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 Abstract 

Braided composite materials are a class of fiber reinforced composite materials which obtain 

their unique material properties from the interlaced fiber structure.  The fiber orientation has a 

critical impact on the resulting material properties of the composite component and as a result, 

the quality assurance of the braid angle should be an essential step in the production process.  To 

improve the braiding process, a non-intrusive and automated braid angle measurement technique 

was developed using machine vision principles.  The use of a CCD camera and frequency 

domain image processing allowed the braid angle of stationary and dynamic tubular braid 

preforms to be measured.  This technique was found to have lower uncertainty when compared 

to currently used manual measurement techniques with the additional benefit of allowing 

measurements to be made in real-time without user interaction. 
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Chapter 1 Introduction 

1.1 Motivation 

Braided composite materials have numerous applications in automotive [1], structural [2] and 

aerospace industries [3].  Two dimensional braided composites are often produced on a maypole 

braider. The braided fiber structure, called the braid preform, is produced atop a shape giving 

mandrel.  The braid angle, which is a measure of the fiber orientation of the braided structure, 

has been shown to strongly influence the material properties of the composite part.  Predictive 

models have shown that a 3° change in braid angle causes a 19% change in elastic modulus of a 

biaxial braided composite [4].  Due to the importance of the fiber orientation, it is often 

measured post production to ensure that the desired fiber orientation has been produced.  The 

braid angle is most often measured using manual measurement techniques; however, the manual 

measurement techniques are prone to human error, resulting in uncertainties ranging from ±1° to 

±2° degrees [5, 6].  This makes fiber orientation quality assurance a time consuming and error 

prone process which should be improved to improve the confidence in the material properties of 

braided composites.   

To address this issue, a non-intrusive and automated braid angle measurement technique was 

developed using machine vision principles.  A non-intrusive technique will allow the system to 

be applied to different braiding setups and will allow measurements to be made during the 

braiding process.  An automated measurement system will remove human error from the 

measurement process and reduce the time taken to produce a braided preform.   
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1.2 Thesis objectives 

For this thesis, a single camera machine vision system will be developed to measure the braid 

angle of tubular braided preforms in real-time during the manufacturing process.  The image 

processing measurement system using the two-dimensional discrete Fourier transform is 

developed and an image preprocessing method will be validated for measuring tubular braided 

samples.  The error associated with the single camera system will be considered and the 

measurement technique will be applied to an in-line braiding application where braid angle 

measurement will be made of preforms with a constant braid angle and a transient braid angle.   

1.3 Thesis scope 

This thesis work develops an optical braid angle measurement technique capable of measuring 

the braid angle of biaxial braids in real-time.  Such a system has the potential for further 

automating the braiding process.  This system will eventually be used in a control system to 

adapt braid angle during production. Several types of braiding machines are capable of 

producing biaxial braids, however, this work has been developed for a 36-carrier horizontal 

maypole braiding machine.  2D braided fibers can be deposited onto many different mandrel 

shapes due to the conformability of the structure and the ability for the fibers to lie on non-

geodesic yarn paths [7].  Tubular braided preforms are simple structures which take advantage of 

the axis of symmetry of the braiding machine and can be produced in a continuous fashion which 

would benefit from automated visual inspection processes.  Examples are braided composite 

rebar [2] and braid tubes.  The tubular mandrel geometry is also a simple geometry which can be 

used to validate the accuracy of the measurement system.  Once the machine vision system has 

been validated for measuring the fiber orientation of static tubular preforms, the process can be 

tested in-line on braided preforms that are produced with constant and non-constant braid angles.   
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1.4 Thesis outline 

This thesis consists of 5 chapters.  A discussion on the shortcomings of 2D braiding is given in 

Chapter 2.  These topics are focused on the current limitations of the production of the fiber 

preform, which are the current measurement techniques used to measure the fiber orientation and 

the inaccuracies and difficulties associated with predicting the braided fiber structure.  In Chapter 

3, the image processing scheme is developed and validated for the measurement of tubular 

braided preforms.  This begins with a discussion on the integration of visual inspection systems 

with textile and fiber reinforced composite production.  The error associated with the image 

collection is discussed and is compared to a fiber distribution model to predict perspective error.  

In Chapter 4, the image processing technique is used in a machine vision system to measure the 

fiber orientation of tubular braided preforms during the braiding process.  Preforms with constant 

braid angles are measured to determine the accuracy of the measurement technique.  Preforms 

with non-constant braid angles are compared to a well-known 2D braiding model [8].  A 

summary of the work, as well as a discussion about the limitations and future work can be found 

in Chapter 5.   

The appendices consist of additional information to supplement the methods used in this work.  

Appendix A consists of additional information regarding the periodicity of the two-dimensional 

discrete Fourier transform in which the effect of image boundaries influences the frequency 

spectrum.  Spatial techniques used to compensate for this periodicity are discussed and applied to 

braid images.  Appendix B consists of a mathematical validation showing the preserved angular 

orientation between the spatial and frequency domains.  Additional results regarding spatial 

image preprocessing techniques can be found in Appendix C.  The results of the braiding speed 

and puller speed calibrations are shown in Appendix D.   
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Chapter 2 Literature Review 

The design process requires, among a number of other variables, a concrete understanding of the 

material properties of all materials and components used in the structure.  The same is true when 

using braided composite materials.  The material properties of braided composite materials are 

highly tailorable and are strongly influenced by a number of factors.  Multiple works have shown 

the importance of braid angle, fiber volume percent, crimp angle and braid pattern [1-5] when 

forming these composite materials.  Additionally, the position of the mandrel relative to the 

braiding machine affects fiber deposition [6], which influences the braid angle of the fibers.  

Fiber position has been shown to influence all mechanical properties and material behavior 

including moduli [7-10], strength [11, 12], fatigue loading [13-15] and deflection [16].  Thus, to 

ensure that the braided composite component adheres to the predicted materials properties from 

the design process, precise control and quality control of the fiber position during production is 

required for the successful and economical production of these materials.   

In this chapter, the strong relationship between fiber placement and material properties is 

discussed. This is followed by a discussion on modelling techniques used to generate fiber 

preforms. Finally, a discussion regarding the ability to use machine vision to bridge the quality 

gaps seen in the modelling techniques in the braided composite industry is presented.   

2.1 Shortcomings in braiding and manufacturing of braided composites 

The multi-step manufacturing process required to produce braided composite materials induces a 

level of material property variation between samples [17-19].  This variation negatively affects 

the confidence of predicted material properties and is undesirable for high performance 

applications.  Chen et al [6] investigated the effects of small changes in braid angle with respect 
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to several defining characteristics of triaxial braided components finding that small changes in 

braid angle strongly influenced the transverse properties of triaxial braids.  Chen et al. [20] also 

reported being able to produce flat triaxial panels with a braid angle within ±3 degrees.  These 

unwanted braid angle distributions have been reported in other studies. Lomov et al [18] reported 

such distributions when measuring their flat glass fiber composite samples which were produced 

on a flat braiding machine.  They found that the average braid angle across the sample was 

always less than the central braid angle.  Birkefeld et al. [17] also reported a braid angle variation 

along their flat braided composite samples.  Tate and Kelkar [11, 15] found braid angle 

variations across a sample to be between ±1° and ±2° for flat biaxial braided samples made from 

braided tubes.  This suggests that manipulating the fiber structure prior to fiber consolidation 

adversely affects the braid angle within a braided sample.  These variations in braid angle are not 

known until a series of braid angle measurements are taken for each sample.  This can be time 

consuming, especially when multiple measurements must be made of each samples [17, 18] and 

measuring the braid angle manually is prone to human error when either aligning the 

measurement tool or selecting the landmarks in an image.  However, it is unclear at what stage of 

the manufacturing process these variations occurs.   

Apart from the fiber structure being produced, as noted above, there are shortcomings also 

related to the manual impregnation process used to produce tubular braided composites.  

Melenka et al [21] found that tubular braided composite materials can possess a significant void 

content introduced during the impregnation process.  The presence of voids has been shown to 

affect fiber breakage and failure of braided composites [22]. Manual impregnation can also 

distort the fiber architecture prior to curing.   
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As it can be seen, unforeseen consequences of the manufacturing process can introduce flaws or 

contribute to phenomena in braided composite materials that can influence their material 

properties in ways which are not accounted for in predictive design models.  The scope of this 

work lies with focusing on the issues related to fiber placement during the two dimensional (2D) 

braiding process.  There are two aspects related to the production and inspection of braided 

composite materials to be discussed in this chapter.  The first of which will be a discussion of the 

current modelling approaches that have been developed to relate fiber orientation to braiding 

machine speeds.  The second will be a review of the techniques that are currently used to 

measure fiber orientation in braided composites, as well as other types of fiber reinforced 

composites.   

2.2 2D braids and the 2D braiding process 

2.2.1 The production of 2D braids 

2D braids encompass a number of different braid architectures including biaxial, triaxial and flat 

braids.  To produce the desired braid pattern, maypole, flat, radial and rotary braiding machines 

can be used to suit the application.  This work focuses on the production of 2D biaxial braids 

with a horizontal maypole braider as one case study of the production process.   

The maypole braiding machine and all critical components are shown in Figure 2-1.  To produce 

the braided structure, the maypole braiding machine has two sets of yarn carriers which rotate in 

opposing sinusoidal paths around the mandrel.  The sinusoidal path is achieved by the horn 

gears, which consist of a slotted plate connected to a spur gear.  The rotation of the horn gears 

propels the yarn carriers around the track plate of the braiding machine.  To control the 

convergence point of the braid, a guide ring is used [23] and the reduction of the size of the guide 



8 
 

ring relative to the size of the mandrel can reduce the time taken to reach steady state [24]  The 

geometry of the maypole braiding machine, such as the radius of the track plate, size of the guide 

ring and the shape of the mandrel, affect the resulting braid pattern.  However, all geometric 

features held constant, the braiding machine speeds are the critical process parameters which are 

varied to produce the desired braid pattern.   

 

Figure 2-1: Annotated image of a horizontal maypole braiding machine showing the various components of 
the machine 

The production parameters of the maypole braiding machine are the take up and yarn carrier 

speeds.  The braiding schematic in Figure 2-2 shows how each of these process parameters 

affects the braiding process.  Variation of these process parameters will allow the designer to 

control the fiber orientation of the braided fibers on the mandrel which, as previously discussed, 

has a significant impact on the material properties of the composite part.  Like all fiber 

reinforced composite materials, the fiber orientation has the strongest influence on the resulting 

material properties. 
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Figure 2-2: Schematic of a maypole braiding machine showing the rotational speed of the yarn carriers and 
take up speed of the fiber preform 

The braid angle is used to quantify the fiber orientation of braided fiber structures.  This is a 

measure of the orientation of the fibers relative to the longitudinal axis of the mandrel, as shown 

in Figure 2-3.  The braid angle has been identified in multiple ways in literature.  The most 

common way is the direct measurement of the superficial angle on the surface of the braided 

structure.  The second way is to infer the braid angle from the length of the preform and pick 

spacing of the braid.  This method has been developed in ISO 10122 for determining the braid 

angle of braided tubes [25].  By comparing the length of a single braid yarn, 𝐿𝐿𝑣𝑣 to the length of 

the preform, 𝐿𝐿𝑡𝑡, the braid angle can be determined with Equation 2.1.  This relation assumes that 

a perfect helical path is followed by the yarn.  Due to the requirement of removing a yarn from 

the preform for measurement, this process may not be suitable for all applications.   



cos =
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2.2.2.1 Geometry based kinematic models 

Geometry based kinematic models derive vectors to represent the yarn path from the yarn carrier 

to the surface of the mandrel.  These vectors can be mapped onto the surface of the mandrel, 

producing the predicted fiber preform.  A large majority of models that use this approach rely 

entirely on braid kinematics and geometry, which makes the models simpler at the expense of 

neglecting some phenomenon which occurs during the braiding process.  Geometry based 

kinematic models make a number of assumptions, the effects of which become more pronounced 

for braiding machines with a large number of yarns [11].   

These types of models began with work done by Michaeli et al [6] who aimed to develop a 

generalized model of the tubular braiding process for design purposes.  They discussed some of 

the process limitations of the circular braiding process, such as the maximum allowable mandrel 

eccentricity and fiber slippage on complex mandrel shapes, which can lead to adverse changes in 

braid angle and built the based framework of a machine control strategy, as well as a processing 

strategy to determine the feasibility of the desired braid pattern. 

Du and Popper [26, 27] developed a series of equations to predict the fiber orientation on simple 

and complex axisymmetric mandrel shapes.  A common assumption in the derivation of these 

kinematic models is neglecting frictional effects.  This eliminates the need to consider any yarn 

interactions and allows the assumption that the yarn remains straight in the convergence zone to 

be made [2, 5, 26, 28-30].  Additional to this nearly universal straight yarn assumption, Du and 

Popper also assumed negligible friction between the yarns and the mandrel and that there is no 

yarn slippage once the yarns make contact with the mandrel.  Their experimental work involved 

braiding over a number of different mandrels, including cylindrical and tapered mandrels.  They 

found an accurate calculation of the convergence plane; however, the expected braid angle at 
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steady state was consistently 5° less than the measured value.  This issue is believed to indicate 

that the yarns do not remain straight in the convergence zone.  For tests with a more complex 

mandrel shape, the braid angle discrepancy between the measured and predicted reached a 

maximum of 10°. 

Using a different geometry based approach, Ravenhorst and Akkerman [28] developed a set of 

kinematic braiding equations for predicting the braid geometry for complex mandrel shapes.  

Here, they neglect the friction between the yarn and the guide ring.  They reported a braid angle 

error of 3° in non-tapered regions, and approximately 10° in tapered regions which is attributed 

to the bias yarn interactions which are not accounted for.  They also found that having an 

eccentric mandrel relative to the braiding machine caused a maximum scatter of 7° when 

comparing different circumferential locations of the braid mandrel.  The negative effect of 

mandrel eccentricity was also reported in Michaeli et al [6].   

Mazzawi [24] used braiding equations from Ko’s work [31], as well as developed a new model 

for predicting the braid structure on cylindrical and conical mandrels respectively.  They found 

that when over braiding cylindrical mandrels, the measured value of the convergence length was 

between 12 and 25mm of the predicted value.  Due to the relationship between convergence 

length and braid angle in these equations, this will lead to inaccurate braid geometry predictions.  

To braid over a conical mandrel, Mazzawi [24] used a stepwise procedure where to reduce the 

transient motion of the deposit plane, at specified intervals, the process was stopped and the 

mandrel was displaced to adjust the convergence length to the new steady state value prior to 

braiding the next section.  This method was deemed unsuccessful in accurately producing conical 

braids with a 100% cover factor.   
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Guyader et al [2] used the common assumptions including no slippage on the mandrel and 

straight yarns in the convergence zone to derive a set of equations capable of predicting yarn 

slippage and relaxation of yarns during the braiding operation.  To validate their model, a 

transient braid pattern was obtained by accelerating the mandrel linear velocity from 5 mm/s to 

15 mm/s.  The results from their model are compared to the speed of the convergence plane and 

the change in the braid angle along the mandrel.  For tests performed by accelerating and 

decelerating the mandrel speed, maximum deviation between expected and measured braid angle 

was approximately 3° for a tubular mandrel.   

Nishimoto et al [32] developed a model to allow the generation of tubular braids with a 

circumferentially varying braid angle.  Their work depended on assuming that the inter-yarn 

forces and interactions can be neglected, thus leading to the conclusion that the yarns will remain 

straight in the convergence zone.  They modelled the use of an elliptical guide ring to achieve a 

desired circumferential braid angle distribution on the tubular mandrel.  Differences of up to 3° 

between their model and experimental results were attributed to variations in fiber speed, which 

could be caused by friction between the yarns or the guide ring, as well as motion of the fell 

point of the fibers due to the elliptical guide ring.   

Rawal et al [33] assume no frictional effects between yarns, no slippage once the fibers make 

contact with the mandrel, no friction between the yarns and the mandrel and there is no yarn 

crimp.  They modelled sparse, open mesh braids with cover factors less than 25% for a number 

of different mandrel shapes including cylindrical, square prism and conical.  Their experimental 

braid angle measurements deviated from the predicted model results from 1°-4° of error for 

tubular mandrels.  A second study by Rawal et al [5] was done to again model the braiding 

process of open mesh braids over axisymmetric mandrels.  In this work, the undulating yarn path 
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was taken into account.  These results show a much better agreement between the simulation and 

experimental results, with a maximum error between measured and predicted values of 

approximately 1 degree.  However, the strand path equations are not related to machine process 

parameters, and as a result, may not be the first choice for manufacturing or design.   

Nishimoto et al [30, 34] explored the transient nature of the braiding process by developing a 

model to predict the change in braid angle accompanied by a stepwise change in braiding 

machine speeds.  The model relies on the assumption that the yarns remain straight in the 

convergence zone.  Their work accurately predicts the transient change in braid angle due to a 

stepwise change in machine speeds.  However, they do not explore the model results once they 

reach the steady state geometry.  Nishimoto et al. relate the braid angle to the convergence zone 

length in the same way as Mazzawi [24] inferred the braid angle from the half cone angle which 

he measured during the braiding process.   

2.2.2.2 Yarn Interaction Models 

Mechanics based approaches 

The presence of inter-yarn forces in the braiding process has been discussed by Brunschweiler 

[23], Zhang et al. [4], Rawal et al. [35], and Ravenhorst and Akkerman [36].  Kinematic braiding 

models have been developed through mechanics based approached.  The work done by Zhang et 

al. [37] used a static force analysis to analyze the interlacing points.  They produced braids at a 

range of braid angles using both glass fiber and cotton yarns to study the effect of interyarn 

friction.  They showed that the use of their mechanics based model was capable of providing a 

better prediction for braids produced with cotton yarns.  The high inter-yarn friction seen in 

cotton yarns resulted in a 10.4° error between the measured and predicted values from a 

geometric kinematic model.  The use of the mechanics based model reduced this error by 59%.  
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Inaccuracies in this model arise from the inability to model the stick slip behavior and to not 

consider the serpentine path of the yarn carriers [37].  Ravenhorst and Akkerman [36] developed 

a model, building upon their past work [28] to include yarn interactions.  In this work, emphasis 

was placed on determining the importance of yarn interactions on the braiding process.  Yarn 

paths in the convergence zone were modelled using the developed yarn interaction model for 

varying inter-yarn coefficients of friction.  Tracking of the true yarn paths using close range 

photogrammetry allowed the experimental yarn paths to be matched with the simulated curves.  

For the case of a radial braider, the true convergence length was found to be 25% of the 

frictionless condition, which is commonly assumed.  This shows the effect that inter-yarn friction 

has on the braiding process.   

Finite element approaches 

Finite element approaches have been shown to have an increased level of accuracy over 

kinematic models at the expense of computational time, required user knowledge and 

complexity.  The model developed by Pickett et al [38, 39] used finite element techniques to 

model the strand path during two-dimensional braiding.  When compared to the analytical 

kinematic models discussed in the previous section, finite element techniques allow the 

modelling of inter-yarn friction, mechanical properties of the yarns during the braiding process, 

and friction at all points of contact on the yarns at the expense of high computational time [39].  

2D braiding simulations using finite element techniques can take two days of computation time 

on high performance computers.  However, in order to obtain accurate results, numerous 

parameters must be known and validated for an each unique braiding scenario and mandrel type.  

Yarn properties including magnitude of inter-yarn forces, yarn bending stiffness, inter-yarn 

friction, yarn bobbin tension as well as friction between the yarns and guide ring [38, 39] are 
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required and an extensive knowledge in finite element techniques may be required to perform a 

predictive braiding simulation.  A series of experiments must be conducted prior to the 

simulation process to quantify many the required values for the simulation [39].   

2.2.3 Summary of modelling techniques 

Geometric kinematic models rely on representing the fibers as vectors and determining the 

orientation of these vectors based on braiding machine geometry.  These models can range in 

complexity, from considering the cross-sectional yarn shape [5] to modelling only a single yarn 

[4, 26, 27].  These types of models are useful because they are capable of producing empirical 

equations that relate the braiding process parameters to the braid geometry.  These types of 

models contrast finite element techniques for modelling braid geometry.  The successful 

application of these models requires an understanding of finite element principles, 

experimentally determined yarn properties and processing times which can span several days.  

The setup and validation of these approaches requires specialized knowledge and may not be the 

first choice for many textile composite engineers.  

For manufacturing applications, geometric models have the advantage of the inverse solution 

[26, 28, 36] which allows the computation of a machine speed profile for a desired geometry 

profile.  The inverse solution is useful for automatic braiding applications [26, 40] as it utilizes a 

similar methodology to the inverse kinematics of robotics motion [28].   

The primary advantage of these geometric models is their simplicity.  This simplicity comes at 

the expense of absolute model accuracy due to the neglection of phenomena that occurs during 

the braiding process.  There are, however, scenarios where these assumptions are valid; for 

braiding setups with a small number of low friction yarns, the yarn interaction effects may not be 

as severe [37].  However, as was previously discussed, the possibility for these models to 
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inaccurately predict the braid angle reduces the confidence in the ability to produce the desired 

fiber structure.  As a result, braid angle must be meticulously verified to ensure that the braid 

structure is of acceptable quality.  Even with these shortcomings, these modelling approaches are 

still widely used for braid production applications.  To increase the confidence in these currently 

used predictive models, the method in which the braid angle is measured can be improved.  

Rather than assessing the fiber geometry after the braiding process has been completed, the braid 

angle can be measured in-line with the braiding process as a quality control system.  This gives 

the user the flexibility of using the previously used predictive models, as well as the ability to 

immediately compare the predicted and measured braid angles in real-time.  The development of 

such a measurement system can also be applied to the development of a feedback loop to 

automatically adjust machine speeds to compensate for any undesirable braid geometry. 

2.3 Braid angle measurement techniques 

The kinematic braiding models discussed in Section 2.2.2.1 are widely used to calculate 

appropriate braiding process parameters for specified braid geometry.  However, due to the 

possibility for inaccuracies in the production of the fiber structure with these models, the braid 

angle is often measured manually to ensure that the fiber orientation is within acceptable limits.  

The following section outlines many of the currently used measurement techniques and how they 

apply to the braided composite manufacturing process.   

2.3.1 Manual measurement techniques 

Handheld measurement tools suffer from error associated with alignment of the tool and reading 

the correct angle.  The minimum increment on these tools is 1°, and combined with human error, 

these methods have a minimum error of ±1°.  Repeat measurements of a unit cell were made 

using a protractor and a deviation of ±1° was reported [41].  
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Mazzawi [24] measured the braid angle of fiber preforms with a 100% cover factor by using a 

transparency wrapped around the preform and tracing the path of a single, pre-coloured fiber and 

measuring the braid angle from the unwrapped transparency [24].  This similar technique was 

used by Ayranci [42] where the yarn path was traced onto transparent paper, unwrapped and 

measured with a protractor.  Zhang et al [37] used a flexible plastic protractor held by hand up to 

the braided specimen.  They took 5 to 10 measurements per sample in their work.  A goniometer 

was used by Ravenhorst and Akkerman [36] to measure the braid angle.  

In each of these techniques, direct contact with the sample must be made, meaning that the fiber 

orientation can be altered by tracing or the placement of measurement tools.  Additionally, the 

braided preform must be taken out of the production line for measurement, which is undesirable 

for an automated system.   

2.3.2 Optical/image based measurement techniques 

Optical and image based techniques offer the advantage of being non-contact measurement 

methods.  However, image based measurements can still be affected by human error through 

landmark identification and boundary tracing.  For such methods, uncertainties of ±2° are 

expected [28].  Due to the ability to accurately place landmarks in an image, repeatability of 

image based measurements was shown to be improved over manual techniques.  For a digital 

image correlation approach, repeat measurements of a unit cell showed an uncertainty of ±0.54° 

[19].  These optical and image based techniques range from simple methods using basic 

software, such as imageJ [35, 43].  This software allows the used to trace vectors overtop of 

significant features in the image (fibers) and to compute the angle between these fibers, giving 

the braid angle.  In a similar fashion, Lomov et al [18] also measured the fiber direction using an 
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image based method.  X-ray CT images were taken of the flat glass fiber composite which 

allowed the central braid angle to be measured from the image.   

Apart from these types of techniques, there are also a series of more complex image based 

methods used to capture the 3D shape of woven and braided fiber structures.  For tubular 

samples, more advanced measurement methods using digital image correlation (DIC) was used 

[8, 19, 44].  This allows the 3D shape of the tubular surface and the curvature of the yarns to be 

taken into account and this provided braid angle measurements to within ±0.37° when measuring 

the change in braid angle due to the application of a tensile load.  Ravenhorst and Akkerman [28] 

have used a multi-image photogrammetry technique which allows the study of a 3D fiber 

orientation.  In this method, the fiber is selected by choosing the start and end landmarks and as a 

result, is accurate to ±2°.  The photometric stereo technique to determine the fiber orientation of 

woven carbon fiber surfaces by Zambal et al [45].  This method requires several images to be 

captured with different lighting conditions.  This allows the surface normals of a 3D surface to 

be estimated with the multiple irradiance values at each point.  This measurement technique 

relies on knowing the reflectance behavior for the specific material; in cases where the 

reflectance properties are known, low measurement error, ranging between 0.37° to 0.55° is 

achieved.  However, due to the dependence on an accurate reflectance model, error can 

significantly increase with incorrect material reflectance properties [46].  Another limitation of 

this technique is the sample cannot be moved in-between frames [47]. 

While these methods have been successful in allowing measurements of braid geometry to be 

made, they are both strongly dependent on user input to align the measurement tools, or to select 

the landmarks in the images.  For the case of the 2D DIC technique, the computation time 

associated with the image processing method is also significant, and for the photogrammetry 
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approach, the user must select landmarks from the images, which makes these more advanced 

techniques ill-suited for real-time applications.   

2.3.3 Real-time/in-line techniques 

Mazzawi et al [24] developed an inline braid geometry measurement technique which does not 

use optical techniques, but uses a unique mechanical device.  Their technique relies on the 

relationship between the convergence length of the fibers and the braid angle of the preform, 

which is commonly derived for simple shaped mandrels with a uniform cross section [26].  As 

the convergence zone increases or decreases in length, the cone angle changes, and the 

mechanical mechanism consisting of a pinned bar and a potentiometer attached to the guide ring 

is able to measure this cone angle.  By knowing the fiber point of contact on both the guide ring 

and the mandrel, the length of the convergence zone can be obtained, which allows calculation of 

the braid angle.   

2.3.4 Summary of fiber orientation measurement techniques 

The importance of the braid angle and potential of obtaining undesired braid geometry from the 

predictive models means that a quality assurance step is required to verify that the proper fiber 

orientation is being produced.  To improve the manufacturing process, the braid angle 

measurement should be automated to reduce the time and labour required to produce a composite 

part, which both would reduce the cost of a large scale production process.   

The majority of braid angle measurement techniques are manual methods, meaning that the 

accuracy of these techniques is limited by human error.  When using protractors or goniometers, 

error can occur from misalignments between the tool and the longitudinal direction of the 

component and from reading the measurement from the tool itself.  These techniques require 
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contact with the sample, which makes it impossible to perform these measurements on moving 

samples or in an automated fashion.  By using image based measurements, the data collection 

can be done in-line with the braiding process; however, many image based techniques still 

require human input.  Techniques which require manual landmark selection or boundary tracing 

will be less repeatable than an automated measurement method.  Automation of the process is 

not possible when human interaction is required, which is a major disadvantage of these braid 

angle measurement techniques.   

There are other, more advanced measurement techniques which have been used, including digital 

image correlation and photometric stereo.  These measurement techniques increase the level of 

accuracy due to their abilities to measure three dimensional surfaces however; each technique 

has requirements which may not be compatible with automated braid angle measurements.  

Digital image correlation requires a speckle pattern to correlate the set of stereo images and 

photometric stereo requires multiple images to be collected under different lighting conditions 

and post processing to form the height map.  As a result, these more advanced methods may not 

be suitable for automated measurement applications.   

2.4 Conclusions 

The production of a 2D braid requires the selection of braiding machine speeds to produce the 

desired braid geometry.  A number of predictive modelling techniques exist to relate the machine 

speeds and braider geometry to produced braid geometry.  The complexity of these models 

ranges from the geometric kinematic models capable of predicting the braid structure through the 

use of differential equations, to finite element models can require two days of simulation time to 

predict appropriate braiding speeds.   



22 
 

Geometric braiding models are advantageous due to their simplicity and the ability to solve the 

inverse solution to these models, which allows for the direct calculation of machine speed 

profiles for desired braid pattern along the length of the mandrel [26, 28, 36].  The ability to 

directly calculate machine speeds based on a desired braid geometry profile with the inverse 

solution is also an advantage for the application of automated braiding.  However, the same 

assumptions that are used to simplify the geometric models also cause them to inaccurately 

predict the braid pattern for certain scenarios.  However, these models are still commonly used 

because of the relatively low error, between 1° and 5°, for simple mandrel shapes, such as 

tubular mandrels.  This level of error matches the uncertainty associated with currently used 

braid angle measurement techniques due to human measurement error.   

The potential of improperly predicting the braid geometry requires that the braid angle be 

measured after the braiding process for quality assurance purposes.  Automating this quality 

assurance process would greatly benefit the manufacturing process of braided structures.  An 

automated braid angle measurement system would allow the adverse effects of human error to be 

removed from the measurement process.  This will allow for more accurate braid angle 

measurements to be made to better understand the accuracies and inaccuracies in the commonly 

used geometric models for fiber structure prediction.  An automated and real-time braid angle 

measurement system will supplement the geometric braid models by being able to immediately 

detect undesirable braid angles.  Rather than checking the fiber orientation after the completion 

of the braiding process, the user will get immediate feedback of the braid angle.   

In order for this to be accomplished, a non-contact braid angle measurement technique will be 

developed which is capable of obtaining fully automated braid angle measurements of fiber 

preforms.  A successful measurement technique will be capable of providing real-time braid 
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angle feedback to evaluate the accuracy of the kinematic model and with a level of uncertainty 

which is comparable to currently used manual measurement techniques.  The real-time 

capabilities of the successful system will allow the braiding process to be further automated by 

eliminating the need to stop the production process to make manual braid angle measurements.   
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Chapter 3 Frequency domain measurement technique for the 

measurement of tubular braid preforms 

3.1 Introduction 

Braided composite materials have medical [1], aerospace [2] and structural applications [3].  

Two-dimensional braided composite materials are produced on a maypole braiding machine and 

consist of a single layered braided fiber structure atop of a shape giving mandrel; a tubular 

mandrel is used for tubular braided composites.  Similar to other types of fiber reinforced 

composites, the fiber orientation strongly influences the material properties of the composite 

part.  The braid angle is the most important factor in determining the material properties of a 

braided composite and the effect of braid angle on various material properties has been shown in 

a number of experimental and analytical studies [4-10].  The braid angle is the only readily 

measurable geometric feature on the braided fiber structure, which makes an accurate braid angle 

measurement technique valuable for the production of braided composite materials for both 

material property characterization and quality assurance purposes.  Braiding process models are 

used to relate the braiding machine geometry and process parameters to the geometry of the 

braided structure and have been derived in many different ways ranging from geometric models 

[11-15] to finite element and yarn interaction models [12, 16, 17].  These models play a crucial 

role in determining the required braiding machine speeds for a specific fiber orientation.  Simple 

geometric models are commonly used.  However, the assumptions made to develop the 

geometric relationships have been shown to be inaccurate [16] in certain cases.  As a result, error 

of between 3° and 5° has been reported for constant cross-section mandrels [11, 12, 18].   
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Currently, the braid angle is measured manually after the production of the dry, braided fiber 

structure, also called the preform.  The manual measurement techniques require a significant 

amount of time to make and are affected by human error, which leads to an uncertainty in the 

material properties of the braided composite part.  To improve the consistency of the braid angle 

characterization, an automated, optical technique should be used rather than manual techniques.  

Such a technique will remove the need for human interaction when visually inspecting the 

braided fiber structure and will reduce the human error in measuring the braid angle.  The 

majority of reported manual [19] and image based [20, 21] braid angle measurement techniques 

require constant user input, or extensive post-processing, making these unsuitable for real-time 

implementation.  Thus, the development of an automated non-contact optical measurement 

technique will allow this system to be integrated into a production line to provide real-time 

feedback of the fiber orientation.  The measurement accuracy should be within a comparable 

range compared to other previously developed measurement techniques.  Uncertainty due to 

human error in fiber orientation measurements lies between ±1° and ±2 [18, 22]. 

Herein, such a system will be developed to measure the braid angle of tubular braided preforms.  

Images of braided preforms will be collected and measured to test the optical measurement 

technique.  The measurement technique will be discussed and validated with a series of static, 

tubular braid samples produced with the two-dimensional (2D) braiding process.  The effect of 

image preprocessing methods and the effect of perspective error from imaging the tubular 

surface on the measurement result will be discussed.  A comparison of the error levels found 

with the new system and those with other existing measurement techniques will be provided.  A 

successful braid angle measurement system will address issues associated with manual 

measurement techniques by providing an automated and real-time alternative.   
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3.1.1 Optical fiber orientation measurements with image processing techniques 

The braid angle measurement is done by determining the fiber orientation from the features in 

the image.  This can be done manually by tracing vectors overtop of images; however, this time-

consuming process can be replaced through the development of an image processing algorithm.  

There are two classes of image processing techniques that have been used to measure various 

properties of fiber reinforced composites and textiles: spatial techniques, which modify or 

analyze the pixel values of the input image, and frequency domain techniques, which use 

transforms (commonly the Fourier transform) to study the frequency components of the image. 

3.1.1.1 Spatial image processing techniques 

The interpretation of scan line data is a computationally simple machine vision technique.  

Matela [23] and Creighton et al. [24] used scan lines to characterize faults in rope and to 

determine the fiber alignment in unidirectional fiber reinforced composites respectively.  Rather 

than a scan line, Shi et al [25] located the position of sewed carbon fibers through filtering and 

Hough transforms.   

Texture analysis techniques were used by Schmitt et al. [26, 27] to measure the fiber orientation 

of a local texture region.  This was done by using the structure tensor to determine the local 

orientation of a grayscale pattern.  The local orientation is the direction which exhibits the lowest 

change in grayscale value [28, 29].  Their work also used basic spatial image processing 

techniques such as filters, segmentation and thresholding to preprocess the images prior to 

measuring the orientation of the fibers.   

Most the aforementioned spatial techniques were applied to flat samples.  However, for cases 

where surface features sit atop of a curved, or three-dimensional surface, optical measurement 

techniques can be used to take the 3D surface profile into consideration.  Such techniques consist 
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of multi-image photogrammetry, used by Ravenhorst and Akkerman [18] to measure the braid 

angle of 2D braided preforms, 3D digital image correlation used by Leung et al. [30, 31] to 

measure tubular braided composites and photometric stereo [32].  However, these imaging 

techniques either require manual selection of image landmarks, significant post-processing time 

or the collection of multiple frames with different lighting conditions which do not agree with 

the automated and real-time requirement.   

3.1.1.2 Frequency domain image processing techniques 

Frequency domain techniques have been used for a variety of measurement applications on both 

short fiber and continuous fiber samples.  For short fiber samples, the Fourier transform is most 

commonly used to compute the orientation distribution function (ODF) of the fibers in the image 

[33-36].  Redon et al. [37] used a similar approach, combined with an inverse Fourier transform 

to isolate short fibers within a specific range of angles.  For textile production applications, 

frequency domain approaches have been used for fault detection, [38-41] feature identification 

[42] and yarn density measurement [43].  The use of the Fourier transform takes advantage of the 

repeating textile pattern in these samples to detect defects and to make measurements of different 

parameters [44].   

These techniques have also been applied to images of continuous fiber composites and preforms.  

Lian et al. [45] used the frequency transform to analyze flat and triaxial braids, while Wan et al. 

[46, 47] measured the outer surfaces of rectangular 3D braided preforms with the Fourier 

transform.   
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3.1.2 Machine vision 

The primary advantage of implementing optical measurements is that they are non-intrusive and 

are not in physical contact with the sample.  It is possible to make measurements of features 

directly from the images by manually tracing vectors and either measuring vector length, or the 

angle between vectors.  These methods may be beneficial for a specific application.  However, to 

fully take advantage of the image data, an automated image processing routine can be used to 

obtain the desired information.  A machine vision process combines and accomplishes the tasks 

of image collection, image processing and image analysis in real time [48] allowing results to be 

extracted from images instantaneously.  

Developing an optical measurement technique suitable for implementation in a machine vision 

application will allow the quality assurance braid angle measurement to be performed in-line 

with the braiding process, rather than being done manually at the end of the production cycle.  In 

order to be suitable for a machine vision application, the measurement technique must not 

require constant user input, such as land mark identification or vector tracing.  The images must 

also be processed in real-time.  This real-time requirement eliminates methods such as digital 

image correlation [30, 31] due the need for extensive post processing of the images.  The 

development of a low-cost solution is the final motivation for this work.  This low-cost solution 

manifests itself as developing a system using a standard desktop computer, standard imaging 

equipment and user written software.   
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3.2 Methods and materials 

3.2.1 The Fourier transform 

The Fourier transform applied to an image connects the spatial (or time) domain, where pixel 

values correspond to spatial changes in the x and y directions, and the frequency domain, where 

image data is plotted corresponding to directionality and the rate at which pixel values change 

[49].  The two-dimensional discrete Fourier transform (2D DFT), shown in Equation 3.1, allows 

an image of size MxN with values f(x,y) to be transformed into a frequency spectrum, F(u,v), of 

size MxN.  Where x and y are the spatial coordinates of the image and u and v are the frequency 

variables in the x and y directions respectively [50].  The reverse operation is performed using 

Equation 3.2.  The frequency spectrum is a complex valued array representing the magnitude and 

direction of the frequencies in an image.  Each pixel of the frequency spectrum corresponds to a 

specific frequency, and the magnitude of each pixel represents the significance of this particular 

frequency component in the spatial image.   
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Features from the spatial image can be identified through the visual inspection of the frequency 

spectrum.  The origin of the frequency spectrum is in the center as shown in Figure 3-1.  The 

placement of the origin means that low frequency data, corresponding to slow changing pixels 

are plotted near the center of the spectrum, and higher frequency data corresponding to sharp 

edges is plotted further from the origin.  An additional consideration is the implied periodicity of 
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3.2.2.2 Rotation invariance 

An important characteristic of the 2D DFT is the rotation invariance described by the rotation 

theorem.  This theorem states that a rotation or the image in the spatial domain corresponds to an 

identical rotation in the frequency domain [51].  This is proved by looking at the stretch theorem, 

shown in Equation 3.5, where A is a transformation matrix.  A special case of this theorem is 

when the coordinate transform matrix, A, is defined as the rotation matrix, shown in Equation 

3.6.  The unique properties of the rotation matrix allow the general version of the stretch theorem 

to be simplified to the form shown in Equation 3.7 [52]. 

𝐹𝐹�𝑓𝑓(𝐴𝐴𝑥𝑥)� =
1
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𝑓𝑓(𝐴𝐴𝑥𝑥) = 𝐹𝐹(𝐴𝐴𝑠𝑠) (3.7) 

 

This theorem shows that a rotation in the spatial domain results in an equal rotation in the 

frequency domain.  This property is very useful for optical measurement applications.  The 

values of the transform do not change due to angular misalignments about the imaging axis 

between the sample and the camera plane, which can be seen in Figure 3-2.  This adds to the 

robustness of the system and demonstrates the usefulness of this image processing method.   
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Figure 3-2: Frequency transform pair of computer generated images showing the rotation invariance 
property of the Fourier transform. 

3.2.2.3 Linearity 

The Fourier transform is a linear mathematical operation [53].  This means that the Fourier 

transform of the sum of multiple signals is equal to the sum of their transforms.  For the 

application fiber orientation measurements, this means that two identical features will be 

superimposed in the frequency domain, producing a stronger frequency response as shown in 

Equation 3.8.   



( , ) + ( , ) = ( , ) + ( , )
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3.2.3 Image features 

It was previously mentioned that certain spatial features can be identified in the frequency 

spectrum.  To look at this relationship, image of a tubular braid preform and a filament wound 

sample can be seen in Figure 3-5.  In each application, the fiber orientation will affect the 

material properties and must be measured.  The features of interest stand out because the 

boundaries and edges of the braid yarns and filament wound fibers are sharp and in focus.  This 

corresponds to a sharp change in pixel intensity, which is what the image processing technique 

will detect and measure from the images.  An in-focus image is required to properly represent the 

imaged scene.  

  

(a) (b) 

Figure 3-5: Images of (a) braided fiber preforms, (b) filament wound pipes 

In each image shown in Figure 3-5, there are two primary fiber directions relative to the 

longitudinal direction of the preform/part.  Figure 3-6 shows the resulting frequency spectrums 

for the images in Figure 3-5.  In each case, there are two features in the frequency spectrum 
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which correspond to the angular orientation of the fibers in the braid and the filament wound 

pipe.   

  

(a) (b) 

Figure 3-6: Frequency spectrum of a tubular braided preform (a), and a filament wound pipe (b) showing the 
similarity of the of the results for different applications.   

3.2.4 Analyzing the frequency spectrum 

To measure the angle of the features in the image from the frequency spectrum, a scanning 

algorithm is used.  This method takes advantage of the symmetry of the spectrum and the fact 

that all the features are symmetric about the (0,0) frequency component.  An overview of the 

search algorithm is shown in Figure 3-7.   

This process starts by discretizing a circle surrounding the center of the spectrum as well as a 

search vector.  This search vector consists of a line connecting the center of the spectrum to the 

discretized circle.  Both the discretization of the circle and lines were accomplished using 

Bresenham line and circle algorithms [54].  The orientation of the search vector which yields the 

highest mean pixel intensity is searched for by sweeping the vector around the semicircular path.  

The output of this process is the angular intensity of the frequency spectrum which plots the 
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mean pixel intensity of the pixels along  the search vector in the frequency spectrum against the 

angular orientation of the search vector; an example is shown in Figure 3-8 for a braid preform 

with a braid angle of 63° and is referred to as the angular intensity distribution of the frequency 

spectrum.   

 

Figure 3-7: Annotated frequency spectrum showing the search routine used for angle measurement. 
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s  

Figure 3-8: Angular intensity plot of the frequency spectrum which plots the mean pixel intensity against the 
angular orientation of the scan line. 

Locating the significant features in the angular intensity distribution shown in Figure 3-8 is done 

using an exhaustive search routine which searches for the largest mean pixel intensity value 

within a predefined range of angles.  The use of peak detection in future work can be used to 

improve this search algorithm.   

The frequency spectrum and the angular intensity plot will differ depending on the features in the 

spatial image.  Biaxial braids have yarns inclined at a positive and negative bias relative to the 

longitudinal mandrel direction.  As a result, the angular intensity plot will show two maximums 

of interest at the positive and negative braid angle.  In this plot, negative angles correspond to 

features inclined to the right of the vertical, and positive angles correspond to features inclined to 

the left of the vertical.  The high mean pixel intensities located at 0° and ±90° are due to image 

borders associated with the implied periodicity of the Fourier transform [50, 52, 53].  Additional 

information regarding the periodicity of the Fourier transform can be found in Appendix A.  
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3.2.5 Sample production and data collection 

The purpose of this test is to validate this technique as a suitable method for measuring the braid 

angle of 2D tubular braided preforms.  Tubular braided preforms were produced on a 1” diameter 

mandrel with 1420 denier aramid yarns.  A 36-carrier maypole braiding machine was set up in a 

1/1 diamond unit cell configuration to produce the preforms.  The machine speeds were set using 

Equation 3.10, which is the geometric braiding equation describing the steady state braid 

geometry for tubular mandrels [8, 12, 13, 55, 56].  The braiding process was given sufficient 

time to reach steady state prior to collecting the images to ensure that desired braid angle was 

produced.  Braided fiber preforms with braid angles of 30°, 45° and 63° were produced and 

imaged to test the performance of the optical braid angle measurement technique for various 

fiber orientations.   

𝑑𝑑𝑡𝑡𝑠𝑠𝑐𝑐∞ =
𝜔𝜔
𝑣𝑣
𝑅𝑅𝑚𝑚 (3.10) 

 

The imaging process was performed in-line with the braiding machine.  Once the braid structure 

had reached steady state, the process was stopped and an image was captured.  Four images were 

captured in different regions of interest along the steady state portion of the preform.   

Images were captured using a scientific grade CCD camera with a 5 megapixel sensor [Basler 

Pilot piA1700-gm, Germany] with a fixed 35mm focal length lens [NMV-35, Navitar, New 

York, USA].  Image processing, camera control and image acquisition was done using custom 

written software in MatLab [Natick MA, USA].   
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3.2.6.1 Cropping braid images 

The amount of distortion due to perspective error from the images is related to the changing 

distance between the surface and the imaging plane.  This means that fibers further from the 

centerline of the tubular mandrel will appear more distorted than those that lie near the center of 

the mandrel.  Thus to reduce the presence of error in the braid angle measurement, the distorted 

fibers can be removed with the use of a thresholding and cropping algorithm.  Removing varying 

amounts of the braid image will allow the braid angle distribution due to perspective error to be 

controlled.  Figure 3-10 shows three braid images which have been cropped to various extents, 

ranging from removing the background to a 50% reduction in width.  The image is cropped by 

removing features from either side of the centerline.  This is done to decrease the distribution of 

fiber angles in the image.   

   

(a) (b) (c) 

Figure 3-10: Cropped images obtained by (a) removing the background, (b) removing 20% width from each 
side, (c) removing 50% of the braid width from each side. 
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3.2.6.2 Perspective error model for tubular surfaces 

To predict the braid angle distribution in an image, a geometric model of the projected yarn 

direction can be developed.  Understanding the effect of perspective error on the perceived fiber 

orientation in images of tubular braided preforms will allow the techniques developed herein to 

be generalized for mandrels of different diameters.  This modelling process requires 

consideration of two main geometries: the trajectory of the wrapped fibers on the tubular 

mandrel, and the projection of the tubular geometry onto a 2D plane.   

Trajectory of fibers on a tubular surface 

For a braiding machine operating at a constant linear take-up speed and a constant rotational 

speed, a single yarn will be wrapped in a helical fashion on the cylindrical mandrel.  For this to 

be true, it is assumed that there are no inter-yarn forces which influence the yarn deposition.  

This assumption has been used in many geometric braiding models [11, 13, 18, 20, 57] and 

although this assumption causes discrepancies between predicted and measured results for 

complex mandrel geometries [18], the effects of inter-yarn forces are less significant for simple 

mandrels and braiding processes with a fewer number of yarns [13].   

The deposition of a fiber during the 2D braiding process can be represented by wrapping a 

straight line, u, with a slope, c, onto a cylindrical surface, as shown in Figure 3-11.  The act of 

wrapping this line onto a cylindrical surface will produce a helix with a constant inclination 

angle relative to the longitudinal direction of the cylinder.   
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Figure 3-11: Straight line wrapped onto cylindrical surface 

Projection of surface features onto a 2D plane 

By wrapping a line with a constant slope onto a cylindrical surface, a helix was obtained.  When 

imaged, this helical path is projected onto a 2D plane, which is the imaging plane.  This is done 

by relating the tubular geometry, defined by the radius, r, and the polar angle 𝑐𝑐, to the horizontal 

distance from the centerline of the tubular sample, t.  A schematic showing this relationship is 

given in Figure 3-12. 



( ) = arcsin tr
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Figure 3-13: Projected yarn path as seen in an image.  Lines oriented at 30°, 45°, and 63° relative to the 
longitudinal direction are compared. 

Modelling braid angle distribution 

To compare the projected yarn path to braid angles measured in the images, the slope of the yarn 

path, shown in Figure 3-13, is required.  This is done by differentiating Equation 3.11 to obtain 

the slope of projected yarn path as a function of the horizontal distance from the centerline of the 

tubular braid.  This is shown in Figure 3-14 for each of the yarn paths shown previously in 
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Figure 3-13.  This plot shows the relationship between perspective error and the horizontal 

distance from the center of the tubular geometry.  This result shows that the features along the 

centerline of the tubular mandrel (at a horizontal position of 0) will be inclined at the expected 

braid angle, however, as the distance from the centerline increase, as does the error due to 

perspective error.   

 

 

Figure 3-14: Angle of the projected yarn path with respect to the vertical direction as a function of horizontal 
positon from the centerline for a 1” diameter mandrel. 
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3.3 Results 

3.3.1 Validation of predictive perspective error model 

To validate the perspective error model, a series of braid angle measurements were taken at 

specific regions of an image of an image of a tubular braid.  These locations were defined with 

the use of a rectangular grid, shown in Figure 3-15, which ensured that a series of measurements 

were taken at various horizontal distances from the centerline.  A series of nine measurements 

were taking across the width of the braid at the top, middle and bottom of the image.  A 

horizontal spacing of 100 pixels between measurements was chosen, which equates a spacing of 

2.7 mm in the spatial domain.  These measurements were made on braid preforms with a 

diameter of 1” with three different braid angles: 30, 45 and 63 degrees.   

 

Figure 3-15: Rectangular grid traced overtop of a tubular braided preform with a 63-degree braid angle 
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At each point, the left and right braid angles were measured; this process is shown in Figure 

3-16.  The measurements were made in imageJ (ImageJ, Bethesda, Maryland, USA) by tracing 

vectors corresponding to the longitudinal direction and the fiber direction in an identical fashion 

to Figure 3-16.  A protractor tool within the software automatically measured the angle between 

the defined vectors.  This approach to measuring braid angle has been previously used in 

literature [20, 59] and gives the user more precision when making local angle measurements 

when compared to using a transparent protractor.   

 

Figure 3-16: Close-up region of tubular braided preform showing grid point and sample measurements. 

The results plotted in Figure 3-17 show the result of the manual measurements for each of the 

different braid preforms compared to the predicted plots from the perspective error model.  Data 

points in Figure 3-17 were obtained by averaging all three measurements at each horizontal 

position.   
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Figure 3-17: Comparison of model and manual measurements for 1” diameter braid preforms with 30°, 45° 
and 63° braid angles. 

3.3.2 Braid angle distribution in spatial images 

To predict the fiber angle distribution in the cropped images, the geometric yarn model can be 

used and by cropping regions of the braid image, as discussed in Section 3.2.6.1, this fiber angle 

distribution can be controlled.  Figure 3-18 and Figure 3-19 show cropped braid images with 

20% and 50% of the image cropped respectively.  For each image, there is also the angle versus 

horizontal position plot from the perspective error model in Figure 3-18 (b) and Figure 3-19 (b).  

The bold line represents the portion of the braid image that remains after the cropping routine 

was performed.   
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the mandrel, the perspective error on the cylindrical surface creates a unidirectional distribution 

of braid angles that are less than the expected value.  This is represented as a negative braid 

angle distribution in Table 3-1.   

Table 3-1: Predicted distributions from geometric model for the cropped braid images in Figure 3-18 and 
Figure 3-19. 

Width of cropped region Nominal braid angle  Braid angle distribution  

20% 63° -13° 
50% 63° -3° 

 

3.3.3 Braid angle distribution in the frequency spectrum 

The frequency spectrum of the braid images provides directional information from the image.  

Using the measurement algorithm described in Section 3.2.4, pixel intensity versus angular 

orientation plots can be obtained which allow the visualization of the relative strength of features 

across ranging from -90 to 90 degrees relative to the longitudinal direction of the braid.  Figure 

3-20 shows the output from each of the two cropped images with 20% and 50% of the braid 

width removed.  The images studied have an expected braid angle of 63°, and in each of the 

curves in Figure 3-20, there are peaks roughly centered at ±63°.  The width of these peaks 

corresponds to the distribution of features within the image and as more of the braid image is 

removed, the width of the peaks is decreased.  By removing the outer regions of the braid, fibers 

with a braid angle less than the expected value are removed from the image.  In Figure 3-20, the 

outer-most sides of the peaks remain unchanged from the image cropping process which 

suggests that the features in the spatial image that are inclined at an angle greater than the fiber 

angle are not related to the fiber angle distribution in the image.   
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Figure 3-20: Mean pixel intensity vs. angle showing the effect of image cropping on the frequency spectrum 

The ability to determine the fiber angle distribution from the angular intensity plot would be 

useful for further diagnosing the imaged sample and to do this, the width of the peaks in the 

angular intensity plot are compared to the expected braid angle distribution predicted by the yarn 

model.  Lian et al. [45] propose that the distribution of angles in the image corresponds to the 

point at which the mean pixel intensity drops to 50% of its maximum value.   

This technique was applied to each of the braid images in this study for each of the three braid 

angles.  The average distribution for each sample and the expected angular distribution are 

shown in Table 2 and Table 3.  These results show the underestimation of the angular 

distribution in the 20% cropped images and an overestimation of the distribution for the 50% 

cropped images.  This shows that the 50% maximum intensity approach used by Lian et al. [45] 

does not agree with the predicted distributions from the geometric yarn model.  This does 

however show that the width of the peaks in the angular intensity plot can be used as a 
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comparative measure of the angular distribution between different images, but the quantification 

of the fiber angle distribution from the angular intensity plot will not provide accurate results for 

quantifying the fiber angle due to perspective error.   

Table 2: Braid angle distribution results for 50% cropped images. 

Manufactured braid 
angle 

Expected braid angle 
distribution 

Measured 
distribution 

30° 3° 5.5° 
45° 3° 6.1° 
63° 3° 5.8° 

 

Table 3: Braid angle distribution results for 20% cropped images. 

Manufactured braid 
angle 

Expected braid angle 
distribution 

Measured 
distribution 

30° 13° 9.4° 
45° 13° 11.7° 
63° 13° 10.9° 

 

3.3.4 Static braid angle measurements 

The frequency domain measurement method and the cropping routine were used to test the 

accuracy of the measurement technique for different braid angles.  However, defining the 

accuracy of this technique can become a challenge due to the uncertainty in the produced braid 

angle, as well as the uncertainty in manual measurements.  The machine vision results were 

compared against the expected braid angle obtained from the steady state geometric braiding 

equation, shown in Equation 3.10.  Past work has shown a distribution in braiding angles within 

a sample in flat [8, 10, 21] and tubular [31] braided composite samples.  However, it is not 

known if this distribution is caused by inaccuracies in the geometric braiding model, or from 

displacement of the fibers during the impregnation and consolidation process.  To mitigate the 

effects of manually displacing the fibers, the braided preform is not handled between the 
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production and imaging of the preform.  Manual measurement techniques are influenced by 

human error [18, 22] and the curvature of the mandrel reduces the level of repeatability when 

using handheld tools such as protractors.  Thus, the uncertainty of the machine vision 

measurement will be an important measure of success alongside the absolute measurement 

accuracy relative to the expected braid angle values.   

3.3.4.1 Braid preforms with 1” diameter 

The results in Table 3-4 show the average measurement for the four different regions of interest 

of the braided preform which shows a good agreement between the measured and expected braid 

angle.  This was found to be true regardless of the amount of image that was cropped.  To further 

study the effect of the image cropping procedure, the deviation between measurements, obtained 

from the standard deviation of the mean, can be studied, shown in Table 3-5.  These results show 

that the lowest deviation between measurements occurred for the 50% cropped images.   

Table 3-4: Average machine vision measurements showing the effect of image cropping on the measurement 
result. 

Expected braid angle Average measurement [deg] 
Uncropped 20% removed 50% removed 

30 29.37 29.30 29.48 
45 44.93 44.57 44.93 
63 63.14 63.33 63.64 

 

Table 3-5: Measurement uncertainty showing the effect of image cropping on the variability between 
measurements. 

Expected braid angle Measurement uncertainty [±deg] 
Uncropped 20% removed 50% removed 

30 0.35 0.41 0.29 
45 0.35 0.32 0.23 
63 0.56 0.34 0.30 
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Although the cropping routine was not found to have a significant effect on the measurement 

result, this ensures that the frequency domain only contains contributions from non-distorted 

fiber directions.  Thus, if the 50% cropped images are taken to be the most accurate, the percent 

error associated with this measurement technique is shown in Table 3-6.   

Table 3-6: static braid angle measurement tests for 1” diameter tubular mandrel 

Expected braid angle [deg] Machine vision measurement [deg] Percent Error (%) 
30 29.40±0.20 2.0 
45 44.93±0.23 0.2 
63 63.64±0.30 1.0 

 

Apart from image thresholding and cropping, other image preprocessing techniques such as edge 

detection and median filtering were tested to improve the measurement quality.  These results 

were not successful.  Results from these tests can be found in Appendix C.   

3.4 Discussion 

The objectives of this work were to develop and validate a method of measuring the braid angle 

of braided composite preforms in a way that is suitable for a machine vision application.  Current 

measurement techniques used to measure the braid angle are time consuming and have shown 

error associated with repeatability due to human error.  The error in manual measurement 

techniques can range from ±1° to ±2° [18, 22]  By resolving these issues with an automated 

measurement technique, braid angle measurements can be made in-line with the braiding 

process.  An optical technique using 2D imaging and the Fourier transform was developed and 

the accuracy of this technique was determined by modelling and evaluating the perspective error 

in the fiber directions in both the spatial and frequency domains.   
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3.4.1 Validation of predictive perspective error model 

The agreement between the experimental and predicted data, shown in Figure 3-17, shows that 

the geometric perspective error model can predict the fiber orientation distortion due to 

perspective error for fibers on a tubular surface.  Table 3-7 shows the maximum error in the data 

points plotted in Figure 3-17.  For each sample, the point with the maximum error lies far from 

the centerline meaning that the error occurred when manually measuring highly distorted fiber 

directions.  Tracing the vectors atop of these distorted fibers increases the variability between 

measurements making it difficult to collect consistent measurements in these regions of the 

braid.  The significantly higher maximum error in the 30° sample is attributed to the larger unit 

cell size in the braided preforms with a 30° braid angle.  With fewer unit cells in the field of view 

of the image, it was often not possible to measure the left and right angle measurements in the 

same location on the image.   

Table 3-7: Maximum percent error in perspective error validation measurements.  

Braid angle Maximum percent error  Horizontal position of measurement [mm] 
30° 7.1% -7.9 
45° 2.7% -7.9 
63° 4.8% -10.6 

 

The work done to model the effect that perspective error has on the fiber orientation in a two-

dimensional image allows the error in this measurement technique to be quantified.  A 

compromise that was made in this work was using the data collected with a two-dimensional 

imaging technique to measure features on a three-dimensional surface.  By knowing the error 

associated with the loss of depth information, the accuracy of this frequency domain 

measurement technique can be put into perspective relative to other fiber orientation 

measurement techniques including digital image correlation [30, 31] and multi-image 
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photogrammetry [18] which are capable of taking the three-dimensional shape into account in 

their measurement at the expense of a real-time implementation.   

3.4.2 Braid angle distribution in spatial images and in the frequency spectrum 

The geometric yarn orientation model is used to predict the yarn orientation due to perspective 

error when imaging features on a cylindrical surface.  These results are used to estimate the fiber 

angle distribution within specified portions of a braid sample image.  The region of interest of 

the braid images can be controlled with the use of a thresholding and cropping algorithm, 

described in Section 3.2.6.1.  To study the effect of image size on the measurement result, 

cropped images with 20% and 50% of the braid width removed are compared to the result 

obtained by processing the raw image.  These image sizes were chosen to test the effect of the 

magnitude of the braid angle distribution on the measured braid angle.  By cropping 50% of the 

width of the braid, the braid angle distribution from perspective error can be reduced from more 

than 13° for the uncropped image to 3°.  Comparing the measurements obtained from the 

cropped images will test the measurement technique’s ability to obtain an accurate result for 

images with a significant and non-significant braid angle distribution.  A lower limit of 3° was 

chosen for the braid angle distribution because this was found to be within the range of current 

manufacturing limitations [60].   

3.4.3 Braid angle measurement results 

The measurement algorithm was applied to images collected of braided preforms with expected 

braid angles of 30°, 45° and 63°.  Four images of non-overlapping regions were collected for 

each preform.  The average measurement and the standard deviation of the mean of these 

measurements were used to determine the accuracy of the technique.   
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3.4.3.1 Effect of Cropping 

Table 3-4 shows the effect of the cropped image sizes on the average braid angle measurement 

result compared to the expected braid angle calculated from the geometric braid angle equation 

shown in Equation 3.10.  There is no consistent correlation between the size of the braid angle 

distribution in the image, and the accuracy of the average braid angle measurement when 

compared to the expected braid angle.  For the case of the 63° preform, by increasing the amount 

of the image that is cropped, the reported braid angle increases.  This trend, however, does not 

occur for the other braid geometries.   

3.4.3.2 Comparison of Error 

The error and uncertainty associated with current manual braid angle measurement techniques 

range from ±1° to ±2° due the manual alignment of measurement tools and the manual selection 

of image landmarks [18, 22].  The results shown in Table 3-6 show an improved uncertainty 

values for the developed measurement technique.  The uncertainty values were obtained from the 

standard deviation of the mean measurement and show that the removal of human error produces 

fiber orientation measurements with a significantly reduced level of variation of between ±0.2 to 

±0.3 degrees.   

Another consideration is that manual measurement techniques consist of localized braid angle 

measurements.  Due to the possibility of having significant variability across flat braided 

composite samples [8, 10, 21], manual braid angle measurement techniques are also affected by 

the chosen measurement location.  This is not the case for the developed measurement technique 

as the frequency domain technique represents all the features in the image and obtains the 

measurement from the contribution of multiple unit cells.  This property gives this measurement 

technique the ability to remain unaffected from local changes in braid angle which may not 
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accurately represent much of the fiber directions which plays a role in producing results with a 

low variability between measurements.   

3.4.3.3 Optical measurement performance 

The accuracy of the optical measurements of tubular braids were in good agreement with the 

expected braid angle, showing a maximum percent error of 2%.  This level of accuracy in the 

fiber orientation measurements of tubular fiber preforms was found to be comparable to digital 

image correlation and photometric stereo techniques [30-32].  Digital image correlation 

techniques require the use of speckle patterns and image post processing; photometric stereo 

requires the capture of multiple frames under varying lighting condition.  The developed 

measurement technique is advantageous due to the simplicity of the image acquisition and the 

fully automated nature of the measurement technique.  This allows the frequency domain 

measurement technique to be used for real-time inspection processes.   

3.4.4 Effect of image cropping for robust measurements 

The previously discussed results showed the minimal effect that image cropping had on 

improving the accuracy of the measurement, as well as improving the measurement variability.  

The role of cropping the images of the tubular braided preforms is to remove the distorted fibers 

which decrease the angular distribution in the image.  This was shown to significantly affect the 

frequency spectrum by narrowing the width of the peaks of the angular pixel intensity plot 

shown in Figure 3-20, but did not shift the location of the peaks, which would produce a 

different braid angle measurement.  The benefit of the cropping process lies in having a more 

robust measurement system.  The accurate results shown in Table 3-4 and Table 3-5 for the 

uncropped images show that the cropping process is not required for images with an ideal 

lighting setup consisting of even diffuse lighting.  The reflective nature of the aramid fibers 
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means that reflections can occur very easily.  For the proposed lighting setup used in this work, 

the light can easily get reflected off the distorted fibers.  A comparison between an image 

collected with proper lighting, and one with reflections on the distorted fibers is shown in Figure 

3-21.   

The frequency domain measurement technique relies on image frequencies and changes in pixel 

intensity.  When fibers are saturated in the image, they will produce a high frequency response in 

the frequency spectrum because of the higher than expected pixel value.  This should be avoided 

as it is not representative of the features of the imaged sample.  The frequency response from the 

reflections in the image can be greater than the response from the properly imaged fibers and 

when the reflections occur on the distorted fibers, the measurement will be skewed towards the 

orientation of the distorted fibers.   

  

(a) (b) 

Figure 3-21: Braid image without reflections and saturation (a), and braid image with saturation and 
reflections on the distorted fiber tows (b). 

It was previously discussed that a single sharp peak for each fiber direction is expected in the 

angular pixel intensity plot of a good quality image.  When the measurement algorithm is applied 
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to an improperly imaged braid preform with pixel saturation on the distorted tows, the angular 

pixel intensity plot, shown in Figure 3-22, is produced.  This result is significantly different than 

what is expected.  There are significant groups of features at angular orientations ranging from 

10 to 45 degrees.  The expected braid angle is 45°; yet, the plot also shows maximums at ±30°.  

These maximums correspond with the orientation of the saturated fibers; because of this 

saturation, these fibers produce a stronger frequency response than the central fibers which are 

oriented at the expected braid angle.   

 

Figure 3-22: Mean pixel intensity versus angle plot for the braid image containing pixel saturation showing 
the spike leading to the incorrect measurement. 

This false measurement can be corrected by using the previously described cropping procedure.  

By cropping the braided preform to 50% of the width, a much improved result can be obtained 

for the images containing saturation.  The pixel intensity plot of the cropped image is shown in 

Figure 3-23; which now shows two peaks at ±45°.  This plot shows the two symmetric peaks 

centered at the expected braid angle which signifies that the features in the image are inclined at 

two primary directions; which is what is expected for a biaxial braid.  This shows that the 
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cropping routine is most useful for improving the robustness of this measurement technique.  

This process removes the distorted fibers which, under ideal imaging conditions, do not 

significantly affect the braid angle measured from the image.  However, it is possible to have 

reflection from the distorted fibers which will affect the measurement quality.  Hence, this 

routine will form an essential part in this measurement technique, especially when this method is 

used as a real-time technique where measurement stability will be essential.  

 

Figure 3-23: Mean pixel intensity versus angle plot for the braid image containing pixel saturation showing 
the effect cropping the saturated tows. 

3.4.5 Alternative approaches for reducing effect of perspective error 

The cropping routine described in Section 3.2.6 was shown to successfully reduce the presence 

of perspective error and decrease the braid angle distribution seen in the images.  Due to the a 

priori knowledge of the tubular mandrel shape, orthographic projection techniques can be used to 

unwrap the tubular surface.  This is done by determining the radius of the tubular braid from the 

image, and relating the distance from the centerline in the image to the corresponding unwrapped 

arc-length.  This process, however, requires that intermediate values be interpolated, and the 
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amount of interpolated data will significantly increase for the outer regions of the braid.  Another 

factor to consider is the radius at which the image is unwrapped.  Previous work involving 

unwrapping micro CT scans of tubular braided composites showed that the unwrapping action 

depended on the thickness of the braided structure [61].  Because the 2D imaging approach 

would only be capable of detecting the outer radius of the structure, additional work would have 

to done to validate an orthographic projection approach.   

3.5 Conclusions 

Braiding manufacturing for braided composite applications has known challenges associated 

with the accurate deposition of fibers on the mandrel.  The importance of fiber orientation on the 

resulting material properties of the braided composite part require the fiber orientation to be 

verified after the braiding process has been completed.  The braid angle is the critical variable for 

determining the fiber orientation of braids, and current braid angle measurement techniques 

require manual interaction.  By developing an optical, image based frequency domain 

measurement technique; braid angle measurements of tubular braids can be made in real-time in 

an automated fashion.  The image processing measurement technique which is analyzes images 

based on their frequency content related to changes in pixel value.   

The validity of this technique was determined for accurately measuring the fiber orientation atop 

of a three dimensional, tubular mandrel for single camera images.  It is known that perspective 

error will distort the orientation of the fibers in the image and to predict the distribution of fiber 

directions within an image due to perspective error, a geometric model was developed and 

validated.   
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The accuracy of the measurement technique was determined by collecting a sample of images of 

tubular preforms with 30°, 45° and 63° degree braid angles.  The use of a thresholding and 

cropping routine to remove the distorted fiber tows was shown to be beneficial to the 

measurement technique.  For the images that were collected, the average braid angle 

measurement of the different regions of interest was not significantly affected by cropping the 

distorted regions of the image, however, doing so significantly minimized the variability between 

measurements.  Additionally, the cropping routine can play a significant role in improving the 

robustness of the measurement technique in situations of poor lighting and reflections on the 

outer regions of the tubular braid.   

This method is capable of making automated measurements of tubular braided preforms with a 

maximum percent error of 2%.  This measurement technique does not require user interaction to 

select fiber boundaries or unit cells to make the fiber orientation measurement, which is an 

improvement over the other currently used measurement techniques.  The low deviation between 

measurements which were found to be between 0.2° to 0.6° which is a significant improvement 

over the ±2° uncertainty associated with manually choosing landmarks.  This method is also non-

intrusive and automated, which means that this technique can be applied to real-time 

measurement applications.   
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Chapter 4  Real-time braid angle measurement of tubular braid 

preforms using machine vision 

4.1 Introduction 

The fiber orientation used to produce a tubular braided composite strongly affects its material 

properties.  The braid angle is the most common measure of fiber orientation in braided 

structures and is one of the only geometrical fiber properties which can be measured after the 

production of the fiber structure.  The braid angle is defined as the angle between the inclined 

fibers and the longitudinal direction of the mandrel [1, 2].  Verifying that the desired braid 

geometry has been produced is a crucial step in the braiding manufacturing process.  This is 

because of the assumptions that have been made to derive the commonly used braiding models 

[3-5] (neglecting of inter-yarn friction and fiber slippage on the mandrel) have been shown to 

cause inaccuracies for certain braiding configurations.  This is often measured manually, either 

through the use of protractors [6, 7] or by tracing vectors onto captured images [8-11], to 

determine if the desired fiber orientation has been obtained.  The process of measuring the braid 

angle by hand is time consuming, error prone, and limits the automation of the braiding process.  

Additionally, manual braid angle assessment is a post-production process which prevents in-line 

quality control; which could be used to give the designer or operator feedback over the produced 

fiber geometry and be capable of detecting and correct undesirable braid geometry.  Advanced 

measurement techniques involving computationally intensive image methods such as digital 

image correlation stereo imaging and multi-frame photogrammetry [11-13] have successfully 

been used to measure the fiber orientation of braided composites and preforms.  However, the 
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sample preparation, data collection and image post-processing makes these techniques unsuitable 

for inline measurement applications of the fiber preform.   

To address production quality control issues with the braiding process, a method to measure the 

braid angle is required which is non-contact, automated and provides measurements in real-time.  

An appropriate solution to this issue is the use of optical methods such as that developed in the 

previous chapter and machine vision.  A machine vision system is a combination of real-time 

image collection, processing and analysis [14].  These systems can perform automated tasks to 

aid with manufacturing and production processes that suits the needs of the braiding process.   

4.1.1 Applications of machine vision in textiles and textile composites 

Machine vision systems have been used to automate quality control and fault detection tasks in 

the textiles and textile composite industries.  The ability to automate visual inspection tasks 

allows for a significant reduction in missed faults and allows for the ability to compare patterns 

and measure features.  Offline, manual visual inspection for textile fault detection has a 

maximum accuracy of 70-80% [15].   

The current integration of machine vision systems in 2D braiding is limited.  Branscomb and 

Beale [16] developed a low-cost fault detection system for rope.  An area scan USB camera was 

used to track the motion of the braid point during braider operation and the presence of common 

braiding faults, such as a yarn tension imbalance and a jammed yarn carrier.  The motion pattern 

of the braid point was analyzed to determine the feasibility of diagnosing braiding faults by 

monitoring the position of the braid point.  Matela et al. [17] used a line scan camera to detect 

faults in braided ropes by correlating faults in braided ropes, such as a missing yarn, to 

fluctuations in pixel value along a scan line.  Lastly, Mersmann [18] developed a Bayesian 

decision model to study the effect of integrating automated metrology techniques with the 
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production of carbon fiber reinforced plastics (CFRP).  The models developed by Mersmann 

were applied to the specific application of automated CFRP braiding.   

Mitchell et al. [19] used a texture segmentation approach to automatically locate the boundaries 

between various woven carbon fiber preforms.  The algorithm achieved real-time performance 

by processing images in less than one second on standard computing hardware.  Schmitt et al. 

[20] used an area scan camera to collect images of carbon fiber preforms.  Their machine vision 

process was limited by the exposure time required by their camera, which illustrates the 

importance of the lighting system used for a machine vision system.  Their work made use of a 

motorized lens capable of changing the focal point to allow for the successful imaging of 

samples with significantly varying thicknesses [21].   

Fourier transform techniques 

Several frequency domain inspection algorithms were developed for the inspection of periodic 

textiles patterns [15, 22-26].  These techniques were developed for use as machine vision 

algorithms, but were not tested in any in-line scenarios.  A frequency domain technique was used 

in real-time, in-line with a textile loom to compute the yarn density of the fabric [26].  This work 

found that the sampling frequency of the line scan camera must be synchronized with the speed 

of the sample to obtain the desired image resolution.   

4.1.2 Objectives 

The importance of verifying the braid angle after the production of the braided fiber preform is a 

crucial step in the production process because of the strong relationship between the braid angle 

and the material properties.  The braid angle is currently measured manually, which is a time 

consuming and error prone process.  The objectives of the current work are to develop and assess 
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a real-time, in-line machine vision system to measure braid angle during the manufacturing 

process.  A low-cost solution capable of running on standard computing equipment is desired to 

ensure that this system can be easily integrated into current braiding setups.   

To be successful, the braid angle measurement system should provide immediate feedback 

regarding the orientation of the fibers on a tubular mandrel.  The accuracy and uncertainty in the 

measurement should be within the neighborhood of other optical and manual measurement 

techniques which lie between ±1° and ±2° [11, 12].  The measurement system must obtain 

measurements without the need for constant user interaction.  The goal of this system is to 

automate the quality assurance step in the production process and to reduce the effect of human 

error on the measurement process.   

4.2 Methods  

4.2.1 Machine vision system 

Herein, the machine vision system will be described, which consists of two tasks: the data 

collection and the image processing routine.  Data collection considers the physical components 

in the system, such as the camera and illumination.  The image processing routine describes the 

tools used to obtain the braid angle from the collected images.  

4.2.1.1 Data collection 

Images of the braided preforms were captured using a single high resolution scientific grade 

area-scan camera [Basler Pilot pi2400-17gm, Germany] with a five-megapixel charged coupled 

device (CCD).  A 35-mm fixed focal length lens was used to achieve the required magnification.  

The camera uses gigabit Ethernet communication to transfer the data to the computer.   
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(a) (b) 

Figure 4-2: Braid images showing the effects reflection. (a) shows a sample illuminated with direct light, (b) 
shows a sample illuminated with indirect light from the lightbox. 

Images of the braided fiber preform are collected just downstream of the convergence ring.  

Doing so allows the region of interest to coincide with the braided fibers which are immediately 

deposited onto the mandrel.  The placement of the camera and the light source can be seen in 

Figure 4-3.   

Data collection and camera control operations were accomplished using custom written software 

in MatLab.  Triggering was done electronically and the slower speeds associated with braid 

production allowed mandrel motion to be frozen without the use of specialized lighting, such as a 

stroboscope.  Appropriately setting the lighting intensity and aperture size allows a sufficient 

amount of light to enter the sensor during the chosen exposure time used to freeze the sample 

motion.   
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Figure 4-3: Image of the experimental setup showing the placement of the camera in-line with the maypole 
braiding machine. 

4.2.1.2 Braid angle measurement algorithm 

The images are analyzed in the frequency domain to measure the braid angle of the tubular 

braided preforms.  The two-dimensional discrete Fourier transform (2D-DFT) is used as the 

primary image processing method to analyze the images.  This technique suits the real-time 

application of this machine vision system through the implementation of the fast Fourier 

transform (FFT) algorithm.  Computation of the 2D-DFT using a FFT algorithm reduces the 

computational intensity from 𝑂𝑂(𝑁𝑁2) for a standard discrete Fourier transform to 𝑂𝑂(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) [14]. 

The 2D-DFT, shown in Equation 4.1, of an image produces the frequency spectrum F(u,v), of 

size MxN.  Where x and y are the spatial coordinates of the image and u and v are the frequency 
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A search routine is used to locate the angular orientation of the features in the frequency 

spectrum, similar to those shown in Figure 4-5, which correspond to the fiber directions.  This is 

done by searching for the angular direction in the frequency domain corresponding to the highest 

average pixel intensity in the frequency spectrum.  A circle is discretized around the center of the 

spectrum and for each discrete direction; a scan line is drawn outwards from the center of the 

spectrum to the discretized circle to consider both low and high frequency data for each 

discretized direction.  This process is shown in Figure 4-6 and the result of this process, the 

angular intensity plot, is shown in Figure 4-7.  This plot shows the average pixel intensity of the 

pixels along the scan line as a function of the orientation of this line.   

 

Figure 4-6: Annotated frequency spectrum showing search routine for analysis 
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Figure 4-7: The angular intensity plot of the frequency spectrum.  This is obtained by plotting the mean pixel 
intensity vs. angle of scan line.   

4.2.2 Operation of maypole braiding machine 

Control over the fiber orientation of the braided preforms is achieved by modifying the rotational 

speed of the yarn carriers and the linear speed of the mandrel.  These processes are powered by 

electric motors which are controlled through user written software written in LabView [National 

Instruments, Texas, USA].  The braiding machine and the puller can be seen in Figure 4-8 and 

Figure 4-9 respectively.  The speed of each device can be set in volts, ranging from 0-10 VDC.  

Determining the conversion factor from input voltage to linear of rotational speeds for the puller 

and braider respectively, a speed calculation was performed.  Details regarding the calibration 

process are described in Appendix C.   
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Figure 4-8: Annotated image of the 36-carrier braiding machine used to produce the tubular braid preforms. 

 

Figure 4-9: Annotated image of the puller used to advance the mandrel. 
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4.2.2.1 Production of constant braid angle preforms 

The production of braided preforms with a constant braid angle was done with the use of 

Equation 4.2, which is the geometric braiding equation which relates the rotational speed of the 

carriers, 𝜔𝜔, linear velocity of the mandrel 𝜈𝜈 and the radius of the mandrel 𝑅𝑅𝑚𝑚 to the steady state 

braid angle𝜃𝜃∞ [3, 5, 30-32].  The braid angle will converge on the steady state value calculated 

with Equation 4.2; sufficient time must be given to ensure that the braid angle has reached steady 

state.   

𝑡𝑡𝑡𝑡𝑡𝑡𝜃𝜃∞ =
𝜔𝜔
𝑣𝑣
𝑅𝑅𝑚𝑚 (4.2) 

 

4.2.2.2 Production of transient braid angle preforms 

A transient braid pattern can be obtained by changing the braiding machine speeds and allowing 

the braid geometry to converge to a new steady state geometry.  Du and Popper [3] derived 

differential equations to model this transient process.  This is done by using the following three 

equations.  A key geometric factor is the ratio of the mandrel radius 𝑅𝑅𝑚𝑚 and the track plate 

radius, 𝑅𝑅𝑔𝑔, given by 𝜆𝜆, shown in Equation 4.3.   

𝜆𝜆 =
𝑅𝑅𝑚𝑚
𝑅𝑅𝑔𝑔

 (4.3) 

 

To observe the transient relationship between the braiding machine speeds and the braid angle, 

Equations 4.4 and 4.5 are used.  Equation 4.4 calculates the location of the convergence plane, 

h(t), as a function of time.  The convergence length is related to the braid angle, 𝜃𝜃, by using 

Equation 4.5.  These two equations are used to predict how the braid angle changes with a 
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change in braiding speeds and will be used in experiments discussed in later sections of this 

chapter.   

ℎ(𝑡𝑡) =
𝑣𝑣
𝜔𝜔
√1 − 𝜆𝜆2 

𝜆𝜆
+ �ℎ0 −

𝑣𝑣
𝜔𝜔
√1 − 𝜆𝜆2 

𝜆𝜆
� 𝑒𝑒

𝜆𝜆
√1−𝜆𝜆2 

𝜔𝜔𝜔𝜔
 (4.4) 

 

𝑡𝑡𝑡𝑡𝑡𝑡𝜃𝜃(𝑧𝑧) =
𝑅𝑅𝑔𝑔
ℎ(𝑡𝑡)

�1 − 𝜆𝜆2 (4.5) 

 

Applying the machine vision system to a transient braiding process accomplishes two tasks.  It 

allows the performance of this measurement technique to be determined for a non-constant braid 

angle and it allows the accuracy of the Du and Popper’s transient braid model [3] to be 

determined for the braiding setup used in this work.  Their model is currently being used and 

adapted due to its simplicity and because of the possibility of solving an inverse solution [33], 

which is valuable for automated braiding.  Du and Popper [3] have reported that this model 

under-predicts the braid angle by approximately 5° degrees.  Although there is the possibility for 

significant error, the accuracy of a braid model has not previously been verified in real-time and 

the comparison of the machine vision results to the predicted model results will have value. 

4.2.3 Experimental procedure  

To assess the developed frequency domain measurement technique as a suitable real-time 

machine vision algorithm, tubular braided preforms will be imaged under dynamic conditions 

during the braiding process.  Aramid fibers [DuPont, Canada] with a 1420 denier are braided 

atop a tubular mandrel with a diameter of 1”.  Images are collected and processed during the 

production of the braided preforms to obtain the braid angle measurement in real-time.  Software 
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used to control the cameras and process the images was done using custom written software in 

Matlab [Natick MA, USA].  All samples were imaged at a constant frame rate of 1 frame per 

second.   

The first set of testing involves measuring the steady state braiding process in real-time.  This 

will allow the accuracy of measuring a constant braid angle to be determined.  Preforms were 

produced with braid angles of 30°, 45° and 55°.  Images were collected along preform lengths 

ranging from 0.5 to 1.0 meters depending on the time required before reaching steady state.  For 

each braid geometry two samples were imaged and measured.  Each data set consists of a series 

of images and braid angle measurements which correspond to the different locations along the 

mandrel.  The linear and rotational speeds of the mandrel and yarn carriers used to produce the 

constant braid angle preforms are shown in Table 4-1.   

Table 4-1: Braiding production parameters for steady state braiding tests 

Steady state braid angle 30° 45° 55° 
Mandrel speed [mm/min] 280 280 280 

Carrier speed [RPM] 2.64 3.54 4.98 
 

The second test involves imaging a transient braid pattern which will determine the ability of this 

measurement technique to track a changing braid angle.  A transient braid angle will occur each 

time the braiding speeds are altered, which makes this a common scenario in which the braid 

angle must be measured.  This was done by imaging the transient change in braid angle which is 

seen during the transition between two steady state braid angles; 30° and 55° were chosen as the 

steady state braid angles.  A stepwise change in yarn carrier speeds according to the speeds 

shown in Table 4-2 was used to initiate the transient braid pattern.  Two preforms were produced 

for both increasing and decreasing braid angles.  The comparison of these results to Du and 
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Popper’s model [3] was done by comparing the measured braid angles to expected results which 

were calculated with Equations 4.3 to 4.5.   

Table 4-2: Braiding production parameters for the transient braid angle tests 

Steady state braid angle 30° 55° 
Mandrel speed [mm/min] 280 280 

Carrier speed [RPM] 2.64 4.98 
4.3 Results  

4.3.1 Constant braid angle tests 

The results of the braid angle measurement tests are shown in Table 4-3.  This table shows the 

average and standard deviation of all the collected images.  The average measurements are in 

close agreement with the predicted braid angle, as well as in close agreement between two repeat 

tests.  The magnitude of the measurement standard deviation is comparable to what has been 

reported for the static braid angle measurements discussed in Chapter 3.  The standard deviation 

of the static braid angle measurements ranged between 0.2° and 0.3°.  These values lie within the 

range of standard deviation values in Table 4-3 which shows that the accuracy and uncertainty in 

measuring a constant braid angle in real-time is comparable to static braid measurement tests.  

Two braided preforms were produced and measured for each braid geometry.  The results in 

Table 4-3 show a very good repeatability between the repeated tests; the average and standard 

deviation differ by a maximum of 0.4°.   

Plots of the measured braid angle as a function of mandrel position for the 30°, 45 ° and 55° 

preforms are shown in Figure 4-10, Figure 4-11 and Figure 4-12, respectively.  Dashed lines are 

plotted alongside the experimental data to show the effectiveness of this measurement technique.  

The dashed lines correspond to a ±1° band surrounding the mean measurement.  This band is a 
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measure of the uncertainty associated with the conventional manual measurement techniques that 

this automated method aims to replace.   

Table 4-3: Steady state real-time braid angle measurement results for each of the three braid geometries.  
Mean and standard deviation values are given in degrees. 

 
30° 45° 55° 

 
Mean [deg] St. dev [deg] Mean [deg] St. dev [deg] Mean [deg] St. dev [deg] 

Sample 1 29.7 0.33 44 0.38 54.5 0.21 
Sample 2 29.8 0.37 44.1 0.37 54.6 0.25 

 

Figure 4-10: Braid angle plot for braided preform with 30 braid angle.  The dashed lines indicate ±1° band 
surrounding the mean associated with the uncertainty of past measurement methods. 
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Figure 4-11: Braid angle plot for braided preform with 45° braid angle.  The dashed lines indicate ±1° band 
surrounding the mean associated with the uncertainty of past measurement methods. 

 

Figure 4-12: Braid angle plot for braided preform with 55° braid angle.  The dashed lines indicate ±1° band 
surrounding the mean associated with the uncertainty of past measurement methods. 
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Images were collected at a fixed frame rate of 1 frame per second.  As a result, the number of 

images between tests varied depending on the braiding speed and the time taken for the braid 

pattern to converge to the steady state braid angle.  For each constant braid angle data set, the 

transient region is removed by visual inspection.  The transient braid angle region can be clearly 

seen in the machine vision measurements, as shown by the region of increasing braid angle 

plotted in Figure 4-13.   

 

Figure 4-13:  The complete braid angle plot for a braided preform with a 55° braid angle showing the initial 
convergence zone prior to the region of steady state braid angle. 

4.3.2 Transient braid tests 

The developed measurement technique has been shown to make accurate braid angle 

measurements on stationary braided preforms (Chapter 3) and dynamic samples with a constant 

braid angle (Section 4.3.1).  For validation, the braid angle results up this point were compared 

against manual measurements and expected braid angle values using the steady state braiding 

equations developed by Du and Popper [3].  Good results indicate that the measurement 



92 
 

technique accurately represents the orientation of the fibers on the mandrel so for the upcoming 

test, the measured braid angle will not be compared to a specific braid angle, but to a transient 

braid angle curve.   

One of the advantages of using braided composite materials is the ability to control the material 

properties by varying the braid angle of the fibers along the length of the mandrel.  To test the 

performance of this measurement technique at measuring a transient braid angle, braiding speeds 

are changed in a stepwise fashion from one steady state braid angle to another.  Tests are done to 

track an increasing and decreasing transition in braid angle between steady state braid angles of 

30° and 55°.  The process parameters used to produce these braid geometries are shown in Table 

4-4.  The measured transient braid angle is compared to the kinematic braiding equations, given 

in Equations 4.3-4.5, which were developed by Du and Popper [3].  The results of the increasing 

and decreasing braid angle transition are shown in Figure 4-14 and Figure 4-15.  The 

experimental results are in good agreement with the predicted curve from the Du and Popper 

model [3].   

Table 4-4: Braiding machine process parameters for the transient braiding test 

Steady state braid angle 30° 55° 
Mandrel speed [mm/min] 280 280 

Carrier speed [RPM] 2.09 4.98 
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Figure 4-14: Braid angle measurement results for stepwise change in braiding speeds resulting in an increase 
in braid angle from 30° to 55°.  The dotted lines indicate ±1° band surrounding the mean associated with the 

uncertainty of past measurement methods. The dashed line shows the stepwise change in rotational speed. 
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Figure 4-15: Braid angle measurement results for stepwise change in braiding speeds resulting in a decrease 
in braid angle from 55° to 30°.  The dotted lines indicate ±1° band surrounding the mean associated with the 

uncertainty of past measurement methods. The dashed line shows the stepwise change in rotational speed. 

 

 

4.4 Discussion 

The objectives of this work were to assess the performance of a frequency domain measurement 

technique as a suitable automated and real-time braid angle measurement technique.  Such a 

system allows the braid angle to be measured in-line with the braiding process.  This system 

benefits the braiding process by eliminating the need to manually measure the braid angle after 

the braiding process and eliminates human error from the measurement process which ranges 

from ±1° to ±2° [7, 11].  Imaging and measuring tubular braided preforms with a braid angle 

with constant and transient braid angles allows the performance of the Fourier transform 

measurement technique to be assessed for the real-time measurement of braided composite 

materials.   
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4.4.1 Accuracy of the braid angle measurement 

The braid angle results shown in Section 4.3 showed an unexpected fluctuation between adjacent 

measurements.  This was thought to be due to the potential measurement instability of the image 

processing techniques.  To determine if this is true, a series of 15 images were taken at one frame 

per second of a stationary braided preform to determine the repeatability of the braid angle 

measurement.  In each image, the region of interest of the camera was kept the same.  The 

measurements from this process resulted in measurement fluctuation, as shown in Figure 4-16.  

The fluctuations are small compared to the band of uncertainty which is associated with manual 

measurement techniques, shown by the hatched lines.  By analyzing the collected images, it was 

found that the image pixels varied slightly between collected frames.  An average difference in 

pixel value between consequent frames was found to be 1.69 by subtracting the 8-bit images.  

The change in pixel value suggests that the measurement inconsistency is partly due to the data 

collection process.  The results show that the frequency domain technique is sensitive to these 

small changes in pixel value which can be a result of sensor noise and subtle changes in lighting.  

These results showed a standard deviation of 0.11°.  Although these fluctuations are small in 

comparison to the uncertainty of ±1° associated with manual measurement techniques, it shows 

the sensitivity of this measurement technique to subtle changes in pixel value.   
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Figure 4-16: Braid angle measurement for repeat images of the same region of interest.  The dashed lines 
indicate ±1° band surrounding the mean associated with the uncertainty of past measurement methods. 

4.4.2 Constant braid angle measurements 

Figure 4-10 to Figure 4-12 shows plots of the braid angle as a function of mandrel position for 

the 30°, 45° and 55° braid angle preforms.  These results show the fluctuation of the machine 

vision measurement.  Although the measurement result fluctuates between consequent images, 

the spread of this data is within ±1°, which is the uncertainty associated with measuring the braid 

angle through manual techniques.  The average of the real-time measurements was in good 

agreement with the expected braid angle results with a maximum percent error of 2% for the 45° 

braid angle test.  The standard deviation of the measurements was comparable to the 

uncertainties from the static braid angle tests, which ranged from 0.23° to 0.3° as discussed in 

Chapter 3 which shows that imaging a dynamic braid preform does not change the measurement 

results.  
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The overlapping region of interest and the area scan data collection affect the presented 

measurement results in several ways.  The first is that for each image, a single braid angle 

measurement is made from the consideration of the multiple unit cells in each region of interest.  

In this technique, the braid angle is obtained determining the orientation of the most dominant 

image frequencies, as opposed to locally measuring the angle of two intersecting fibers for the 

case of manual braid angle measurement techniques.  This is beneficial as it eliminates the need 

to perform a series of localized measurements to characterize the fiber orientation as was done in 

[8, 31].  Secondly, the overlapping area scan images means that a single unit cell on the surface 

of the braid preform will influence multiple consecutive braid angle measurements for a dynamic 

sample.  Knowing that the braid angle measurement is dependent on features used in past 

measurements allows certain conclusions to be made.  One of which is the impossibility of a 

sharp and abrupt change in braid angle for a constant cross section mandrel moving at a constant 

linear velocity.  This increases confidence in an error handling process to remove a measurement 

which is significantly larger that all surrounding braid angle measurements due to the physics 

behind the braiding kinematic models and the repeat contributions from unit cells.   

4.4.3 Transient braid tests 

Having the ability to modify the fiber orientation along the length of the mandrel enables the 

production of braided composites with varying material properties along the length.  The angular 

speed of the yarn carriers was changed in a stepwise fashion to produce the transient braid 

pattern used in these tests.  The results, shown in Figure 4-14 and Figure 4-15 compare the 

machine vision braid angle measurements to the predicted curve from Du and Popper [3].  

Increasing and decreasing braid angles were tested.   
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The transient braiding equations developed by Du and Popper [3] are valuable due to their 

simplicity and the ability to provide analytical equations describing the resulting braid geometry.  

Because of these merits, their work is still the focus of attention for automated braiding 

applications [33] even though they report a 5° error in predicting the braid angle [3].  The plots 

shown in Figure 4-14 and Figure 4-15 comparing the experimental data to Du and Popper’s 

transient braid model show a good agreement between the measured and predicted braid angles.  

The reported error of 5° was not seen in these results.  Experiments done by Du and Popper [3] 

also found that their model was capable of accurately predicting the convergence zone length of 

the braided preforms.  Their ability to predict the convergence zone length but not the resulting 

braid angle suggests that the inter-yarn forces created by the yarn interactions at the interlacing 

points in the convergence zone invalidate the straight yarn assumption and affect the orientation 

at which the fibers rest on the mandrel.  Increasing the number of braid yarns increases the 

number of interlacing points and inter-yarn friction [6, 30] which is critical to consider in this 

comparison.  Du and Popper [3] used a 72 carrier braider whereas the braiding machine used in 

this work had 36.  This decrease in the number of braid yarns significantly affects the amount of 

inter-yarn friction that could affect the geometric braiding models and suggests that these models 

have limited applicability to certain fiber types and braider geometries.  The dependence of 

model accuracy on yarn type and yarn tension was explored by Zhang et al [6], however, no 

similar verification of transient braid models were done.   

Guyader et al. [5], and Ravenhorst and Akkerman [11] also reported error of 3° in predicting the 

braid angle in tubular and non-tapered mandrels.  Each of their predictive models relied on 

neglecting yarn interactions similar to Du and Popper [3, 4].  Guyader et al. [5] used a 64-carrier 

and Ravenhorst and Akkerman [11] used a large scale radial braiding machine.  In each case, the 
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number of interlacing points in greater that the experiments performed in this work.  Similar to 

the comparison between the experimental results and the Du and Popper model, this reported 

error and large number of braiding yarns suggests that there is limit to which the frictionless and 

straight yarn assumptions are valid.   

Through inspection of these plots, the errors in regions of rapidly changing braid angle are 

greater than those of regions with a constant braid angle.  This results in some measurements 

which fall outside of the ±1° uncertainty band that was used in all other tests in this work.  The 

method in which data is collected and processed may contribute to the increased error in regions 

of rapidly changing braid angle.  As was previously discussed, 2D images are collected and 

processed to obtain a braid angle measurement which considers the frequency component of all 

the image features in the frequency domain.  This means that a single measurement is made from 

the information of multiple braid unit cells.  The region of interest in the longitudinal direction 

measures a 60 mm long portion of the preform; and in regions where the braid angle is changing 

rapidly with mandrel position; it is possible that there is a non-constant braid angle in the field of 

view of the camera.  This is shown in Figure 4-18 where, found through manual measurements, 

there is approximately 6° difference between the fibers at the top and bottom of the image.   
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Figure 4-18: Cropped braided preform image captured during the transient braiding process showing the 
difference in braid angle in the longitudinal direction of the image. 

This will lead to a distribution of fiber angles in the frequency spectrum which affects the 

angular intensity plot in a similarly to the braid angle distribution caused by perspective error 

which was discussed in Chapter 3.  The angular intensity plots shown in Figure 4-19 and Figure 

4-20 show the effect that this has on the frequency spectrum.  The image containing the changing 

braid angle as a function of mandrel position contains a larger braid angle distribution, seen as 

wider peaks in the plot shown in Figure 4-19.  For comparison, an image of the braid preform 

captured during the steady state braider operation produces the plot shown in Figure 4-20, which 

shows much sharper peaks due to the constant braid angle of the fibers in the image.   



102 
 

 

Figure 4-19: Angular intensity plot of the image shown in Figure 4-18.  The wide peaks suggest a significant 
braid angle distribution within the images. 

 

Figure 4-20: Angular intensity plot of an image captured during the steady state braid angle region showing 
sharper peaks which indicate a smaller distribution of yarn directions in the image. 

The wider peaks in Figure 4-19 mean that there is a distribution of features in the spatial image 

whose frequency components have a similar magnitude in the frequency spectrum.  Because of 

the sensitivity of the Fourier transform measurement to small changes in pixel value, there is a 
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greater chance that one of these angles in this distribution is identified as the maximum value for 

a given image, increasing the possibility for fluctuations between measurements.   

The ability to track the transient braid angle is important.  The only other real-time system 

capable of accomplishing this task is the cone angle measurement device developed by Mazzawi 

[34].  However, the machine vision system has notable advantages over the mechanical 

implement developed by Mazzawi; which required that the braid angle be inferred from the 

convergence length.  Several geometric models have struggled to accurately calculate the 

convergence length including what was developed by Mazzawi [34] and Guyader [5].  Directly 

imaging the braided structure is a much better source of data and eliminates the need to infer the 

braid structure from other geometric factors.   

4.4.4 Filtering braid angle measurements  

It was aforementioned that the high frequency fluctuations in the real-time braid angle 

measurements may be due to the sensitivity of the measurement to subtle changes in image data.  

Because of the fact that these measurement fluctuations are due to the limitations of the imaging 

process and not the fluctuation off fiber angle, it would be beneficial for these fluctuations to be 

removed for future applications, which could include using this measurement system for 

feedback control.   

The high frequency fluctuations in the real-time braid angle measurements can be removed by a 

standard low-pass, moving average filter.  Design of the filter is done by considering the amount 

of overlap in the collected images.  For the image acquisition rate of 1 frame per second and the 

chosen mandrel speeds, a single unit cell will be in 8 consecutive images.  Thus by choosing an 

8-term moving average filter, the current measurement will be influenced by the previous 7 past 

braid angle measurements.  The result of this process is shown in Figure 4-21 and it shows that 
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by using a window size of 8, significant measurement fluctuation can be removed.  However, 

this is done at the expense of introducing a time delay in the filtered signal.  This delay affects 

the tracking of a transient braid angle and the effect of this delay should be further explored for 

feedback control applications.   

 

Figure 4-21: Increasing transient braid angle plot showing the smoothed 8-term moving average curve. 

The time delay can be compensated for by adjusting the data by the appropriate number of 

samples.  For the moving average filter, this delay is given by half of the size of the filter 

window.  This produces the plot shown in Figure 4-22.  The 8-term window removes the 

unexpected measurement fluctuations and produces a braid angle plot which closely matches the 

kinematic relationship derived in Figure 4-22.  This result simultaneously validates the kinematic 

equations, as well as the braid angle measurement method which is the first system to be used to 

validate kinematic braiding equations in-line with the braiding process.   
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Figure 4-22: Plot showing the delay compensated 8-term moving average curve.  

4.4.5 Braided sample limitations 

The machine vision system was developed to further automate the braiding production process.  

However, fiber production is only the first step in producing braided composite materials.  In-

line resin impregnation techniques have been used in braided composite applications [35] and 

future application of this measurement technique to wet fiber braided structures will be 

beneficial.  The success of the proposed measurement technique relies on having high frequency 

components in the image which correspond to the primary fiber directions.  If this image 

property is preserved, then the developed technique will work as a braid angle measurement 

technique, however, this has yet to be verified.  Additional to this, the wet fibers may have 

different reflectance properties than the dry fiber braids.  Thus, a new illumination setup may 

have to be developed to capture images of the impregnated fibers.   
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4.5 Conclusions 

The production of 2D braided composite materials is limited by the multi-step manufacturing 

process required to go from yarns to rigid composite part.  To further automate the production of 

the fiber structure, a machine vision system was developed to measure the braid angle of tubular 

braided preforms.  The ability to make automated braid angle measurements addresses two 

shortcomings in the braiding process.  Real-time feedback of the braid geometry can be used to 

ensure that the desired braid geometry is produced with the chosen braiding speeds.  This also 

eliminates the need to manually characterize the braid geometry with manual measurement 

techniques.  These measurements are affected by human error, are time consuming and are not 

suitable for the large-scale production of braided preforms.   

The developed machine vision system was found to be successful for measuring constant and 

transient braid angle preforms in real-time, with lower uncertainty compared with manual 

measurement techniques.  The results showed that measuring the braid angle of tubular braided 

preforms in-line with the braiding process produced similar levels or error to static braid angle 

measurements.  By comparing the transient braid angle pattern obtained from a stepwise change 

in machine speeds to Du and Popper’s transient braid equations, good agreement was obtained, 

suggesting that braider size and configuration affect the validity of assumptions made in the 

derivation of geometric braiding models.  Although the machine vision technique was applied to 

tubular samples, directly measuring the braid angle with imaging allows this technique to be 

applied to various mandrel geometries, as well as other braiding setups, such as radial braiders 

and 3D braiders by simply mounting a camera in-line with the braiding process.   

These results also show that the fiber deposition process can be accurately monitored in real-time 

with a low cost machine vision system.  The fully automated machine vision system can 
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eliminate the need to perform manual quality assurance measurements of the braid angle and has 

shown to be more accurate than some multi-frame techniques due to the removal of human error 

associated with landmark selection.   
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Chapter 5 Conclusions and future work 

5.1 Conclusions 

Two-dimensional braiding is a high fiber deposition rate process capable of producing near-net 

shape fiber preforms.  To improve the production process of 2D braided materials, the 36 carrier 

Steeger braiding machine at the Multipurpose Composites Group at the University of Alberta 

was used to develop an automated quality assurance system.   

The goal of this project was to develop and validate an optical measurement technique, suitable 

for machine vision applications, capable of measuring the braid angle of tubular braided 

preforms in an automated and real-time fashion.  This was done by first developing a Fourier 

transform measurement scheme and validating it with images of static tubular braided samples.  

The measurement technique was used to measure the braid angle during the braiding process in 

real-time.  This work addresses shortcomings of 2D braided composite production.  Due to the 

strong relationship between the fiber orientation and material properties, the braid angle is 

measured for quality assurance purposes.  Current measurement methods are error prone and are 

not suitable for automation.   

This system provides real-time feedback of the fiber orientation during the braiding process, 

which has not been previously accomplished through optical means.  This system works to 

accomplish two specific issues regarding the production of the fiber structure. The first is that it 

gives the manufacturer the ability to ensure that the desired braid pattern is being produced from 

the selected braiding machine process parameters.  This was previously an issue due to the 

inaccuracies associated with the commonly used kinematic braiding models.  Secondly, it 

removes the need for manual quality assurance.  This system allows the braid angle to be made 
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in-line with the production process and the braiding process will no longer have to stop to allow 

for manual braid angle measurements to be made.  Instead, the braided preform can be 

impregnated in-line with the braiding process to improve throughput of the manufacturing 

process.   

In this work, a single camera machine vision system was developed for making fiber orientation 

measurements of 2D tubular braided preforms.  A single camera system was chosen in the 

interest of developing a low cost and real-time system at the expense of measurement accuracy.  

This decision meant that the fiber direction atop the tubular mandrel would be affected by 

perspective error.  By modelling the deposition of a fiber onto the mandrel as the wrapping of an 

inclined line around a cylinder, a perspective error model predicting the fiber distortion in the 

image was developed.  This model allowed the distribution of fiber angle to be predicted in 

images of tubular braids and allowed the effectiveness of image cropping to be determined.  

Cropping portions of the braid image allow the highly distorted fibers to be removed and 

decreases the braid angle distribution in the image.  

The braid angle measurement method was tested on both stationary and translating braided 

preforms at various braid angles ranging from 30° to 63° and the measurement results were 

shown to have uncertainties which are less than manual measurement techniques and image 

based techniques which require user landmark selection.  Braid angle measurements made using 

the Fourier transform were shown to have comparable accuracy when compared to DIC and 

photometric stereo methods.  This was true for both static and dynamic measurements of braids 

with a constant braid angle.  The machine vision system also successfully tracked the transient 

braid angle caused by a stepwise change in braiding speeds.  These results showed that the 

transient braiding equations derived by Du and Popper are accurate in predicting the transient 
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braid angle the 36 carrier braiding setup that was used in the experiments.  Kinematic braiding 

models have not previously been validated in real-time in-line with the braiding process. 

The developed machine vision system was successful in making real-time, automated braid angle 

measurements with uncertainties of less than half that of currently used manual measurement 

techniques.  The simplicity of the machine vision system makes this simple to integrate into 

braiding setups.  The current state of braiding processes have not widely adopted machine vision 

and automated visual inspection technologies, and this work makes steps towards accomplishing 

this goal.   

5.2 Limitations/recommendations 

The machine vision system developed for measuring the braid angle of tubular preforms has 

shown to be successful for the tested braid geometry and braider configuration.  The following 

recommendations will assist in improving this measurement technique and help to apply this 

technique to more braider configurations.   

The optical setup had a relatively shallow depth of field.  It was large enough to capture all of the 

necessary features on the tubular mandrel; however, it was possible that the mandrel displaces 

slightly and falls out of focus.  The robustness of the measurement system would benefit from a 

wider depth of field.  This can be accomplished by increasing the f-number of the optics, which 

requires a greater lighting intensity while still avoiding reflections from the braided fibers.   

To improve camera stability and alignment, the optical equipment can be mounted with optical 

grade rails, sliders and mounts.  The current system was assembled using 3D printed parts and 

basic aluminium rails.  To improve the setup, it is suggested that optical rails be used if this 

system is desired to be used for long term applications.   
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The data collection was accomplished using an area scan camera.  This did not have negative 

effects on the measurement results, however, the overlapping region of interest which occurs 

when capturing 2D images increases the total amount of data to be processed and stored.  The 

use of a line scan camera may help to reduce the amount of data that must be stored for higher 

speed applications.   

5.3 Future work 

The development of this braid angle measurement system is the first automated visual inspection 

system for monitoring the production of braided fiber preforms.  As a result, there are numerous 

aspects of braiding that can be monitored in real-time, or applications of this work that can be 

expanded upon.  The project met all of its initial goals. 

This measurement method has successfully been applied to the measurement of aramid fibers.  

No testing has been done on other common fibers used for fiber reinforced composites, such as 

carbon or glass fibers.  However, the principles behind this measurement technique may suggest 

that this will work for properly imaged samples.  The sample illumination plays the largest role 

in image collection and it may be necessary to modify the illumination setup to compensate for 

reflection or contrast issues that were not apparent during the imaging of aramid fibers.   

The application of this work was limited to a tubular mandrel with a constant cross section.  This 

was done to evaluate the feasibility of this real-time braid angle measurement system, however, 

not all braided composite parts will be tubular or have a constant cross section.  For applications 

where the mandrel has a changing cross section, a variable focal length lens will be required to 

keep the sample within the focal plane.  The image pre-processing used in this work was tailored 

to improving the measurement quality of fibers on tubular surfaces.  It is possible that these steps 
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are insufficient, or not required for other mandrel geometries.  It is not guaranteed that the exact 

approach outlined in this work will produce accurate fiber orientation measurements, the unique 

aspects of the mandrel geometry must be considered.   

It is known that mandrel eccentricity causes a circumferential braid angle distribution.  To detect 

this phenomenon, multiple cameras can be mounted to image the preform in different 

circumferential locations.  Comparison of these measurements can be made to diagnose mandrel 

eccentricity.   

A machine vision system for measuring the braid angle forms a portion of what is required to 

establish a closed loop feedback system to control a 2D braiding machine.  By comparing the 

machine vision measurements to the desired, used defined braid geometry, braiding speeds can 

be automatically adjusted to obtain the desired braid structure.  In order to accomplish this, a PID 

control scheme must be implemented to properly adjust the speeds.  Additionally, a proper 

filtering scheme must be developed which removes the fluctuations in the braid angle 

measurement.  The presence of these fluctuations could create instabilities in control scheme.   

The dry fiber preform must be impregnated in resin in order to become a braided composite 

material.  Due to the possibility that the fiber orientation can become changed after the fiber 

wetting process, this inline measurement technique should be tested on wet fibers as inline 

impregnation is an essential step in developing an automated manufacturing process.   
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A.2 Spatial windowing 

To eliminate discontinuities between images resulting from the implied periodicity of the input 

signal, spatial windowing can be used.  This is where the original image, 𝑔𝑔(𝑥𝑥,𝑦𝑦) can be 

multiplied by a windowing function, 𝑤𝑤(𝑥𝑥,𝑦𝑦) prior to the frequency domain transformation.  The 

role of the windowing function is to attenuate the pixel values at the image borders, which at the 

expense of adding new low frequency data, removes the discontinuities at the image borders.  

One example of such a window is the circular Hanning window, as shown in Equation A.1, 

which attenuates pixels based on their distance from the center of the image, 𝑟𝑟(𝑥𝑥,𝑦𝑦).  The effect 

that this has on the spatial image and spectrum is shown in Figure A-2.   

𝑤𝑤(𝑥𝑥,𝑦𝑦) = 0.5 − 0.5 cos�𝜋𝜋 ∗ �1 −
𝑟𝑟(𝑥𝑥, 𝑦𝑦)
𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

�� (A.1) 
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Figure A-2: Spatial image and frequency pairs of the original image (top) and the windowed image (bottom) 
showing the removal of the high vertical and horizontal frequencies 

Spatial windowing was found to not be a necessary step for determining the braid angle of 

biaxial braids.  Early work found that spatial windowing successfully attenuated the distorted 

fibers in the image; however, the development of the image cropping routine produced better 

results by cropping the distorted fibers as opposed to attenuating these portions of the image with 

a windowing function.  The cropping method also offered the advantage of not attenuating data 
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in the image.  Combining windowing and cropping was not used because of the aspect ratio of 

the image, which causes a significant loss of information, shown in Figure A-3.   

The effect that these horizontal and vertical frequencies in the frequency spectrum have on the 

braid angle measurement is negligible.  These are shown as high frequency spikes at 0° and ±90° 

degrees in the angular intensity plot, shown in Figure A-4.  These frequencies are ignored during 

the search routine and do not affect the braid angle measurement.  If this measurement technique 

is to be applied to triaxial braids, the concept of spatial windowing may have to be used.  The 

longitudinal fibers will contribute to horizontal frequency components which will be important 

for characterizing braid geometry and may not be ignored as was previously done.  

  

Figure A-3: Application of a circular windowing function to cropped images showing a significant removal of 
spatial information 
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Figure A-4: Angular intensity plot of a 63° braided preform showing the high frequency components at 0° 
and ±90°. 
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Appendix B Mathematical validation of the preservation of 

angular features in the frequency domain 

This appendix uses the Fourier transform of the impulse pair to demonstrate that the angular 

orientation of features in the spatial domain, and the orientation of the frequencies remains the 

same for a square frequency spectrum.  This is done by looking at the derivation of the Fourier 

transform of a symmetric impulse pair.  This derivation shows that the position of the impulses 

relative to the center of the spatial image is the same as the horizontal and vertical frequencies of 

the resulting two-dimensional sinusoid in the frequency domain.   

B.1 Fourier transform of an impulse pair 

Consider an impulse pair which is symmetric about the (0,0) coordinate in the spatial domain.  

The impulses are located at (a,b) and (-a,-b).   

0.5𝛿𝛿2(𝑥𝑥 + 𝑎𝑎,𝑦𝑦 + 𝑏𝑏) + 0.5𝛿𝛿2(𝑥𝑥 − 𝑎𝑎,𝑦𝑦 − 𝑏𝑏) (B.1) 

The two dimensional delta function, 𝛿𝛿2, is given by Equation B.2 

𝛿𝛿2(𝑥𝑥 + 𝑎𝑎,𝑦𝑦 + 𝑏𝑏) = 𝛿𝛿(𝑥𝑥 + 𝑎𝑎)𝛿𝛿(𝑦𝑦 + 𝑏𝑏) (B.2) 

Taking the 2D Fourier transform of the impulse pair: 

� � [0.5𝛿𝛿2(𝑥𝑥 + 𝑎𝑎,𝑦𝑦 + 𝑏𝑏) + 0.5𝛿𝛿2(𝑥𝑥 − 𝑎𝑎,𝑦𝑦 − 𝑏𝑏)]𝑒𝑒−𝑖𝑖2𝜋𝜋(𝑢𝑢𝑢𝑢+𝑣𝑣𝑣𝑣)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦
∞

−∞

∞

−∞

 (B.3) 

By expanding the two dimensional delta functions in Equation B.3 with the relationship given in 

Equation B.2: 
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� � [0.5𝛿𝛿(𝑥𝑥 + 𝑎𝑎)𝛿𝛿( 𝑦𝑦 + 𝑏𝑏) + 0.5𝛿𝛿(𝑥𝑥 − 𝑎𝑎)𝛿𝛿( 𝑦𝑦 − 𝑏𝑏)]𝑒𝑒−𝑖𝑖2𝜋𝜋(𝑢𝑢𝑢𝑢+𝑣𝑣𝑣𝑣)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦
∞

−∞

∞

−∞

 (B.4) 

Equation B.4 can be simplified with the application of the sifting property, which is an important 

property of the delta function [1].  The 2D sifting property for an arbitrary function 𝑓𝑓(𝑥𝑥,𝑦𝑦) is 

given by: 

� � 𝑓𝑓(𝑥𝑥,𝑦𝑦)𝛿𝛿(𝑥𝑥 − 𝑎𝑎)𝛿𝛿(𝑦𝑦 − 𝑏𝑏)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦 = 𝑓𝑓(𝑎𝑎, 𝑏𝑏)
∞

−∞

∞

−∞

 (B.5) 

Applying the sifting property shown in Equation B.5 to Equation B.4, it becomes equation: 

� � [0.5𝛿𝛿(𝑥𝑥 + 𝑎𝑎)𝛿𝛿( 𝑦𝑦 + 𝑏𝑏)]𝑒𝑒−𝑖𝑖2𝜋𝜋(𝑢𝑢𝑢𝑢+𝑣𝑣𝑣𝑣)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦
∞

−∞

∞

−∞

+ � � [0.5𝛿𝛿(𝑥𝑥 − 𝑎𝑎)𝛿𝛿( 𝑦𝑦 − 𝑏𝑏)]𝑒𝑒−𝑖𝑖2𝜋𝜋(𝑢𝑢𝑢𝑢+𝑣𝑣𝑣𝑣)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦
∞

−∞

∞

−∞

 (B.6) 

Evaluating each term at (–a,-b) and (a,b) respectively: 

0.5𝑒𝑒−𝑖𝑖2𝜋𝜋(𝑢𝑢(−𝑎𝑎)+𝑣𝑣(−𝑏𝑏)) + 0.5𝑒𝑒−𝑖𝑖2𝜋𝜋(𝑢𝑢(𝑎𝑎)+𝑣𝑣(𝑏𝑏)) (B.7) 

Expanding this using Euler’s equation: 

0.5�cos�2𝜋𝜋(𝑢𝑢𝑎𝑎 + 𝑣𝑣𝑏𝑏)� + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�2𝜋𝜋(𝑢𝑢𝑎𝑎 + 𝑣𝑣𝑏𝑏)�� + 0.5[cos�2𝜋𝜋(𝑢𝑢𝑎𝑎 + 𝑣𝑣𝑏𝑏)� − 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�2𝜋𝜋(𝑢𝑢𝑎𝑎 + 𝑣𝑣𝑏𝑏)�] (B.8) 

Simplifying:  

cos (2𝜋𝜋(𝑢𝑢𝑎𝑎 + 𝑣𝑣𝑏𝑏)) (B.9) 

 

This result shows that the location of the spatial features directly affects the orientation of 

features in the frequency spectrum.  The derivation process of going from an impulse pair in the 

spatial domain, to a sinusoid in the frequency domain shown in Figure B-1, was done due to 

simplicity of the derivation.  However, because these two functions are a Fourier transform pair, 
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the inverse relationship is true; namely, taking the 2D Fourier transform of a 2D sinusoid will 

produce an impulse pair.   

 

 

Figure B-1: Schematic showing the Fourier transform pair that is derived in this Appendix showing the 
rotational similarity between the spatial impulse pair and the sinusoid in the frequency domain 

The process of applying the Fourier transform to a 2D image can be thought of as follows.  The 

lines and features in the spatial image are all represented by a series of 2D sinusoids of varying 

frequencies and amplitudes.  The 2D Fourier transform of each of these sinusoids produces an 

impulse pair which is symmetric about the origin of the frequency spectrum.  Due to the 

relationship between the orientation of the sinusoids and the impulse pairs that was previously 

derived, the angle of spatial features can be measured from their orientation in the frequency 

spectrum.   

B.2 References 

[1] R. Bracewell, Two-Dimensional Imaging, New Jersey, USA: Prentice-Hall, 1995, . 
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Appendix C Effect of image preprocessing on braid angle 

measurement results 

Several image pre-processing techniques were used in an attempt to improve the measurement 

quality.  Measuring the braid angle involves measuring the direction of the yarn boundaries, 

hence, image processing techniques were selected by their ability to either accentuate these 

features of interest or removes unnecessary image data.  Early work involving image processing 

techniques tested the effect of edge detection and median filtering.  

C.1 Edge detection 

Edges are boundaries which are marked by changes in grayscale intensity which separate regions 

in an image [1].  An ideal edge consists of an instantaneous change in pixel value; however, due 

to factors including optical aberrations, discrete sampling and image spatial resolution, a digital 

edge model is used [1].  The difference between these two can be seen in grayscale 

representations, as well as a grayscale profiles.  Figure C-1 (b) also shows the first derivative of 

the grayscale profile, which results in a step function.  The location and size of these steps show 

how common gradient based edge detection schemes work.   
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(a) (b) 

Figure C-1: Schematic of the ideal (a) and digital edge models (b).  In each image, a representation of the 
grayscale image and profile of the edges can be seen. 

Gradient based edge detection use convolution kernels to approximate the first order derivative 

in the image.  Convolving the image with convolution kernel allows the image gradients to be 

determined.  The Prewitt edge detection kernel is a simple 3x3 edge detection kernel which 

approximates the first derivative; the horizontal and vertical kernels are shown in Equations C.1 

and C.2 respectively.   

−1 0 1 
−1 0 1 
−1 0 1

 
(C.1) 

 

−1 −1 −1
0 0 0
1 1 1

 
(C.2) 
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The Canny edge detection algorithm uses these principles to detect image gradients, and to 

improve performance, the process combines Gaussian noise removal filtering and edge tracking 

routines to combine broken contours [1, 2].  

The application of an edge detection routine produces a binary image with edges marked with 

1’s.  This process removes low frequency data and weak boundary features.  The effect of 

applying the Canny edge detection algorithm to a braid image is shown in Figure C-2 

  

(a) (b) 

Figure C-2: Raw braid image (a), and Canny edge detection applied to the braid image (b). 

C.2 Median filtering 

Median filtering is a common, non-linear noise removal filter.  Which modifies image pixels by 

replacing the current pixel with the medial of all neighboring pixel values in a given window size 

[1, 2].  One of the adverse effects of median filtering is that it affects all pixels in the image.  The 

goal of the median filter was to remove the un-necessary fiber orientation within each yarn.  The 

braid angle is a measure of the yarn directions and in an attempt to isolate these directions, this 

filtering process was tested.  The effect of median filtering on the braid images can be seen in 
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Figure C-3.  Through visual inspection, the application of the median filter appears to smooth the 

individual fibers at the expense of also blurring the fiber boundaries.   

  

(a) (b) 

Figure C-3: Raw braid image (a), braid image processed with a 13x13 median filter (b). 

C.3 Combining edge detection and median filtering 

The edge detection image shown in Figure C-2successfully produces a binary image showing all 

significant contours in the raw image.  This process means the contours from the fibers are given 

an identical weighting the frequency domain due to the binary nature of the image.  This is 

undesirable as the braid angle is measured by the direction of the braid yarns, not the individual 

fibers.  By blurring the raw image with a median filter prior to detecting edges with the Canny 

algorithm, the images shown in Figure C-4 show that by increasing the size of the median filter, 

which increases the amount of blurring, edges are removed.   
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(a) (b) 

Figure C-4: Images comparing the effect of using a median filter prior to the edge detection process.  The size 
of the median filter has an effect on the detected edges, 5x5 median filter (a), and 17x17 median filter (b) 

C.4 Results 

To determine the effect that each of these processes had on the frequency spectrum of the 

images, the angular intensity plots can be compared.  Figure C-5 show the effect of raw images 

and the previously discussed preprocessing options.  Both the raw and edge detection images 

shown sharp symmetric peaks which is desirable for a proper braid angle measurement.  The 

13x13 median filter removes high frequency data by blurring features in the image, which results 

in a lower mean pixel intensity and a flatter peaks for the fiber directions.   



136 
 

 

Figure C-5: Angular intensity plot of braid preforms comparing the raw image, Canny edge detection and 
median filtering. 

To quantify the effect of these image preprocessing techniques, four images of a 63° braid 

preform were tested.  These results are shown in Table C-1 which shows that the average 

measurement remains relatively unchanged, whereas for the median filter, the deviation 

significantly increases due to the removal of high frequency data.   

Table C-1: Machine vision braid angle measurements for edge detection and median filtering preprocessing 
techniques. 

  Machine vision braid angle [deg] 
  Raw image Edge detection 13x13 Median filter 

Mean 63.61 63.60 63.36 
St. Dev. 0.40 0.49 0.87 

 

The application of the median filter before the Canny edge detection causes nearly identical 

results as the edge image without median filtering.  Changing the size of the median filter does 

not significantly change the frequency spectrum, which is shown in Figure C-6.  
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Figure C-6: Angular intensity plot showing the effect of combining Canny edge detection and median 
filtering.  Changing the size of the median filter has little effect on the angular intensity of the frequency 

spectrum. 

C.5 Conclusions 

Image preprocessing was tested to improve the quality of the measurements by isolating relevant 

features for braid angle measurement.  These methods were found to have a minimal impact on 

the braid angle measurement, as well as increase the deviation between consequent 

measurements.  As a result, these image processing techniques were not included as a part of the 

image processing routine.   

C.6 References 
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Appendix D Braiding speed calibration 

This appendix contains information relating to the calibration procedure and results of the 

braiding speed calibration required to convert from volts to rotational speed of the yarn carriers 

and from volts to linear speed of the mandrel.   

D.1 Puller calibration 

Calibration of the puller was done by determining the time taken for the mandrel to advance a 

distance of 300mm at different specified voltages.  Each voltage was tested twice and all trials 

were randomized.  Pulling tests were done in a fully loaded configuration which was done by 

fastening all of the braid yarns to the mandrel to include the force required to pull the yarns.  The 

results shown in Figure D-1 show a linear trend which with a 𝑅𝑅2 value of 0.9997. 

 

Figure D-1: Speed versus voltage relationship for the puller 

 

v = 2.8849V - 0.2535 
R² = 0.9997 

0

1

2

3

4

5

6

7

1 2 3 4 5 6

Sp
ee

d,
 v

, (
m

m
/s

) 

Voltage, V, (V) 



 

139 
 

D.2 Braider calibration 

Calibration of the braider was done to determine the relationship between the supplied voltage 

and the rotational speed of the yarn carriers.  This was done by determining the time taken for a 

yarn carrier to complete two revolutions around the track plate.  Each voltage was tested twice in 

a random order.  The results are shown in Figure D-2.  Similar to the puller calibration, the yarns 

were fastened to the mandrel prior to starting the test to represent the expected braiding 

conditions.  The results in Figure D-2 show a linear trend which with a 𝑅𝑅2 value of 0.9999. 

 

 

Figure D-2: Rotational speed versus voltage plot for the braiding machine 
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