the 3D DIC measurement method is shown in Figure 5.  In this 
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arrangement two cameras are used to collect images of the test sample.  The two cameras are 

separated by an angle, α, which can typically range from 20-30° [31], [32].  The 3D DIC 

measurement technique has been used extensively for the measurement of composite structures 

[33].   

 
Figure 5: Schematic of the 3D DIC measurement method 

Fouinneteau & Pickett were one of the first researchers to utilize a 3D DIC measurement technique 

for braided composite structures [34].  Flat braid samples manufactured using carbon and e-glass 

fibers were tested under tensile loads.  The results obtained from the DIC measurements were used 

towards the development of a meso-mechanical damage model for braided composite structures. 

The highly complex post-failure strain data at the failure locations of the specimens were crucial 

in development and validation of the complex model developed by the authors. Conventional strain 

measuring techniques usually provide localized data that can not always be placed on the exact 

failure location. Most often conventional sensors do not survive aggressive failure of braided 

composites; consequently, use of 3D DIC system was extremely valuable for this study. 

Leung et al. performed 3D DIC measurement of tubular braided composite samples using a stereo 

microscope [35].  The stereo microscope in conjunction with two cameras allowed for the three 

dimensional deformation and strain of a single braid unit cell to be measure.  A unit cell is a small 
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repeating unit that is often used to describe the overall braided composite geometry.  Authors 

indicated that the use of the 3D DIC measurement with a stereo microscope demonstrates the 

ability to measure localized strain for braided composite structures.  The study by Leung et al. 

demonstrates that 3D strain can be measured on a microscale level for braided composite 

structures. 

Cichosz and Wehrkamp-Richter evaluated triaxial braided composites using the 3D DIC 

measurement method [36], [37].  Samples manufactured with 30, 45 and 60° braid angles.  

Uniaxial tensile tests were performed at different off-axis orientations for each of the test samples.  

The use of the full-field 3D DIC measurement method allowed for the comparison of the strain 

field of the braid samples under a variety of loading conditions.  Failure and damage of braided 

composite samples was examined using samples with off-axis loads. 

The tensile response of carbon-aramid 3D braided composite was investigated by Zheng et al. 

[38].  Four hybrid braid performs were produced using a four-step 3D braiding process.  An 

ARAMIS 3D DIC measurement system was used to evaluate the three dimensional deformation 

and strain of the 3D braided structures.  The 3D DIC measurement results were used to demonstrate 

the effect of the hybrid braiding method on the tensile response of the produced braided structures.   

A comprehensive examination of braided composite structures was performed by Melenka & 

Carey [39].  In this work, samples were evaluated with three different braiding angles: 35, 45 and 

55°.  In addition, the strain fields of two different braiding patterns were examined: Diamond (1/1) 

and Regular (2/2).  Samples were evaluated using both tensile and torsional loading.  The results 

from this work demonstrate the repeating strain fields that occur for braided composite structures.  

The effect of braiding pattern and braiding angle were explored.  Representative strain fields for a 
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35° Diamond and Regular braids are shown in Figure 6.  This figure demonstrated the effect of 

braid pattern and braiding angle on the on strain due to an applied axial load. 

 
Figure 6: Representative strain field for Diamond (1/1) and Regular (2/2) braided composite 

structures 

2.3 Braided Composites and High Speed Imaging 
Braided composites exhibit high damage tolerance and impact resistance compared to 

conventional composite structures [19], [40].  Advanced measurement methods are necessary to 

evaluate the damage characteristics of 2D and 3D braided structures.  High speed imaging is 

required to examine the high strain rate behavior of braided structures.  High speed imaging can 

be used in a qualitative manner to visually assess the effect of damage on braided structures or can 

be coupled with the DIC image processing method.   

The strain rate behaviour of 2D biaxial and triaxial braided composite was examined by Böhm et 

al. [41].  Five braid geometries were examined, three 2D biaxial braids and two 2D triaxial braids.  

Biaxial braids were manufactured with braiding angles of 30, 45 and 70° while triaxial braids were 

manufactured using 30 and 45° braiding angles.  A high speed camera and the ARAMIS DIC 

measurement software was utilized to examine the high strain response of the braided structures.  
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Strain rates of 2, 10, 100 and 1000 mm/s were used for each braid sample.  Testing was performed 

on flat braided composite structures.  The stiffness and strength of 2D biaxial and triaxial braids 

were found to be strain rate dependent. 

The energy absorption of reinforced braided composite structures was explored by Dorival et al. 

[42]. This study was one of the few braided composite work that studied the energy absorption 

using digital imaging.  Dynamic crush tests were preformed using a drop weight tower with a mass 

of 4 kg and velocity of 6.5 m/s. A high speed camera and DIC analysis software was used to 

examine deformation and crushing behavior of the braided composite structure.  A schematic of 

the test specimen geometry used for this study is shown in Figure 7.  The test geometries consisted 

of an external 2D braided structure with a foam core.  Different reinforcing geometries were 

evaluated.  High speed imaging was used to examine the effect of different reinforcing designs on 

impact absorption and damage.  A variety of reinforcing configurations were explored and the 

crush behaviors of each of the reinforced structures was examined.   

 
Figure 7: Sample for high speed crush testing. Adapted from Dorival et al. [42] 

A novel application of the 3D DIC measurement method was performed by Pan et al. [43].  3D 

braided composites were evaluated using high speed imaging.  Strain measurement of the samples 

were performed using a high speed camera.  A four mirror arrangement was utilized to achieve 3D 

strain measurement using a single high speed camera.  A schematic of the four mirror high speed 
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imaging setup is shown in Figure 8.  A 3D DIC measurement method was required to measure the 

3D deformation and strain that occurs to the braided composite samples under impact loading.  

The methodology described allows for the 3D strain measurement of braided structures using a 

single high speed camera.  The methodology presented by Pan et al. [43] overcomes two of major 

technical challenges for performing high speed 3D DIC measurement of braided composite 

structures.  Firstly, using a single high speed camera removes the need of synchronizing multiple 

cameras.  Secondly, the ability to use a single camera for 3D DIC measurement and high speed 

imaging drastically reduces the amount of data required for this measurement [41].  

 

 
Figure 8: Example mirror arrangement to achieve stereo strain measurement using a single 

high-speed camera. Adapted from Pan et al. [43]. 

Damage and failure of triaxially braided composite structures was assess using high-speed imaging 

by Cichosz and Wehrkamp-Richter [36], [37].  The collected high-speed images were used to study 

the catastrophic failure that occurred to braid samples subjected to a multi-axis stress state. The 

evolution of damage and strain for braided structures was investigated.  The braid samples 

examined in this study exhibited non-linear behavior prior to failure.  The high speed camera 

allows for investigation of the catastrophic failure that braided composites exhibit under complex 

loading conditions. Good understanding of the mechanism may lead to developing braided 
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structures with pseudo-ductile failure characteristics by alteration of construction of the braids 

and/or use of hybrid fibers in the system [20], [21], [44], [45]    

The high speed imaging systems used to evaluate braided composite structures are summarized in 

Table 1. The data presented in Table 1 can be used in the preparation of future high speed studies 

of braided composite structures.  Furthermore, the methodologies described in Table 1 can be used 

in conjunction with DIC strain measurement methods. 

Table 1: High speed imaging systems for braided composite samples 

Author Loading Rate High Speed 

Camera 

Camera Frame 

Rate 

Sample 

Manufacturing 

Method 

Böhm et al. [41] 2, 10, 100 and 

1000 mm/s 

Not Specified Not Specified Triaxial braided 

composites 

Dorival et al. [42] 6.5 m/s FastCAM-

APX RS 

model 250k 

20,000 Hz 2D braided 

composites 

Pan et al. [43] 15 m/s Photron Fas- 

tCam 

APXRS SA5 

15,000-21,000 

frames per 

second 

3D braided 

composite 

Cichosz and 

Wehrkamp-

Richter [36], [37] 

2 and 1.3 mm/s Photron SA5 17,500 frames 

per second 

Biaxial braided 

composite 
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2.4 DIC measurement methods for Braided Composites 
2D DIC measurements provide full-field strain measurement for braided composite structures.  

Full field strain measurement allows for the visualization and analysis of strain field variations that 

occur due to the interwoven nature of braid yarns. Users can benefit from investigating a local 

versus global strain zone which is not always possible with other techniques that are available to 

the researchers.  2D DIC is an effective measurement tool for planar braid samples that do not 

exhibit out-of-plane displacement or strain.  Samples that exhibit out-of-plane motion or have 

complex geometries require the ability to measure 3D deformation and strain.   

A 2D DIC measurement experiment can affordably be constructed for braided composite 

measurement.  Open-source DIC software such as Ncorr, DICe and YADICS [46]–[48] (Machine 

vision cameras and lenses suitable for DIC measurements can be purchased for approximately 

$2000 USD.  Alternatively, commercial DIC software packages are also available such as: 

LaVision StrainMaster, Correlated Solutions VIC-2D or GOM ARAMIS.  This demonstrates that 

a 2D DIC measurement can affordably be performed for braided structures.   

Although a DIC measurement can easily be implemented for braided structures, this approach is 

not without drawbacks.  A significant amount of image data is collected for DIC measurements.  

The DIC measurement can become impractical for evaluating large numbers of samples as a 

significant amount of data storage and processing time is required.  The number of samples, 

number of images and test duration must be considered when designing a DIC measurement for 

braided structures.  A single camera DIC system is only capable of measuring in-plane deformation 

and strain an additional camera is required to detect out-of-plane deformation.  

The 3D DIC measurement technique is an effective tool for the measurement of the deformation 

and strain of advanced braided composite structures.  In particular, the 3D DIC method is best 
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suited for samples which have complex 3D geometries or both in-plane and out-of-plane motion 

[31], [49].  Despite the many advantages of the 3D DIC measurement approach this technique is 

not without challenges.  The 3D DIC method utilizes a pair of high resolution cameras as a result 

a significant amount of image data is collected for a single experiment.  Data management and 

storage must be considered when designing a 3D DIC experiment.  For composite structures with 

3D geometries or that exhibit anisotropic behavior the 3D DIC measurement method is an effective 

tool for assessing the deformation and strain of 2D and 3D braided composite structures.   

2.4.1 Sample Preparation for DIC Testing 
When collecting images, reflections or bright spots that appear in the camera image must be 

minimized.  Reflections or shiny surfaces will affect the accuracy of correlation results.  To remove 

reflections preparation of the sample surface may be necessary. Surface reflection can be reduced, 

and image contrast can be improved by applying a flat black or flat white paint to the sample 

surface.  Quick drying flat/matte black or flat white spray paints are recommended for preparing 

test sample surfaces.  Matte paints will not produce a shiny or reflective surface.  Paints should be 

chosen to be compatible with the matrix and fibers used to produce the braided structures.   

Once the sample surface has been prepared a speckle pattern can be applied.  The speckle pattern 

should provide a random contrast pattern to the test specimen surface.  The speckle pattern size 

must be appropriate for the sample size and field of view.  In general, speckles should be at least 

5 pixels in diameter.  The size of a speckle will depend on the image scale.  For example, a 5 pixel 

speckle will correspond to a physical size of 0.25mm for an imaging setup with an image scale of 

20 pixel/mm.  Therefore, the speckle size and field of view must both be considered. Assessment 

of speckle pattern quality was examined by Lecompte et al. [50]. A detailed review of speckling 

pattern techniques is presented by Dong et al. where a variety of methods are described [51].  The 

choice of speckle pattern will depend on the size, geometry and material of the braided test 

specimen.   

2.4.2 DIC Experimental setup and processing strategies for braided composites 
The DIC measurement systems that were used to measure planar braided samples are summarized 

in Table 1.  In this table the DIC software used for analysis, camera, and camera lens is listed.  In 
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all of these studies the camera field of view and working distance is not listed.  Furthermore, the 

DIC processing method (correlation window size) is also not listed for these studies. These 

parameters are necessary when examining braided composites as the choice of field of view 

depends highly on the unit cell geometry of the examined braided structure.   

Table 2: Digital Image Correlation Measurement Systems for Planar Braided Composite 
Samples 

Author DIC System Camera Resolution Camera Lens 

DIC 

Processing 

Method 

El-Hajjar et al.  

[27] 

Dantec Dynamics 

Q-400 
5 megapixel camera 

30mm 

Schneider 

Xenoplan Lens 

Not specified 

Qamhia et al. 

[28] 

Dantec Dynamics 

Q-400 
5 megapixel camera 

30mm 

Schneider 

Xenoplan Lens 

Not specified 

Kier et al. [29] ARAMIS 
Grasshopper CCD 

Cameras 
Not specified Not specified 

Johnston et al. 

[30] 
ARAMIS 2 megapixel cameras Not specified Not specified 

 

The 3D DIC measurement systems that were used to measure braided samples is summarized in 

Table 2.  In this table the 3D DIC software used for analysis, camera, and camera lens is listed.  

The camera field of view and working distance is also detailed.  The DIC processing strategies use 

for each study is also summarized. These parameters are necessary when examining braided 
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composites as the choice of field of view depends highly on the unit cell geometry of the examined 

braided structure.   

Table 3: 3D Digital Image Correlation Measurement Systems for Braided Composite Samples 

Author 
DIC 

System 

Camera 

Resolution 

Camera 

Lens 
Field of View 

DIC Processing 

Method 

Fouinneteau 

& Pickett 

[34] 

Not 

Specified 

2x 1.4 

megapixel 

cameras 

Not 

Specified 
Not Specified Not Specified 

Leung et al 

[35] 

LaVision 

Strain 

Master 

2x 1376 x 

1040 pixel 

Imager 

Intense 

Cameras 

Zeiss Stereo 

Discovery 

V8 

Microscope 

~5.0 x 3.0 mm2 

256x256 first pass 

followed by 64x64 

pixel subset with 

75% offset 

Cichosz and 

Wehrkamp-

Richter 

[36], [37] 

GOM 

ARAMIS 

2x 4 

Megapixel 

cameras 

Not 

Specified 

70 mm gauge 

length 

17x17 pixel with 2 

pixel overlap 

Zheng et al 

[38] 

GOM 

ARAMIS 

2x 5 

Megapixel 

Cameras 

Baumer 

TXG50 

Titanar 

50mm 
25 x 85mm2 Not Specified 
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Melenka & 

Carey [39] 

LaVision 

Strain 

Master 

2x AVT 

GT3400 9.1 

Megapixel 

Cameras 

LM35SC 

Kowa 

Lenses 

39.3x 29.4mm2 
31 pixel subset with 

8 pixel overlap 

 

The DIC measurement methods provides significant information for the deformation and strain of 

braided composite structures.  Since this is a full-field measurement method strain results can 

readily be compared with analytical and numerical FEA studies for model validation therefore 

complete experimental details are required for model validation.   

By varying optical devices strain measurements can be performed over a range of length scales.  

Additionally, this method can be used for both quasi-static as well as high strain rate testing.  Since 

the DIC measurement method is a contact-free technique this method is well suited to examine the 

complex damage and failure behavior of braided composite structures.   

3 X-ray Based Methods for Braided Composites 
Computed tomography (CT) is an X-ray based imaging technique that allows for the internal 

structure of an object to be investigated by non-destructive means [52].  There is a wealth of data 

and research that exists for the application for this advanced measurement method.  The imaging 

technique has been used extensively by the medical community to investigate physiological 

structures for diagnostic purposes [53]–[55].  CT scans provide accurate geometric analysis of 

three dimensional structures.  In addition, materials of different density can be identified through 

their absorption of X-rays.   
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As conventional CT machines usually have resolutions in the millimeter range, investigation of 

matrix-fiber bonding as well as void content determination can be challenging in CT machines. 

Micro-computed tomography (µCT) measurement technique offers an alternative in these 

scenarios. µCT measurements typically have a resolution below 50 micrometers (µm). A detailed 

review of the micro-computed tomography (µCT) measurement technique was performed by 

Stock [56].  The difference in resolutions is due to the fact that conventional CT machines are 

designed for rapid scanning of patients whereas µCT machines are not limited by scan time 

allowing for higher resolutions to be achieved.  A schematic of the µCT imaging process is shown 

in Figure 9.  The setup for a µCT machine differs from medical CT machines [52] .  Medical CT 

machines the source and detector rotates around a stationary patient.  For µCT machines, the test 

sample is rotated and the X-ray source and detector remains stationary.   

 

 
Figure 9: Micro-computed tomography (µCT) schematic 

The CT measurement method has also been used for a variety of industrial purposes [57].  Example 

industrial applications for CT measurements include:  additive manufacturing, composite 

materials, and electrical devices [58]–[60].  CT scanning is considered to be a revolutionary 

development following coordinate measurement machines (CMMs) [57].  Example applications 

for the CT measurement for composite material includes reconstruction of curvilinear fiber 

geometry [61].  New methods and approaches need to be developed to allow for the CT 
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measurement method to be used for industry specific sample quantification.  The CT measurement 

method has been used for conventional laminated composite and textile composite structures but 

fewer studies have been performed on 2D and 3D braided composite structures [62]–[65].   

3.1 Micro-Computed Tomography 
The computed tomography method can provide a wealth of information for braided composite 

structures. Addition to the interfacial bonding characteristics and void content, this method can 

also be used to accurately characterize the internal yarn and matrix architectures of both 2D and 

3D braided structures.  Accurate measurement of braid geometry is necessary for improving 

current analytical and numerical models.  The µCT method has already been used, and gaining 

increasing popularity, to investigated the yarn architecture of textile composite structures [63]–

[65]. The same methodology that has been used for textile composites can be applied to the 

investigation of yarn architecture for braided composite structures.  Additionally, this method can 

be used to accurately quantify the presence of voids and inclusions in composite structures in 3D 

[62].   

Although no publications are currently available, in the near future this method can be used for 

damage detection in braided materials. Since the µCT method is a non-destructive measurement 

this technique is ideally suited to the assessment of damage within braided structures.  Samples 

can be examined before and after damage allowing for failure mode investigation.  In-situ 

deformation and strain can also be obtain by combining µCT measurements with a digital volume 

correlation analysis technique [66].   

3.1.1 Braid Geometry Using µCT method 
The geometry of tubular braided composite structures using µCT method were assessed by 

Melenka et al. [67].  The braid preforms used in this study were fabricated using 5680 denier 
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Kevlar 49 yarns and embedded in an epoxy matrix (Epon825/Ancamine1482).  Authors indicated 

the importance of the selection of X-ray beam energy to allow for identification of the constituent 

materials within the braided structures.  

In the work by Melenka et al, the paths of individual yarns within a Diamond (1/1) braided 

composite were identified which was never shown in the literature before. An image segmentation 

procedure was used to identify the individual yarns within the braid in order to identify yarn path.  

To assess each of the braid yarns the cross-sectional area, aspect ratio, braiding angle and fiber 

undulation period were determined.  An example of the idealized braid geometry that is commonly 

used for modeling the mechanical properties of tubular braided composites is shown in Figure 10.  

In addition, a cross-sectional image of a braided composite samples is included in Figure 10. 

Measurement of yarn cross-sectional area, aspect ratio, braiding angle and fiber undulation period 

are necessary for improving current tubular braided composite analytical and finite element 

analysis models.  The calculations of the theoretical yarn undulation length, p, and yarn aspect 

ratio, ar, are shown in equations (1) and (2).   
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Figure 10: Braided composite μCT cross-section and idealized yarn geometry used for tubular 

braid modeling 
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2𝜋𝜋
𝑛𝑛

 
(2) 

The internal structure and porosity of three dimensional full five-directional (3DF5D) braided 

composite structures was examined by Ya et al. [68].  3DF5D braided composite are advanced 

structures which have complex 3D geometry.  An example 3D braid is shown in Figure 11 

demonstrating the complex yarn architecture.  Accurate measurement of the size and orientation 

of braiding yarns within the 3DF5D structure is crucial for a full understanding, and later modeling, 
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its properties.  Current models that exist for braided composites typically assume elliptical or 

polygonal cross-sections for braid yarns.  Idealized yarn paths are also assumed. Measurement and 

understanding of braid geometry is important for creating more accurate models for braid 

geometry. Analysis of complex 3DF5D using the µCT measurement method will allow for yarn 

size and orientation to be assessed within the braided composite structure.  To assess the orientation 

of yarns within the braided structure glass fiber tracer yarns were introduced.  The glass fiber yarns 

have a lower density than carbon fiber yarns which make up the rest of the braided structure.  The 

glass and carbon fiber yarns have differing X-ray attenuation rates and therefore will have varying 

grayscale values when examined using the µCT measurement method.  Samples were examined 

using a full rotation of 360° around the sample and the stepping interval is 0.5°. The X-ray source 

voltage and current were not specified for the 3DF5D composite structures. The size and shape of 

axial and cross-section of yarns was analyzed from µCT image data.  The path of the axial and 

braiding tracing yarns within the 3DF5D structure were analyzed.  In addition, the cross-sectional 

area of the tracing yarns was also investigated. Axial and braiding yarns ellipticity was calculated 

to compare the actual yarn cross-sectional geometry with elliptical geometry that is commonly 

assumed for braid yarns.  Ellipticity is measured by determining the ratio of the equatorial and 

polar radius of an ellipse (3). The average ellipticity of braiding yarns was found to be 2.79.  
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Figure 11: Example 3D braided composite demonstrating the complex yarn geometry. 

𝑒𝑒 = �𝑎𝑎
2 − 𝑐𝑐2

𝑎𝑎2
  (3) 

From the µCT measurement yarn geometry was assessed.  Internal yarns were found to form a 

flattened elliptical shape while external yarns have one side that is flattened by the mold used to 

cure the braided composite.   

3.1.2 Braid Damage and Failure 
Braided composites possess high damage tolerance and through-thickness strength due to the 

interwoven nature of the braiding yarns [69], [70].  Braided composites exhibit improved damage 

tolerance over conventional laminated composites and woven textile composite structures [71].  

The complex three dimensional nature of braided composites presents challenges for assessing 

damage and failure.  Braided composites can exhibit a number of failure modes including: matrix 

failure, delamination, tow splitting, and tow facture.  Measurement of damage and failure of 

braided composites is necessary to improve existing models.  Damage and failure must also be 

assessed for a variety of loading conditions.  The X-ray based µCT is well suited for the assessment 

of damage and failure to braided composite structures.   
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One of the first studies to examine 2D braids’ failure using X-ray based measurements was Ivanov 

et al. [72].  In this work, Triaxial diamond (1/1) braided composites were examined using a Philips 

HOMX 161 Microfocus X-ray system.  Braid samples were loaded in both the longitudinal and 

transverse direction and then inspected using the X-ray measurement system.  The braid samples 

were immersed in a diiomethane solution to assist in the identification of cracks within the braided 

composite structures.   

From this study it was found that cracks that form do not cross the entire specimen at once, i.e. the 

cracks are blunted due to the interlocked internal structure of the braided preforms.  It was also 

determined that crack formation exhibits a competitive mechanism between crack length growth 

and crack density increase.  In the study, damage levels were also assessed using acoustic emission.  

Two damage stages observed: (1) transverse crack initiation registered by acoustic emission; (2) 

progressive crack density growth and delamination initiation. 

Damage to 3D braided structures was examined by Kim et al. [73].  Damage was assessed using 

the X-ray µCT measurement method.  The braid samples were scanned using a Skyscan 1172 with 

an X-ray source of 40kV and 200 µA.  The µCT image were used to observe the damage 

mechanism that occurred within the braided composite sample at five different loading stages.  

Transverse cracking and micro-delamination were observed.   

The effect of impact and damage on hybrid 2D braided composites was examined by Sutcliffee et 

al. [74].  In this work braids were fabricated in a Regular (2/2) configuration.  Varying quantities 

of carbon and glass fibers were introduced to manipulate the impact resistance of the braided 

structures.  An example of a hybrid braided composite structure is shown in Figure 12.  Samples 

were produced with 50, 75 and 100% carbon fiber tows.   
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Figure 12: Schematic of hybrid braid with carbon and glass fiber tows. Adapted from 

Sutcliffee et al. [74] 

Impact tests were performed on the test samples using impact energies up to 50J.  Velocities of the 

impactors ranged from 46 and 83m/s for the heavy and light impactors respectively.  Damage to 

the braided samples was assessed using the µCT measurement method.  The braid samples were 

scanned using resolutions of 6.2 and 9.9 µm and a beam energy of 70 kV at 90 µA was used with 

a 2 second exposure.  All braid samples were emerged in a zinc iodide solution for 5 minutes 

before scanning to assist in micro-crack detection.  In addition to the µCT measurement method, 

contact profilometry, ultrasonic C-scanning and vibration measurement methods were also used 

to assess sample damage.   

The results from the µCT measurements indicated that internal damage could be assessed using 

this measurement method.  It was also noted that the zinc iodide solution was an effective approach 

to enhance crack detection.  Matrix cracking leading to delamination and tow splitting was also 

observed from the µCT measurements.   

By varying the quantity of carbon fiber within the braided structures was found to decrease the 

sample density by 12% for a 50:50 glass-carbon fiber braid compared to a 0:100 glass-carbon 
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braid.  Damage to the 50:50 glass-carbon fiber braid was significantly smaller than the 25:75 and 

0:100 glass-carbon fiber braids.  These results indicate that the formation of hybrid braids can lead 

to improved impact resistance by compromising density and axial stiffness.   

The study by Zhang et al. examined the effect of thermal cycling on triaxially braided composite 

structures [75].  Samples were fabricated using six layers of Toray T700s yarns with two epoxy 

resins, 3502 and PR520.  The samples in this work were thermally cycled between -55°C and 

120°C using a thermal chamber.  All samples underwent 160 thermal cycles.  X-ray contrast of the 

braid samples was enhanced by immersing the test samples in a zinc iodide/alcohol/ water solution. 

To examine the effect of thermal cycling X-ray µCT measurements of the test samples were 

performed.  Micro-cracks were observed in test samples after 50 thermal cycles were applied.  

Micro-cracks were observed in the direction of fiber orientation for both the longitudinal and 

biaxial yarns.   

The µCT measurements of the braid samples were used to quantify the micro-crack distribution in 

each sample.  The micro-crack density was assessed for each of the six braided composite layers.  

Higher crack densities were observed in the inner layers compared to the external braid layers.   

The work by Zhang et al.  also demonstrates the use of the µCT measurement method to examine 

the effect of thermal cycles on triaxially braided composite structures.  Braided composites, much 

like conventional laminated composites, are affected by temperature effects and the µCT analysis 

technique allows for investigation of the effect of temperature on the micro-structure of braided 

composite structures.  

The effect of impact and damage on 3D braided composites was examined by Li et al. [76].  A 

schematic of the test setup and tubular sample is shown in Figure 13.  A Split Hopkinson bar test 
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was used to perform impact on the braided composite samples.  Samples examined in this work 

were manufactured using a 4-step 3D braiding procedure and curing using vacuum assisted resin 

transfer molding (VARTM).  Carbon fiber T700-12k yarns and JC02A and JC02B resins were 

used to create the braided structures. 3D braided composites have improved through thickness 

properties compared to 2D laminates and textile composites.  Two braiding angles were used to 

produce samples in this work: 25 and 35°.  Varying strain rates were achieved by manipulation of 

the gas pressure level used.  Gas pressures of 0.3, 0.6 and 1.0 MPa were used to achieve varying 

strain rates.   

 
Figure 13: Diagram of a Split Hopkinson pressure bar test. Adapted from Li et al. [76] 

After impact, samples were inspected using the µCT measurement method.  Samples were 

examined using a Skyscan 1172 µCT. A 0.4°rotation was used step was used and a source voltage 

of 40 kV at 250µA was utilized.  A random movement process was utilized to aide in ring artifact 

minimization.  The collected µCT images of the braid samples were used to inspect the damage 

and failure modes that occurred due to impact of the 3D braided composite samples.  The collected 

results indicated that damage to braid is influenced by impact velocity and braid geometry.  

Additionally, braids with a higher braid angle were found to have greater impact resistance due to 

the packing/ tightness of the braiding yarns.   
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The effect of impact and damage was also examined by Zhou et al. where 3D tubular braided 

composite examples loaded under transverse impact [77].  In this work, a split Hopkinson bar was 

used to create impact loading of the tubular samples.  An example of a damaged braid sample 

impacted by a projectile is shown in Figure 15.   

 
Figure 14: Schematic example of lateral damage to a braided composite structure 

 

Three different numbers of braiding layers (2 layers, 3 layers and 4 layers), as well as three 

different braiding angles (15, 30 and 45°) were examined in this study. Carbon fiber T700-12K 

tows were used to form the braided structure. Epoxy resin was employed to consolidate the braided 

composites with the vacuum-assisted resin transfer molding (VARTM) manufacturing technique.  

Transverse impacts with 7 m/s, 12 m/s and 17 m/s velocities were used.   

A Zeiss MicroXCT-400 µCT was used to examine the tubular braid samples.  The X-ray source 

voltage and current was not specified. As well, the number of projections was also not provided 

for the tubular braid samples.  Using µCT images the effect of braiding angle and number of braid 

layers was explored. Results showed that increasing braid layers improved impact resistance.  

Failures that were observed in the braid samples were: resin cracking, tow splitting, de-bonding 

between yarns and fiber breakage.   
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The µCT measurement method is an important tool for investigating and evaluating damage to 

braided composite structures.  Since the µCT method is a non-destructive measurement it is well 

suited for the investigation of damage and failure of braided components.  Fracture surfaces and 

damage severity and be assessed through this measurement technique.  In addition, the µCT 

method can be used to effectively quantify the 3D architecture of both 2D and 3D braided 

composite structures.  Features that can be quantified with the µCT include: yarn width, yarn 

thickness, yarn undulation period, braid angle, fiber volume fraction, matrix volume fraction, void 

volume fraction, and void distribution.  All aforementioned braid measurements are necessary for 

accurate model development and quality control of braid manufacturing.   

3.1.3 Void detection using µCT  
The measurement and identification of voids and inclusions within braided composite structures 

is important to ensure consistent performance.  Some of the earliest work on void measurement of 

braided composites was performed by Kruesi and Hasko [78].  In this work void volume fractions 

were found to range from 1.74–3.71% and were measured using conventional void measurement 

methods.  Conventional void measurement techniques like acid digestion and matrix burn off can 

provide information on the quantity of voids or inclusions within the braid structure however, data 

on void size and distribution cannot be determined using this method.  Microscopy techniques 

have also been used to assess voids within braided composites but these measurements only allow 

for the analysis of voids within a 2D cross-section [79].  The 3D size and distribution of voids are 

necessary for the accurate prediction of mechanical properties using advanced modeling 

techniques.  Void size and distribution data is also required for quality control and manufacturing 

purposes.   
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A number of researchers have explored the effect of voids using advanced FEA simulations for 

braided composites.  The effect of voids on the mechanical properties was explored by Xu and 

Qian [80].  In this work a FEA model was created where random voids were introduced within the 

braided composite structure and the effect of voids on mechanical properties were explored.  

Similarly, the study by Dong and Huo examined the effect of voids and internal defects on 3D 

braided composite structures [81].  The effect of voids as well as braiding angle and fiber volume 

fractions were explored on the elastic properties of braided structures.  It was determined that voids 

within fiber tows had a more significant effect on mechanical properties than voids within the 

matrix material.  The result of these FEA studies demonstrates the effect of voids on braid 

mechanical properties and provides motivation for the minimization of defects in the braid 

manufacturing process. 

The µCT measurement method has been utilized to examine voids within braided composite 

structures. The examination of voids provides necessary data for models to predict the mechanical 

properties of braided composite structures.  Additionally, void measurement provides useful data 

for the quality control and manufacturing of braided composite structures.   

Voids were analyzed by using a threshold-based (thresholding) method by Ya et al. for 3DF5D 

braided composite structures [68].  A sensitivity analysis was performed to examine the effect of 

thresholding levels on voids identified within the braided structure. Several thresholds used to 

study effect of thresholding on void identification.  Voids were found mostly in the matrix regions 

of the braided composite structure.  Author’s did not comment on the reason for increase in void 

content with threshold value which is an important point; however, both enclosed and elongated 

voids within the braid structures were included in the study. 
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Voids in tubular braided composites were examined by Melenka et al. [82].  In this work Kevlar49 

Epon825/Ancamine1482 epoxy braided composites were examined using the µCT measurement 

method.  Void content of the braided composite sample was examined using an image 

segmentation method.  For the braided composite sample examined in this work a void volume 

fraction of 2.44% was determined.  An example braid cross-section obtained from a µCT 

measurement is shown in Figure 15.  Enclosed voids and open pores were identified as voids within 

the composite braid.  Void and inclusion measurement is vital to reduce failure initiation sites in 

braided composite structures. Manufactures require the ability to identify voids, pores and holes.  

Holes represent regions where no fiber or matrix is present while pores indicated that sufficient 

matrix has not penetrated into the center of the braid. 

 
Figure 15: Example braided composite cross-section obtained from a µCT measurement.  

Open pores observed along the inside diameter of the braid.  Enclosed voids are also present 
within the braid yarns 

 

The effect of voids on cellulose fiber braided composites was also explored by Melenka et al. [83].  

In this work, Regular (2/2) braids with two braiding angles (35 and 45°) were investigated.  A 

1.0µm3 voxel size was used in this work to investigate the microstructure of the two braided 

samples.  The total void volume fraction of the 35 and 45° braids was found to be 1.34 and 1.82% 
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respectively.  In this work the major and minor diameters of individual fiber tows were also 

examined.  This work demonstrates the assessment of braided composite geometry using the µCT 

measurement technique.   

3.1.4 Digital Volume Correlation 
In the previous sections, the CT measurement method has been used to examine failure and defects 

in braided structures as well as to quantify geometric details such as yarn size, yarn orientation and 

matrix volume.  These techniques fall under the umbrella of quantitative x-ray tomography [60].  

Advanced techniques are emerging related to computed tomography.  Quantitative x-ray 

tomography methods are concerned with acquiring three dimensional measurements utilizing the 

CT imaging method.   

An example of a quantitative CT method which is an extension of the 3D DIC, discussed in section 

2.1.2, measurement technique is known as Digital Volume Correlation (DVC) [84], [85].  DVC 

allows for the measurement of volumetric strain throughout a sample.  The DVC measurement 

method is commonly used in conjunction with computed tomography (CT) to collect volumetric 

data for a sample.  The DVC measurement method has been used for the measurement of 

volumetric strain in trabecular bone and conventional composite laminates and to measure three 

dimensional plant root growth [66], [86]–[89].  Presently, few studies have applied the DVC 

measurement method specific to composite materials [90], [91].  The internal strain fields of 

braided composite structures have not been investigated using the DVC measurement method.  A 

schematic of the DVC analysis procedure is shown in Figure 16.  The DVC measurement method 

requires the collection of a reference CT dataset as well as a dataset after load or deformation has 

been applied to the specimen.  A cross-correlation algorithm is used to quantify deformation 

between the reference and deformed CT datasets [84], [92], [93].  The cross-correlation algorithm 

is similar to the DIC cross-correlation algorithm described in Section 2.   
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Figure 16: Schematic of the Digital Volume Correlation (DVC) analysis method 

One of the first studies attempted to utilize the DVC measurement method was performed by 

Melenka [94].  In this work a compressive load was applied to a tubular braid sample and the 

volumetric deformation and strain of the braid sample was observed using the DVC measurement 

method.  This method will be vital for better understanding the in-situ strain that exists within both 

2D and 3D braided composite structures.   

3.2 Computed Tomography Analysis of Braided Composite Structures 
Several studies have examined braided composite structures using the µCT measurement method.  

Table 3 provides details on the µCT machine, X-Ray voltage, current, voxel size and sample 

materials examined.  Data presented in this table will provide a useful guide for preparing and 

designing future µCT studies for braided composite structures.  Appropriate selection of voxel size 

enables the resolution of small scale features within braided structures.  X-Ray voltage and current 

settings are selected based on the material density within the braided structure.  Table 3 lists 

common X-ray energy settings to analyze braided structures.   
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Table 4: Computed tomography scan setting for braided composite structures 

Author µCT 

Machine 

X-Ray 

Voltage 

X-Ray 

Current 

Voxel 

Size 

Sample 

Materials 

Manufacturing 

Method 

Ivanov et 

al. [72] 

HOMX 161 

Microfocus 

X-ray 

Not 

Specified 

Not 

Specified 

Not 

Specified 

Carbon Fiber 

Rovings 

Triaxial 

braiding 

Kim et 

al. [73] 

Bruker 

Skyscan 

1172 

40 kV 200 µA Not 

Specified 

UHMWPE 

Fibers 

4-step circular 

braiding 

Sutcliffee 

et al. 

[74] 

Nikon/ 

Metris 

HMX 

70 kV  90 µA 6.2 and 

9.9 µm 

Glass/Carbon 

Fibers 

2D braiding 

Zhang et 

al. [75] 

Not 

Specified 

Not 

Specified 

Not 

Specified 

Not 

Specified 

T700 Carbon 

Fiber with 3502 

and PR520 

epoxy resins 

Triaxial 

+60/0/-60° 

braiding 

Li et al. 

[76] 

Bruker 

Skyscan 

1172 

40 kV 250 µA 4.9µm 3D 

carbon/epoxy 

braided 

composites 

3D braiding 

Zhou et 

al. [77] 

Zeiss 

MicroXCT-

400 

Not 

Specified 

Not 

Specified 

20.11µm T700-12k tows 4-step circular 

braiding 
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Ya et al. 

[68] 

XM-

Tracer-255 

Not 

Specified 

Not 

Specified 

10 µm 3DF5D braids 

with carbon and 

glass fibers 

4-step 

braiding 

Melenka 

et al [67] 

Bruker 

Skyscan 

1076 

51kV 110 µA 18.2 µm Kevlar49/Epoxy Biaxial 

braiding 

Melenka 

et al. 

[83] 

Bruker 

Skyscan 

1272 

40kV 200 µA  1.0 µm Cellulose 

Fibers/ Bio-

based epoxy 

Biaxial 

braiding 

Melenka 

[94] 

Bruker 

Skyscan 

1272 

40kV 200 µA 3.0 µm Cellulose 

Fibers/ Bio-

based epoxy 

Biaxial 

braiding 

 

The µCT measurement method can provide significant data on the internal structure and geometry 

of both 2D and 3D braided composite structures.  Accurate measurement of yarn size and geometry 

is vital for the accurate analytical and numerical modeling of braided composite structures.  

Furthermore, accurate segmentation of matrix and fiber within the braid geometry is necessary to 

for the prediction of matrix and fiber volume fractions.  Finally, the µCT measurement process 

can also be used to accurately quantify the 3D void content of braided structures.  The µCT 

measurement method provides accurate 3D information on braided structures whereas 

conventional optical microscopy or scanning electron microscopy only allows for the assessment 

of 2D images of braid cross-sections.  Furthermore, the µCT measurement of braided composites 
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can be coupled with cross-correlation techniques described above in order to measure volumetric 

deformation and strain.   

4 Structural health monitoring and embedded sensors 
A variety of structural health monitoring (SHM) techniques have been applied to composite 

structures.  A comprehensive review of these SHM methods has been described by Amafabia et 

al. [95].  Additionally, an overview of fiber optic sensors for composite materials has been 

presented by Ramakrishhnan et al. [96].  Although there are a large number of SHM techniques 

that can be utilized for composite materials, braided composite structures present unique 

instrumentation and measurement challenges.  Unlike conventional laminated composites, 

braiding is an automated manufacturing process which prevents rapid integration of sensors during 

the braid manufacturing process.  Additionally, the density, size, orientation and undulations of 

yarns also must be considered when integrating sensors within braided structures.   

SHM of braided composite structures has been examined using three main techniques: optical 

fibers, conductive fibers and acoustic emission.  Each of these methods allow for monitoring of 

damage and failure for braided composite structures.  Due to the woven or textile nature of braided 

composites “Smart Textile” methodologies can be implemented to achieve sensing within braided 

structures [97]–[99].  The functionalization of yarns within braided structures can allow for health 

monitoring and the integration of other electronic devices such as illumination [100].  The 

incorporation of sensors or additional materials in braided composite structures results in 

Multifunctional Material Systems which further extends range of applications for braided 

composites [101]–[103].   
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4.1 Optical Fibers - Fiber Bragg Gratings 
Optical fibers have commonly been used to achieve health monitoring in composite structures due 

to their small diameter and low density [104].  The most common optical fiber sensing methods 

for discrete measurements are Fiber Bragg Grating (FBG) and extrinsic Fabry-Perot interferometer 

sensors (EFPI) [105].  Fiber Bragg Gratings (FBG) use the variation of the local refractive index 

of an optical fiber to achieve strain measurement [96].  A schematic of an optical fiber with a 

Bragg grating is shown in Figure 17.  The Bragg grating alters the refractive index of the optical 

fiber are inscribed on the optical fiber using an ultraviolet laser.  As strain is applied to the optical 

fiber changes to the period of the Bragg grating that occur.  The Bragg-wavelength, 𝜆𝜆𝐵𝐵, depends 

on the effective index of refraction, 𝑛𝑛0, and the Bragg period, Λ, as shown in equation (4).  The 

change wavelength due to strain is given by equation (5).  In this equation, Δ𝐿𝐿 represents the 

change in length of the optical fiber and Δ𝜆𝜆𝜖𝜖 is the change in Bragg wavelength due to an applied 

load.  Similarly, temperature change can be detected using (6).  Here, Δ𝑇𝑇 represents the change 

due to temperature and Δ𝜆𝜆𝑇𝑇 is the Bragg wavelength change that occurs due to changes in 

temperature.  FBG sensors can be used to achieve localized strain measurements.  Multiple Bragg 

gratings can be applied to a single optical fiber allowing for multiplexing so that strains can be 

measured at numerous locations along the sensor length.  

 
 

Figure 17: Fiber Bragg grating schematic for mechanical and thermal strain measurement 
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The use of FBG sensors for composite structures was discussed by Luyck et al. [106].  In this work 

the advantages and disadvantages of FBG sensors for composite structures was presented.  One 

major issue with FBG sensors is the entry point into the composite structure which can lead to 

sensor failure.  The size of FBG sensors can also cause geometric distortions within a composite 

material since the typical diameter of FBG sensors is much greater than common composite fiber 

diameters. FBG sensors can disturb the strain field within composite materials due to their size.  

Despite these limitations, FBG and other FOS sensors can be an effective thermal and mechanical 

strain measurement tool for braided composite structures. 

Simultaneous strain and temperature measurement was achieved for 3D braided composites using 

embedded sensors by Rao et al. [107], [108] through the use of extrinsic Fabry-Perot 

interferometer sensors (EFPI) and Fiber Bragg Grating (FBG) sensors.  Both sensors were 

integrated into a housing with small capillaries and mounted to the braided structure.  With the 

combined sensors a strain accuracy of ±20𝜇𝜇𝜇𝜇 and temperature accuracy of ±1°𝐶𝐶 was achieved.  

The process outlined in this work demonstrates the use of a combined FBG/EFPI sensors for both 

temperature and strain measurement.  The in-situ monitoring can be used to monitor temperature 

and strain during the curing process as well as for mechanical loading.   

A combined EFPI/ FBG sensor was also explored by Kosaka et al. [109].  In this work the EFPI/ 

and FBG sensors were embedded within braided structures. Test samples were evaluated under 

uniaxial tensile and cyclic loadings.  Flat braided composite samples were produced using glass 
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fibers and a custom mold was manufactured for impregnation of the braid samples with a vinylester 

resin.  The FBG and EFPI sensors were embedded in the braid perform prior to sample curing.  A 

schematic of the braid perform with embedded sensor is shown in Figure 18.  The diameter of the 

optical sensors used in this was 125 µm.   

 
Figure 18: Braided preform with embedded FBG/ EFPI sensor 

 

Sample strain was also monitored during curing by Kosaka et al..  This study found that the EFPI/ 

FBG sensors could only be used effectively for curing monitoring during the cooling process.  The 

EFPI and FBG sensors reported different internal strain results during the heating cycle for the 

sample.  Variations in sensors readings was attributed to the difference in effective stiffness of 

each of the embedded sensors.  Both the EFPI and FGB sensors could be used to accurately 

measure strain up to 0.8%.  After 0.8% strain large errors were observed in the embedded sensor 

measurement.  The FBG and EFPI sensors were also demonstrated to effectively measure strain 

under a cyclic loading condition.   

A co-braiding technique for incorporating optical fibers within braided composite structures was 

developed by Li et al. [110].  In this work, optical FBG sensors were co-braided during the 

manufacturing process of 3D braids.  The FBG sensors were incorporated in the axial direction of 

the braid and the optical fibers were oriented parallel with the machine braiding direction (Figure 

1).  The effect of the co-braided optical fibers on the mechanical properties of the 3D braided 
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structure was explored using a constitutive analytical model.  The braids were applied tensile 

loading, and surface mounted strain gauges were used for comparison with the co-braided optical 

fiber strain measurements.  The tensile test results demonstrated good agreement between the 

externally mounted strain gauges and internal optical fiber strain measurement.  However, an 11% 

difference between the two strain measurement techniques was reported.  The discrepancy between 

the strain gauges and optical fibers was attributed to the sensor location on the braided structure 

by the authors as strain gauges were mounted to the external surface of the braid while optical 

fibers are positioned within the braided structure.   

Cure monitoring of 3D hybrid braided composites was examined by Jung and Kang [111].  3D 

braided structures were manufactured in both a tubular and flat plate geometry and FBG sensors 

were embedded by replacing co-braided nylon fibers.  The FBG sensors were embedded along 

both the curved yarns as well as in the machine direction.  The FBG sensors used in this study had 

a diameter of 250 µm.  The FBG sensors were embedded after the braid preform was manufactured 

to avoid damage to the FBG sensor during braiding.  Fibers were embedded in the machine 

direction (longitudinal sample axis) and along the fiber direction. A schematic of the braid samples 

with fiber embedded in the machine and fiber directions is shown in Figure 19.  The placement of 

FBG sensors shown in Figure 19 demonstrates a major advantage of optical sensors for in-situ 

strain measurement as fibers can be oriented in either the loading direction or in the braided fiber 

direction.   
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Figure 19: 3D braided composite with embedded FBG sensors. Embedded sensors are oriented 

in both the axial direction and parallel to the braid yarns. 

Compression and three-point bending tests were performed on the 3D hybrid braided samples.  

The embedded sensors were shown to accurately measure strain under both bending and 

compressive loading.  Dimensional changes to the braided structure was monitored using the 

curing cycle.  The results of the study indicated that FBG sensors can be embedded in 3D braided 

composites for in-situ strain measurement.  The authors noted that there is significant difficulty in 

embedding the FBG sensors within the 3D braided structure.  Dense braided structures or braids 

which significantly curved yarns may present issues for embedding FBG sensors.   

FBG and other FOS sensors are an effective tool for in-situ strain and temperature measurement 

of braided composites.  FBG sensors have been used in braided composite structures for strain 

measurement and temperature measurement during curing.  Challenges associated with FBG 

sensors and braided composites include: co-braiding optical fibers within a densely packed braided 

structure [111], [112].  The difference in diameter between the optical fibers and braid fibers can 

also introduce undesirable strain fields within the braid structure [106].  Optical fibers are also 

prone to failure while being inserted into braided structures.  These technical challenges will need 

to be overcome to allow for optical fibers to be used as integrated sensors within braided structures.   
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4.2 Conductive Yarns 
Conductive fibers or yarns can also be introduced into braided structures to achieve strain 

measurement [113]–[115].  The advantage of conductive yarns over optical fibers is that these 

yarns can easily be introduced in the braiding process.  Embedded conductive yarns or fibers utilize 

the piezoresistive effect to measure strain.  Using Ohm’s law, the resistance of a yarn can be 

computed using equation (7).  In this equation L represents the static length of the yarn, A is the 

initial cross-sectional area and ρ is the initial resistivity of the yarn.  This allows for the initial 

resistance, R0, to be computed.  The change in resistance of a yarn can be computed using equation 

(8).  In this equation the changes in resistivity, Δρ, length, ΔL, and area, ΔA are used to compute 

the resistance change of the yarn. Using Poisson’s ratio, 𝜈𝜈12, the area change and change in length 

can be related to give equation (9).  Finally, the gauge factor, G, of the sensor can be determined 

using (10).  The gauge factor can be determined experimentally by applying known strain to the 

test specimen.   

𝑅𝑅0 =
𝜌𝜌𝜌𝜌
𝐴𝐴

 (7) 

Δ𝑅𝑅
𝑅𝑅0

=
Δ𝜌𝜌
𝜌𝜌

+
Δ𝐿𝐿
𝐿𝐿
−
Δ𝐴𝐴
𝐴𝐴

 (8) 

Δ𝑅𝑅
𝑅𝑅0

=
Δ𝜌𝜌
𝜌𝜌

+ 𝜖𝜖1(1 + 2𝜈𝜈12) 
(9) 

𝐺𝐺 =

Δ𝑅𝑅
𝑅𝑅0
𝜖𝜖

 

(10) 

 

The study by Kim et al. introduced networks of conductive carbon nanotubes to achieve in-situ 

strain measurement [73].  Multi-walled carbon nanotubes were distributed within a vinyl ester 

resin using a three-roll mill calendaring method.  Once the customized vinyl ester resin was 

produced 3D braided composite were fabricated using a vacuum assisted resin transfer molding 

process.  Strain gauges were surface mounted on the braided composite samples for comparison 
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with the conductive carbon nanotube matrix.  Piezoresistive behavior was observed from the 

embedded carbon nanotube network.  As micro-cracks and damage occurred to the braid sample 

changes reduced electrical resistance was observed.  Five characteristic strain stages were 

observed.  The characteristic strains observed were 1) transverse cracks or micro-delamination 

formation 2) crack growth 4) damage saturation 5) and finally resistance decrease.  The five 

characteristic strain stages were confirmed using X-ray µCT observations.  The study by Kim et 

al.  demonstrates the methodology to achieve in-situ strain measurement by creating a conductive 

carbon nanotube network within the braided composite matrix material.   

Carbon nanotubes were also introduced as a resistance-based sensing method by Wu et al.[116].  

3D braided composite structures were fabricated using E-glass yarns.  Carbon nanotubes were 

dispersed in the epoxy matrix used to form the braided composite.  A healant resin was also 

prepared using a rapid curing resin.  Carbon nanotubes within the healant resin were used to sense 

crack filling.  As cracks within the braided structure are filled with the healant resin the electrical 

resistance changes.  The carbon nanotubes introduced in this work were used to both observe 

damage to the braid samples as well as to measure crack filling using a healant resin.   

Structural health monitoring of 3D braided composites was achieved by introducing continuous 

carbon nanotube threads into 3D braided composite structures by Wan and Guo [117].  Every 

fourth braid yarn carrier was replaced with carbon nanotube yarns to achieve strain measurement.  

Strain measurement was achieved by monitoring resistance changes of the carbon nanotube yarns 

due to an applied mechanical load.  Three samples were examined with varying braiding angle, 

fiber content and density.   

A carbon nanotube thread was also embedded in 3D braided composites by Guo et al. [118].  3D 

braided composite structures were evaluated in response to a three-point bending load.  Braids 
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were manufactured using a 3D braiding process and carbon nanotube yarns were embedded along 

the longitudinal axis of the braided structure. The embedded carbon nanotube yarns were used to 

measure longitudinal strain within the 3D braid structure.  The sensing carbon nanotube yarns were 

oriented above and below the neutral axis of the braid sample to measure both tensile and 

compressive strain when subjected to a three-point bending load.  Changes in the resistance of the 

carbon nanotube sensors were observed for both loading and unloading of the test samples.  This 

work demonstrates the possibility of monitoring damage and failure to 3D braided composite 

structures under bending loads using embedded carbon nanotube yarns.   

Continuous carbon nanotube yarns were introduced into 3D braided composite structures by Ma 

et al. [119].  Four different carbon nanotubes were used with densities that varied from 0.3 g/cm3 

to 1.0 g/cm3.  The carbon nanotubes were introduced in the axial direction of the braided structure.  

The results from tensile test demonstrated that variations in carbon nanotube density affected the 

change in resistance measured with the embedded carbon nanotube yarns.  The 0.3 g/cm3  yarns 

demonstrated the greatest resistance change in response to strain while the 1.0 g/cm3  yarns.  The 

results of this work demonstrate that the carbon nanotube density can be selected in response to a 

required strain response.   

An integrated sensing method for braided composites was detailed by Legrand et al [98].  In this 

work sensing yarns were prepared by coating glass fibers with a conductive polymer PEDOT:PSS 

and latex solution at a 7:1 ratio.  Terminals were created at the ends of the sensing yarns by coating 

the yarn with silver paint to allow for an electrical connection.  Once the sensing yarns were 

prepared they were then woven into a braid sample with a 55° braid angle.  A tensile test was 

performed on the braided sample and the change in electrical resistance of the sensing yarn was 

monitored.  The yarn coating methodology presented by Legrand et al. demonstrates that 
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integrated strain measurement can be achieved by functionalizing yarns within the braided 

structure.   

The introduction of continuous conductive yarns has a number of advantages over other health 

monitoring and sensing approaches.  Conductive yarns can be selected to be compatible with the 

braiding process and therefore will not cause localized distortions which can be caused by sensors 

such as FBG sensors [106].  Since conductive yarns can be introduced in the braiding process, 

these yarns can be used to monitor in-situ damage and strain rather than using surface 

measurements such as strain gauges or extensometers.  Additionally, conductive particles can be 

introduced into braid matrix material to also achieve in-situ strain measurement.  Both of these 

approaches allow for health monitoring of braided composites while using instrumentation 

approaches that are compatible with the braid manufacturing process. 

4.3 Acoustic Emission 
Acoustic emission (AE) is a non-destructive sensing technique that is used to monitor the 

development of defects and cracks in structures [120].  The acoustic emission method monitors 

stress waves that occur within materials when a load is exerted on a structure.  Cracks or fractures 

will generate stress waves that can then be detected by the AE sensor.  A schematic of the AE 

measurement process for a braided composite structure under a bending load is shown Figure 20.   
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Figure 20: Acoustic emission measurement schematic for a braided composite under three-
point bending 

 

The acoustic emission measurement method was utilized with tri-axially braided composite 

structures by Ivanov et al. [72].  The acoustic emission measurements were used to identify the 

presence of cracks and damage to the tri-axially braided samples.   

The AE measurement method was used by Li et al. for the monitoring of damage on 3D braided 

composite structures [121].  The AE waveform was examined in this work for a 3D braid under 

flexural loading.   

Damage to 3D rotary braided composites using AE was performed by Carvelli et al. [122].  Abrupt 

changes to the acoustic emission signal were used to identify damage that occurred to the 3D 

braided structure.   To identify damage, the cumulative energy of the acoustic emission as plotted 

against stress.  These curves can be used to identify a change in the acoustic emission energy as 

damage.  An example AE vs stress plot is shown in Figure 22.  The step changes shown in this 

figure can be used to identify damage events to a braided structure.   
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Figure 21: Example Acoustic Emission Cumulative Energy vs Stress Plot 

The study by Zhang et al. also used the acoustic emission method to examine damage to braided 

structures [75].  The AE measurement was used to monitor damage to a tri-axially braided structure 

under thermal cyclic loading.  A Weibull distribution was used to fit the experimental normalized 

cumulative energy and number of cycles.  The Weibull distribution equation can then be used to 

predict the relationship between number of thermal cycles and cumulative acoustic emission.  This 

then allows for damage due to thermal cycling to be predicted.   

The AE measurement method was used by Yan et al. to examine the post-impact behavior of 3D 

braided composite structures [123].  Braid samples were first impacted with a 45 J impact and then 

a compression after impact test was performed.  AE signals were used to assess sample damage.  

The AE method was shown to be an effective tool for examining the failure mechanism of braid 

samples evaluated using a compression after impact testing approach.   

Acoustic emission measurements have commonly been used in conjunction with computed 

tomography measurements described in Section 3.1 to identify damage and failure that has 

occurred to test samples.   
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5 Conclusions 
Braiding is a textile based manufacturing process that can be used to create 2D or 3D braided 

preforms. Braiding is utilized as an advanced and automated composite manufacturing process 

that can be used to fabricated high performance components highly suitable for critical applications 

in aerospace, automobile, and biomedical fields. The highly complex interlaced architecture of 

braided composites requires the use of advanced, accurate, and reliable measurement methods. 

They include digital image correlation, computed tomography, high speed imaging and structural 

health monitoring.  These methods provide substantial data for measuring and understanding the 

complex behavior of braided composite structures. Following methods were discussed in detail in 

this review in an attempt to inform and guide new and existing researchers in the field.  

2D and 3D DIC measurement of braided composites is an effective method to examine the 

complex strain field that occurs due to the interlaced fiber yarns within the braided structures.  The 

DIC measurement method can be utilized for a variety of loading conditions and the measurements 

can be performed on both the macroscale and microscale of braided structures.  DIC measurements 

can be performed in conjunction with high speed imaging to examine the high strain rate behavior 

and failure of braided composites structures.   

µCT of braided composites provides a wealth of data that cannot be obtained through traditional 

microstructural analysis methods.  Accurate measurement of braid geometry and microstructure, 

prior and post failure as well as during loading, is necessary to support model development and to 

examine manufactured braided composite quality – which is made possible with this advanced 

technique.  µCT measurements of biaxial, triaxial and 3D braided composites are necessary to 

support advanced model development and to improve manufacturing consistence of these complex 

structures.   
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SHM of braided composites is required to allow for in-service measurement of braided structures.  

Damage and failure of composite braids are difficult to predict therefore the inclusion of integrated 

sensors may improve the utilization of this advanced manufacturing technique.  Due to the 

automated and interlaced nature of braided composites sensors can be readily integrated into braid 

preforms.   

In this manuscript advanced measurement and analysis tools for braided composite structures were 

discussed.  The measurement tools were identified due to their ability to provide extensive data on 

the behavior and microstructure of advanced braided composite structures.  The measurement 

approaches reviewed in this work are envisioned to become standard analysis approaches for 

braided composite structures.   
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