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Abstract
The orientation of discontinuous fibers in injection or compression molded parts has crucial impact on the thermo-mechanical
properties of the part. Therefore, the prediction of these orientation states is of high importance and has been the focus of
research for several years. Today’s models often represent the orientation evolution by a semi-empirical tensor evolution
equation, which needs at least one empirical parameter. More complex models need more parameters. The determination
of these parameters often entails a high experimental effort, especially if data over time is needed. This work presents
a multiscale approach, where microscale simulations of individual and interacting fibers in a simple shear flow are used
to parameterize macroscopic orientation models. The microscale simulations are performed with the smoothed particle
hydrodynamics method. The macroscopic models, being the Folgar-Tucker and ARD-RSC model, are fitted according to the
microscale results and are compared to state-of-the-art approaches for parameter determination. For experimental validation,
injectionmolding trials of a 20weight-%short glass fiber reinforcedphenolic are used, showing the benefits of themicro–macro
coupling especially when predicting the orientation evolution over time. The main advantage of the multiscale approach is
the parameterization of the ARD-RSC approach without the need of experimental data for a wide range of fiber-polymer
materials.

Keywords Short fiber reinforced polymers · Micro–macro-coupling · Fiber orientation modeling · Process simulation

1 Introduction

In today’s structural and semi-structural applications, discon-
tinuous fiber reinforced polymers (FRPs) become increas-
ingly significant. During manufacturing, for example in
injection or compressionmolding, thematerial is represented
by a fiber-matrix suspension, consisting of the reinforcing
fibers and the matrix melt. In this state, the fibers flow within
the melt and re-orientate during flow, which makes the mate-
rial class well suited to manufacture complex geometries.
However, this re-orientation significantly affects the thermo-
mechanical properties of the final part and is difficult to
predict, since many aspects of the process and material must
be considered.
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Process simulation is an important tool to predict the final
fiber orientation and the only possibility to do so without the
need of a prototype. At state-of-the-art, process simulations
are numerically solved on finite elements or finite volumes in
a non-isothermal and transient computational fluid dynamics
(CFD) simulation. The fiber matrix suspension is described
with a homogenized material modeling approach to keep the
simulation numerically capable, and the orientation state is
captured by orientation tensors, as presented by (Advani and
Tucker 1987). The orientation evolution is mainly dominated
by theflowfield and, especially for concentrated suspensions,
by fiber–fiber interactions (Advani 1994). Today’s orien-
tation models are most often based on Jeffery’s Equation
(Jeffery 1922), describing the rotation of a single ellipsoid in
an infinite Newtonian fluid. The first empirical extension of
Jeffery’s Equation, taking fiber interactions into account, is
the Folger-Tucker-Equation (FTE) (Folgar andTucker 1984).
Since then, further extensions are developed to fit to spe-
cific material systems, like for example the reduced strain
closure model (RSC) (Wang et al. 2008), the anisotropic
rotary diffusion model (ARD) (Phelps and Tucker 2009), the
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combination of the ARD and RSC model, called ARD-RSC
model, or the improved anisotropic rotary diffusion model
(iARD) (Tseng et al. 2013). The latter was developed mainly
because the five empirical parameters needed for the interac-
tion tensor in theARDapproach are hard to determine and the
number of parameters is reduced to two in the iARD model.
Within (Tucker 2022) it is mentioned, that the ARD(-RSC)
approach is often used with the parameters determined in
(Phelps and Tucker 2009), although the considered material
system is different, since the parameterization includes high
experimental effort. Therefore (Tucker 2022) recommends
to use a simplification of the ARD approach if a new param-
eterization is needed. However, these simplified models (i.e.
iARD) are of course not as flexible as the ARD approach,
which results in restrictions for the modelled orientation
behavior. Due to the knowledge of the authors, no non-
experimental method to parameterize the ARD-RSC model
for a specificmaterial system is presented so far. Severalmore
orientation models with individual (dis-)advantages exist, an
overview is given in (Kugler et al. 2020) and (Tseng et al.
2020). The FTE andARD-RSCmodel, which are considered
in this work, are explained in detail in Sect. 2.2.

The empirical parameters needed in thementionedmacro-
scopic orientation models can for example be determined by
fitting the orientation evolution to experimental data. How-
ever, this calls for high experimental effort. Therefore, several
studies exist aiming to determine these parameters. In case of
the FTE, two of themost common approaches are the ones by
(Bay 1991) and (Phan-Thien et al. 2002). Both approaches
present an empirical equation, which determines the inter-
action coefficient CI for the FTE depending on fiber volume
fraction φf and fiber aspect ratio rf. It depends on thematerial
system (φf and rf) whether (Bay 1991) or (Phan-Thien et al.
2002) is more suitable.

The use of orientation tensors enables the application of
orientation models in macroscale simulations to predict ori-
entation states in whole parts. However, this leads to a loss
of information, crucial for orientation and structural aspects,
such as local geometric changes like ribs. Detailed infor-
mation about interactions and fiber-flow phenomena may
be needed, although only in a few selected areas of a part.
Therefore, microscalemodeling, meaning themovement and
interaction of individual fibers, has been in focus of many
scientific publications. In general, such approaches can be
separated whether they are single fiber or multiple fiber
approaches, if they are one-way (flow influences fiber ori-
entation but not vice-versa) or two-way coupled, or if the
fibers are flexible or rigid. An overview is given in (Kugler
et al. 2020). The microscale approaches can be compared to
macroscale approaches to determine the needed parameters.
For example (Mezher et al. 2016) show direct numerical sim-
ulations (DNS) of FRPs in confined and unconfined flows.
For an unconfined shear flow, the DNS is in good agreement

with the macroscale FTE, while the results deviate for con-
fined flows, depending on the closure approximation. (Pérez
2016) developed a finite element based two-way coupled
methodology for flow modeling of fiber-matrix suspensions
with individual fibers represented as chain of rigid cylin-
ders, taking hydrodynamic and fiber–fiber contact forces into
account to determine CI for the FTE. The orientation states
are compared to Jeffery’s Equation, FTE and experimental
results, showing good agreement. (Meyer et al. 2020) present
a two-way coupled microscale approach for FRPs, includ-
ing fiber–fiber interactions, based on the smoothed particle
hydrodynamics (SPH) method. The fibers are represented by
a chain of particles. Hence, the initial particle distance �x is
directly related to the fiber diameter df. Simulations for sim-
ple shear flows are used to quantifyCI and the strain reduction
factor κ of the RSC model. Within (Meyer et al. 2020), the
orientation over time is considered, not only the steady state
solution. (He et al. 2017) present microscale SPH-simulation
for injection molding with short fibers and low fiber volume
content. To the authors’ knowledge, (Meyer et al. 2020) is
the only work, fitting data over time for more complex mod-
els than the FTE, but with fiber aspect ratios smaller than 5,
which is not in the range of common industrial used FRPs.

Within this work, the approach of (Meyer et al. 2020)
is adapted and applied for longer fibers and larger model
domains, representing an existing FRP. The fiber orientation
evolution over time is used in combination with a numerical
optimization scheme to parameterize the FTE and ARD-
RSC approach. By doing so, a more adequate method to
predict orientation states over time is enabled. This offers
an advantage for orientation modeling in complex structures
with short flow paths, where the fibers do not reach the sta-
tionary state and a correct prediction over time is essential.

2 Theory andmethods for simulations

2.1 Methods for microscale modeling
with individual fibers

The microscale simulations of the fiber reorientation were
carried out using the open source SPH-framework PySPH
(PySPH developers 2025). The SPH method is a Lagrangian
method to solve partial differential equations (Lucy 1977;
Gingold and Monaghan 1977). The system’s mass is dis-
cretized as freely movable particles. The field variables are
interpolated by summation over neighboring particles. For
this summation, the particles are weighted according to a
smoothing function. There are formulations available allow-
ing both the simulation of fluids and solids. The transfer of
forces between solid and liquid phases is handled intrinsically
without additional contact algorithms. The method therefore
lends itself well to simulate a mixed system such as solid
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fibers suspended in afluidwithout complex couplingbetween
two solvers or methods.

To simulate the elastic fibers, a method developed by
(Meyer et al. 2020) was used. The implementation can be
found in a fork of the original project (Meyer 2025). The
fibers are each represented by a chain of particles represent-
ing a fiber of cylindrical shape. In addition to the forces acting
on all fluid particles, the particles belonging to a fiber are sub-
ject to additional elastic forces tomodel the fiber’s tensile and
bending stiffness (Yang et al. 2014; Meyer et al. 2020). The
tensile force Ft between a given particle a and the adjacent
particle b is

Ft
ab � E A

(
‖xab‖
x0ab

− 1

)
xab

‖xab‖ , (1)

where E is theYoung’smodulus, A is the cross-sectional area
of a fiber and xab is the vector between the particles a and
b. The superscript ( · )0 denotes the undeformed reference
configuration. The bending moment Mb

a is

Mb
a � E I

2

θa − θ0a
‖xa(a−1)‖+‖xa(a+1)‖ , (2)

where I is the secondmoment of inertia and θ a is the enclosed
rotation vector between xa(a−1) and xa(a+1). The force Fb

ab
due to bending is therefore

Fb
ab � 1

2

Mb
a × xab

‖xab‖2
. (3)

The acceleration due to the elastic deformation is the sum
of these forces

aelastica � 1

ma

(
Ft
a(a−1) + Ft

a(a+1) + Fb
a(a−1)

−Fb
(a−1)a + Fb

a(a+1) − Fb
(a+1)a

)
(4)

with m denoting the particle mass. The torsional stiffness
is neglected. Furthermore, the fibers experience a moment
based on the viscous friction acting on their surface (Meyer
et al. 2020). Lastly, to avoid penetration of neighboringfibers,
contact forces repel fibers close to each other. The contact
forces are derived from Hertzian contact between two cylin-
ders (Johnson 1985). The distance of adjacent fibers is found
through an algorithm also described in (Meyer et al. 2020).

The fiber orientation tensor found using the microscale
model Ãi j is calculated from N normalized fiber orientations
pi by (Advani and Tucker 1987)

Ãi j � 1

N

N∑
n�1

(pi )n(p j )n . (5)

As the elastic fibers can be curved, the orientation of a fiber
is calculated as the normalized mean of vectors connecting
each fiber particle to the next in the chain.

2.2 Methods for macroscale modeling
with orientation tensors

The methods and models for the macroscale simulations are
implemented in the open-source finite volume software pack-
age OpenFOAM. The simulation methodology is described
in the previous works (Wittemann et al. 2018, 2019, 2022a,
b). Since the focus of thiswork is on thefiber orientationmod-
eling, the fiber length is assumed to be constant. To model
the material flow, the mass balance, momentum balance and
energy balance given by

dρ

dt
+

∂(ρUi )

∂xi
� 0, (6)

dρUi

dt
+

∂(ρUiU j )

∂x j
� − ∂p

∂xi
+

∂τi j

∂x j
(7)

dρcpT

dt
+

∂
(
ρcpUiT

)
∂xi

� λ
∂T

∂xi∂xi
+ τi j Di j︸ ︷︷ ︸

viscous heat

, (8)

are solved, where xi is the spatial vector, t the time, ρ the
density,Ui the velocity vector, p the pressure, τi j the viscous
stress tensor, cp the specific heat capacity, T the temperature,
λ the thermal conductivity and Di j the strain-rate tensor,
being the symmetrical part of the velocity gradient. Anal-
ogous to the previous work (Wittemann et al. 2019), the
viscous stress is calculated by

τi j � ηi jkl Dkl , (9)

with the fourth-order viscosity tensor

ηi jkl � (η11 − 4η12 + η23)Ai jkl

+
(
−η11

3
+ η23

)(
Ai jδkl + Aklδi j

)
+ (η12 − η23)

(
Aikδ jl + Ailδ jk + A jlδik + A jkδil

)
+

(η11

9
− η23

)(
δi jδkl

)
+ η23

(
δikδ jl + δilδ jk

)
(10)

for the FRP, where

η11 � ηMφf

2

( √
φf/φfmax

1 − √
φf/φfmax

)
r2f ,

η12 � ηM

2

(
2 − √

φf/φfmax

1 − √
φf/φfmax

)
,

η23 � ηM

(1 − φf/φfmax)
2 . (11)
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Here, Ai j and Ai jkl are the second- and fourth-order fiber
orientation tensors of the macroscopic orientation model, δi j
is the unity tensor, ηM the matrix viscosity and φfmax the
maximum possible fiber volume fraction, assuming hexago-
nal packing of unidirectional orientated fibers with identical
diameter, and therefore π/

√
12 (Pipes et al. 1991). Equa-

tion (11) is originally presented by (Pipes et al. 1991) and
Eq. (10) results from orientation averaging of Eq. (11). The
procedure is described in detail in (Wittemann et al. 2019)
and (Wittemann et al. 2022b).

Within this work, two different approaches for the evolu-
tion of fiber orientation in tensorial form are compared. The
first is the Folgar-Tucker approach (Folgar and Tucker 1984),
given by

d Ai j

dt
+

∂Ai j

∂xk
Uk � −(

Wik Akj − AikWkj
)

+
r2f − 1

r2f + 1

(
Dik Akj + Aik Dkj − 2Dkl Akli j

)
+ 2CI γ̇

(
δi j − 3Ai j

)
, (12)

with the vorticity tensor Wi j , being the unsymmetrical
part of the velocity gradient and γ̇ the scalar shear rate.
Here the empirical interaction coefficient CI can be chosen
based on experimental results, experience, phenomenologi-
cal approaches or, as in this work, microscale simulations.
Two popular phenomenological approaches to determine CI

are given by (Phan-Thien et al. 2002) with

CI, PT � 0.03(1 − exp(−0.224φfrf)) (13)

and by (Bay 1991) with

CI, Bay � 0.0184exp(−0.7148φfrf). (14)

According to (Advani 1994), Eq. (13) should be used if
φfrf < 0.1 and Eq. (14) if φfrf ≥ 0.1, which is the case for
most commercially available FRPs.

The second orientation model is the ARD-RSC approach
(Phelps and Tucker 2009), given by

d Ai j

dt
+

∂Ai j

∂xk
Uk � − (

Wik Akj − AikWkj
)
+
r2f − 1

r2f + 1(
Dik Akj + Aik Dkj − 2[Ai jkl + (1 − κ)(
Li jkl − Mi jmn Amnkl

)
]Dkl

)
+ γ̇

[
2
[
Ci j

−(1 − κ)Mi jmnCmn
] − 2κCmnδmn Ai j

− 5
(
Cik Akj + AikCkj

)
+ 10

[
Ai jkl

+(1 − κ)
(
Li jkl − Mi jmn Amnkl

)]
Ckl

]
,
(15)

where the interaction tensor Ci j is defined as

Ci j �b1δi j + b2Ai j + b3Aik Ak j

+
b4
γ̇
Di j +

b5
γ̇ 2 Dik Dkj . (16)

The strain reduction factor κ is originally introduced in the
RSC-model by (Wang et al. 2008), where also the calculation
of Li jkl and Mi jkl is given. The five empirical constants b1−5

and κ will be fitted to the microscale results within this work.
For both approaches the fourth-order orientation tensor is
approximated with the IBOF5 closure approximation (Du
Chung and Kwon 2002). For the fiber aspect ratio rf in the
orientation models, an equivalent elliptical aspect ratio is
used and according to (Zhang et al. 2011) calculated by

rf_elip �0.000035r3f − 0.00467r2f
+ 0.764rf + 0.404. (17)

2.3 Parameter optimization scheme

To benefit from the information provided by the microscale
simulation in the macroscale simulations, the parameters CI

in Eq. (12) as well as κ in Eq. (15) and b1−5 in Eq. (16) are
determined by fitting Eq. (12) and Eq. (15) to the microscale
results. To do so, the fiber orientation evolution according
to Eq. (12) and Eq. (15) is determined in Matlab, using an
explicit solving scheme with a constant time step of 0.025 s.
Convergence studies have been performed and this time step
was found to be satisfying in quality and effort. WithinMat-
lab, Eq. (12) and Eq. (15) are described in a Lagrangian
way (not Euler as in the rest of this work). Therefore, the
left hand side of Eqs. (12) and (15) is represented by the
absolute derivative of time (d Ai j/dt + ∂Ai j/∂xkUk reduces
to d Ai j/dt) and no convective term for Ai j is determined.
Initial orientation, velocity gradient and fiber length have
been set constant and according to the microscale simula-
tions described in Sect. 3.2. After a simulation time of 300 s,
the results are compared to themacroscale simulation results.
The Matlab results are interpolated to the time points of
the SPH results and the squared error is determined at all
time points for each tensor entry individually. Afterwards
the mean squared error is calculated and used as optimiza-
tion goal. Hence, no weighting is applied. To optimize the
model parameters, the Matlab inbuilt genetic algorithm GA
is used to find a first solution, afterwards the gradient-based
scheme fminsearch is used to refine this solution.
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Fig. 1 Plate geometry for
experimental trials, including the
positions of the CT-Scans CT1
and CT2

3 Test cases and experiments

3.1 Experimental setup and trials

To validate the multi-scale fitting approach, macroscale
simulations are performed and compared to CT-Scans of
experimental trials. The trials are performed with a 20
weight-% (being approximately 10 vol.-%) short glass fiber
reinforced phenolic compound. Besides the fiber content, the
material is identical to the one regarded in the earlier work
(Wittemann et al. 2025), hence, the average fiber length is
assumed to be 0.38 mm, corresponding to the values for the
SPH simulations (see Sect. 3.2). Further information about
the material is given in (Maertens 2022). Plates are manufac-
tured according to the process parameters given in Table 1,
the plate geometry and position of CT-specimens is shown in
Fig. 1. The positions of CT1 and CT2 are at the axis of sym-
metry, the sprue is placed in the plate’s center and has a start
and end diameter of 9 mm and 15.5 mm, respectively. The
experimental trials have been performed at the Fraunhofer
ICT (Pfinztal, Germany) on a KraussMaffei 550/2000 GX
equipped with a standard 60 mm thermoset screw without
non-return valve. The CT-scans have been performed at the

Table 1 Process parameters for injection molding experiments

Parameter Unit Value

Melt temperature °C 120

Mold temperature °C 175

Injection speed cm3/s 50 and 75

Institute of Applied Materials—Materials Science and Engi-
neering (IAM-WK) at KIT. For every position, three scans
out of three plates have been made.

3.2 Microscale model setup

SPH particles do not have any particular shape but represent
the mass and volume of a cube. The cylindrical fibers are
represented as a bead chain of particles and the longitudinal
distance of the particles within the chain is set by the initial
particle distance �x . Therefore, it is practical to assume that
the fiber particles each represent the volume of a cylinder of
the height �x and the same diameter as the fiber df leading
to

�x3 � πd2f
4

�x . (18)

After rearranging for �x , the particle distance is set to

�x �
√

π

2
df. (19)

The SPH model is set up as a cube of fluid with an edge
length 20% longer than the fibers. An exemplary realiza-
tion is shown in Fig. 2. The domain size strongly influences
the computational cost, and no significant difference was
observed when comparing the results to those obtained from
a larger domain. The same is true for fiber stiffness, which
determines the maximum allowable time step. Again, a com-
parison between fibers with different stiffnesses shows very
similar results for stiffnesses higher than the chosen one, see
Sect. 4.1 for the relevant results. The number of fibers is cal-
culated tomatch the desired fiber volume content of 10%. For

123



  445 Page 6 of 17 Multiscale and Multidisciplinary Modeling, Experiments and Design            (2025) 8:445 

Fig. 2 Exemplary initial configuration of the microscale model of dis-
crete fibers in a shear flow. The fibers are colored for visual distinction.
The fluid particles are not displayed

Table 2 Parameters of the microscale model

Parameter Unit Value

Global shear rate γ̇ 1/s 1

Fiber volume fraction ϕ % 10

Initial particle distance �x µm 15.07

Fiber length lf µm 376.65

Fiber aspect ratio rf - 22.16

Domain length ld µm 451.98

Young’s modulus of the fibers E kPa 8462.84

Dynamic Viscosity of the matrix ηM Pa s 1000

Density of the fluid and fibers ρ kg/mm3 10

each necessary fiber, a random start point within the domain
is selected and the fibers are extruded along the x1-axis result-
ing in a unidirectional initial configuration. To maintain the
correct number of particles, fluid particlesmatching the num-
ber of fiber particles are randomly selected and removed. A
Lees-Edwards boundary condition (Lees and Edwards 1972)
with a velocity ±v0 along the x2-axis is applied at both faces
of the cube normal to the x1-axis to induce a constant shear
rate γ̇ . Periodic boundary conditions for the velocities are
applied to the remaining faces. Fiber ends protruding the
boundaries are shifted to the opposite side of the domain in
accordance with the periodicity. The setup matches the one
described by (Meyer et al. 2020), but with longer fibers and
larger simulation domains.

The model parameters are summarized in Table 2. The
high physical stiffness of the fibers leads to high accelerations

Fig. 3 Macroscale simulation model for comparison to microscale
results

from the elastic forces and therefore large displacements
within a single timestep. This causes stability issues with
the explicit solver used. To allow for feasible timesteps, the
stiffness is reduced significantly (Table 2). Parameter stud-
ies show very similar results when choosing stiffer fibers or
a larger domain respectively, cf. Section 4.1. Both tension
and bending stiffness of the fibers are determined by their
Young’s modulus E . The density ρ is the same across all
fiber and fluid particles and scaled up to allow for larger time
increments. A constant viscosity ηM is used. The case with
the fibers being fully oriented and sheared in 90 degrees is
chosen to approximate the transition from sprue to plate (see
Fig. 1). The assumption of full orientation ismade to simplify
the model setup.

3.3 Macroscale model setups

3.3.1 Macroscale model for comparison to microscale
model

To compare the fiber orientation evolution inmacroscale sim-
ulations with the fiber orientation evolution in microscale
simulations, a simple rectangular cuboid is regarded in the
macroscopic simulations as shown in Fig. 3. The cuboid is
meshed with 10 cells in x2- and x3-direction and 8 cells in
x1-direction. These cell dimensions are comparable to those
in Sect. 3.3.2, used to simulate the plate. Although the flow
problem is simple and could be solved with one element, this
larger domain is chosen to guarantee that the considered point
is in a solved area, where the flow field is determined by the
governing equations and not just directly given by the bound-
ary conditions. To realize a simple shear flow, the boundary
condition at the walls perpendicular to the x1-direction is set

to Ui �
(
0 x1 · s−1 0

)
. This is also the initial condition

for the internal velocity field. At the walls perpendicular to
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x2- and x3-direction, the velocity boundary condition is zero-
Gradient,meaning that the gradients normal to this patch are
zero. Therefore, a scalar shear rate of γ̇=1 1/s is present in
the whole domain. Similar to the microscale simulations, the
initial fiber orientation is fully oriented in x1-direction. The
fiber volume fraction and fiber aspect ratio are identical to
the values given in Table 2. The flow modeling, in particu-
lar the calculation of the viscous stress, is performed with
anisotropic viscosity (Wittemann et al. 2019).

3.3.2 Macroscale model for comparison to experimental
results

To simulate the injectionmoldingprocess of the experimental
trials, the geometry shown in Fig. 1 is meshed and simulated.
The cavity ismeshedwith hexahedral elements. For the plate,
the cell size is 2.3 mm in x1-direction and 1.75 mm in x2-
direction. According to (Wittemann et al. 2019) at least 10
cells should be applied across the plate’s thickness, within
this work, eleven are used, so that one integration point is
exactly in the middle of the plate. The nozzle and sprue is
discretized with 32 cells along the circumference, 24 along
the diameter and 140 in x3-direction. Similar to (Wittemann
et al. 2025), a part of the screw chamber is also simulated
to reach a realistic fiber orientation distribution at the begin-
ning of the sprue. The screw chamber is meshed with 64
cells along the circumference and 72 cells in radial direc-
tion, in x3-direction, the dimension of the cells is 1.57 mm.
This results in a simulation domain, containing 313,088 cells.
Within the screw chamber, the initial orientation is assumed
to be quasi-isotropic. The remaining fiber attributes are iden-
tical to Sect. 3.3.1. The process parameters mentioned in
Table 1 are applied for the temperature boundary conditions
at inlet and walls. The boundary condition for the velocity at
the inlet is 50 cm3/s or 75 cm3/s and noSlip at the walls. For
the temperature, it is 120 °C at the inlet and 175 °C at the
walls and outlet. The flow modeling is anisotropic and simi-
lar to (Wittemann et al. 2019) and (Wittemann et al. 2022a,
b) as explained in Sect. 2.1, the matrix viscosity is modeled
with the Castro-Macosko model (Castro andMacosko 1982)
and the curing kinetics with the Kamal-Sourour approach
(Kamal and Sourour 1973).

4 Results and discussion

4.1 Results of themicroscale simulations

A parameter study is carried out to identify suitable param-
eters for the microscale model described in Sect. 2.1. A
parameter limiting numerical stability is fiber stiffness.
Figure 4 shows the Ã11-, Ã12-, Ã22- and Ã33-components
of the second-order fiber orientation tensor calculated from

the micro model for runs with different fiber stiffnesses E .
The maximum chosen stiffness of E ≈ 28209 kPa should
depict the behavior of the real fibers with the most accuracy.
As expected, Fig. 4 shows, that the reorientation of the fibers
differs for low stiffnesses. This is especially evident looking
at the first local maximum or minimum: For the three config-
urations with the lowest stiffnesses this first peak is clearly
shifted to the left, while the remaining configurations align
well. The orientations later on are more difficult to interpret
as the general variation is high, which also depends on the
randomness of the initial configuration and will be discussed
later in this Section. However, the results are very similar for
stiffnesses E ≥ 8463 kPa. The local minima and maxima of
Ã11, Ã12 and Ã22 occur at similar points of time and with
similar intensity for E ≥ 8463 kPa. Based on these results,
E � 8463 kPa is chosen in the following, as higher stiff-
nesses are deemed to be too computationally expensive and
would therefore limit the number of realizations that can be
evaluated.

In a next step, different simulation domain sizes ld are
compared, to guarantee that the model is small and efficient,
but also large enough, so that the size does not affect the
results. The simulation results for two different ld are shown
in Fig. 5. These two sizes are 1.2 times and 1.5 times the
fiber length, which corresponds to 30 and 37 particles along
one edge of the cubic domain, respectively. The initial size
of 1.2 times the fiber length is chosen, since the domain
should be larger than the fiber length, but as small as pos-
sible, as the simulations are numerically intensive. Running
the model for 300 s as shown in the plots below took roughly
7.3 days on a 16-core CPU. The results in Fig. 5 show, that
a larger domain does not significantly change the orienta-
tion evolution, since the local minima and maxima are in
the same range. Therefore, a domain size of 1.2 times the
fiber length creates sufficient results and is used in further
simulations.

Finally, different realizations are simulated with E ≈
8463 kPa and ld � 451.98 µm, being 1.2 times the fiber
length. Five realizations are shown in Fig. 6. The results dif-
fer, since the initial fiber placement is random, although they
are orientated in x1-direction, their initial spatial positions
differ in every realization. After a simulation time of 300 s,
the values differ by ±0.015 for Ã11, by ±0.012 for Ã12, by
±0.045 for Ã22 and by ±0.05 for Ã33. These variations are
similar to the variations seen in the parameter study concern-
ing the domain size and similar to the variation between the
three results for fiberswith higher stiffnesses in the parameter
study concerning fiber stiffness, showing that the uncertainty
of the stationary state is mainly triggered by the initial con-
figuration. Therefore, the insuppressible uncertainty due to
the initial position of the fibers is on the same scale as the
deviations of evolution for higher stiffness or larger domains,
which again justifies the usage of the chosen parameters.
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Fig. 4 Comparison of calculated fiber orientation tensor components for different fiber stiffnesses in the SPH simulations

4.2 Comparison of microscale andmacroscale
simulations

4.2.1 Folgar-Tucker approach with different interaction
coefficients

In a next step, the microscale SPH results are compared to
the results of macroscale approaches, represented by the evo-
lution of second-order orientation tensors, shown in Fig. 7.
For the SPH results (black), the average of five realizations
with a fiber stiffness of E � 8463 kPa (Fig. 6) is considered,
while the corresponding minimum and maximum value are
indicated by the grey shading. For the macroscopic results,
the Folgar-Tucker approach (Eq. (12)) is compared for dif-
ferent values ofCI, being the two state-of-the-art approaches
given in Eq. (13) (PT, red) and Eq. (14) (Bay, orange) and
the CI fitted to the SPH results with procedure explained in
Sect. 2.3 (CI Micro, green). The resulting values are given in
Table 3. The results of A13 and A23 are not shown in Fig. 7,
since they are zero for the whole domain in the macroscale
approaches.

Compared to the SPH results, the PT and Bay approach
reach the stationary state too early, after about 20 s and 50 s.
The fitted results reach the stationary state after about 125 s,
which is in the range of the SPH results. In general, none of
the macroscopic approaches predicts the orientation change
of the SPH results for t < 125 s, which is especially visible
in the local maximum of A11 around 60 s in the SPH simu-
lations not being predicted. Additionally, A33 rises too early
in all three macroscopic approaches, compared to the SPH
results. The fitted CI shows a clear local maximum of A11

around 40 s, which is early compared to the SPH-results and
shows that the rotation frequency cannot be approximated
with the Folgar-Tucker approach. This indicates that for the
given φf=0.1 an RSC-approach might be meaningful, where
the strain reduction factor κ lowers the rotation speed. Over-
all, the fitted approach provides the best results, showing
local minima and maxima for A11, A12 and A22 for t < 125
s and fits well to the SPH results for t > 125 s, especially for
A11 and A12.
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Fig. 5 Comparison of calculated fiber orientation tensor components for different simulation domain sizes in the SPH simulations. The edge length
of the cubic simulation domain is 1.2 (red) and 1.5 (blue) times the fiber length

4.2.2 Comparison of Folgar-Tucker and ARD-RSC approach

In a next step, the ARD-RSC approach presented by (Phelps
and Tucker 2009) and given in Eq. (15) is fitted to the
SPH results. In this approach, six parameters can be fitted.
One is the strain reduction factor κ , and the other five are
b1−5, which are needed to determine the interaction tensor
Ci j given in Eq. (16). The need of five parameters for the
ARD-model (or six for the ARD-RSC) is one reason, why
this model is not often applied or is used with the origi-
nal parameters given in (Phelps and Tucker 2009), although
the material system is different. In this work, the parameter
fitting to the SPH simulations is performed with the pro-
cedure explained in Sect. 2.3, similar to the Folgar-Tucker
approach (Sect. 4.2.1). The resulting parameters are given
in Table 4. The resulting orientation tensor evolution is pre-
sented in Fig. 8.

As a reference, the Folgar-Tucker results for the fitted CI

are again shown and are identical to Fig. 7. For the Folgar-
Tucker as well as for the ARD-RSC model, two different
simulation results are shown: firstly, the Matlab solution of
the evolution equation for a given shear field, as in Fig. 7
(dash-dotted lines), and secondly, the result of OpenFOAM
simulations as described in Sect. 3.3.1, marked with ‘aniso’
(dashed lines). The dashed lines are named ‘aniso’, since the
anisotropic approach presented in (Wittemann et al. 2019) is
used.

In the simple shear case of this Section, the anisotropic
modeling has no detectable influence on the orientation, but
this approach is also used for validation inSect. 4.3,where the
anisotropy is more relevant, since the velocity field depends
on the anisotropic macroscopic viscosity. The nearly identi-
cal results of the explicit solving and OpenFOAM confirm
the correct implementation of the models in OpenFOAM.
Compared to the Folgar-Tucker approach, the ARD-RSC
approach improves the orientation prediction over the whole
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Fig. 6 Comparison of calculated fiber orientation tensor components for different randomly created initial fiber distributions in the SPH simulations

simulation time. The local minima and maxima of A11, A12

and A22 for t < 125 s and also the stationary values of A11,
A22 and A33 are predicted well by the ARD-RSC approach.
However, A33 being nearly zero for t < 30 s is not pre-
dicted by the ARD-RSC approach either. According to these
results, it is expected that the ARD-RSC model can better
predict the re-orientation of the material in the real process
compared to the fitted Folgar-Tucker approach. This will be
further investigated in the following.

4.3 Comparison of macroscale simulations
and experimental data

To validate the parameter identification by microscale simu-
lations with individual fibers for macroscale fiber orientation
models, the determined model parameters given in Tables 3
and 4 are used in macroscale injection molding simulations.
Detailed information about the injection molding process
and material are given in Sect. 3.1, the fiber attributes
stay unchanged. The FRP modeling is non-isothermal, non-
Newtonian and anisotropic, a detailed description is given

in (Wittemann et al. 2019) and Sect. 2.2. Four differ-
ent approaches are compared, firstly, the Folgar-Tucker
approach with CI according to (Bay 1991) (Eq. (14)), repre-
senting the state-of-the-art for the Folgar-Tucker equation
and the chosen material system, secondly, the Folgar-
Tucker approach with CI fitted to the microscale results,
thirdly the ARD-RSC with the parameters determined in
(Phelps and Tucker 2009), named ARD-RSC_SoA (state-
of-the-art) and fourthly the ARD-RSC approach with the
fitted values from the microscale approach (Table 4),
named ARD-RSC_Micro. The state-of-the-art parameters
are b1−5 �[1.924E-4 5.839E-3 0.04 1.168E-5 0] and κ �
1/30 As mentioned in (Tucker 2022), these values for the
ARD-RSC model are often used for different types of FRP
materials, since the parametrization is expensive and time
consuming. The results of the fiber orientation tensor com-
ponents A11 and A22 at the CT scan positions CT1 and CT2

are shown in Fig. 9 for an injection speed of 50 cm3/s and in
Fig. 10 for an injection speed of 75 cm3/s. In Fig. 9b (position
CT2), the two FT and the fitted ARD-RSC approaches create
quite similar results with correct tendencies for A11, where
the ARD-RSC approach fits slightly better near the surface
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Fig. 7 Comparison of calculated fiber orientation tensor values of SPH simulation (black) and different approaches for CI in the Folgar-Tucker
approach ((Phan-Thien et al. 2002) in red, (Bay 1991) in orange and fitted to SPH results in green)

Table 3 Resulting values of CI
for different approaches Parameter Procedure Value

CI, PT Equation (13) 0.0117

CI, Bay Equation (14) 0.0038

CI,Micro Section 2.3 0.0010

Table 4 Resulting parameters of
the ARD-RSC approach Parameter κ b1 b2 b3 b4 b5

Value 0.5275 8.2314E-04 2.6519E-12 0.0099 6.5115E-15 2.3331E-14

and in the core. The ARD-RSC_SoA results deviate clearly
from the other three, fitting also well to the CT-results in the
surface area, but show a too small variation of the orienta-
tion over thickness and therefore a too high value of A11 in
the core, compared to the other approaches and the experi-
mental results. The fitted ARD-RSC prediction of A22 is also
slightly better close to the surface, but the two FT approaches

represent A22 better in the core region. This means the fit-
ted ARD-RSC model predicts a higher value of A33 which
fits to the results shown in Sect. 4.2.2. The ARD-RSC_SoA
results again fit also well at the surface for A22, but show
very high deviations to the CT-results in the core. The high
deviations between the two parameter configurations of the
ARD-RSC results highlight the high flexibility but also com-
plexity of this approach, being able to generate such different
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Fig. 8 Comparison of calculated fiber orientation tensor values of SPH
simulation (black), fitted Folgar-Tucker approach (green) and fitted
ARD-RSC approach (blue). The Folgar-Tucker and the ARD-RSC

approach are solved either closely for a given shear field (dark blue
and dark green) and by equivalent OpenFOAM simulation (light blue
and light green)

Fig. 9 Comparison of fiber orientation tensor components A11 (solid
lines) and A22 (dashed lines) of macroscale simulations and CT-Scans
at position CT1 (a) and CT2 (b) (see Fig. 1) for a tool temperature of
175 °C and injection speed of 50 cm3/s. CT-results in black (including

min/max in grey), Folgar-Tucker approach withCI, Bay (orange) and fit-
tedCI (green), the ARD-RSC approach with state-of-the-art parameters
(purple) and fitted ARD-RSC approach (blue). A thickness position of
0 mm corresponds to the sprue-side surface (see Fig. 1)
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Fig. 10 Comparison of fiber orientation tensor components A11 (solid
lines) and A22 (dashed lines) of macroscale simulations and CT-Scans
at position CT1 (a) and CT2 (b) (see Fig. 1) for a tool temperature of
175 °C and injection speed of 75 cm.3/s. CT-results in black (including

min/max in grey), Folgar-Tucker approach withCI, Bay (orange) and fit-
tedCI (green), the ARD-RSC approach with state-of-the-art parameters
(purple) and fitted ARD-RSC approach (blue). A thickness position of
0 mm corresponds to the sprue-side surface (see Fig. 1)

results. This also highlights the importance of a good and effi-
cient possibility to find suitable parameters for theARD-RSC
approach.

In Fig. 9a (position CT1), all four approaches predict a
too low value of A11 in the core, while the two Folgar-
Tucker approaches also predict a too high value of A22 in the
core. Again, the ARD-RSC_SoA results show a flatter dis-
tribution over plate thickness, compared to the other models.
Therefore, the ARD-RSC_SoA results are closer to the CT
results of A11 in the core region, but worse in surface area
and especially in the transition area (around 1.5 mm). The
two ARD-RSC approaches are close to the CT results of A22

and the fitted one shows a more asymmetric distribution over
plate’s thickness compared to the Folgar-Tucker approaches.
This results from the asymmetric flow field, resulting from
the one-sided sprue, being better considered in ARD-RSC
approach with the interaction tensor depending on the strain
rate tensor, not only on the scalar shear rate. The CT-results
in the core region are quite unexpected, showing no intensive
drop of A11 and are therefore badly predicted by the models,
but the scatter in the core region is very high.

The CT results for an injection speed of 75 cm3/s at CT2

shown in Fig. 10b are quite similar to the results of an injec-
tion speed of 50 cm3/s, indicating that the flow path is long
enough for the fibers to reach their stationary state, which is
also supported by the low scatter in both cases. Therefore, the
results of the simulation approaches are quite similar, with
the fitted ARD-RSC approach creating better results in the
surface regions for both tensor components and in the core
region for A11 and worse results in the core region for A22.
TheARD-RSC_SoA approach fits well at the surface regions

but shows large deviations in core region for both compo-
nents and positions. The CT-results in Fig. 10a are more as
expected, showing a drop of A11 and rise of A22. The CT-
results of A11 and A22 show local minima and maxima in the
regions around 0.5mmand 1.5mm,which corresponds to the
SPH-results for t < 125 s (Fig. 6) and indicates, that the sta-
tionary state is not yet reached.Although thefittedARD-RSC
approach cannot predict these local minima andmaxima, it is
the only approach showing a slight non-monotonous progres-
sion of A11 and A22 in the outer region between 0 mm and
0.7 mm. In general, the fitted approaches create meaning-
ful results, showing that the micro-model-based parameter
optimization is able to capture different process conditions,
although only one shear rate is regarded in the micro models.

To have better comparability, the mean squared error
(MSE) between the CT-scans and the respective approaches
is calculated. The MSE is the mean of eleven points along
the plate’s thickness, represented by the cell centers of the
simulationmesh. TheMSEs are shown in Fig. 11 for an injec-
tion speed of 50 cm3/s (Fig. 11a) and 75 cm3/s (Fig. 11b).
It should be mentioned, that the MSE results should not be
evaluated isolated from the results in Figs. 9 and 10, since the
information about distribution over plate thickness vanishes.

The ARD-RSC_SoA shows the highest spectrum of
occurring MSEs, including lowest and highest values, mak-
ing it hard to evaluate the quality of the results. The fitted
ARD-RSC approach shows the lowest values (A11 and A22

in sum) for both CT1 (50 cm3/s and 75 cm3/s), which high-
lights the benefit of the micro model-based fitting, being able
to predict the orientation over time and not only for station-
ary states. Furthermore, the high differences between the two
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Fig. 11 Calculated mean squared error for tensor values and CT posi-
tions corresponding to the results shown in Fig. 9 for a tool temperature
of 175 °C and injection speed of 50 cm3/s (a) and 75 cm3/s (b).

Folgar-Tucker approach with CI, Bay (orange) and fitted CI (green), the
ARD-RSC approach with state-of-the-art parameters (purple) and fitted
ARD-RSC approach (blue)

ARD-RSC results and the low MSE of ARD-RSC_SoA for
A22 at CT1 and A11 at CT2 shows the flexibility of themodel,
due to the six independent parameters.

To have a better evaluation of the flow behavior over time
for the different approaches and parameters, Fig. 12 shows
results along the flow path of the plate. The shown range
starts at the center of the sprue and ends at CT2 (see Fig. 1).
The values of A11 and A22 right underneath the sprue-side
surface, in the top row of finite volumes (Fig. 12a), and in
the midplane of the plate (Fig. 12b) are displayed. The small
change between CT1 and CT2 in the experimental results
near the surface indicates a stationary state, which is not the
case in the midplane. The stationary state is reached faster
near the surface due to the higher shear rates. Similar to the
pure shear results in Sect. 4.2, the models show local minima
and maxima before reaching a stationary state (Fig. 12a up
to 40 mm), which is not the case for the ARD-RSC_SoA
results. The local peaks are higher for themicro fitted Folgar-
Tucker andARD-RSC approach, while the FTEwithCI from
Bay reaches the stationary state with a nearly monotonous
progression of A11 and A22. The high changes of the ARD-
RSC_SoA approach between CT1 and CT2 indicate, that the
stationary state is not reached near the wall, which does not
fit to the experimental results. In the midplane (Fig. 12b), the
peaks of the two FT and the fitted ARD-RSC approaches are
quite similar,while the results at the endof theflowpath differ
considerably. In general, none of the approaches creates good
results between 138 mm and 216 mm. However, the two
FT and the fitted ARD-RSC approaches show the correct

tendency, being a rising A22 and a decreasing A11, while
the ARD-RSC_SoA stay nearly constant along the complete
path.

In Summary, the comparison to the experimental results
shows, that the approach of (Bay 1991), being quite simple
and efficient, creates adequate results for the given mate-
rial system, especially after a long flow path. However, this
approach seems to be not well suited for short flow paths,
since the fibers reach a stationary orientation state quite fast
and monotonously. Here, the fitted approaches and espe-
cially the ARD-RSC approach create more realistic results,
which come along with higher numerical effort to deter-
mine the parameters. Additionally, the ARD-RSC creates
the best results near the surface for both parameter config-
urations, being the most important region for the bending
behavior of a part. The different behavior of the ARD-RSC
model for the different parameters shows the high flexi-
bility of model which suits it to be applied for multiple
fiber-polymer suspensions. However, the six independent
parameters are expensive to determine and as shown, choos-
ing wrong parameters may have high impact. Therefore, the
presented fitting on micro simulation results is highly ben-
eficial to parameterize this approach for different materials
without need of experiments. Nevertheless, the predicting of
material behavior can be improved, so further investigation
in the micro model and understanding of the phenomena in
the material on micro scale are needed.
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Fig. 12 Comparison of fiber orientation tensor components A11 (solid
lines) and A22 (dashed lines) along the flow path, 0.09 mm below the
sprue-side surface (a) and at themidplane (b) for x2 � 0mm(see Fig. 1).
Tool temperature is 175 °C and injection speed 50 cm3/s. CT results
in black (full circle for A11 and empty circle forA22), Folgar-Tucker

approach with CI, Bay (orange) and fitted CI (green), the ARD-RSC
approach with state-of-the-art parameters (purple) and fitted ARD-RSC
approach (blue). x1-direction of zero corresponds to the center of the
sprue (see Fig. 1)

5 Conclusion

The present work presents and discusses a possibility to
parameterize fiber orientation evolution models for macro-
scopic flow simulations of short fiber reinforced polymers.
The basis for these parameterizations are SPH simulations,
representing microscopic modelling domains with individ-
ual and interacting fibers in a simple shear field. The micro
model is based on the work of (Meyer et al. 2020), but for
larger domains and longer fibers. Furthermore, it is used to
fit more complex macroscopic models in this work and is
compared to experimental results. Simple shear simulations
are evaluated over time, and the second-order fiber orienta-
tion tensor is calculated for the whole domain and compared
to results of macroscopic simulations. This comparison is
used to fit the interaction coefficient of the Folgar-Tucker
approach and the strain reduction factor and interaction ten-
sor of the ARD-RSC model. The fitted parameters are used
in macroscopic injection molding simulations of a plate
geometry. The simulation results are compared to simula-
tion results with state-of-the-art model parameters as well
as to CT-Scans of experimental injection molding trials with
a 20 %-weight glass fiber reinforced phenolic. The results
show that the state-of-the-art methods to determine the inter-
action coefficient of the Folar-Tucker approach are well
suited to predict the stationary orientation state. However,
to predict the orientation state within the part, before reach-
ing a stationary state adequately, the ARD-RSC approach
is needed. This is supported by the CT-results and the fact
that the ARD-RSC approach is the only one that is able to

capture the SPH results over the whole time. The high flex-
ibility of the ARD-RSC approach, but also the sensitivity
to its model parameters, is demonstrated by comparing the
micro-fitted parameters to often used parameters from litera-
ture. The ARD-RSC model needs six empirical parameters,
which necessitates high experimental effort, if they must be
identified experimentally, especially over time or flow path.
Therefore, the microscopic approach is beneficial, as it gives
time-dependent data, which can be used to parameterize such
a complex orientation model as the ARD-RSC model. The
multiscale approach thus enables the usability of the ARD-
RSC model for a wide range of material systems, solely by
means of virtually determinedmodel parameters andwithout
extensive experimental testing.
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