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Abstract 

Discontinuous fiber-reinforced polymers play a significant role in the automotive industry due to their lightweight 

properties and excellent mechanical performance with lower manufacturing costs. Since there are many unknowns 

regarding how fibers interact with the polymer matrix during polymer processing, it is crucial to understand how 

fiber orientation, fiber length, and fiber concentration affect the final part’s properties.  

As few modeling techniques can accurately predict both fiber damage and fiber orientation during polymer 

processing, such as injection molding, a particle-level simulation is used in this study to predict the fiber motion 

in the polymer flow. In the particle level simulation, each fiber is represented as a chain of rods that experience 

hydrodynamic, interaction, and elastic effects. The simulation results were compared to simple shear flow 

experiments conducted in a Couette Rheometer to validate the model's approach.  

In addition to the particle-level simulation, a modified breakage model developed in the Polymer Engineering 

Center, UW-Madison, was implemented as a post-processing tool for injection molding simulation using 

Moldex3D to find the optimum value for predicting fiber damage in the polymer process. The model was validated 

with different fiber content materials as well as different part geometries and processing conditions. A new form 

of stress-induced fiber breakage model was proposed to allow more accurate predictions on fiber attrition in 

polymer processing. 
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1. Introduction and Motivation 

1.1. Introduction 

The use of composite materials in industrial applications began when fiber composites were first developed in the 

1940s [1]. This development significantly changed the manufacturing industry as it allowed industries to build 

lightweight products with performance comparable to that of metals and alloys. Fiber-reinforced composites are 

a unique material class with two main components: the matrix material and the reinforcing fibers [2]. By 

combining two phases, the composite has enhanced properties over the individual constituents. Discontinuous 

fiber-reinforced polymers play a significant role in transportation due to their lightweight performance and lower 

manufacturing costs [3-5]. In industry, injection molding and compression molding of long fiber-reinforced 

thermoplastics (LFTs) are widely used to produce parts with outstanding mechanical properties [6]. As fiber length 

is crucial in improving the mechanical performance of a molded product, an increase in fiber length correlates 

with the increased strength of the product. Researchers also found that parts are stronger in the direction of fiber 

alignment if both fiber length and volume fraction are increased [7]. However, fibers in the polymer melt often 

break during polymer processing because they are subjected to intense viscous forces during flow and deformation. 

Therefore, it is beneficial to understand the mechanism of fiber breakage during flow, particularly shear flow, 

which is dominant within the extrusion process. Understanding the fundamentals of fiber breakage will allow the 

user to optimize the process, ultimately reducing the length degradation and, thus, gaining better mechanical 

properties. However, there are still some aspects of processing that are not well understood. 

In addition to fiber length degradation, the development of anisotropy is another major factor determining molded 

parts' global and local properties [3]. The anisotropic properties of the molded parts are due to how fibers show a 

preferential alignment based on the flow conditions during the mold-filling process [8, 9]. As fiber alignment is 

crucial in determining the mechanical properties of parts, acquiring accurate predictions on fiber orientation is 

still an active research topic for academia and industry. 
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1.2. Objectives 

The research objectives of this dissertation are divided into two parts. First, a simulation is conducted via a 

mechanistic model to understand the effect of fiber breaking curvature and the magnitude of penalty forces that 

prevent fibers from overlapping during simulation to the fiber damage in the polymer process. In addition, the 

probability of breakage is introduced to the system to increase the model's reliability and better describe the 

uncertainty of breakage in numerical terms. Moreover, to relieve the entanglement between fibers when generating 

an initial fiber cluster used for the simulation, a relaxation step is applied to reduce the initial breakage caused by 

an unsteady system. Then, the mechanistic model is used to predict the fiber breakage in a Couette flow rheometer 

[10]. By comparing the model's predictions to the experimental curve, the influence of adjusting parameters in the 

model to different conditions is assessed. In addition, the lack of maintenance of the algorithm leads to bugs during 

the simulation. To apply the mechanistic model more broadly, the algorithm also needs to integrate parallelization 

to fully utilize the cores in the computer and reduce the execution time for large data sets. 

The second objective is to validate a new phenomenological approach to modeling fiber attrition developed at the 

Polymer Engineering Center (PEC). This validation is conducted by implementing the modified breakage model 

into Moldex3D and comparing it with experimental data. The model will be tested with different part geometry 

and processing conditions to analyze how different settings may affect the performance of the modified breakage 

model. In summary, the model can predict the number-average and weight-average of fibers and provide a better 

understanding of the length distribution during processing.  
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2. Literature Review 

2.1. Processed Induced Fiber Orientation 

During the manufacturing process, fiber orientation depends on two factors: fiber properties such as aspect ratio 

and length, and processing conditions, including injection speed and material viscosity [11, 12]. Fiber orientation 

strongly affects the mechanical properties of molded parts, leading to the development of several numerical 

models for predicting flow-induced fiber orientation. For a single rigid fiber in 3D space, its orientation can be 

defined by the orientation vector  𝐩(𝜃, 𝜙), as shown in Figure 2.1 and equation (2.1). 

 

 

Figure 2.1 Unit vector p for orientation of a single rigid fiber in the Cartesian coordinate system. 

 

 𝐩 = (

𝐩𝟏

𝐩𝟐

𝐩𝟑

) = (
𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃
𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜙

𝑐𝑜𝑠𝜃

) (2.1) 

 

To characterize a composite material, using a single fiber to describe the overall fiber alignment is insufficient. 

Instead, the orientation of the entire fiber population needs to be taken into consideration. The probability 

distribution function of orientation for a group of fibers is as follows: 

 

 Ψ = Ψ(𝐩) = Ψ(𝜃, 𝜙) (2.2) 
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The probability of a fiber existing between(𝜃, 𝜙) and (𝜃 + 𝑑𝜃, 𝜙 + 𝑑𝜙) can be given by  𝜓(𝜃, 𝜙) sin(𝜃) 𝑑𝜃𝑑𝜙 

[13]. A more concise way to describe fiber orientation is by using the second-order orientation tensor defined by 

Advani and Tucker [14] as below:  

 𝑨 = ∮ Ψ(𝐩)𝐩𝐢𝐩𝐣 𝑑𝐩 = [

𝐴11 𝐴12 𝐴13

𝐴21 𝐴22 𝐴23

𝐴31 𝐴32 𝐴33

] (2.3) 

where 𝐩𝐢𝐩𝐣 is a tensor product of the fiber orientation vector 𝐩, and ∮ Ψ(𝐩) 𝑑𝐩 is an integral over all possible fiber 

orientations. In terms of the orientation distribution and the angle pair (𝜃, 𝜙) , the tensor components can be 

calculated as follows [14]: 

 𝐀 = 𝐩𝐢𝐩𝐣 = [

sin2 𝜙 cos2 𝜃 sin2 𝜙 cos 𝜃 sin 𝜃 𝑠𝑖𝑛 𝜙 cos 𝜙 𝑐𝑜𝑠 𝜃

sin2 𝜙 cos 𝜃 sin 𝜃 sin2 𝜙 sin2 𝜃 𝑠𝑖𝑛 𝜙 𝑐𝑜𝑠 𝜙 sin 𝜃

𝑠𝑖𝑛 𝜙 cos 𝜙 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜙 𝑐𝑜𝑠 𝜙 sin 𝜃 𝑐𝑜𝑠2 𝜙

] (2.4) 

By definition, the orientation is symmetric where 𝐴𝑖𝑗 = 𝐴𝑗𝑖  and its trace is equal to 1 where it leads to 𝐴11 +

𝐴22 + 𝐴33 = 1. A randomly placed fibers has the orientation of 𝐴11 = 𝐴22 = 𝐴33 =
1

3
 while a unidirectional fiber 

orientation can described as 𝐴11 = 1, 𝐴22 = 𝐴33 = 0 as shown in Figure 2.2. 

 

 

 

 

Figure 2.2 Schematic representation of different orientation tensors: (a) unidirectional, aligned with axis 1, (b) 

random orientation. 
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2.2. Processed Induced Fiber Length Degradation 

The outstanding mechanical performance of fiber-reinforced composites is carried out by transferring the applied 

load from the matrix to the reinforcing fibers. Keeping fiber lengths sufficiently long throughout the process 

remains a central objective in the industry [15, 16]. Fiber attrition can be described as the process of fibers breaking 

during processing, which inevitably leads to the length of the fibers being reduced from its initial value. Generally, 

the fiber length for long fiber-reinforced thermoplastic materials (LFRTs) is 15-30 mm before processing. In the 

finished part, fiber attrition may result in a distribution from 0.1 to a small fraction of fibers retaining their initial 

length (Figure 2.4). 

 

 
Figure 2.3 Schematic diagram of short fiber (Left) and long fiber pellets (Right). 

     

Generally, the final fiber length is influenced by the specific process, the processing conditions, and materials [1, 

15, 16]. Since mechanical properties depend on fiber length, it is desired to preserve the length of the fibers as 

much as possible by using processing conditions that treat the fibers more gently.  

The fibers are subjected to different stresses throughout the process, including hydrodynamic effects, fiber-fiber 

interactions, and fiber-wall interactions. These may lead to fiber damage and reduce the average fiber length 

significantly in the finished part. For example, fiber length may be reduced to only 0.5 - 1.0 mm in the finished 

part for LFRT materials [16, 17].  

As fibers are subjected to varying forces during manufacturing, there are different ways to characterize the fiber 

length. In addition to the statistic expression with the cumulative distribution, a single value description, including 

number-average length, 𝐿𝑁, and weight-average length, 𝐿𝑊, can also be used [18].  

The number-average fiber length, 𝐿𝑁, is calculated as 
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 𝐿𝑁 =
∑ (𝑁𝑖𝑙𝑖)

𝑛
𝑖=1

∑ (𝑁𝑖)
𝑛
𝑖=1

 (2.5) 

The weight-average fiber length, 𝐿𝑊 , takes into consideration the population of long fibers. This length is 

important for manufacturing parts with long fiber-reinforced materials as  

 𝐿𝑤 =
∑ (𝑁𝑖𝑙𝑖

2)𝑛
𝑖=1

∑ (𝑁𝑖𝑙𝑖)𝑛
𝑖=1

 (2.6) 

 

2.3. Prediction on Fiber Breakage 

To estimate the final mechanical behavior of a product, it is necessary to predict the process-induced fiber breakage. 

Forgacs et al. [19] proposed that the critical shear stress that provokes fiber buckling is described by the Young’s 

modulus of fibers and the fibers’ geometrical properties. From this, it becomes clear that, with high aspect ratios, 

fibers tend to break under low loadings. Hinch [20] later demonstrated through applying the Slender Body theory 

that we could calculate and obtain the deformation of an ideally elastic particle in a shear flow. Using the Couette 

rheometer, Goris et al. [21] developed an experimental setup in combination with the fiber length measurement 

to obtain the repeatable length degradation of glass fibers at different fiber concentrations, initial fiber lengths, 

residence time, melt temperature, and processing speed. This setup provides good insight into measuring the fiber 

length. However, there’s still no simulation tool that can accurately predict the final fiber length in a molded part, 

and the phenomenon of fiber breakage is not fully understood. Therefore, the numerical simulation is applied to 

investigate the phenomena of fiber breakage.  

Some continuum models, which are very different from particle-level simulations, have been developed to obtain 

the macroscopic picture of breakage by solving the balance equation of fiber length distribution [4, 22]. Phelps et 

al. [4] presented a quantitative model to describe fiber attrition based on buckling as the driving mechanism for 

fiber breakage during processing. Phelp´s model is based on three fitting parameters: the breakage coefficient 

(CB), the hydrodynamic drag coefficient (𝜁), and the distribution shape factor (S). They defined the critical force 

needed to cause buckling (𝐹𝑐𝑟𝑖𝑡) and the critical flow regimen (𝛾̇𝑐𝑟𝑖𝑡) which would cause buckling as a function of 

fiber characteristics and flow parameters: 
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 Fcrit =
𝜋3𝐸𝑓𝐷4

64𝐿𝑖
2  (2.7) 

 γ̇crit =
𝜋3𝐸𝑓𝐷4

4𝜁𝜂𝑚𝐿𝑖
4 (2.8) 

where 𝐸𝑓 is the Young's modulus, 𝐷 is the fiber diameter, 𝐿𝑖 is the fiber length, 𝜂𝑚 is matrix viscosity, and 𝜁 is the 

drag coefficient. This model introduces a Normal or Weibull probability distribution that determines the location 

along the fiber’s axis where failure is likely to occur. However, this approach does not consider the fiber breakage 

caused by fiber volume fraction, which ignores fiber-fiber interactions as a source of damage. A novel modified 

breakage model was then developed at the PEC by Bechara et al. [23]. 

 𝐿∞ = 𝜆 (
𝜎𝑢 𝑑𝑓

2

𝜂𝑚𝛾̇
)

0.5

 (2.9) 

The coefficient 𝜆  is a material-dependent property and a measure of fiber-fiber interactions that cause fiber 

attrition during processing. The parameter is assumed to capture the effects of fiber concentration (fiber-fiber 

interactions) and fiber-wall interactions. 𝜆  as a function of fiber content as obtained from the measured 𝐿𝑊∞ 

values of the Couette rheometer experiment [23]. The linear correlation between 𝛾̇  and 𝑘𝑓  leads to a 

straightforward expression for the breakage rate coefficient: 

 𝑘𝑓 = 𝜉𝛾̇ (2.10) 

where 𝜉 is a scale factor for the rate of deformation. Reducing the number of fitting parameters introduced when 

developing a model is beneficial since this makes the approach more robust and potentially reduces the number 

of experiments needed to determine such parameters [24]. 

To fully understand the micromechanical picture of fiber breakage, particle simulation is necessary to develop an 

understanding of the details of concentrated fiber suspension dynamics [25-29]. Until now, single particle models 

are not accurate enough and well developed to investigate the fiber-level degradation mechanisms due to 

expensive computation. Therefore, a particle-level model developed at the PEC at the University of Wisconsin-

Madison will be extended to better understand fiber damage. 
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2.4. Fiber-Flow Coupling 

Viscosity is one of the key factors that will affect the fiber motion inside the polymer flow. For example, the melt 

front of a circular disk in compression molding forms an elliptical shape instead of the circular shape observed by 

Ericsson et al. [30] and Dweib and O’Bradaigh [31]. Additionally, it has been found that the melt front of injection 

molding is not smooth. All of these phenomena are attributed to the anisotropic orientation of fibers during the 

process. The researchers have discovered that the orientation of the fibers affects the viscosity within the flow 

field, and changes in viscosity can also lead to varying fiber rotations. This phenomenon is referred to as fiber-

flow coupling. However, owing to the numerical challenges associated with computing highly anisotropic fluids, 

establishing a connection between fiber orientation and flow viscosity has remained challenging. Recently, 

Favaloro et al. [32, 34] developed a new fiber-suspension constitutive equation for the Informed-Isotropic (IISO) 

viscosity model for concentrated fiber suspensions in non-linear viscous fluids to couple flow field and fiber 

orientation: 

 𝛕 = 2𝜂𝑆(𝛾̇)𝐃 + 2𝜂𝑆(𝛾̇)𝑅𝑇(𝛾̇)
𝐃: 𝐀4: 𝐃

𝐃: 𝐃
𝐃 (2.11) 

where 𝜂𝑆(𝛾̇) is the shear viscosity of the Cross viscous fluid with fibers; 𝑅𝑇(𝛾̇) is the famous Trouton ratio 

 𝛕 = 2𝜂𝑚𝐃 + 2𝜂𝑚𝜑𝑁𝑝𝐃: 𝐀4 (2.12) 

where 𝛕 is the extra stress tensor; 𝐃 is the rate-of-deformation tensor; 𝜂𝑚 is the matrix viscosity; 𝜑 is the fiber 

volume fraction; 𝑁𝑃  is a dimensionless parameter. The scalar viscosity is developed which depends on the 

orientation state and the deformation mode. Specifically, the viscosity function varies as the deformation mode is 

rotated with respect to the orientation state.  

The A4 used in the flow-fiber coupling model is calculated based on the Improved ARD Model and Retarding 

Principal Rate Model (iARD-RPR model) proposed by Tseng et al [35, 36, 37].  

 𝑨̇ = 𝐀̇HD + 𝐀̇iARD(𝐶𝐼 , 𝐶𝑀) + 𝐀̇RPR (𝛼) (2.13) 

The iARD-RPR model uses only three physical parameters: a fiber-fiber interaction parameter 𝐶𝐼, a fiber-matrix 

interaction parameter 𝐶𝑀, and a slowdown parameter 𝛼. 
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 𝐀̇HD = (𝑾 ⋅ 𝑨 − 𝑨 ⋅ 𝑾) + 𝜉(𝑫 ⋅ 𝑨 + 𝑨 ⋅ 𝑫 − 2𝑨4: 𝑫) (2.14) 

 𝐀̇iARD = 𝛾̇[2𝐃𝑟 − 2tr(𝐃𝑟)𝐀 − 5𝐃𝑟 ⋅ 𝐀 − 5𝐀 ⋅ 𝐃𝑟 + 10𝐀4: 𝐃𝑟] (2.15) 

 𝐃𝑟 = 𝐶𝐼 (𝐈 − 𝐶𝑀

𝐃2

‖𝐃2‖
) (2.16) 

 𝐀̇RPR = −𝑹 ⋅ Λ̇IOK ⋅ 𝑹T (2.17) 

The intrinsic orientation kinetics (IOK) assumption [38] 

 Λ̇𝑖𝑖
IOK = 𝛼𝜆̇𝑖 ,   where 𝑖, 𝑗, 𝑘 = 1,2,3 (2.18) 

𝜆̇𝑖 is eigenvalues of 𝑨, 𝜆1 ≥ 𝜆2 ≥ 𝜆3; 𝑅 = [𝑒1 𝑒2 𝑒3] is defined by eigenvector columns of 𝑨. 

 ‖𝑫2‖ = √
1

2
𝑫2: 𝑫2 (2.19) 

The iARD-RPR model has been implemented into a commercial injection molding simulation software, 

Moldex3D, to allow fiber orientation predictions. 
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3. Direct Fiber Simulation 

3.1. Theoretical background 

The mechanistic model, based on the work done by Schmid et al. [26], models fibers as chains of rigid cylindrical 

rods, as shown in Figure 3.1. At each segment node in a fiber, the position 𝑥𝑖, the velocity 𝑢𝑖 and the angular 

velocity 𝜔𝑖 are calculated. Additionally, the segments experience hydrodynamic effects, fiber-fiber interactions, 

excluded volume effects, and elastic deformation within the flow field.  

 

   

Figure 3.1 Particle level simulation: modeling single fiber and macroscale interactions. 

 

The fibers are immersed in a homogeneous shear flow at a low Reynolds number; therefore, inertial effects can 

be neglected based on the experiments by Hoffman [39] and Barnes [40]. In addition, long-range hydrodynamic 

interactions are neglected due to the high viscosity of the polymer [41]. Furthermore, as fluid forces are not high 

enough to cause fibers to stretch or have torsional deformation, only bending deformation is included in the model. 

Buoyant effects are neglected as well [42, 43]. 

The excluded volume force, implemented as a discrete penalty method, stops fibers from overlapping and is used 

to model inter-fiber interaction. Discretizing the fibers into more than two nodes or one beam allows fiber bending 
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to occur, where the back coupling from fiber motion to fluid is not considered due to expensive computational 

costs [42]. The translational equations of motion are written as 

 0 = 𝐹𝑖
𝐻 + ∑ 𝐹𝑖𝑗

𝐶 + 𝑋𝑖 − 𝑋𝑖+1

𝑗

 (3.1) 

where 𝐹𝑖
𝐻 are the drag forces from the surrounding fluid, 𝐹𝑖𝑗

𝐶   is the inter-fiber interaction force with rod, 𝑗, and 

𝑋𝑖 ,  𝑋𝑖+1 are the intra-fiber forces exerted by adjacent rods. 

Likewise, the rotational equation of motion is analogous but includes an elastic recovery term, 𝑀𝑏 , and a 

hydrodynamic torque, 𝑇𝐻: 

 

 0 = 𝑇𝑖
𝐻 − 𝑟𝑖 × 𝑋𝑖+1 + ∑ 𝑟𝑖𝑖 × 𝐹𝑖𝑗

𝐶

𝑗

+ 𝑀𝑖
𝑏 − 𝑀𝑖+1

𝑏  (3.2) 

Additionally, if a fiber has more than one segment; an extra constrain that enforces connectivity between the 

different segments is used: 

 0 = 𝑢𝑖 + 𝑤𝑖 × 𝑟𝑖 − 𝑢𝑖+1 (3.3) 

Using a chain of beads to represent the rod-like geometry of a fiber for the hydrodynamic effects reduces the 

complex solution compared to an ellipsoid geometry [44]. The hydrodynamic force 𝐹𝑖
𝐻  is calculated as the 

summation of forces experienced by the beads 𝐹𝑘
𝐻 and is given as: 

 𝐹𝑖
𝐻 = ∑ 𝐹𝑘

𝐻

𝑚

𝑘=1

 (3.4) 

where 𝐹𝑘
𝐻 is the hydrodynamic force and 𝑘 describes the number of beads given by the Stokes law as seen below: 

 𝐹𝑘
𝐻 = 6𝜋𝜇𝑎(𝑢𝑘

∞ − 𝑢𝑘) (3.5) 

where 𝑢𝑘
∞ is the surrounding fluid velocity, 𝑎 is the radius of the bead and 𝑢𝑘 is the velocity bead 𝑘 which can 

also be represented as (𝑢𝑘 = 𝑢𝑖 + 𝜔𝑖 × 𝑟𝑘). This allows the final 𝐹𝑖
𝐻 equation to be written as shown below 

 𝐹𝑖
𝐻 = 6𝜋𝜇𝑎 (∑ 𝑢𝑘

∞

𝑚

𝑘=1

− 𝑚𝑢𝑖 − 𝑤𝑖 × ∑ 𝑟𝑘

𝑚

𝑘=1

) (3.6) 
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Similarly, the torque exerted on a rod is: 

 𝑇𝐻 = ∑ 𝑇𝑘
𝐻

𝑚

𝑘=1

 (3.7) 

where the hydrodynamic contribution 𝑇𝑘
𝐻 of bead 𝑘 where 𝛺𝑘

∞ is the vorticity of the surrounding fluid and 𝜔𝑘 is 

the angular velocity of the bead 𝑘. 

 𝑇𝑘
𝐻 = 8𝜋𝜇𝑎3(𝛺𝑘

∞ − 𝑤𝑘) + 6𝜋𝜇𝑎𝑟𝑘 × (𝑢𝑘
∞ − 𝑢𝑖 − 𝑤𝑖 × 𝑟𝑘) (3.8) 

By substituting the expression of 𝑇𝑘
𝐻, the expression of 𝑢𝑘 into the fluid’s vorticity can be written as: 

𝑇𝐻 = 8𝜋𝜇𝑎3 (∑ 𝛺𝑘
∞

𝑚

𝑘=1

− 𝑚𝑤𝑖) + 6𝜋𝜇𝑎𝑟𝑘 × (∑(𝑟𝑘 × 𝑢𝑘
∞)

𝑚

𝑘=1

+ 𝑢𝑖 × ∑ 𝑟𝑘

𝑚

𝑘=1

− ∑ 𝑟𝑘

𝑚

𝑘=1

× (𝑤𝑖 × 𝑟𝑘)) (3.9) 

Using elastic beam theory, the approach below resembles Schmid's [30]. The bending moment of a fiber where 

the radius of curvature of a beam subjected to pure bending is given by: 

 
1

𝜌
=

𝑀

𝐸𝐼
 (3.10) 

where 𝑀  is the bending moment, 𝐸  the Young’s modulus, 𝜌  the radius of curvature of the beam, and 𝐼  is the 

inertial moment of the beam’s cross section. 

Approximation by linear segments which connected with elastic joints, the bending moment will be then: 

 𝑀𝒾
𝑏 =

𝛼𝐼𝐸

ℓ
𝑒 (3.11) 

 
𝑒 =

𝑟𝒾 × 𝑟𝒾−1

|𝑟𝒾 × 𝑟𝒾−1|
 (3.12) 

The model also includes mechanical interaction between fibers. The fiber-fiber interaction force is the sum of a 

normal force and a tangential force as seen below where 𝐹𝑁 is the normal force, and 𝐹𝑇 is the tangential force 

representing the friction between rods. 

 𝐹𝑖𝑗
𝐶 = 𝐹𝑖𝑗

𝑁 + 𝐹𝑖𝑗
𝑇  (3.13) 

The collision response between fibers is represented as a discrete penalty method [45, 46]. The penalty method 

implemented in the model starts with selecting a force dependent on the penetration distance. The equation below 

of the excluded volume force is often used in a particle-level simulation for fiber suspension [26, 47-48] where 𝐴  

and 𝐵 are parameters [49, 50], 𝑑𝑖𝑗  is the shortest distance between rod  𝑖 and rod 𝑗, 𝑟 is the fiber radius, and 𝑛𝑖𝑗 is 
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the vector along the closest distance between the rods. 

 𝐹𝑖𝑗
𝑁 = 𝐴 exp [−𝐵 (

2𝑑𝑖𝑗

𝑟
− 2)] 𝑛𝑖𝑗 (3.14) 

The force increases exponentially as fibers get closer. In this research, 𝐵 is chosen as 2 [42], and 𝐴 is tuned for 

each system, represented as an excluded volume force constant later. 

The friction force between segment 𝑖 and 𝑗 is calculated as a force in the direction of the relative velocity of the 

rods and is computed using the equation below, where 𝜇𝑓 is the coulomb coefficient between fibers and ∆𝑢𝑖𝑗 is 

the relative velocity between segments 𝑖 and 𝑗. 

 𝐹𝑖𝑗
𝑇 = 𝜇𝑓|𝐹𝑖𝑗

𝑁|
∆𝑢𝑖𝑗

|∆𝑢𝑖𝑗|
 (3.15) 

Due to non-linear behavior, the model calculates future steps using the previous time step. For this reason, the 

initial time step is zero to avoid missing data points. 

 

3.2. Sample Preparation 

The mechanistic model simulates the motion of a bundle of fibers in a cell. To start a direct fiber simulation, one 

needs to prepare a fiber cluster that represents the actual fiber placement of a realistic part, including the fiber 

length and the fiber orientation. The algorithm requires sufficient fiber information to construct a cluster that can 

represent the whole picture of a process. 

 

3.2.1. Improve the procedure of the cluster preparation. 

Due to program limitations in the past, users were restricted to generating clusters with a maximum volume 

fraction of 2.5% and were then compelled to compress the cluster afterward to attain the desired volume fraction 

of fiber bundles. However, this compression frequently resulted in alterations to fiber orientation, as it forced the 

fibers to realign within the fiber cluster, particularly in materials with higher fiber content. Improvements are 

necessary to achieve a more accurate representation of the fiber bundle in its original state. 
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The mechanistic model is utilized to simulate the motion of fibers under specific types of flows. To initiate this, 

generating a cluster that accurately reflects the real experimental environment is very important. In polymer 

processes, it's commonplace for fibers to be randomly distributed within space. Therefore, generating a cluster 

with an orientation tensor approximately equal to [0.33, 0.33, 0.33] is essential for a more precise simulation 

of the process. However, due to the limitations of the numerical methods used in the Cluster Generation code, the 

program can only generate a randomly placed cluster in the 𝑎11  and 𝑎22  directions. It proves to be quite 

challenging to generate a cluster that is random in every angle, including 𝑎11, 𝑎22, and 𝑎33. In other words, the 

program initially generates a cluster with planar orientation in 𝑎11 and 𝑎22, while the value for 𝑎33 remains only 

0.01. Moreover, for high-concentration fibers, the process becomes time-consuming. As an additional step, Pre-

Compression, is required to compress the fibers and attain the desired volume fraction before executing the shear 

cell model. Furthermore, the Pre-Compression step doesn't guarantee the achievement of the desired orientation, 

as compressing the cell also affects its orientation. 

To address the limitations of the current Cluster-Generating code, a new conceptual method, the Randomly Placed 

Method, is introduced to the preparation process, as demonstrated below. 

 

Randomly-Placed Method  

First, the model uses the spherical coordinate to describe each fiber’s position as Figure 3.2. 

 
Figure 3.2 An example of the spherical coordinate used in generating the fiber positions. 
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 𝑥 = 𝑟 sin Φ sin 𝜃 (3.16) 

 𝑦 = 𝑟 cos Φ (3.17) 

 z = r sin Φ cos 𝜃 (3.18) 

 0 ≤ 𝜃 ≤ 2𝜋, 0 ≤ 𝜙 ≤ 𝜋 (3.19) 

 

Then, based on the number of fibers, one determines how many intervals are going to be divided on the surface 

of the sphere by inputting the 𝑛Φ, the intervals in Φ direction. 

 𝑑𝐴 = 𝑟2 sin Φ 𝑑𝜃 𝑑Φ 𝐹𝑖𝑗
𝐶 = 𝐹𝑖𝑗

𝑁 + 𝐹𝑖𝑗
𝑇 (3.20) 

 

The interval of 𝜃 in each layer between Φi and Φi+1 is then calculated by ∆𝜃 in the first layer (Φ1 and Φ2). Set 

𝑟 = 1, then: 

 

 

Figure 3.3 An example of the differential area when generating the fiber positions. 
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 𝑑𝐴 = sin Φ 𝑑𝜃 𝑑Φ (3.21) 

 ∫ 𝑑𝐴 = ∫ ∫ sin Φ 𝑑𝜃 𝑑Φ

2𝜋

0

𝜋

0

 (3.22) 

 ∫ 𝑑𝐴 = 2𝜋 ∫ sin Φ 𝑑Φ

2𝜋

0

 (3.23) 

 

Finally, one randomly chooses a fiber and places it in a small box. 

 
Figure 3.4 Fiber distribution and projection plane. 

 

 A𝑖 = 2𝜋 ∫ sin Φ 𝑑Φ
Φi+1

Φi

 (3.24) 

 A𝑖 = 2𝜋(cos φΦi − cos Φi+1) (3.25) 

 ∆Φ =
π

𝑁
 (3.26) 

Choose 𝑁 equals to 16, 32, 64, 128, then: 

 Φi = 𝑖∆Φ = (
𝑖

𝑁
) 𝜋 (3.27) 
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Flow Chart for Random-Placed Method 

The flowchart for the model is displayed below. Four steps are involved to generate a random orientation: 

inputting data, calculating angles, placing fibers, and outputting data. 

 

Figure 3.5 The flow chart of generating a fiber cluster with randomlu placed position of fibers integrated into the 

algorithm. 

 

Limitation  

While the computational time for preparing a cluster before applying it to the shear cell can decrease from days 

to a few seconds, depending on the size and concentration of fibers, this new model is currently limited to 

generating randomly placed clusters. The next step involves utilizing and expanding this concept to generate a 

predetermined desired orientation set by users. 

 

Pre-determined Orientation Method 

In order to attain the desired fiber orientation, distinct from random orientation, the orientation tensor can be 

conceptualized as a linear combination, divisible into three components. Each component corresponds to a 
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different dimensionality—ranging from one to three dimensions. An example of such linear combinations is as 

follows: 

 

For the orientation tensor [𝑎11, 𝑎22, 𝑎33] = [0.6, 0.3, 0.1]: 

 [
0.6

0.3
0.1

] = [
0.1

0.1
0.1

] + [
0.2

0.2
0

] + [
0.3

0
0

] (3.28) 

 

Each term can be described as a ratio of a random orientation with different dimensions: 

 [
0.6

0.3
0.1

] = 0.3 [

1/3

1/3

1/3

] + 0.4 [
1/2

1/2

0

] + 0.3 [
1

0
0

] (3.29) 

 

Then, to generate a cluster with the orientation [0.6, 0.3, 0.1], three subclusters of varying sizes are prepared 

per their ratios and three different orientations along the three dimensions [1/3, 1/3, 1/3], two dimensions 

[1/2, 1/2, 0], and one dimension [1, 0, 0]. However, the matrices presented above are diagonal matrices 

that signify the principal directions of fibers. If all nine tensors are to be employed in the program, an orthogonal 

transformation is necessary beforehand to derive the diagonal matrices from the original nine orientation tensors 

using eigenvalues and eigenvectors.  

Lastly, the process involves combining three subclusters and following the steps outlined in the Randomly-Placed 

Method to position fibers within small boxes. In essence, this method can be applied to describe every orientation 

tensor. 

 

Flow Chart for Pre-determined Orientation Method 

The steps for generating a predetermined orientation are similar to those of the Randomly Placed method. The 

distinction lies in the requirement of an additional step, involving the division of orientation tensors into three 

different dimensions, followed by the subsequent combination of three subclusters. The flowchart for this method 

is displayed below (Figure 3.6). 
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Figure 3.6 The flow chart of generating a fiber cluster with a predetermined orientation integrated into the 

algorithm. 

 

Results 

An example of an orientation tensor is shown below (Figure 3.7). A cluster with 5 wt% and its diagonal matrix of 

[𝑎11, 𝑎22, 𝑎33] = [0.6, 0.3, 0.1]  was transformed from [
0.34444 −0.17778 0.15556

−0.17778 0.41112 −0.02222
0.15556 −0.02222 0.24444

]  by using 

the eigenvalues = [0.6, 0.3, 0.1], and the eigen vectors = [
0.66667 0.33333 0.66667

−0.66667 0.66667 0.33333
0.33333 0.66667 −0.66667

].  
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Figure 3.7 A 5 wt% cluster with 1331 fibers which orientation tensor [𝒂𝟏𝟏, 𝒂𝟐𝟐, 𝒂𝟑𝟑] = [𝟎. 𝟔, 𝟎. 𝟑, 𝟎. 𝟏]. 

 

With this concept, fibers can be placed inside the box regardless of the concentration of the cluster. In other words, 

there's no need to execute the Pre-Compression step, as the fibers are already positioned within the desired box 

size. Additionally, there's no concern about achieving the desired orientation after the Pre-Compression step, as 

the end-use cluster is already generated. Following the generation of the cluster, the cell is subjected to the 

relaxation step. This step involves allowing fibers to pre-stretch using a very low shear rate, which prevents initial 

breakage caused by abnormal angles between nodes within a fiber. This process also aids in separating fibers that 

might overlap when placed in the box by utilizing excluded volume forces. When the distance between two fibers 

is smaller than their radius, the excluded volume forces will push the fibers apart from each other. 

 

3.2.2. Implementing Fiber Length Distribution 

The mechanistic model offers the advantage of simulating the behavior of a bundle of fibers under various flow 

conditions, both at the beginning and in the middle of a polymer process. When the model is applied to the start 

of the process, there is no issue in preparing a cluster, as the fibers remain unbroken and possess uniform lengths. 

However, clusters start exhibiting length distributions as fibers begin to break, particularly with longer fibers. If 

one initiates the simulation in the middle of the process, where a length distribution already exists as the initial 

state, the current program cannot reflect these different fiber lengths in the cluster. Fibers typically exhibit a length 

distribution after undergoing shear stress conditions. However, the current program could only generate uniform 

fiber lengths rather than those with a length distribution. Here, the fiber length distribution function is introduced 
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as input for cluster generation. Below shows the steps of integrating the length distribution when generating a 

fiber cluster for later simulation. To begin, it's necessary to prepare the fiber length distribution with the 

initial_histogram.in., as depicted in Figure 3.8. 

 
Figure 3.8 An example of fiber length distribution as an input for generating initial fiber cluster.  

  

Next, it’s necessary to check the probability, Equation (3.30), of each length placed in the bin(𝑖) based on the 

initial_histogram.in from the input folder. 

 Probability(𝑖) =
bin heights(𝑖)

∑ bin heights(𝑖)𝑛𝑏𝑟 𝑏𝑖𝑛𝑠
𝑖=1

𝐹𝑖
𝐻 = 6𝜋𝜇𝑎 (∑ 𝑢𝑘

∞

𝑚

𝑘=1

− 𝑚𝑢𝑖 − 𝑤𝑖 × ∑ 𝑟𝑘

𝑚

𝑘=1

) (3.30) 

 

fiber(𝑗𝐿) in bin(𝑖) =
total segments of fiber(𝑗𝐿) × probability(𝑖)

nbr segments of 𝑗𝐿
 (3.31) 

Third, place all the fibers into bins according to the initial histogram file, starting with the shortest length (𝑗𝐿 =1), 

by determining how many fibers can be allocated to each bin(𝑖). Next, distribute these fibers into bin(𝑖) based 

on a Probability(𝑖). Afterward, identify the available space to accommodate the remaining segments from the 

same fibers and allocate them to bin(𝑖). Repeat this process until all the lengths generated in the histogram file 

have been placed in the cluster.  With the steps mentioned above, the algorithm is able to generate a cluster with 

fiber length distribution. 
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3.3. Fiber Attrition Simulation 

The general procedure of the direct fiber simulation can be described as shown in Figure 3.9. The preprocessing, 

cluster generation, includes organizing the fiber orientation and fiber length distribution information to generate 

a cluster that can represent the actual situation of the process. Once a bundle of the desired properties has been 

generated, the processing conditions and the computational setting along with the fiber position files from the 

cluster generation will be input into the shear cell algorithm. With the stored fiber positions during the computation, 

the algorithm is able to calculate the changes in fiber lengths and fiber orientation. Furthermore, the algorithm can 

capture the distribution of breakage curvature segment distances to further analyze how fiber motion and fiber 

rotation may impact the fiber breakage.  

 

Figure 3.9 The flow chart of the Direct Fiber Simulation. 
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3.3.1. Update in the Program 

Since the mechanistic model stores segment information to calculate the relative fiber motion for the next time 

step, it can compute the corresponding fiber orientation and length based on the segment's location within the 

defined box. However, due to a lack of maintenance after the code was initially developed, certain defects in the 

coding structure emerged, leading to unrealistic model performance, as depicted in Figure 3.10. For instance, in 

Figure 3.10, fibers of the same length exhibit varying rotational behaviors if divided into different segments. As a 

result, the code itself requires thorough diagnosis and maintenance. 

 

 

Figure 3.10 The orientation result in 𝒂𝟏𝟏 direction using different number of segments to represent a single 

fiber: (a) 10 segments in a single fiber, (b) 25 segments in a single fiber. 

 

The update  

The program's structure and variables have been redefined to allow easier maintenance of the code and the 

potential to adapt the parallelization of the algorithm. For fiber motion, nine governing equations are employed to 

calculate the movement of each segment. The program can now store fiber locations in local and global matrices. 

Velocity profiles of each segment are now stored in separate variables, and hinge information is updated 

independently. To facilitate the simulation of a larger quantity of fibers simultaneously, periodic boundary 

conditions have been incorporated into the program. This is achieved by updating the calculation of boxes for 

ghost segments to align with the Lee Edward Boundary theory [51]. All image boxes have been corrected based 

on the Lee Edward theory. The handling of ghost segment information follows a different order now, and a new 

(a) (b) 
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method for calculating the location of ghost segments has been implemented. Additional program updates include 

updating fiber interaction forces by correcting the Distance Factor (𝐵0) in calculating fiber interaction forces in 

equation (3.14). 𝐵0 is used to prevent the overlapping between fibers and to determine how many neighborhood 

segments should be considered when calculating the interaction forces.  

In addition, the algorithm was only allowed to set a fixed dt during the computation. If an insufficient dt is selected, 

the result will not converge as shown in Figure 3.11 below. 

 

 

Figure 3.11 The orientation result in 𝐚𝟏𝟏 direction with fixed dt set for the simulation: (a) 𝒅𝒕 = 𝟏𝟎−𝟓, (b) 𝒅𝒕 =

𝟏𝟎−𝟔. 

 

To improve the process of calculating displacement using the provided time interval, denoted as dt, the time step 

is now automatically adjustable. Initially, the objective involves evaluating the displacement value based on the 

given input dt. Moreover, a benchmark for the minimum acceptable displacement, set at 10-10, is established in 

the algorithm. At each time step, a comparison is conducted between the displacement computed using the input 

dt and a predefined maximum displacement threshold. If the calculated displacement exceeds this threshold, an 

adjustment is triggered by activating the iteration variable and leads to a smaller dt. Then, the ratio is assessed, 

and if found to be greater than 1, the input dt is determined to be feasible. This implies that the displacement 

attained through the input dt remains sufficiently modest, rendering any further dt adjustments unnecessary. Lastly, 

the algorithm calculates the new displacement using the adjusted dt. Here, it demonstrates how the auto dt 

improves the computation stability and reduces computational time. The validation test was conducted with a 

cluster with fiber length of 0.25 mm and fiber content of 10 wt% as shown in Table 1. The simulations were run 

(a) (b) 
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for a duration of 0.1 second, allowing a comparison of the time costs for each condition. 

 

Table 1 The test input for evaluating the performance of adjusted dt with the mechanistic model. 

 Fiber Cluster  

Fiber Content 10 wt% 

Fiber Length 0.25 mm 

Fiber Aspect Ratio 5.26 

Number of Fibers 138 

 

Table 2 presents the necessary computational times for various preset values of dt in the simulation. Initially, a 

maximum value of 𝑑𝑡 = 10−6 is necessary to achieve convergence in the orientation computation. When a smaller 

value of dt, such as 𝑑𝑡 = 10−7 , is employed in the simulation, the required time increases by a factor of 10 

compared to the original time. However, with the auto-adjust time step feature, the program now utilizes nearly 

the same computational time while delivering excellent performance in the simulation. 

 

Table 2 The time cost of different dt used in the simulation. 

 
Fixed Time Step, 

𝑑𝑡 = 10−6 

Fixed Time Step, 

𝑑𝑡 = 10−7 

Auto-adjust Time Step,  

𝑑𝑡 = 10−6~10−8 

Computational 

Time 
70.24 s 696.98 s 70.31 s 

 

 

Additionally, with the integration of the auto-adjust time step into the algorithm, a significant improvement in 

algorithm stability is observed, as depicted in Figure 3.12. Previously, the orientation result in the a11 direction 

would not converge if an inappropriate dt was employed in the program. However, the algorithm can determine 

an appropriate dt that yields reasonable results after the update. Figure 3.12 illustrates that even when a smaller dt 

such as 10-5 is initially set as an input, the program dynamically adjusts the dt during computation, resulting in 

performance equivalent to that achieved with a smaller dt such as 10-6. 
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Figure 3.12 The orientation result in 𝐚𝟏𝟏 direction with auto dt adjusted depends on the segment displacement 

for the simulation: (a) set input dt: 𝒅𝒕 = 𝟏𝟎−𝟓, (b) set input 𝒅𝒕 = 𝟏𝟎−𝟔. 

 

Evaluation of the update 

A test was conducted to assess the effectiveness of the program maintenance and the update by comparing fiber 

rotation against the Jeffery model [52]. This comparison encompassed a range from short to long fibers in terms 

of fiber aspect ratio. As shown below, the model aligns with the Jeffery model after the program update. This 

alignment is even better than the previous model. 

 

(a) (b) 

𝑑𝑡 = 10−5 

(a) 

𝑑𝑡 = 10−6 

(a) 
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Figure 3.13 The comparison between the simulation result from the updated algorithm of mechanistic model 

and the Jeffery rotation model with fiber aspect ratio below 100. 

  
Figure 3.14 The comparison between the simulation result from the updated algorithm of mechanistic model 

and the Jeffery rotation model with fiber aspect ratio from 0 to 800. 
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3.3.2. The effect of shear stress 

In the mechanistic model, providing accurate stresses within the system is crucial to ensure a faithful 

representation of fiber flow in a polymer melt. Consequently, determining the appropriate shear stress to be 

employed in the model is vital for direct fiber simulation. As the shear cell in the mechanistic model mimics the 

evolution of a bundle of fibers flowing within the polymer melt, the stress it experiences can vary depending on 

the fiber cell's location. To guide researchers in finding the stress value that can represent the flow field, a leading 

commercial software in simulating the injection molding process, Moldex3D, is utilized to find the exact stress 

profile at each location of the flow field.  

The following example illustrates the shear stress profile of an injection molded plaque over three different 

locations on the part. The simulation result is compared to the fiber length measurement done by Goris [2]. 

 

  

Figure 3.15 The test location on an injection molded plaque with PPGF05 and the corresponding shear stress 

profile during the simulation using Moldex3D. 

 

Here, an assumption is made that the longest fibers (15 mm) are nearing the point of breaking upon reaching 

Location 1. Consequently, the maximum fiber length within the cluster is adjusted to 7.5 mm. The segment length 

is refined to 0.1mm to maintain a fiber aspect ratio of 5.26 for the flexible rotation. The simulation is initialized 

using the shear rate and viscosity at Location 1. As the melt front traveled to location 1, the shear stress begins to 

accumulate in that specific area. A range of shear stress values was selected based on the result in Figure 3.15 to 

see how the magnitude of shear stress will affect the fiber breakage. In cases where the shear stress is exceedingly 
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low, the forces within the shear cell prove inadequate to facilitate the division of fibers into segments, as depicted 

in Figure 3.16. Notably, no significant fiber damage is observed at stress levels of 1000 and 2500 Pa. A minimum 

stress of 3400 Pa within the system is required to initiate fiber breakage during the simulation. 

  

 
Figure 3.16 The fiber attrition with various shear stress in the mechanistic model and the corresponding breakage 

distribution in the simulation. 

 

By selecting the appropriate shear stress values from the flow field, the mechanistic model demonstrates high 

accuracy in predicting fiber attrition. Figure 3.17 demonstrates that the selected shear stress, obtained at 0.15 

seconds after the melt front had reached location 1, yields the most optimal performance in predicting fiber 

attrition. 

 

 
Figure 3.17 The Predicted 𝑳𝑾 and 𝑳𝑵 of simple shear flow simulation at varying shear stress with PPGF05: (a) 

Shear stress = 5000 Pa, (b) Shear stress = 10000 Pa. 
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3.3.3. Influence of Probability Theory on Fiber Damage 

In the mechanistic model, the bending of a fiber is the only mechanism attributed to fiber deformation. Elongation 

and shear-deformation due to tensile, compression and shear loads are neglected. Thus, the bending behavior is 

implemented with the elastic beam theory [53]. In the model, the forces experienced by the fibers within the 

polymer matrix, which lead to bending and breaking, are approximated within the linear segments interconnected 

with flexible joints. To determine the breaking point, the local degree of bending is characterized by the radius of 

curvature at the connection points of two rods as shown in Figure 3.18. Furthermore, the critical curvature is used 

as an input parameter for the model to initiate fiber breakage. Once a fiber’s segment curvature is below the 

assigned input parameter, the fiber will break at the joint of two connecting rods.  

 

 

Figure 3.18 Fiber deformation and approximation with bending theory: (a) Beam deformation with pure bending; 

(b) Approximation with rods and the expression of critical curvature during fiber breakage.  
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Figure 3.19 Breakage Distribution of the loop test using glass fibers. 

 

To describe the fiber behavior during breakage under realistic conditions, a bending method was presented by 

Sinclair [54] using glass fibers. The tensile strength and Young’s modulus were measured by twisting a loop in a 

fiber and pulling the ends until the loop breaks. A total of 48 experiments were performed and the non-Gaussian 

distribution resulted in an average value of 204.6 μm for the critical radius of curvature [55]. The values varied 

from 119 to 371 μm as seen in Figure 3.19. Based on these results, the mechanistic model was implemented to 

examine the effect of the excluded volume force constant. To validate the model, the result was compared with 

the Couette flow experiments using glass fiber-reinforced polypropylene (PP). The material used in this work was 

SABIC® STAMAX of Saudi Basic Industries Corporation (SABIC), Riyadh, Saudi Arabia, a reinforced 

polypropylene material. To set up a simulation, 1000 fibers with equal length of 2.5 mm were placed in a shear 

cell in Figure 3.20. The segment length in each fiber is a fixed value of 0.1mm with aspect ratio of 5.26 to ensure 

flexible rotation in the flow field [42]. In addition, Lee-Edwards periodic boundaries [56] were applied to all the 

cell walls to represent periodic conditions during the simulation as shown in Figure 3.20. A simple shear field with 

a shear rate of 16.65 s-1 [21] in x-y plane was applied to the polymer matrix which corresponds to the 

hydrodynamic forces discussed previously. Table 3 shows the physical properties of fibers and the matrix. 

100 150 200 250 300 350 400

0

5

10

15

20

25

30

C
o

u
n

t

Curvature (μm)



32 

 

 

Figure 3.20 Shear cell with periodic boundary conditions. 

 

Table 3 Constant values of shear cell properties in simulation. 

Parameter Value 

Viscosity (Matrix) [Pa-s] 200 

Shear Rate [s-1] 16.65 

Fiber Young’s Modulus [GPa] 73 

Fiber diameter [μm] 19 

Fiber Weight Fraction [%] 30 

Time step [s] 10-6-10-8 

 

As stated in reference [13], the values of 𝐴 and 𝐵 in Equation (3.14) for the hydrodynamic effect remain unknown 

and must be adjusted for different processing condition. Values 𝐴 and 𝐵 have been chosen empirically, which are 

usually set in such a way that no fiber intersections are perceived, nor high repulsive forces are created. As 

suggested by [13], 𝐵  was chosen to be 2 and 𝐴  was tuned for each system with the relationship of 

shear rate × viscosity/2 for the mechanistic model simulation which is 16.65 in this case. Figure 3.21 shows the 

number-average length (𝐿𝑁) and the weight-average length (𝐿𝑊) for the simulation. It is clear that when using the 

empirical method, breakage occurs too fast when is compared to experimental data. This shows that the traditional 

algorithm used for the simulation, where 𝐴 = 1665, results in much higher excluded forces than the actual values. 

This causes fibers to break as they move closer to each other within the cluster. Thus, finding a proper repeatable 

method to determine the value for simulating fiber breakage is necessary and critical. 
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Figure 3.21 Length evolution result by mechanistic model using an empirical excluded volume force constant 

compared to Couette flow experimental. 

 

To further validate the model, the critical fiber breaking curvature and excluded volume force constant 𝐴 were 

tuned to examine the variation of fiber length reduction. Table 4 shows the variables used in the simulation. 

 

Table 4 Values varied in simulation. 

Parameter Value 

Fiber Critical Curvature [μm] 200, 250, and 300 

Excluded Volume Force Constant [-] 250, 500, and 750 

 

Figure 3.22 shows the 5 second time evolution of LN at varying pre-demand breaking curvature from 200 μm, 250 

μm, and 300 μm while keeping the same excluded volume force constant. As fibers start to bend, they reach a 

more significant critical curvature and result in a faster rate of breakage. As the force constant increases, the fiber 

experiences higher repulsive force as it approaches surrounding fibers. As two fibers approach each other, force 

increases until it reaches the maximum excluded volume force which is determined by the value of constant 𝐴 in 

Equation (3.14). Thus, the influence of excluded volume force on fiber length reduction become more significant 

with higher critical breaking curvature. This trend can be seen in Figure 3.23 which varies the excluded volume 

force constant from 250 to 750 while keeping the same breaking curvature.  
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Figure 3.22 Predicted 𝑳𝑵 of simple shear flow simulation at varying fiber critical breaking curvature with three 

excluded volume force constants 𝑨 from: (a) 250, (b) 500, (c) 750. 

 

 

Figure 3.23 Predicted 𝑳𝑵 of simple shear flow simulation at varying excluded volume force constant 𝑨 with 

three critical curvature from: (a) 200 μm, (b) 250 μm, (c) 300 μm. 

 

Fiber Relaxation 

As discussed above, fibers were experiencing a higher breaking rate than experimental results. In order to place 

thousands of fibers within a small cell, fibers are forced into position with a critical angle which leads to 

entanglement and bending of the fibers within the cluster. This entanglement was a big issue during breakage 

prediction, and can cause overestimation of breakage during the early stage of the simulation. To achieve 

relaxation of the entanglements, the shear rate was not stepped up instantaneously, but instead, increased stepwise 

from 0 to 16.65 s-1 within the first second of simulation time. This allows the relaxation of the bent fibers inside 

the cluster. The simulation shear rate remained at 16.65 s-1 for the remaining 149 seconds (Figure 3.24). This 

technique allowed fibers to straighten out and thus reduce the number of critical angles between connecting joints, 

without leading to excessive and unrealistic fiber attrition at the beginning of the simulation. 
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Figure 3.24 Stepwise increase profile in shear rate for fiber relaxation. 

 

A relaxation test was done by tuning critical curvature from 200 μm to 300 μm while keeping the force constant 

𝐴 equal 500. Figure 3.25 presents the 𝐿𝑁 evolution with the relaxation applied. Relaxation in the first second of 

the simulation significantly reduced the initial fiber breakage caused by entanglement during cluster generation. 

After the first second, the interaction with neighboring fibers caused by the flow field leads to decreases in fiber 

curvature which leading to breakage when the assigned critical curvature is reached. 

 

Figure 3.25 Predicted 𝑳𝑵 of simple shear flow simulation at varying fiber critical breaking curvature with fiber 

relaxation applied to the first second in the simulation. 
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Figure 3.26 presents a comparison between the Couette experiment and the simulation for a critical curvature of 

300 μm and an excluded volume constant 𝐴 of 500, with a shear rate increase from 0 to 16.65 s-1 within the first 

second and remaining at 16.65 throughout the rest of the simulation. As seen in Figure 3.26, the initial breakage 

caused by an unsteady system is reduced significantly. The simulation matches the experimental results much 

better. However, there is a slightly faster reduction rate for both 𝐿𝑁 and 𝐿𝑊, as well as a higher final unbreakable 

length. 

 

Figure 3.26 Fiber length evolution compared to the Couette flow experiment with fiber relaxation applied to the 

first second in simulation. 

 

The fiber attrition model's final part introduces the fiber probability measurements. Figure 3.27 presents the 

breakage criteria with (b) and without (a) an experimental probability of failure distribution. This portion of the 

work introduces a probability function into the breakage simulation, as was similarly done by Çelik [55], which 

determines a range at which fibers may break. Fibers begin to have the probability of breaking when their 

curvature is smaller than the maximum curvature and will break when curvature reaches the minimum curvature 

(Figure 3.27b). Comparing to the fixed curvature, probability theory provides powerful tools to explain the 

breakage behavior as seen below, where 𝑚 is chosen as 15 for this research (Figure 3.29), 

 𝑥 =
max 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 − 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒

max 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 − min 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒
 (3.32) 
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Probability =

exp(𝑚 ∗ 𝑥) − 1

exp(𝑚) − 1
 (3.33) 

 

 
Figure 3.27 Different breakage models implemented in the mechanistic model: (a) Original breakage model; (b) 

probability breakage model when 𝒎 = 𝟏𝟓. 

 

In Figure 3.28, the model showed a lower initial breakage rate and achieved nearly the experimental steady-state 

fiber length. Unlike the fixed critical breaking curvature, the relaxation allowed fibers to relieve the entanglement 

and achieve a steady state in the system, slowing down the breakage rate. As long fibers break into shorter fibers, 

the chance for fibers to contact each other is reduced, resulting in a higher alignment of fibers in the flow direction. 

Thus, fibers would gradually align in the flow direction, where the rate of breakage significantly reduces after 

about 60 seconds. However, in shear flow conditions influenced by Jeffrey orbits, if allowed sufficient time, the 

fibers eventually rotate and break, which can observe around the 150 second mark. 
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Figure 3.28 Fiber length evolution compared to the Couette flow experiment with fiber relaxation and probability 

breakage applied to the first second in simulation. 

 

The curvature at the break point for Figure 3.28 was recorded throughout the simulation and shown in Figure 3.30. 

Here, only the first 60 seconds are represented in the distribution, as the fiber length in the simulation remained 

relatively constant after this period. Compared to Figure 3.19 which shows the loop experimental result from [55], 

the predicted distribution showed a similar trend to the experimental data. There was a higher deviation in the 

range of 200 to 250 μm and 350 to 400 μm. This may be due to the value of 𝑚 in Equation (3.33) selected for this 

research was too high for the system. Lowering the value of 𝑚 will shift the curve to the right (Figure 3.29) which 

increases the probability for fibers to break at a larger curvature. 

  

Figure 3.29 Varying values of 𝒎 for the probability breakage applied in the model. 
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Figure 3.30 Breakage Distribution over time of simulation results with fiber relaxation and probability breakage 

model applied. 

Segment’s Curvature Distribution 

The number of segments’ curvature within 50 μm of the critical breaking point is recorded in Figure 3.31. The 

decreasing trend after 60 seconds for both No PB and PB indicates that the chance of breakage is reduced, which 

fits the result. Additionally, the increasing trend near 150 seconds for PB symbolizes the chance for fibers to break 

rising, which can be seen around 150 seconds in Figure 3.28.  

 

Figure 3.31 The distribution of which the segment’s curvature is within 50 μm of the critical breaking point: 

200~250 μm for No PB (Left); 400~450 μm for PB (Right) in simulation. 

 

The number of the longest fiber 2.5 mm is not included in the Figure 3.32. No PB shows a larger amount of shorter 

fibers in the system while PB has longer fibers in the system, and the length distribution shifts to the right. 
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Figure 3.32 Fiber Length Distribution at the end of 150 second simulation. 

 

3.3.4. Parallelization of the code 

One of the factors preventing the mechanistic model being widely used in predicting fiber attrition is its extensive 

computational time, primarily attributed to the substantial dataset underpinning each case. Currently, researchers 

are constrained to employing a maximum of 500 fibers in simulations to approximate the comprehensive process 

landscape. However, industrial applications entail a minimum of several thousands of fibers. Furthermore, each 

fiber is represented as a chain of rods to emulate rotational behavior within polymer flow, introducing additional 

computational overhead for every time step. To enhance the accessibility of direct fiber simulation for broader 

applications, mitigating the computational time expenditure becomes imperative. Thus, speeding up the code has 

become crucial in this application. Two primary parallelization processes are widely employed today: MPI and 

OpenMP programs, which differ in their utilization of memory during computation. 

The OpenMP program provides a standardized API for defining multi-threaded shared-memory programs. This 

program generates threads within parallel regions, utilizing multiple threads to enhance processing speed [57]. 

Communication among threads occurs through shared variables. However, it operates within a shared memory 

system, which constrains the number of processors within the system. The shared-memory system stores 

information within the same processor, limiting speed according to the number of processors within the system. 
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Figure 3.33 Computational structure of OpenMP program. 

 

In contrast, the MPI program employs a Distributed Memory System characterized by high communication 

efficiency and practical parallel computation across processors [58]. This setup stores information separately, and 

messages are transmitted through an interconnect network. A greater number of processors corresponds to higher 

processing speeds. 

 

 
Figure 3.34 Computational structure of MPI Program. 

 

By comparison, when a program requires multi-threading, opting for OpenMP is advisable. Conversely, 

employing an MPI program is more suitable if the code involves a substantial volume of message passing. Initially, 

dividing messages for message passing might pose challenges, but subsequent efforts are comparatively less 

demanding. 

 



42 

 

  
Figure 3.35 The working comparison between multi-threading and message passing in the algorithm [59]. 

 

Assessing the Potential for Code Parallelization 

In order to assess the feasibility of parallelizing the algorithm, it is crucial to comprehend the time allocation for 

each function within the model. This evaluation involves computing the time taken by each function during a 

single time step. Table 5 shows that the primary computational load for a single time step is distributed across two 

key sections: 78% of the time is dedicated to calculating the excluded volume force between fibers and walls, 

while 14.4% is allocated to calculating fiber motion. 

 

Table 5 The break-down of the time cost for each function in the algorithm. 

Function 
Computational Time for 

One Time Step 

Fiber Hinge Calculation 3.24 s 

Ghost Segments 14.01 s 

Excluded Volume Force 55.47 s 

Bending and Torque 3.02 s 

Fiber Motion 81.65 s 

Others 25.47 s 

Total Time 182.85 s 

 

The current algorithm assumes that each individual fiber is treated as a separate object, updated only in relation 

to the current status of other fibers. This characteristic renders the current code highly amenable to parallelization, 

as the computation for each fiber remains independent. Therefore, the parallelization process will primarily 

concentrate on the excluded volume force calculation and fiber motion. In summary, the MPI program was chosen 

as it is designed to accelerate communication processes, where interactions occur through data exchange and 
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synchronization across various cores via message passing. A process can belong to multiple communicators, with 

additional communicators co-existing. 

 

Two Cores 

The parallelization was first conducted by utilizing two cores: one acts as the main core (id = 0) to process and 

dispatch fiber information requiring computation during each time step to another core, while the primary 

calculations are performed in the second core (id = 1), as illustrated in Figure 3.36. All fibers' information is 

transmitted to core id = 1 at each time step. Once the calculation of fiber motion for the new time step is complete, 

the final information is sent back to the main core (id = 0).  

 

 

Figure 3.36 The flow chart of communicating process in algorithm with two cores utilized in computation.  

 

Multiple Cores 

Once the two cores had been set up and tested to work for the MPI environment, the parallelization was further 

expended to allow assigning multiple cores for the computation work. The second method employed for 

parallelization involves leveraging multiple cores during function calculations. Each core now retains its own set 

of information. Upon completing the computation, the core returns the information to the main core identified as 

id = 0. 
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Figure 3.37 The flow chart of communicating process in algorithm with multiple cores utilized in computation. 

 

With the multiple-core computation environment introduced in the algorithm, the program can be further sped up 

in comparison to using only two cores in the computer.  

 

Amdahl’s law 

Amdahl's Law is a principle in computer architecture and parallel computing that quantifies the potential speedup 

of a program when some parts of it are made parallel while other parts remain serial (single-threaded) [60, 61]. It 

was formulated by Gene Amdahl in 1967 [62]. The law provides a way to estimate the maximum achievable 

speedup of a task given a certain amount of parallelization. The formula for Amdahl's Law is as follow: 

 Speedup =
1

[(1 − 𝑃) + (𝑃 𝑁⁄ )]
 (3.34) 

Where Speedup is the theoretical improvement limitation in performance achieved by parallelizing a program, 𝑃 

is the fraction of the program that can be parallelized, and 𝑁 is the number of processing units used for parallel 

execution.  

The key insight from Amdahl's Law is that the potential speedup is limited by the portion of the program that 

cannot be parallelized. As the number of processing units (𝑁 ) increases, the impact of the non-parallelizable 

portion (1 − 𝑃) becomes more significant, eventually limiting the overall speedup [63, 64]. This law emphasizes 

that improving a program's performance through parallelization requires a focus on both the parallelizable fraction 
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of the code and the overhead introduced by synchronization and communication between parallel tasks. There is 

a limitation on how fast the code can be accelerated. Although it underestimates the importance of balancing 

efforts between improving the parallelizable portions of the code and the non-parallelizable portions, it is often 

used nowadays to provide an initial assessment of the realistic performance of parallelization. 

A test sample for evaluating the performance of the parallelization program is presented in Table 6. A total of 1000 

fibers with a starting length of 2.5 mm is used to test the performance of the parallelization with different cores 

used during the computation. 

 

Table 6 Test environment for evaluating the performance of the parallelization for the algorithm.  

 Values 

Fiber length 2.5 mm 

Fiber number 1000 

Segment per fiber 25 

Cell size 1.5mm * 1.5mm * 1.5mm 

Shear rate 16.65 s-1 

dt 10-6 

 

The time required for two functions, fiber motion, and exclude volume force, was extracted, and compared in 

Table 7 and Table 8. For shorter durations in the simulation, the speedup ratio isn't notably significant. 

Nevertheless, with more time steps being calculated in the simulation, more fiber breakage happened within the 

flow field. This resulted in more segment information that needed to be computed at each time step. Here, 

parallelization demonstrates its efficacy when dealing with greater amounts of data that necessitate processing at 

each time step, consequently reducing the computational time.  

 

Table 7 The computational time required for calculating fiber motion in the algorithm. 

 150 Time Steps 1,500 Time Steps 15,000 Time Steps 

Non-Parallelization (2018) 40.31 s 386.36 s 4760.85 s 

MPI (2 cores) 39.54 s 283.27 s 2074.23 s 

MPI (3 cores) 20.44 s 143.34 s 1113.24 s 
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MPI (4 cores) 14.23 s 97.63 s 747.23 s 

 

Table 8 The computational time required for calculating excluded volume force in the algorithm. 

 150 Time Steps 1,500 Time Steps 15,000 Time Steps 

Non-Parallelization (2018) 32.81 s 313.58 s 3705.95 s 

MPI (2 cores) 24.86 s 150.73 s 1384.45 s 

MPI (3 cores) 17.39 s 105.97 s 1012.27 s 

MPI (4 cores) 14.86 s 93.52 s 825.82 s 

 

Table 9 presents the computation time comparison between different versions throughout the updates made in this 

research. With the maintenance of the code and the update of the algorithm structure, there has already been a 

significant improvement in computing efficiency. Furthermore, with the additional parallelization, which utilizes 

multiple cores for computation, the mechanistic model has shown even greater improvement.  

 

Table 9 Total computational time required for 15,000-time steps for different version of the algorithm. 

 

Non-

Parallelization 

(2018) 

Non-

Parallelization 

(2019) 

MPI (2 cores) MPI (3 cores) MPI (4 cores) 

Time cost 10138.38 s 4682.64 s 4150.99 s 2876.50 s 2273.72 s 

 

In summary, the MPI program is specialized in communication processes, where a process interaction includes 

data exchange and synchronization among different cores through message passing. Additionally, a code redesign 

enabling parallel processing has significantly reduced analysis times, depending on the number of cores used in 

computing, while enhancing user-friendliness.   
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4. Modified fiber breakage model 

4.1. Introduction 

Until now, major orientation models, including Folgar-Tucker model [65], ARD-RSC Model [66] and iARD-RPR 

Model [36, 67] were based on the concept of Jeffery’s single-fiber equation [52], but by expanding from a single 

fiber to multiple fibers in the fluid, several mechanisms affect the motion of fibers. As fiber length is crucial in 

improving the mechanical performance of a molded product, an increase in fiber length correlates with the 

increased strength of the product. Bechara et al [23] proposed a modified breakage model by using the unbreakable 

length of fibers in the process instead of probability function. Researchers also determined that parts are stronger 

in the direction of fiber alignment if both fiber length and volume fraction are increased [7]. However, fibers in 

the polymer melt often break during polymer processing due to the intense viscous forces during flow and 

deformation. While short fibers are easier to align to flow direction than long fibers, long fibers experience a 

higher breakage rate with higher shear rate. There is little research that relates the fiber orientation with fiber 

attrition during processing; therefore, it is essential to understand how flow-fiber coupling affects the fiber 

orientation during the process, thus impacting the fiber breakage prediction. This study discusses the correlation 

between fiber orientation and fiber breakage using the modified breakage model with CAE simulation. In addition, 

the modified breakage model is also validated to search for satisfactory model parameters with injection molding 

process. 

To estimate the mechanical behavior of a product, it is necessary to predict the process-induced fiber breakage. In 

1959, Forgacs et al. [19] proposed that the Young’s modulus and the fibers’ geometrical properties describe the 

critical shear stress that provokes fiber buckling. It is evident from this that fibers tend to break under light loads 

when the aspect ratio is high. Hinch [20] later calculated the deformation of an ideal elastic particle in a shear 

flow using the Slender Body theory. To determine the repeatable length degradation of glass fibers at various fiber 

concentrations, initial fiber lengths, residence times, melt temperatures, and processing speeds, Goris et al. [21] 

developed an experimental setup using a Couette rheometer in conjunction with the fiber length measurement. 
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This setup provides good insight into measuring the fiber length. However, no simulation tool accurately predicts 

the final fiber length in a molded part, as the phenomenon of fiber breakage is not fully understood. Thus, the 

numerical simulation is applied to investigate the phenomena of fiber breakage.  

Some continuum models, which are very different from particle-level simulations, have been developed to obtain 

the macroscopic picture of breakage by solving the balance equation of fiber length distribution [4, 22]. Phelps et 

al. [4] presented a quantitative model to describe fiber attrition based on buckling as the driving mechanism for 

fiber breakage during processing. Phelp´s model is based on three fitting parameters: the breakage coefficient 

(CB), the hydrodynamic drag coefficient (𝜁) and the distribution shape factor (S). They defined the critical force 

needed to cause buckling (𝐹𝑐𝑟𝑖𝑡) and the critical flow regimen (𝛾̇𝑐𝑟𝑖𝑡) that cause buckling as a function of fiber 

characteristics and flow parameters: 

 𝐹𝑐𝑟𝑖𝑡 =
𝜋3𝐸𝑓𝐷4

64𝐿𝑖
2  (4.1) 

 
𝛾̇𝑐𝑟𝑖𝑡 =

𝜋3𝐸𝑓𝐷4

4𝜁𝜂𝑚𝐿𝑖
4 (4.2) 

where 𝐸𝑓 is the Young's modulus, 𝐷 is the fiber diameter, 𝐿𝑖 is the fiber length, 𝜂𝑚 is matrix viscosity, and 𝜁 is the 

drag coefficient. This model introduces a Normal or Weibull probability distribution that determines the location 

along the fiber’s axis where failure is likely to occur. However, this approach does not consider the fiber breakage 

caused by fiber volume fraction, which ignores fiber-fiber interactions as a source of damage. A novel modified 

breakage model is then developed in Polymer Engineering Center by Bechara et al [23]. 

 𝐿∞ = 𝜆 (
𝜎𝑢 𝑑𝑓

2

𝜂𝑚𝛾̇
)

0.5

 (4.3) 

The coefficient 𝜆  is a material-dependent property and a measure of fiber-fiber interactions that cause fiber 

attrition during processing. The parameter is assumed to capture the effects of fiber concentration (fiber-fiber 

interactions) and fiber-wall interactions. 𝜆 as a function of fiber content is obtained from the measured 𝐿𝑊∞ values 

of the Couette rheometer experiment [23]. The linear correlation between 𝛾̇  and 𝑘𝑓  leads to a straightforward 

expression for the breakage rate coefficient: 



49 

 

 𝑘𝑓 = 𝜉𝛾̇ (4.4) 

where 𝜉 is a scale factor for the rate of deformation. Reducing the number of fitting parameters introduced when 

developing a model is beneficial since this makes the approach more robust, and potentially reduces the number 

of experiments needed to determine such parameters [24]. 

To fully understand the micromechanical picture of fiber breakage, particle simulation is necessary to develop an 

understanding on the details of concentrated fiber suspension dynamics [25-29]. Until now, single particle models 

are not accurate enough or well developed to investigate the degradation mechanisms at fiber level due to 

expensive computation. Therefore, a particle level model developed at PEC at the University of Wisconsin-

Madison will be extended to gain better understanding of fiber damage. 

 

4.2. Modeling Approaches 

The modified breakage model was validated using a research version of Moldex3D, a leading CAE software for 

the plastic injection molding industry, to find suitable parameters for the model. To implement a user-defined fiber 

breakage model, the Solver API for Fiber which supports Moldex3D Enhanced Flow Solver was used in this study. 

Additionally, the empirical model parameters from the Phelps model were used as an input for a Moldex3D 

simulation to compare with the modified breakage model. Below were the forms of equations implemented in the 

Solver API for the validation of modified breakage model: 

 
𝐷𝐿

𝐷𝑡
= −𝑘𝑓(𝐿 − 𝐿∞) = 𝑓(: ) (4.5) 

 𝐿(𝑡 = 0) = 𝐿0 (4.6) 

where 𝐿 is the fiber length, 𝐿0 is the initial fiber length, 𝑓(: ) is the user-defined source term, and 
𝐷𝐿

𝐷𝑡
 is the material 

derivative. 

 

Scale of deformation - 𝜉  

Given that 𝜆 was determined based on Couette flow experiments [23], the 𝜉 value was iterated to identify the 
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optimal value during the simulation. To establish the suitable range for 𝜉 within the model, the average simulated 

fiber length over the thickness direction at each measured location was compared to experimental values as shown 

in Figure 4.1.  

 

 

Figure 4.1 The procedure of extracting fiber length distribution data from simulation over the part thickness. 

 

Based on the values extracted from the simulation, the difference between the simulated length and the measured 

value is presented as error percentage which is calculated as shown below in Equation (4.7).  

 error% =
|simulation − experiment|

experiment
× 100% (4.7) 

To evaluate the performance of the modified fiber breakage model regarding the prediction of length reduction 

throughout the manufacturing process, the error percentages at each measured location are averaged to provide 

an overall view of the simulation. 

 Ave error% =
∑ Loc.  𝑖 %𝑖

𝑖
 (4.8) 

The iteration of 𝜉  was halted when an inflection point in the average error percentage was observed in the 

simulation results as shown in Figure 4.2. Each data point on the graph corresponds to an individual simulation.  

 



51 

 

 

Figure 4.2 The procedure of calculating the average error percentage from a simulation result. 

 

 

 

4.3. Effect on Fiber-Flow Coupling (Plaque) 

As discussed in Chapter 4.2, the leading polymer processing simulation software, Moldex3D, was used to 

implement the modified breakage model as a user-defined fiber attrition prediction and validate its performance. 

To study the proposed model within the injection molding process, the software requires an input of initial fiber 

length. The software uses this input to initiate the computation of length deduction during the injection molding 

simulation. Consequently, an injection-molded plaque provided by SABIC was utilized to validate the model and 

to examine the influence of viscosity on the prediction using the modified breakage model at the same time. In 

addition, the flow-fiber coupling model introduced by Favaloro et al. [32] uses an effective scalar viscosity to 

approximate the complete anisotropic viscosity tensor, along with an effective matrix shearing strain rate. This 

flow-fiber coupling model offers a cost-effective approach for incorporating the coupling behavior into 

computational simulations and is applied to this study.  

 

Fiber Length Measurement 

The fiber length measurement was conducted using a technique developed at the Polymer Engineering Center 

(PEC), which has been validated against standard commercial methods. This technique ensures reliable results by 

sampling between 10,000 to 100,000 fibers and extracting at least three samples for each test condition. Figure 
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4.3 illustrates the primary steps of the measurement process. The introduction of the down sampling step is driven 

by two reasons. First, even a small sample consists of millions of fibers, making it cumbersome and unnecessary 

to process images with such a large quantity of fibers. Using a smaller subset produces equivalent results [2]. 

Second, fibers at the sample's edges might have suffered damage during the extraction step and should therefore 

not be considered in the length distribution. The down sampling step selectively captures longer fibers, 

necessitating a correction to account for this bias [68]. 

 

Figure 4.3 An overview of fiber length measurement process developed at the PEC. 

 

In this study, fiber length measurements were performed on injection molded plaques provided by SABIC. These 

plaques had two different fiber contents: STAMAX 20YM240 (PPGF20) and STAMAX 30YM240 (PPGF30), 

and they had dimensions of 102×305×1.5 mm³ and 102×305×2.0 mm³, respectively. The geometry of the molded 

plaques and the specific extraction locations are depicted in Figure 4.4. An overview of the measurement 

conditions can be found in Table 10. To ensure accuracy and minimize human errors throughout the process, 6-8 

samples were measured for each type of plaque, ensuring reliable results for subsequent validation. Specifically, 

Location 4, positioned 5 mm away from the end of the plaque, was selected to provide a comprehensive 

understanding of length degradation along the length of the plaques. 
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(a)                                             (b)                     

Figure 4.4 The injection molded plaque for fiber length measurements, (a) the geometry of molded plaques, (b) 

the sample location extracted from the plaques. 

 

Table 10 An overview of fiber length measurement parameters. 

 Thickness Location 
No. of Samples at 

Each Location 

PPGF20 
1.5 mm 

Purged, Loc.1, 

Loc. 2, Loc. 3,  

Loc. 4 

6-8 
2.0 mm 

PPGF30 
1.5 mm 

2.0 mm 

 

The results obtained from the fiber length measurements are presented in Figure 4.5. The results show that fiber 

length exhibits significant variation within the purged material across all four conditions. While burning off the 

matrix for samples extracted from the purged location, certain fiber bundles persisted even after traveling through 

the barrel section of the injection molding machine. This persistence contributed to a substantial variance in the 

calculated 𝐿𝑊, as these longer fibers held greater weight in the calculation. As the polymer melt entered the mold 

cavity through the gate, the fibers experienced significant breakage, resulting in a relatively stable length 

compared to that of the purged location. A higher degree of fiber breakage was observed for PPGF30, owing to 

the larger number of fibers present, which consequently led to higher frequency in fiber-fiber interactions and 

subsequent breakage throughout the process. Moreover, the average fiber length for injection molded plaques did 

not follow the general decreasing trend; instead, it exhibited a slight increase toward the end of the part. 
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Figure 4.5 Result of the local fiber length measurement for all trials, showing the number-average fiber length, 

𝑳𝑵, and the weight-average fiber length, 𝑳𝑾 at four locations: in the purged material, close to the gate (Loc.1), 

at the center of the plate (Loc.2), and at the end of the flow (Loc.3) 

 

Modeling Approach 

The fiber length measurement result from the purged material in Figure 4.5 was utilized as the initial fiber length 

in the Moldex3D simulation. To emulate the evolution of 𝐿𝑊  and 𝐿𝑁  respectively, separate simulations were 

conducted to represent the length changes for each result individually. Following the steps outlined in chapter 4.2, 

the 𝜉 distribution was calculated and presented in Figure 4.6 for the injection-molded plaque. With no fiber-flow 

coupling enabled in the simulation, the viscosity of the flow field remains unaffected by the fiber orientation 

during simulation. In other words, the viscosity within the flow field remains constant across all simulations, and 

as a result, the only factor influencing the prediction of fiber length is its initial input value. Furthermore, it clearly 

demonstrates a trend that for lower fiber aspect ratios like 𝐿𝑁, the 𝜉 distribution shifts to the left, whereas the 

curves shift to the right for 𝐿𝑊. Consequently, the 𝜉 distribution presents an organized trend in the plots. 
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Figure 4.6 The average percent error of 𝝃 value for simulation result without fiber-flow coupling calculation of 

fiber length degradation for PPGF20 and PPGF30 with two thickness of plaques in Moldex3D. 

 

When fiber-flow coupling calculation is enabled, the fiber orientation influences the viscosity. Distinct fiber 

lengths might orient differently within the flow field, thus influencing the viscosity during calculations. Figure 

4.7 displays the distribution results for fiber-flow coupling enabled within the simulation. The curves for error% 

of 𝐿𝑊  slightly shift to the left compared to 𝐿𝑁 , indicating that a lower 𝜉  corresponds to a reduced rate of 

deformation and leads to longer fiber length. Compared to Figure 4.6, the 𝜉 distribution for different fiber aspect 

ratios shows higher convergence and lower values. 
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Figure 4.7 The average percent error of 𝝃 value for simulation result with fiber-flow coupling calculation of 

fiber length degradation for PPGF20 and PPGF30 with two thickness of plaques in Moldex3D. 

 

Prediction accuracy based on different fiber initial 𝐿/𝐷 

Using the optimized value obtained from Figure 4.6 and Figure 4.7, the optimal 𝜉 values were plotted against 

various fiber aspect ratios and two different fiber contents. The predicted 𝜉 values, calculated based on the fiber 

aspect ratios extracted from Figure 4.5, were then compared to the fiber length measurements depicted in Figure 

4.8 and Figure 4.9. The results showed a high level of agreement in prediction accuracy for the calculated 𝜉 values. 

This agreement serves as a crucial reference for future applications of the model. 
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Figure 4.8 The optimum 𝝃 from the simulation with disable fiber-flow coupling calculation as function of the 

initial fiber aspect ratio. 

 

 

Figure 4.9 The optimum 𝝃 from the simulation with enable fiber-flow coupling calculation as function of the 

initial fiber aspect ratio. 
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Due to limitations in the processing conditions at the site, fibers might not achieve complete dispersion after 

passing through the plasticizing unit. This can lead to considerable variations in fiber length measurement results 

in the purged materials. To address this, a range of different fiber 𝐿/𝐷 ratios falling within the measurement range 

were employed to cross-validate the 𝜉 predictions in Figure 4.7. The results presented in Table 11 demonstrate a 

noteworthy concurrence for fiber-flow coupling simulations with PPGF20 as an example. In other words, users 

can refer to the chart, select an appropriate 𝜉 value based on the fiber aspect ratio, and anticipate good agreement 

under comparable processing conditions. 

 

Table 11 The validation test result with a different initial fiber length as input for the simulation. 

No. Material 
Part 

Thickness 

Fiber 

𝑳/𝑫 

Accuracy for Fiber-

Flow Coupling 

1 
PPGF20 1.5 mm 

77 94% 

2 269 91% 

 

 

Phelps model vs Modified breakage model 

Using the optimum value found in Figure 4.7, Figure 4.10 presented the 𝐿𝑊 results from Moldex3D simulation 

by comparing the Phelps model and modified breakage model. Additionally, the empirical model parameters from 

the Phelps model were used as an input for a Moldex3D simulation to compare with the modified breakage model. 

For the 𝐿𝑊 result, the modified breakage model has good agreement in predicting the length degradation for both 

PPGF20 and PPGF30. While the Phelps model has more deviation in predicting the 𝐿𝑊 for lower fiber content 

material. Using the optimum value for 𝐿𝑁  found from Figure 4.7, Figure 4.11 presented the 𝐿𝑁  results from 

Moldex3D simulation by comparing the Phelps and modified breakage models. For PPGF20, the modified 

breakage model agrees well with the experimental data. For PPGF30, the Phelps and modified breakage models 

yield a similar length degradation prediction. The modified breakage model generally showed good agreement 

compared to the Phelps model. 
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Figure 4.10 The comparison of weight-average fiber length (𝐋𝐖) degradation between the modified breakage 

model and Phelps model for PPGF20 and PPGF30 with for 1.5 and 2mm-thick injection molded plaque. 
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Figure 4.11 The comparison of number average fiber length (𝑳𝑵) degradation between the modified breakage 

model and Phelps model for PPGF20 and PPGF30 for 1.5 and 2 mm-thick injection molded plaque. 

 

 

4.4. Effect on fiber length distribution 

As fibers in the polymer matrix undergo the injection molding machine, the forces they are experiencing will 

cause them to break into segments with a length distribution. Since fiber length is crucial for determining the 

mechanical behavior of the final injection-molded part, understanding the length distribution will help researchers 

gain deeper insights into the process and further enhance it. Recognizing how fiber lengths change throughout the 

injection molding process aids in designing parts with more uniform properties, thereby reducing weak points in 

the final part. The knowledge acquired from studying fiber length distribution ultimately contributes to 

manufacturing parts with reliable and predictable performance. Due to the limitations of the software, providing 

a fiber length distribution as an initial input for the simulation is unfeasible. In order to investigate the distribution 
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of fiber breakage for each fiber length and understand how breakage occurs throughout the process, an extensive 

simulation was carried out using the geometry of an injection molded plaque and the optimal 𝜉 determined in 

Chapter 4.3. Table 12 showed the initial fiber length used in the simulation ranged from 0.5mm to 15mm, with 

increments of 0.5mm, while the 𝜉 value remained constant for all tested fiber lengths. After the simulation, the 

simulated average fiber length at each location were extracted from each location. The measured fiber length 

distribution at the purged location was used as a reference for determining the percentage of each length that 

experienced breakage during the simulation. This simulated fiber length distribution was then compared to the 

measured distribution profile at each test location. 

 

Table 12 The test input of integrating the fiber length distribution into simulation. 

 Values 

Material PPGF20, PPGF30 

Part Thickness 1.5 mm, 2.0 mm 

Initial Fiber Length 0.5 mm~15 mm 

 

In Figure 4.12, the length distribution for PPGF20 with a part thickness of 1.5 mm showed a strong agreement 

between the measured and simulated results when compared to 𝐿𝑊 and 𝐿𝑁, respectively. The remaining results 

are provided in the appendix. However, the simulated distribution consistently shifts to the right, indicating that 

the model underestimates fiber breakage when employing the length distribution in the simulation. This may due 

to only one 𝜉 value is utilized throughout the simulation with multiple initial fiber length conditions. This trend is 

observable in all locations except for location 4, which is next to the edge of the end part. In location 4, the 

measured results indicate the presence of a significant number of longer fibers that have been carried to the end 

of the part by the flow field which is not reflected in the simulation. The fiber length distribution for rest of the 

test conditions are provided in Appendix A. 

 



62 

 

 

Figure 4.12 The comparison of fiber length distribution between the measured results and the simulated fiber 

length distribution at four locationsn for PPGF20, 1.5 mm-thick injection molded plaque. 
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Using the simulated fiber length distribution, 𝐿𝑊 and 𝐿𝑁, which consider the distribution, were calculated and 

then compared with the measured data. The comparison is shown in Figure 4.13. The results showed a good 

correlation with the 𝐿𝑁 data, while slightly underpredicting the fiber breakage and thus resulting in slightly longer 

lengths in 𝐿𝑊. 

 

 

Figure 4.13 The comparison of average fiber length degradation between the measured length and the simulated 

length with fiber length distribution integrated for PPGF20 and PPGF30 for 1.5 and 2 mm-thick injection molded 

plaque. 

 

4.5. Effect on part geometry (Plaque vs Tailgate) 

The second geometry employed in this study to validate the modified breakage model is the tailgate. The tailgate, 

found at the rear of a car, is typically installed in hatchback vehicles to facilitate opening and closing actions. It 

features a prominent central aperture designed for accommodating the backlight window. Various other apertures 

are also integrated to install components like the backlight, wiper motors, and a lifting handle. As for surface 
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finishing, it can be covered with leather or employ materials that don't necessitate post-processing to achieve a 

smooth surface, such as panels crafted from Polypropylene. In industrial production, tailgates are often 

manufactured using a combination of hot and cold runner systems. This approach aids in producing large 

components while expediting the manufacturing process. During production, the hot runner remains within the 

mold, while the cold runner is ejected along with the manufactured part. Subsequently, the cold runner system is 

trimmed post-ejection. Given the requirement for high-impact resistance, tailgates often employ materials with 

high fiber content to enhance their strength. In this study, the materials STAMAX 30YM240 (PPGF30) and 

STAMAX 40YM240 (PPGF40) were utilized to investigate the impact of geometry using the modified breakage 

model. 

 

 
Figure 4.14 The geometry of an injection molded tailgate. 

 

The mesh used in this study is the Solid mesh (BLM) in Moldex3D, and the processing condition is listed in Table 

13. 

 

Table 13 Processing condition of manufacturing injection molded tailgate part. 

Parameter Moldex3D 

Mold material Aluminum 7075 
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Mold temperature 50°C 

Melt temperature 250°C 

V/P switchover 99.5 % of volume 

Injection time 8.0 s 

Injection rate 616.7 cc/s 

 

Figure 4.15 shows the filling result in the case of nine gates. The melt front showed that the polymer melt is 

injecting into the part simultaneously with the filling time of 8 seconds. Due to the large quantity of the gates used 

in the mold, multiple melt fronts are present within the mold. This may cause potential weak points such as the 

weld lines appearing on the part's surface. As the tailgate serves as a hinged door or panel at the rear of the vehicle, 

providing access to the cargo area, its mechanical strength is also a critical factor that must be carefully considered 

during manufacturing.  

 

 

 

Figure 4.15 The flow front profile of an injection molded tailgate at dfferent filling percentage with all gates open 

at once during injection stage. 

 

Given that the tailgate not only offers access to the cargo area but also contributes to the vehicle's overall structural 

integrity, its strength and durability play a significant role in ensuring the safety of both passengers and transported 

goods. To achieve this, the orientation of fibers inside the part also needs to be considered during manufacturing. 
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Consequently, the alignment of fibers within the part plays a critical role in determining the part's strength and 

minimizing warpage during the cooling stage of injection molding. To achieve these goals, a valve gate system is 

introduced in this study. The valve gate system controls the flow of melted material within the mold, thereby 

influencing the final orientation of fibers within the part. This system involves a valve gate at the junction between 

the hot and cold runner channels. A movable pin within the valve gate can be adjusted vertically to control the 

gate openings and closures during the process to regulate the flow direction of the molten material. In other words, 

the integration of valve gates within the hot runner system empowers the control of material flow direction within 

the mold, subsequently impacting fiber orientation within the part and, in turn, influencing the warpage of the 

final injection-molded component. To change the filling behavior, altering the runner system is the only way as 

the part design is already fixed. In this study, nine valve gates are used in the hot runner system; the sequence of 

the gates is listed in Table 14. 

 

Table 14 The sequence of the valve gate used in the hot runner for the injection molded tailgate. 

Valve Gate Open (%) Close (%) Open (%) Close (%) 

G1 99 End of Packing   

G2 83 End of Packing   

G3 83 End of Packing   

G4 63 End of Packing   

G5 63 End of Packing   

G6 49 69 100 End of Packing 

G7 49 69 100 End of Packing 

G8 0 69 100 End of Packing 

G9 0 69 100 End of Packing 

 

With the controlled valve gate, one can see that the melt front is now flowing from the right to left, as shown in 

Figure 4.16. The melt front is uniform across the part, providing a stable system for fibers to flow inside. 
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Figure 4.16 The flow front of an injection molded tailgate at dfferent filling percentage with a predefined gates 

opening and clouses sequence during the process. 

 

As the gate location is fixed, the optimization of the process is limited to controlling the valve gate's opening and 

closing times. This control depends on when the melt front reaches the gate area. When comparing two different 

filling pattern cases, the operation of the valve gate in a hot runner system can impact sprue pressure, as shown in 

Figure 4.17. In the case where all gates open at once, the sprue pressure generally increases and reaches its 

maximum at the end of filling. In contrast, for the valve gate case, the spike in the pressure profile is associated 

with each valve gate's opening time. Since more material passes through a gate each time a valve gate opens in 

the middle of the process, that gate experiences higher pressure than the others. Given the complex shape of the 

tailgate part, the ability to control the valve gate's opening and closing times allows for more precise control over 

how the mold cavity is filled. 

 

 



68 

 

 

Figure 4.17 The sprue pressure of two different valve gate open system: open all at once and sequence open for 

the injection molded tailgate. 

 

Next, the fiber lengths were subsequently extracted from three distinct locations on the part: at the gate entrance 

(P1), halfway through the filling process (P2), and at the end of the filling (P3), as depicted in Figure 4.18. These 

results were then compared to the simulation outcomes to validate the efficacy of the modified breakage model. 

The fiber length from the purged material was employed to establish the initial fiber length. This approach 

bypasses the plasticizing section of the injection molding machine, focusing solely on analyzing the reduction in 

fiber length within the mold. 

 

 
Figure 4.18 Fiber length measurement at three locations of an injection molded tailgate where P1 is in the 

beginning of the filling, P2 is at 50% of the filling, and P3 is at the end of filling.  
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Following the procedure described in Chapter 4.2, the 𝜉 distributions for PPGF30 and PPGF40 of the tailgate 

were obtained and the result of fiber attrition prediction from the optimum 𝜉 are presented in Figure 4.19.  

 

 
Figure 4.19 The comparison of average fiber length degradation between the modified breakage model and the 

measured result for PPGF30 and PPGF40 for the injection molded tailgate. 

 

While the results demonstrated a favorable alignment, indicating the model's capability to predict fiber attrition 

within injection molding when the correct 𝜉 is utilized, there is a concern when applying this model to various 

part designs. This concern arises due to the 𝜉 distribution displaying an offset for the two different geometries that 

have been validated thus far, as illustrated in Figure 4.20. The 𝜉 distribution consistently exhibits a similar trend 

under comparable processing conditions. Interestingly, neither the fiber content in a material nor the part's 

thickness seems to significantly influence the 𝜉 distribution, when compared to variations in processing conditions.  
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Figure 4.20 The 𝝃 distribution of the same material (PPGF30) with two different geometries and part thickness. 

 

To enhance the applicability of this model for users, the establishment of a standardized set of parameters is 

imperative. Up until now, the model has been subjected to testing with two distinct geometries: the simple plaque 

and the tailgate with different fiber contents and part thickness as shown in Table 15. Analyzing the distribution 

of variation between the predicted and actual fiber lengths, it becomes evident that the parameter 𝜉 can deviate by 

an order of magnitude. Therefore, determining the key factor responsible for this deviation becomes an essential 

goal. 

 

Table 15 The comparison of the cases that has been validated using the modified fiber breakage model. 

 Plaque Tailgate 

Geometry 

 

 

Material PPGF20, PPGF30 PPGF30, PPGF40 

Part Volume 36 cc 4933 cc 

Thickness 1.5 mm, 2.0 mm 3.0 mm 

When considering fiber breakage, researchers commonly rely on two determining factors to characterize the 

ability of fiber attrition during polymer processing: shear rate and shear stress. Both factors will be analyzed in 

the following section. 
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Shear Rate Profile 

Without fiber-flow coupling, the viscosity profile remains unaffected by the fiber orientation. In other words, both 

shear rate and shear stress profile remain constant for same fiber content material, regardless of the initially chosen 

fiber aspect ratio for the simulation. While employing flow coupling consideration, the length of fibers now 

impacts the viscosity profile and thus leads to a distribution of the shear rate in the simulation. Thinner the part 

led to a higher shear rate. Overall, the shear rate for injection molded plaque remains relatively consistent as the 

melt front is continuously injected into the mold. In the case of the tailgate, the shear rate undergoes significant 

fluctuations due to the control exerted by the sequence of the valve gates in the hot runner system. Figure 4.21 

presents the shear rate profile around P1. Once Gate 9 is closed at a filling percentage of 69%, there’s a significant 

drop in the shear rate profile of the tailgate as no more material is injected through Gate 9 which is closest to P1.   

 

 

Figure 4.21 The average shear rate profile across the part thickness in the simulation: (a) Location one in injection 

molded plaque, (b) P1 in injection molded tailgate 

 

Next, the optimal 𝜉 values have been determined based on the length predictions from the simulation. The shear 

rate profiles corresponding to each optimal 𝜉, selected for injection molded plaques with varying fiber content 

and part thickness, were extracted and compared to the profile associated with the tailgate part. The distinctions 

are illustrated in Figure 4.22. Notably, there is no indication of a positive relationship between the optimal 𝜉 and 

the shear rate profile within the simulation. 
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Table 16 The cases condition studied to analyze the relationship between two different geometries. 

 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

Computational 

Environment 
No Fiber-Flow Coupling Fiber-Flow Coupling 

Part Thickness 1.5mm 1.5mm 2.0mm 2.0mm 1.5mm 1.5mm 2.0mm 2.0mm 

Fiber 𝐿/𝐷 104 355 77 269 104 355 77 269 

 

 

 

Figure 4.22 The comparison between the 𝝃 difference of plaque versus tailgate and the difference in shear rate 

profile: (a) no fiber-flow coupling enabled in computation, (b) fiber-flow coupling enabled in computation. 

 

Shear Stress Profile 

On the other hand, the shear stress varies significantly with different ξ values employed within the system (Figure 

4.23). Lower 𝜉 values correspond to a reduced rate of deformation, leading to a deceleration in fiber breakage. 

Consequently, the system exhibits higher shear stress levels. The difference is more significant with higher fiber 

𝐿/𝐷 ratio. Though it is not a linear relationship, it can be observed that higher 𝐿/𝐷 ratio will lead to higher shear 

stress in the system. In the case of the tailgate, the shear stress drops when the nearby gate is closed due to the 

sequence in the valve gates. However, it maintains a relatively constant level in comparison to the shear rate 

profile. This stability is attributed to the fact that even when the nearby gate is closed, the melt continues to flow 

out from other gates. The melt flow might also circulate back to P1, leading to ongoing fiber breakage throughout 

the process. 
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Figure 4.23 The average shear stress profile across the part thickness in the simulation: (a) Location one in 

injection molded plaque, (b) P1 in injection molded tailgate 

 

Next, the shear stress profiles corresponding to each optimal 𝜉, selected for injection molded plaques were also 

extracted and compared to the profile associated with the tailgate part. The distinctions are illustrated in Figure 

4.24. Unlike the shear rate, there’s a strong correlation between the optimal 𝜉 and the corresponding shear stress 

profile in the simulation. This is a promising finding as now there’s a guideline for researchers to follow when 

applying the modified breakage model to a different processing condition or a different part geometry. 

 

 

Figure 4.24 The comparison between the 𝝃 difference of plaque versus tailgate and the difference in shear stress 

profile: (a) no fiber-flow coupling enabled in computation, (b) fiber-flow coupling enabled in computation.  
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5. Shear Stress Induced Fiber Attrition Model 

During the investigation into the influence of 𝜆  on fiber length prediction, no robust evidence has shown a 

significant impact of 𝜆  on the simulation results (Figure 5.1). Initially, 𝜆  was assigned as a parameter solely 

dependent on the fiber content within the material, immune to the effects of processing conditions. 

 

 

Figure 5.1 The 𝝃 distribution with different 𝝀 values used in the simulation. 

 

Figure 5.2 below showed that 𝐿𝑊 decreased from 15 mm down to 1.5 mm for 50 rpm and to 0.75 mm for 100 rpm 

from the Couette flow rheometer experimental results conducted by Bechara [23]. 
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Figure 5.2 The reduction in fiber length as a function of residence time for PPGF30 at two rotational speeds with 

a melt temperature of 250°C [23]. 

 

Below the 𝜆  value was validated with the fiber length data extracted from Figure 5.2.As the fiber’s young’s 

modulus and diameter is known, the matrix viscosity was estimated with the material data sheet of PPGF30 at 

250°C, and the shear rate was calculated based on the rotational speed of the experiment. The calculation is shown 

below: 

 𝜆50rpm =

ln( 
𝐿∞,1

𝑑𝑓
)

(
𝜎𝑢 

𝜂𝑚,1𝛾̇1
)

1/2
=

ln(1.500/0.019)

power(2.00E+10/49585.017, 0.50)
= 1.2431E − 01 (5.1) 

 𝜆100rpm =

ln( 
𝐿∞,2

𝑑𝑓
)

(
𝜎𝑢 

𝜂𝑚,2𝛾̇2
)

1/2
=

ln(0.75/0.019)

power(2.00E+10/82749.493, 0.50)
= 8.0293E − 02 (5.2) 

Based on the provided experimental conditions, it is evident that the calculated 𝜆 differs even within materials of 

the same fiber content. As discussed earlier, 𝜆 was initially defined as a material-dependent parameter, implying 

its consistency within materials with the same fiber content material. Upon comparing with the average interaction 

coefficient presented in Figure 5.3, it becomes apparent that 𝜆100rpm demonstrates a more favorable correlation 

with the reference. In contrast, 𝜆50rpm aligns more closely with the 20 wt% value listed in the reference. This 

suggests that 𝜆 is influenced not only by the fiber content within the material but also by the speed of the flow 

field which is the rpm in this case. 
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Figure 5.3 Average interaction coefficient 𝝀 as function of fiber concentration [27]. 

 

However, 𝜆 should be pure material dependent parameter and have no influence on the experimental condition 

according to the original assumption. Hence, the 𝑘𝑓  in the original equation is only related to the shear rate. 

However, according to the simulation result in Figure 4.24, it shows higher correlation with the shear stress instead. 

This makes more sense because if the shear rate of the flow field is large but the viscosity is small, the shear stress 

in the system may not be sufficient to break a fiber. Thus, the modified breakage model has been reorganized, and 

a dimensionless analysis has been conducted to understand the relationship between each parameter in the 

following section. 

Equation (4.5) and equation (4.6) was reorganized with dimensionless analysis as equation (5.3) where 𝑦 is set 

between 1 to 0. This dimensionless analysis eliminates the influence of the initial fiber length (𝐿0) and the final 

fiber length (𝐿∞). Thus, any values of 𝐿∞ and processing condition can be accommodated with an appropriate 

choice of 𝑘𝑓 for the fiber attrition prediction. 

 𝑦 =
𝐿 − 𝐿∞

𝐿0 − 𝐿∞

 (5.3) 

The corresponding boundary conditions of the 𝑦: 

 𝑦(0) =
𝐿(0) − 𝐿∞

𝐿0 − 𝐿∞

 =
𝐿0 − 𝐿∞

𝐿0 − 𝐿∞

= 1 (5.4) 

 𝑦(∞) =
𝐿(∞) − 𝐿∞

𝐿0 − 𝐿∞

 =
𝐿∞ − 𝐿∞

𝐿0 − 𝐿∞

= 0 (5.5) 

If derived the 𝑦 equation with time, 
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𝐷𝑦

𝐷𝑡
= −𝑘𝑓𝑦 (5.6) 

After the integration and applied the boundary condition when y(0) = 1 

 𝑦 =
𝐿 − 𝐿∞

𝐿0 − 𝐿∞

= 𝑒−𝑘𝑓𝑡 (5.7) 

The new expression of 𝐿∞ and 𝑘𝑓 is as below, 

 
𝐿∞

𝑑𝑓

= 𝑓 ( 
𝜎𝑢

𝜂𝑚𝛾̇
) = 𝜆 (

𝜎𝑢  

𝜂𝑚𝛾̇
)

𝛼

= 𝜆 (
𝜂𝑚𝛾̇

𝜎𝑢

)
−𝛼

 (5.8) 

 𝑘𝑓 = 𝑔 ( 
𝜎𝑢

𝜂𝑚𝛾̇
) = 𝑘0 (

𝜎𝑢 

𝜂𝑚𝛾̇
)

−𝛽

= 𝑘0 (
𝜂𝑚𝛾̇

𝜎𝑢

)
𝛽

 (5.9) 

These new expressions will have four parameters: 𝛼, 𝛽, 𝑘0, and 𝜆 instead of only two parameters (𝜆 and 𝜉). As 

discussed above in chapter 4.5 which shear rate is not directly related, the new expression of 𝑘𝑓 (Equation (5.9)) 

is now related to the shear stress of the flow field. The unit of 𝑘0 is the same as 𝑘𝑓 where the unit is s-1, and (
𝜎𝑢 

𝜂𝑚𝛾̇
) 

is dimensionless Fiber breakage is now represented by the friction stress instead of shear rate. Thus, 𝑘0 has nothing 

to do with the flow field, nor with the fiber length. For example, if temperature changes, the original 𝑘𝑓 expression 

cannot account for the difference in viscosity with respect to temperature changes. Consequently, all processing 

temperatures will yield the same fiber breakage rate. However, since the viscosity of the polymer matrix varies 

with processing temperature, longer fibers have higher resistant over the flow and thus the 𝑘𝑓 may also change. 

In addition, with the two experiments shown in Figure 5.2, 𝑘𝑓 can be obtained by fitting the curves in the figure. 

The corresponding  𝑘𝑓 from different rpm of the experiment will result in different values as shown below. 

 𝑘𝑓,50rpm = 0.0279 (5.10) 

 𝑘𝑓,100rpm = 0.0500 (5.11) 

With the calculated 𝑘𝑓 , the fiber length reduction curves over the different residence time with two different 

rotation speed can be regenerated below: 
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Figure 5.4 The fitting curves of fiber length reduction over residence time with calculated 𝒌𝒇. 

 

 

Figure 5.5 The dimensionless 𝒚 over residence time compared to Couette flow experiments. 
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In addition, with the two 𝐿∞ from Couette flow experiments in Figure 5.2, it is possible to calculate 𝜆 and 𝛼 in 

equation (5.8) as shown below: 

 𝛼 =
𝑙𝑛( 

𝐿1∞

𝐿2∞
 )

𝑙𝑛(  
𝜂2𝛾̇2

𝜂1𝛾̇1
  )

=
𝑙𝑛(1.500/0.750)

𝑙𝑛(82749.493 /49585.017 )
= 1.353462 (5.12) 

 𝜆 =

𝑙𝑛( 
𝐿1∞

𝑑𝑓
)

(
𝜎𝑢 

𝜂1𝑚𝛾̇1
)

𝛼 =
𝑙𝑛(1.500/0.019)

power(2.00E+10/49585.017, 1.353462)
= 2.0430E-06 (5.13) 

Here 𝛼 = 1.35  which is different from the original equation (4.3) where 𝛼 = 0.5 . This newly derived value 

satisfies two different rotation speeds: 50 rpm and 100 rpm in the study, which means that the new 𝛼 and 𝜆  values 

are valid for the same fiber content even with different rotational speeds in the system. 

Instead of the linear relationship as in equation (4.4), the 𝑘𝑓 is regenerated with 𝛽 as the curve slope: 

 𝑘𝑓 = 𝜉𝛾̇𝛽 (5.14) 

Using experimental data in Figure 5.2 to validate 𝛽 value: 

 𝛽𝐴 =

𝑙𝑛( 
𝑘𝑓,1

𝑘𝑓,2
 )

𝑙𝑛(  
𝛾̇1

𝛾̇2
  )

=
𝑙𝑛(0.0500/0.0279)

𝑙𝑛(36.652 /18.326 )
= 0.841663 (5.15) 

Here can see that the rate of deformation does not have a linear relationship with the shear rate in the system. 

Thus, with the 𝑘𝑓 calculated above in equation (5.10) and equation (5.11), equation (5.9) the slope of the curves 

will be 𝛽B as below: 

 𝛽B =

𝑙𝑛( 
𝑘𝑓,1

𝑘𝑓,2
 )

𝑙𝑛(  
𝜂1𝛾̇1

𝜂2𝛾̇2
  )

=
𝑙𝑛(0.0500/0.0279)

𝑙𝑛(82749/49584)
= 1.1392 (5.16) 

And the corresponding 𝑘0 value: 

 
𝑘0,   50𝑅𝑃𝑀 =

𝑘𝑓,1

(
𝜂𝑚𝛾̇
𝜎𝑢

)
𝛽𝐵

=
0.0279

(
49584.86
2.00E+10 

)
1.1392 = 6.7821E+04 

(5.17) 

 
𝑘0, 100𝑅𝑃𝑀 =

𝑘𝑓,2

(
𝜂𝑚𝛾̇
𝜎𝑢

)
𝛽𝐵

=
0.0500

(
82749.23
2.00E+10 

)
1.1392 = 6.7821E+04 

(5.18) 

Where 𝛾̇ = 𝑐𝑁, 𝑁=RPN of the Couette flow experiment. Interesting enough, the 𝑘0 is the same for two different 
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rpm used in the experiment.  

Now the new model has nothing to do with the flow field. Therefore, this stress induced model can be applied to 

a wider range of conditions without adjusting the parameters each time. The future work involves validating this 

new approach with current data in hand. 
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6. Summary 

A particle-level model for computing the breakage behavior for glass fiber in a polypropylene matrix under simple 

shear flow was studied. The simulation first showed how the variables can be tuned to obtain detailed information 

about breakage during the processing and develop an understanding of the fiber length reduction. Based on the 

results obtained from the simulation, the length validation on fiber breakage was performed and compared with 

the Couette flow experiment. However, unsteady initial breakage was observed due to high fiber volume fraction 

material used for the experiment. A relaxation of the artificial fiber entanglement was introduced to the system. 

Moreover, a loop test with glass fibers showed a breakage distribution. This probability theory was introduced in 

the simulation to describe the breakage behavior better. The results had good agreement with the experimental 

data. The variations in accuracy of the breakage prediction shows that there is still a lack of understanding the 

mechanisms involved in the fiber breakage and the respective translation to the numerical models. One of the 

remaining problems is the noise in predicting the distance between the system's fibers and the curvature evolution. 

In future work, the prediction quality can be further improved by further reviewing the model and understanding 

the influence of forces employed in the system. 

The modified fiber attrition model was implemented into Moldex3D and validated using PPGF20 and PPGF30 to 

find the optimum value of the fitting parameters. As lambda is a set value for different fiber content, this study 

focused on flow-fiber coupling with fiber attrition model. The length of purged materials from injection molding 

process determined the start point for fiber orientation and fiber attrition prediction. The length of three locations 

on the plaque were extracted to validate the new fiber attrition model. The simulation results showed good 

agreement with the injection molded plaques. It was observed that for different fiber content and different part 

thickness, the optimum value for fitting parameter of the modified breakage model is still within the same range. 

This will save time for users on adjusting parameters for the modified fiber breakage model while still obtaining 

a satisfactory fiber attrition prediction for polymer processing. The relationship between the parameters and the 

initial fiber aspect ratio has been identified, providing a better understanding for selecting optimal parameters in 
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the simulation. By manually inputting various fiber aspect ratios as the starting point of the simulation, it is also 

possible to obtain the breakage distribution throughout the manufacturing process. Furthermore, the modified 

breakage model has been applied to a complex part geometry application, specifically a tailgate, demonstrating 

the model's capability to predict fiber length reduction in an industrial setting. However, the results exhibit a 

stronger correlation with the shear stress profile in the system rather than the shear rate profile. Consequently, the 

model has been revised to incorporate shear stress into the consideration of the rate of deformation during breakage. 

 

6.1. Recommendations for future work 

First, it is essential to investigate how the modified breakage model impacts warpage results in the injection 

molding process. Since fiber orientation plays a critical role in determining warpage outcomes in injection 

molding, the utilization of fiber-flow coupling will be crucial for studying the influence of fiber length on warpage 

results. Additionally, it is also worthwhile to understand the relationship between fiber length and its impact on 

orientation predictions. A comprehensive understanding of how variations in fiber length affect orientation 

predictions is fundamental for enhancing the overall quality of molded parts. 

Furthermore, a comprehensive examination can be conducted to determine how the modified breakage model 

improves the accuracy of predicting mechanical properties in injection-molded components. Different mechanical 

testing results from injection-molded parts can be closely compared to the model's predictions against real-world 

mechanical property outcomes. 

Lastly, in the context of the newly proposed shear stress-induced fiber breakage model, it is advisable to extend 

the experiments to include varying rotational speeds, including 4 rpm. This expanded experimentation will serve 

to validate the four newly proposed parameters. 
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Appendix A 

 

Figure A.1 The comparison of fiber length distribution between the measured results and the simulated fiber 

length distribution at four locationsn for PPGF20, 2.0 mm-thick injection molded plaque. 
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Figure A.2 The comparison of fiber length distribution between the measured results and the simulated fiber 

length distribution at four locationsn for PPGF30, 1.5 mm-thick injection molded plaque. 
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Figure A.3 The comparison of fiber length distribution between the measured results and the simulated fiber 

length distribution at four locationsn for PPGF30, 2.0 mm-thick injection molded plaque. 

 


