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A B S T R A C T

Fiber-reinforced green composites made from natural plant fibers are an increasingly popular sustainable alter-
native to conventional high-performance composite materials. Given the variety of natural fibers themselves,
and the even larger variety of possible composites with specific fiber dosage, fiber orientation distribution,
fiber length distribution, and fiber–matrix bond characteristics, micromechanics-based modeling is essential for
characterizing the macroscopic response of these composites. Herein, an analytical multiscale micromechanics
model for elastic homogenization is developed, capable of capturing the variety. The model features (i) a
nanoscopic representation of the natural fibers to predict the fiber stiffness from the universal stiffness of the
fiber constituents, mainly cellulose, (ii) a spring-interface model to quantify the compliance of the fiber–matrix
bond, and (iii) the ability to model any (and any combination of) orientation distribution and aspect ratio
distribution. Validation is performed by comparing the predicted stiffness to experimental results for as many as
73 composites available in the literature. Extensive sensitivity analyses quantify the composite stiffening upon
increasing fiber volume fraction, fiber alignment, fiber length, and fiber–matrix interface stiffness, respectively.
1. Introduction

Biocomposites made from cellulose-based natural plant fibers have
proven to be a sustainable and cost-effective alternative in several engi-
neering fields [1–4]. These composites consist of abundantly available
natural fibers that are glued together by a polymer matrix. The stiffness
of plant fibers varies significantly, ranging from less than 10 GPa for
coir or oil palm leaf fibers [5,6] to 100 GPa for bast fibers such as
flax or ramie [2,7], and are thus comparable to synthetic E-glass fibers.
The mechanical properties of plant fiber-reinforced composites, in turn,
vary even more, as they further depend on the composite mix design,
the matrix selection, and the composite manufacturing process [3,8].

Despite the variety, all plant fiber-reinforced composites share no-
tably similar microstructural characteristics. Elongated fibers with dif-
ferent degrees of alignment are embedded in a matrix material at the
composite scale. The morphometric parameters, such as fiber dosage,
fiber length (and diameter), and its distribution, or the fiber orientation
distribution vary, within broad ranges. Moreover, all plant fibers them-
selves share a common microstructural fingerprint [5,8]. Technical
fibers used for composite manufacturing are typically actually fiber
bundles and . One individual fiber is formed by a central lumen,
surrounded by a lignocellulosic cell wall material including lignin,
hemicellulose, and – most importantly – cellulose microfibrils that
are characteristically misaligned with respect to the fiber direction.

∗ Corresponding author.
E-mail address: markus.koenigsberger@tuwien.ac.at (M. Königsberger).

However, the morphometric parameters such as the angle between the
parallel microfibrils and the fiber axis or the lumen porosity vary from
plant to plant.

Given the microstructural similarities at both the composite and the
fiber scale, micromechanics modeling is a suitable vehicle for linking
microstructure to macro-properties. It allows the prediction of the
influence of the morphometric parameters on the composite proper-
ties and is thus able to systematically explain the varying composite
stiffness encountered in experimental testing campaigns. Considering
the number of possible combinations of matrix and fiber materials, dif-
ferent composite production techniques, and different fiber treatments,
micromechanics modeling techniques provide a very valuable addition
to expensive experimental assessments.

The micromechanical modeling of plant fiber-reinforced biocom-
posites, despite the advances in composite mechanics [9], still relies
primarily on empirical or semi-empirical approaches [10–13], such as
(modified) mixture rules, the Hirsch model [14], the Cox–Krenchel
model [15,16], or the Halpin–Tsai model [17]. In addition to the
empirical nature of some underlying parameters, these approaches
typically assume a perfect bond between fiber and matrix. They are
further typically limited to specific fiber orientation distributions (such
as parallel fibers) and often cannot accommodate fibers of different
lengths.
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Herein, we aim to overcome these limitations by applying advanced
continuum micromechanics-based homogenization techniques [18] to
predict the 3D stiffness tensor of biocomposites. We target a model that
can quantify the gain or reduction of the biocomposite stiffness upon
changing physico-chemical fiber properties. This includes selecting dif-
ferent fiber species or different fiber processing or treatment methods.
Additionally, the model should allow the change of the matrix, the
fiber volume fraction, the fiber orientation distributions, or the fiber–
matrix bond properties. Therefore, we build upon a recently developed
multiscale micromechanics approach [19] for predicting the stiffness of
plant fibers from the intrinsic micro-structure with plant-specific mor-
phometric parameters and chemical composition. Notably, the stiffness
of all constituents [cellulose (in crystalline or amorphous form), lignin,
hemicelluloses, pectin, pores, and inorganics [1]] is considered intrinsic
and determined by atomistic simulations or small-scale experiments.

In this paper, we extend this approach to the composite scale.
We represent fibers by spheroidal inclusions and consider them to
be embedded in a polymer matrix. The interface between matrix and
fiber is potentially weakened, a typical feature of plant fiber-reinforced
composites [20,21]. Fibers are considered to exhibit any orientation
distribution, i.e., they may be fully aligned (all fibers are parallel),
oriented randomly in all space directions, or they may exhibit any
orientation distribution in between these two limit cases, to account
for the various possible degrees of alignment observed experimen-
tally [22]. Moreover, fiber aspect ratios (length-to-diameter ratios)
may also be distributed, most typically with asymmetric distribution
functions [23].

2. Multiscale micromechanics modeling of biocomposites

2.1. Micromechanics representation

Relying on classical homogenization theory [18], biocomposites
are considered as a statistically homogeneous body at a macroscopic
observation scale but as an heterogeneous material that can be de-
scribed by a representative volume element (RVE) at the microscopic
observation scale. RVE and macroscopic material point behave iden-
tically under any mechanical loads. This can be ensured only if the
characteristic size of any RVE is, on the one hand, considerably larger
than the characteristic size of any of the inhomogeneities (defined as
material phases with intrinsic and known physical quantities) inside
the RVE and, on the other hand, considerably smaller than the entire
biocomposite structure. To portray the microstructural heterogeneity of
biocomposites, a multiscale representation is adopted, that extends this
scale-separation principle to RVEs at multiple length scales.

We model biocomposites by means of five RVEs distributed across
four scales of observation, see Fig. 1. At the largest scale, the RVE
“biocomposite” with a characteristic length of several centimeters is
considered to contain three phases: technical (natural) fibers, macro-
scopic pores, which are unavoidable during composite production [24,
25], and a (biodegradable) matrix material surrounding fibers and
pores. Most notably, the weak bond between fiber and matrix, often
encountered in composites with natural fibers [20,21], is incorporated
into the model by considering imperfect bonding by means of a linear
spring interface model with vanishing thickness [26]. Thus, displace-
ment jumps [𝑢] are allowed and considered proportional to continuous
tractions as [27]

[𝑢] = 𝜼 ⋅ 𝝈 ⋅ 𝑛 (1)

with 𝝈 as stress tensor, 𝑛 as unit normal vector, and 𝜼 as second-order
interface compliance tensor with components reading as [26]

𝜂𝑖𝑗 = 𝛼𝛿𝑖𝑗 + (𝛽 − 𝛼) 𝑛𝑖𝑛𝑗 . (2)

In Eq. (2), 𝛼 ≥ 0 and 𝛽 ≥ 0 denote the compliance coefficient related
to tangential sliding and normal separation, respectively, and 𝛿𝑖𝑗 is the
Kronecker delta. Notably, 𝛼 > 0 and 𝛽 = 0 characterizes tangential
2

displacement jumps only, while 𝛼 = 0 and 𝛽 > 0 characterizes normal
displacement jumps. It may be more convenient to normalize the
interface compliance by the fiber radius (or by half of the fiber diameter
𝑑𝑓 ), i.e., we define normalized interface compliances 𝛼 = 2𝛼∕𝑑𝑓 and
𝛽 = 2𝛽∕𝑑𝑓 .

The fibers are considered as prolate spheroids defined by an as-
pect ratio 𝑎 as the quotient of fiber length 𝑙𝑓 and fiber diameter 𝑑𝑓 ,
𝑎 = 𝑙𝑓∕𝑑𝑓 ≥ 1. The fiber aspect ratios in a biocomposite are not
onstant. Rather, they vary from one fiber to another [22]. To capture
he variety, several different aspect ratio distributions are considered
erein, among which the lognormal distribution fits well to microscopy
esults of several different natural fiber-reinforced composites [21,23]
see Appendix A for mathematical details).

The fiber orientation, one of the critical parameters for the ho-
ogenized stiffness [28], is mathematically considered by means of

iber orientation distribution functions 𝑓𝑜(𝜑, 𝜗), which are non-negative
unctions defined on the unit sphere with respect to azimuth angle 𝜑
nd zenith angle 𝜗, defined in the global Cartesian coordinate system
, 𝑦, 𝑧, see Fig. 1. Typical orientation distribution functions for (short)
iber-reinforced composites are the transversally isotropic “von Mises-
isher” distribution (see Appendix B for mathematical details and
isualizations), which is able to capture the preferred orientation of
ibers along a single axis, as often found in microscopic images of
xtruded [22], pultruded [29], or 3D printed [30] biocomposites. For
iocomposites produced by the film-stacking method, thin fiber mats
ith in-plane random orientation distribution are stacked and filled
ith the polymeric matrix material. This results in another rotationally

ymmetric orientation distribution, but with a preferred orientation
long a plane, for which the “von Mises” distribution is adopted. As for
njection-moulded biocomposites with complex shapes, the typically in-
omogeneous orientation distribution depends on the production speed
nd the geometry of the part. In any case, the actual fiber orientation
an either be measured, for instance by granulometry [31], or modeled
y means of computation fluid dynamics [32].

The microstructure of the technical fibers itself is resolved at smaller
bservation scales, see Fig. 1, following the recently developed mul-
iscale model of Königsberger et al. [19]. Thereby, we exploit the
act that despite the widely different mechanical properties of natural
ibers [2], they all share a common microstructural fingerprint [5].
he fiber microstructure is built up by a handful of virtually intrinsic
onstituents, mostly cellulose, hemicellulose, lignin, and pores. The
iber stiffness is predicted from the fiber-specific volume dosage of
hese constituents as well as from the fiber-specific geometric features,
ollowing a recently developed multiscale micromechanical model for
lant fibers [19], which originates from earlier works on wood [33,34]
nd plant culms [35], and is shortly summarized next. At the scale
f several tens of microns, we consider the technical fibers as fiber
undles, which consist of a cell wall matrix with embedded cylindrical
umen porosity aligned with the longitudinal fiber direction 𝐿. At the
cale of a single micron, the cell wall is resolved to consist of cylindrical
ellulose microfibrils embedded in a matrix of polymer network. The
ellulose microfibrils and the plant fibers (with coordinate base 𝑅, 𝑇 , 𝐿)
re typically not aligned. Rather, the microfibrils are considered to
e inclined by a (constant) microfibril angle 𝜃, defined as the angle

between the microfibril orientation 𝑙 and the longitudinal plant fiber
direction 𝐿, see the orientations indicated below the RVEs in Fig. 1.
The microfibril orientation with respect to the 𝑅-𝑇 -plane is uniformly
distributed. At the nanoscale, two RVEs are considered. The cellulose is
considered as a matrix-inclusion composite with stiff aligned crystalline
nanofibrils, modeled as cylinders, which are embedded in a much
softer amorphous matrix. The polymer network, in turn, consists of
five spherical phases: hemicellulose, lignin, pectin, nanopores (initially
filled with extractives (including waxes, oils, and fats), and poten-
tially emptied during fiber processing), and ashes (inorganic parts). In
contrast to the interface around the technical fibers, all interfaces at
the smaller scales are characterized by perfect bonding. Notably, the
stiffness of all phases, including the technical fibers, is transversally
isotropic [19].
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2.2. Stiffness homogenization

2.2.1. Matrix-inclusion problem with imperfect interfaces
A continuum micromechanics approach [18] is adopted to homog-

enize the linear elastic stiffness of the RVEs introduced before. They
are characterized by spheroidal microscopic phases with transversally
isotropic stiffness, potentially spring-type interface behavior according
to (1) and (2), and may exhibit any orientation distribution, and any
aspect ratio distribution. The first step in continuum micromechanics
towards finding a stiffness homogenization rule for the RVE is the
consideration of Eshelby-type matrix-inclusion problems [36], where
a single elastic inclusion (stiffness tensor C𝑖) is embedded in an elas-
ic infinite matrix (stiffness tensor C0). In our case with continuous
rientation and aspect ratio distributions, infinitely many Eshelby-type
atrix-inclusion problems with imperfect (spring-type) interfaces [26,
7] are introduced, such that one Eshelby problem exists for each
pheroidal sub-phase, i.e., for each phase of the RVE with specific
spect ratio 𝑎 and specific orientation (in terms of position angles 𝜑, 𝜗).

In each Eshelby problem, the inclusion’s stiffness, aspect ratio, and
orientation are equal to the respective property of the material sub-
phase in the RVE. By analogy, the spring-type interface properties in
the Eshelby problem with continuous tractions and displacement jumps
according to (1) are equal to the properties of the interface between
the inclusion phase and surrounding matrix phase in the corresponding
RVE. We are left with specifying the stiffness of the infinite matrix C0
n the matrix-inclusion problems. The matrix stiffness is typically either
et equal to the stiffness of a matrix phase which might be present
n the RVE and which hosts all other heterogeneities (“Mori–Tanaka-
ype” homogenization scheme for matrix-inclusion-type materials [18,
8,39]); or C0 is equal to the homogenized stiffness of the RVE, Chom
f all phases interact mutually (self-consistent homogenization scheme
or polycrystalline materials [40,41]).

We are first interested in relating homogeneous strains 𝑬0 at the
uter boundary to average strains of the inclusion (𝜺̃𝑖) and average
trains in the interface (𝜺̃𝑖∕0), the latter being defined as [42]

𝜀𝑖∕0,𝑘𝑙 = − 1 ([

𝑢𝑘
]

𝑛𝑙 +
[

𝑢𝑙
]

𝑛𝑘
)

𝑑𝑆 , (3)
3

2𝑉𝑖 ∫𝑆𝑖
a

ith 𝑉𝑖 and 𝑆𝑖 as volume and surface of the spheroid, 𝜼 as interface
ompliance according to (2), and 𝑛 as unit normal vector pointing

outward (from the spheroid to the surrounding matrix). In case of
vanishing displacement jumps across the interface (perfect bond), the
interface strains vanish and the inclusion strains 𝜺̃𝑖 are uniform [36].
This uniformity is lost for imperfectly bonded interfaces. However, it
is typically assumed to be constant to obtain a solution for the spring-
type interface behavior [26,37,43]. This limits the approach to slightly
weakened interfaces with small interface compliance 𝜼 [26]. Adopting
this assumption, the average interface strains 𝜺̃𝑖∕0 can be linked to the
uniform inclusion strains 𝜺̃𝑖 according to [44]

𝜺𝑖∕0(𝜑, 𝜗; 𝑎) = −R𝑖∕0 ∶ C𝑖 ∶ 𝜺̃𝑖(𝜑, 𝜗; 𝑎) (4)

where R𝑖∕0 is a fourth-order tensor which components, for spring-type
interfaces, read as [26,37]

𝑅𝑖∕0,𝑖𝑗𝑘𝑙 =
1
4𝑉𝑖 ∫𝑆𝑖

𝜂𝑖𝑗𝑛𝑘𝑛𝑙 + 𝜂𝑖𝑘𝑛𝑗𝑛𝑙 + 𝜂𝑗𝑘𝑛𝑖𝑛𝑙 + 𝜂𝑖𝑙𝑛𝑗𝑛𝑘 𝑑𝑆 (5)

s for the computation of the components of 𝑅𝑖∕0, we refer to Refs. [26,
5]. The approximately uniform strains of the spheroidal inclusions,
riented in (𝜑, 𝜗)-direction and exhibiting aspect ratio 𝑎, then reads
s [44]

𝑖(𝜑, 𝜗; 𝑎) = A𝑖,0(𝜑, 𝜗; 𝑎) ∶ 𝑬0 . (6)

ith A𝑖,0 as strain concentration tensor reading as [44]

𝑖,0(𝜗, 𝜑; 𝑎) =
{

I + S𝑖(𝜗, 𝜑; 𝑎) ∶
(

C0
)−1 [

C𝑖(𝜗, 𝜑) −C0
]

+
[

I − S𝑖(𝜗, 𝜑; 𝑎)
]

∶ R𝑖∕0(𝑎) ∶ C𝑖(𝜗, 𝜑)
}−1

. (7)

In Eq. (7), I is the fourth-order unity tensor, S𝑖 is the fourth-order
Eshelby tensor (identical to the case of perfect interfaces). Notably, if
the interface compliance vanishes (perfect bond), tensor R𝑖∕0 vanishes,
nd the strain concentration tensor A𝑖,0 reduces to its classical form.
nalytical formulas for the components of S𝑖 and R𝑖∕0 for spheroidal
hases are given in Appendix C.

.2.2. RVEs with phases containing imperfect interfaces
Next, we move back from the matrix-inclusion problem to the

ctual RVEs containing multiple linear elastic, transversally isotropic,
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spheroidal phases with phase volume fractions 𝑓𝑖 = 𝑉𝑖∕𝑉tot, satisfying
∑𝑁

𝑖=1 𝑓𝑖 = 1, where each phase exhibits aspect ratio distribution 𝑓𝑎 and
rientation distribution 𝑓𝑜. All phases obey Hooke’s law

𝑖 = C𝑖 ∶ 𝜺𝑖 , (8)

ith 𝝈𝑖 and 𝜺𝑖 as (volume) averages of phase stresses and strains, and
𝑖 as transversally isotropic phase stiffness tensor. Average rules of
quilibrated stresses and compatible strains inside the RVE containing

imperfectly bonded phases imply [18]
𝑁

𝑖=1
𝑓𝑖 𝝈𝑖 = 𝜮 (9)

nd [44]
𝑁

𝑖=1
𝑓𝑖

(

𝜺𝑖 − 𝜺𝑖∕0
)

= 𝑬 (10)

here the 𝜺𝑖∕0 denotes the average interphase strains resulting from the
isplacement jumps according to Eq. (3). In continuum micromechan-
cs, the average strains 𝜺𝑖 (and stresses) in any phase 𝑖 of the RVE are
onsidered to be equal to the strains 𝜺̃𝑖 (and stresses) of the infinite
atrix-inclusion problem containing an inclusion mimicking phase 𝑖,

ccording to Eq. (6). By analogy, the interface strains 𝜺𝑖∕0 in the RVE
re considered equal to the interface strains 𝜺̃𝑖∕0 in the corresponding
atrix-inclusion problem according to Eq. (4). Thus, the strain average

ule (10) is rewritten considering Eqs. (4) and (6), yielding a link
etween the unknown boundary strains in the matrix inclusion problem
𝟎 and the RVE strains 𝑬 as

0 =

[ 𝑁
∑

𝑖=1
𝑓𝑖

(

I +R𝑖∕0(𝑎) ∶ C𝑖
)

∶ A𝑖,0(𝜑, 𝜗; 𝑎)

]−1

∶ 𝑬 . (11)

Finally, the stress average rule (9) is combined with the microscopic
Hooke’s law (8) and strain concentration relation (6) and the link
derived in Eq. (11). After comparison with the macroscopic Hooke’s
law 𝜮 = Chom ∶ 𝑬, an expression for the sought homogenized stiff-
ess Chom for RVE containing 𝑁 spheroidal phases exhibiting aspect
atio density 𝑓𝑎(𝑎), orientation distribution 𝑓𝑜(𝜗, 𝜑), and transversally
sotropic stiffness tensor C𝑖 is obtained, reading as [46]

hom =
𝑁
∑

𝑖=1
𝑓𝑖 ∫

∞

0
𝑓𝑎(𝑎)∫

2𝜋

0 ∫

𝜋

0
𝑓𝑜(𝜗, 𝜑)C𝑖(𝜗, 𝜑)

∶ A𝑖(𝜗, 𝜑; 𝑎) sin 𝜗 d𝜗 d𝜑 d𝑎 (12)

n Eq. (12), A𝑖 is the RVE phase strain concentration tensor and reads
s

𝑖(𝜗, 𝜑; 𝑎) = A0,𝑖(𝜗, 𝜑; 𝑎) ∶

[ 𝑁
∑

𝑖=1
𝑓𝑖 ∫

∞

0
𝑓𝑎(𝑎)∫

2𝜋

0 ∫

𝜋

0
𝑓𝑜(𝜗, 𝜑)

×
(

I +R𝑖∕0(𝑎) ∶ C𝑖
)

∶ A0,𝑖(𝜗, 𝜑; 𝑎) sin 𝜗 d𝜗 d𝜑 d𝑎

]−1

, (13)

2.2.3. Application to biocomposites
Bottom-up stiffness homogenization according to Eq. (12) with

strain concentration tensors (13) and (7) is now applied to the RVEs
depicted in Fig. 1. The homogenized stiffness of the polymer network
C𝑝𝑛 follows from specialization of homogenization rule (12) for five
spherical and isotropic phases hemicellulose, lignin, pectin, wax, and
ash, with perfectly bonded interfaces (resulting in R𝑖∕0 = 0), and for the
self-consistent homogenization scheme (C0 = 𝐶𝑝𝑛). The resulting equa-
tion of the homogenized stiffness of this RVE and all others are given
in Appendix C in full detail. The cellulose microfibril stiffness C𝑐𝑒𝑙𝑀𝐹
results from considering the Mori–Tanaka scheme with cylindrical and
aligned crystalline cellulose phases perfectly bonded to the amorphous
cellulose matrix. These two nanoscale homogenization results allow for
4

predicting the homogenized stiffness of the cell wall C𝑐𝑤, considering t
that cylindrical cellulose microfibrils are perfectly bonded to a polymer
network matrix in a Mori–Tanaka setting. The homogenized stiffness
of the fiber C𝑓𝑖𝑏 follows from the specialization of homogenization
rule using a Mori–Tanaka scheme with cylindrical and aligned lumen
pores embedded in a cell wall matrix (homogenized before). Finally,
the sought homogenized stiffness of the biocomposite C𝑐𝑜𝑚𝑝 follows
from adopting yet another Mori–Tanaka scheme considering that the
polymer matrix phase hosts spherical pores and spheroidal fibers. No-
tably, any fiber orientation distribution function 𝑓𝑜, any fiber aspect
ratio distribution 𝑓𝑎, and imperfect interfaces according to Eqs. (1) and
(2) are considered.

2.3. Intrinsic phase stiffnesses

We aim for stiffness upscaling from the nanoscale, where phase
properties (stiffness, density) are considered intrinsic, i.e., constants,
which do not change from one fiber to another. The stiffness of
crystalline I𝛽 cellulose is obtained from molecular dynamics simula-
tions [47], which are approximated to be transversally isotropic [33],
with stiffness tensor components referring to the local microfibril base
system 𝑟, 𝑡, 𝑙 amounting to

Ccrycel =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

𝐶𝑟𝑟𝑟𝑟 = 34.86 0 0 0 0 0
0 34.86 0 0 0 0
0 0 167.8 0 0 0
0 0 0 2𝐶𝑡𝑙𝑡𝑙 = 11.61 0 0
0 0 0 0 11.61 0
0 0 0 0 0 34.86

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦𝑒𝑟,𝑒𝑡 ,𝑒𝑙

× GPa . (14)

All other intrinsic phases are considered to be isotropic, with phase
stiffness tensors C𝑖 reading as

C𝑖 = 3 𝑘𝑖Ivol + 2𝜇𝑖Idev (15)

where 𝑘𝑖 and 𝜇𝑖 are the bulk and the shear moduli of phase 𝑖, obtained
rom experiments such as nanoindentation tests [48,49] or molecular
odels [50], as summarized in Table 1. Since many different materials

re used as polymer matrices at the composite scale, its stiffness is
dapted accordingly; see Section 3 for details. Typical Young’s moduli
𝑝𝑚 and Poisson’s ratios 𝜈𝑝𝑚 (which readily translate to bulk and shear
oduli used to construct the stiffness tensor C±) of common polymers

re summarized in Table 1 and are used for modeling if the experiments
o not provide further information.

.4. Composite-specific input properties: volume fractions and geometric
roperties

Plant-specific chemo-physical fiber properties were collected from
hemical analysis (including acid hydrolysis, chromatography, Kla-
on lignin analysis, and thermogravimetric analysis) by Königsberger
t al. [19] for 27 of the most common plant fibers, grouped into
ive fiber types: bast (banana, fiber flax, hemp, isora, jute, kenaf,
amie, sorghum), grass (alfa, bagasse, bamboo), leaf (abaca, curaua,
enequen, phormium/harekeke, pineapple, sisal), fruit or seeds (coir,
otton, kapok, oil palm), and straw (barley, cornhusk, cornstalk, rice,
oybean, wheat). Given the variety of the fiber properties due to
arying species, location, climate, processing etc., fiber and composite
tiffnesses are predicted for three representative cases: properties which
efer to a minimum stiffness, an average stiffness, and a maximum
tiffness, where the cases refer to a biocomposite with parallel fibers.
ell wall volume fractions corresponding to the minimum case are
btained from minimum reported cellulose mass fractions and min-
mum reported crystallinities. By analogy, maximum cellulose mass
ractions and maximum reported crystallinities are used to obtain cell
all volume fractions for the maximum case. Average fractions, in

urn, are obtained from the averages of the reported properties. This
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Table 1
Densities 𝜌𝑖 as well as elastic properties (bulk moduli 𝑘𝑖 and shear moduli 𝜇𝑖 of all constituents of natural fibers and pores; Young’s moduli 𝐸𝑝𝑚 and Poisson’s ratios 𝜈𝑝𝑚 of the
different polymers used frequently); properties refer to dry or nearly dry matter; values of nanoscopic phases are also used in Königsberger et al. [19].
constituent phase 𝑖 𝜌𝑖 [g/cm3] Ref. 𝑘𝑖 [GPa] 𝜇𝑖 [GPa] Ref.

crystalline cellulose crycel 1.59 [51] Anisotropic, see Eq. (14) [47]
amorphous cellulosec amcel 1.50 [52] 6.22 2.07 [50]
hemicellulosec hemcel 1.46 [53] 8.08 3.73 [53,54]
lignin lig 1.27 [53] 5.00 2.31 [53,55]
pectinb pec 1.53 [56] 1 0.4
asha ash 2.20 [57] 36.3 30.9 [57]
nanopores (extractives) npor 0.9 [33] 0 0
lumen pores (air-filled) lpor 0 0 0
macropores (air-filled) mpor 0 0 0

polymer matrix phased pm 𝜌𝑖 [g/cm3] Ref. 𝐸𝑖 [GPa] 𝜈𝑖 [–] Ref.

PP (MAPP) 0.89 [58] 1.89 0.43 [22,59]
PLA 3.50 0.33 [60,61]
HDPE 1.20 0.46 [59,62]
Epoxy 1.16 [63] 3.91 0.32 [63,64]
Polyamid 1.14 0.4e

[65]

a Properties of amorphous silica (silica glass) are considered representative.
b Elastic properties assumed.
c Poisson’s ratio assumed to be 0.35 [33]
d The actual properties may depend on the exact type of polymer and are adapted in the validation section if the experiments include additional information.
e Poisson’s ratios of Polyamid and other polymers are assumed to be 0.4, if no values are found in the literature.
Table 2
Calculated cell wall-related phase volume fractions 𝑓 𝑐𝑤

𝑖 in percent related to the cases minimum/average/maximum homogenized stiffness.

Name Type cry. cell. am. cell. hemicell. lignin pectin ash nanopore

Banana B 18/31/40 41/38/40 14/10/6 13/10/6 5/4/2 5/3/2 5/3/2
Flax B 32/54/70 32/15/8 21/18/13 4/4/3 1/1/1 0/0/0 10/8/6
Hemp B 27/50/76 27/17/2 28/20/13 8/6/4 1/1/1 0/0/0 9/7/4
Isora B 21/46/54 40/19/17 3/3/2 27/24/20 0/0/0 0/0/0 9/8/7
Jute B 26/37/51 14/16/16 22/18/12 26/20/14 0/0/0 0/0/0 12/9/7
Kenaf B 17/34/55 11/18/23 33/22/10 29/19/9 3/2/1 0/0/0 7/5/2
Ramie B 39/49/62 27/28/28 22/14/7 2/1/1 3/2/1 0/0/0 8/5/2
Sorghum B 19/27/36 40/36/32 22/20/17 13/12/10 0/0/0 4/3/3 2/2/1
Alfa G 17/21/26 11/12/11 32/30/28 37/35/32 0/0/0 0/0/0 3/3/2
Bagasse G 12/15/23 16/17/20 23/21/18 8/7/6 9/9/7 3/2/2 30/28/24
Bamboo G 10/16/24 15/13/16 20/19/16 28/26/22 0/0/0 0/0/0 27/26/22
Abaca L 24/30/38 27/28/28 23/20/16 12/10/8 1/1/1 2/1/1 11/10/8
Curaua L 38/45/53 24/23/21 12/10/8 11/9/7 0/0/0 0/0/0 15/13/11
Henequen L 23/28/34 32/32/31 26/23/20 10/9/8 0/0/0 1/1/1 9/8/7
Phormium L 34/41/47 20/19/17 32/29/25 14/12/11 0/0/0 0/0/0 0/0/0
Pineapple L 28/36/50 36/33/34 20/18/9 10/9/5 4/4/2 1/1/0 0/0/0
Sisal L 23/42/67 11/16/19 22/14/5 21/14/4 15/9/3 0/0/0 8/5/2
Coir F 5/11/15 15/25/29 23/18/16 46/37/32 4/3/3 7/6/5 0/0/0
Kapok F 18/23/31 26/27/30 29/27/21 19/17/14 0/0/0 1/1/0 6/6/4
Oil Palm F 8/11/18 32/34/43 25/22/16 22/19/14 0/0/0 3/2/2 11/10/7
Barley S 12/17/22 15/17/18 34/31/28 20/18/16 0/0/0 0/0/0 20/18/16
Cornhusk S 22/39/59 24/14/0 38/33/29 4/4/3 0/0/0 6/6/5 6/5/4
Cornstalk S 15/25/37 14/8/0 27/25/24 15/15/14 0/0/0 0/0/0 29/28/26
Rice S 10/18/22 15/12/12 27/26/24 16/15/14 0/0/0 12/11/10 20/19/18
Soybean S 14/38/45 19/43/42 18/5/3 45/13/9 0/0/0 5/1/1 0/0/0
Wheat S 12/16/20 14/15/15 28/26/24 20/19/17 0/0/0 0/0/0 26/25/23
T
f
a

𝑓

way, a minimum, an average (bold values), and a maximum of the
cell wall-related phase volume fraction is obtained for all 27 fibers, see
Table 2 for the results and Königsberger et al. [19] for details about
the derivation.

RVE-specific volume fractions, occurring in homogenization
Eqs. (C.5)–(14), are derived next. Cell wall-related volume fractions of
polymer network (𝑓 𝑐𝑤

𝑝𝑛 ) and of the cellulose microfibrils (𝑓 𝑐𝑤
𝑐𝑒𝑙𝑀𝐹 ) read

s [19]

𝑐𝑤
𝑝𝑛 = 𝑓 𝑐𝑤

ℎ𝑒𝑚𝑐𝑒𝑙 + 𝑓 𝑐𝑤
𝑙𝑖𝑔 + 𝑓 𝑐𝑤

𝑝𝑒𝑐 + 𝑓 𝑐𝑤
𝑎𝑠ℎ + 𝑓 𝑐𝑤

𝑛𝑝𝑜𝑟, 𝑓 𝑐𝑤
𝑐𝑒𝑙𝑀𝐹 = 𝑓 𝑐𝑤

𝑐𝑟𝑦𝑐𝑒𝑙 + 𝑓 𝑐𝑤
𝑎𝑚𝑐𝑒𝑙 . (16)

Polymer network-related volume fractions of hemicellulose (𝑓 𝑝𝑛
ℎ𝑒𝑚𝑐𝑒𝑙),

lignin (𝑓 𝑝𝑛
𝑙𝑖𝑔), pectin (𝑓 𝑝𝑛

𝑝𝑒𝑐), ash (𝑓 𝑝𝑛
𝑎𝑠ℎ), and nanoporosity (𝑓 𝑝𝑛

𝑛𝑝𝑜𝑟) read
as [19]

𝑓 𝑝𝑛
𝑖 =

𝑓 𝑐𝑤
𝑖
𝑐𝑤 , 𝑖 ∈ {ℎ𝑒𝑚𝑐𝑒𝑙, 𝑙𝑖𝑔, 𝑝𝑒𝑐, 𝑎𝑠ℎ, 𝑛𝑝𝑜𝑟} , (17)
5

𝑓𝑝𝑛
and cellulose-related volume fractions of crystalline (𝑓 𝑐𝑒𝑙
𝑐𝑟𝑦𝑐𝑒𝑙) and amor-

phous (𝑓 𝑐𝑒𝑙
𝑎𝑚𝑐𝑒𝑙) cellulose read as [19]

𝑓 𝑐𝑒𝑙
𝑖 =

𝑓 𝑐𝑤
𝑖

𝑓 𝑐𝑤
𝑐𝑒𝑙𝑀𝐹

, 𝑖 ∈ {𝑐𝑟𝑦𝑐𝑒𝑙, 𝑎𝑚𝑐𝑒𝑙} . (18)

he fiber-related cell wall volume fraction 𝑓𝑓𝑖𝑏
𝑐𝑤 and the lumen volume

raction 𝑓𝑓𝑖𝑏
𝑙𝑝𝑜𝑟 are obtained from the literature-reported fiber density

s [19]
𝑓𝑖𝑏
𝑐𝑤 =

𝜌𝑓𝑖𝑏
𝜌𝑐𝑤

≤ 1 , 𝑓𝑓𝑖𝑏
𝑙𝑝𝑜𝑟 = 1 −

𝜌𝑓𝑖𝑏
𝜌𝑐𝑤

≥ 0 , (19)

with composition-dependent cell wall density reading as

𝜌𝑐𝑤 =
∑

𝑖
𝜌𝑖 𝑓

𝑐𝑤
𝑖 , 𝑖 ∈ {𝑐𝑟𝑦𝑐𝑒𝑙, 𝑎𝑚𝑐𝑒𝑙, ℎ𝑒𝑚𝑐𝑒𝑙, 𝑙𝑖𝑔, 𝑝𝑒𝑐, 𝑎𝑠ℎ, 𝑛𝑝𝑜𝑟} . (20)

Note that Eq. (20) is specialized for average phase volume fractions
only, such that the resulting cell wall density is an average quantity.
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Minimum, average, and maximum fiber-related volume fractions, re-
spectively, then follow from evaluating Eq. (19) with average cell wall
densities 𝜌𝑐𝑤, but with reported minimum, average, and maximum fiber
densities, respectively, see Königsberger et al. [19] for corresponding
fiber densities and lumen porosities for all 27 plants.

Volume fractions related to the composite scale 𝑓 𝑐𝑜𝑚𝑝
𝑖 are discussed

next. Composite mix design is typically reported in mass terms, with
fiber mass fraction 𝑚𝑐𝑜𝑚𝑝

𝑓𝑖𝑏 , and polymer matrix mass fraction 𝑚𝑐𝑜𝑚𝑝
𝑝𝑚 =

1−𝑚𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 . If macroscopic air pores are disregarded, mass fractions can be

translated into the volume fractions of fibers (𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 ) and of the polymer

atrix (𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 ) according to

̃𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 =

𝜌𝑝𝑚
𝜌𝑓𝑖𝑏

𝑚𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 −1

+ 𝜌𝑝𝑚
, 𝑓 𝑐𝑜𝑚𝑝

𝑝𝑚 = 1 − 𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 . (21)

If air bubbles with volume fractions 𝑓 𝑐𝑜𝑚𝑝
𝑚𝑝𝑜𝑟 are entrapped during mixing,

adjusted volume fractions of fibers (𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 ) and of the polymer matrix

(𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 ) can be derived from the relations

𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 + 𝑓 𝑐𝑜𝑚𝑝

𝑝𝑚 + 𝑓 𝑐𝑜𝑚𝑝
𝑚𝑝𝑜𝑟 = 1 ,

𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏

𝑓 𝑐𝑜𝑚𝑝
𝑝𝑚

=
𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏

𝑓 𝑐𝑜𝑚𝑝
𝑝𝑚

(22)

yielding

𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 =

1 − 𝑓 𝑐𝑜𝑚𝑝
𝑚𝑝𝑜𝑟

1 +
𝑓 𝑐𝑜𝑚𝑝
𝑝𝑚

𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏

, 𝑓 𝑐𝑜𝑚𝑝
𝑝𝑚 = 1 − 𝑓 𝑐𝑜𝑚𝑝

𝑓𝑖𝑏 − 𝑓 𝑐𝑜𝑚𝑝
𝑚𝑝𝑜𝑟 . (23)

Finally, we report on the geometric input properties of the 27 plants
introduced in the RVEs of Fig. 1, i.e., on microfibril angle, fiber length,
fiber diameter, and fiber aspect ratio. Microfibril angles range from zero
to 49◦, see Table 3. If minimum and maximum values are not reported
in the database, we assume a range of ±3◦ from the reported value.
Plant-specific fiber dimensions are given in terms of a fiber length 𝑙𝑓
and a fiber diameter 𝑑𝑓 , see Table 3 for reported minimum, average,
and maximum values. If only averages are reported, we assume a
range of ±10%. Minimum, average, and maximum aspect ratios 𝑎 =
𝑙𝑓∕𝑑𝑓 are obtained from suitable combinations. In more detail, the
minimum aspect ratio follows from the minimum fiber length and the
maximum fiber diameter, the average aspect ratio follows from the
average dimension, and the maximum aspect ratio follows from the
maximum fiber length and minimum diameter.

3. Model validation

3.1. Validation at the fiber scale

First, we revisit the validation at the fiber scale from Königsberger
et al. [19] to highlight the good agreement between predicted and
measured fiber modulus, a prerequisite for validation at the composite
scale. The model-predicted elastic modulus (mean value, and interval
between minimum and maximum) in axial fiber direction for all 26
studied natural fibers (see also Appendix E for all five independent
fiber stiffness constants) is compared to experimental results from
single-fiber tensile tests as documented in the literature (see Fig. 2).

Most predicted fiber moduli intervals agree very well with the
experimentally measured counterparts. The model overestimates the
experimental results for some fibers, particularly the leaf fibers. Note
that the model assumes an imperfection-free technical fiber along all
its length, an assumption which may be questionable for the very
heterogeneous leaf fibers. Moreover, this overestimation may highlight
the difficulties related to single-fiber testing, which results, e.g., from
slippage [88], from misalignment [88], or from the imprecise mea-
surement of the cross-sectional area of the fibers [85]. Lastly, some
differences may also arise from neglected biochemical quantities when
setting up the multiscale model, such as sugar contents, which are
known to be partly responsible for the slightly smaller moduli for hemp
compared to flax [90,91].
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3.2. Validation at the composite scale

3.2.1. Strategy
After model validation attempts at the fiber scale, the predicted

stiffness of the fiber-reinforced composite is next compared to the
experimentally measured elastic moduli. Related experimental results
are gathered from uniaxial tensile tests reported for many composites
produced from different fibers and polymers by different production
methods. Unsurprisingly, no experimental dataset exists that provides
information on all necessary model input parameters; mechanical char-
acterizations of the fiber–matrix interfaces are almost entirely lacking.
Rather than comparing a single experiment to a somewhat calibrated
model prediction, we aim at comparing sets of similar experiments
from different research groups tested in various laboratories to mod-
eling results with constant input properties. In more detail, the model
is evaluated by assuming a perfect bond between fiber and matrix
first. While several biocomposites show severe debonding along the
fiber–matrix interfaces, only those data are included in the follow-
ing subsection where no major bonding issues are reported. Only
thereafter, comparisons regarding imperfect bonds are performed.

3.2.2. Perfect bond
First, interfaces are considered to be perfectly bonded. Spring-

interface parameters 𝛼 and 𝛽 are thus considered to vanish, yielding a
vanishing interface compliance according to Eq. (2), vanishing displace-
ment jumps across the interface according to Eq. (1), and a vanishing
interface tensor R𝑓𝑖𝑏−𝑝𝑚 appearing in homogenization Eq. (C.5). Cor-
responding experimental results are obtained from published literature
data. Thereby, we carefully select experiments in which either no or
only minor interface debonding has been reported, which is often
achieved by functionalizing the polymer using a compatibilizer, for
instance, maleic anhydride grafted polypropylene [23,105]. In total,
data on 73 different composites were collected, produced from ten
different plant species. While full details regarding the available input
properties are presented in Table D.4 and the footnotes therein, we
shortly highlight some key inputs next.

The dataset includes mainly flax fibers but also wheat, jute,
henequen, phormium, sisal, alfa, and kenaf. Geometric fiber properties
(fiber length and diameter) were typically reported by giving the
average. Only Bourmaud et al. [22] provide full details on the actual
distribution, allowing us to fit the measured aspect ratio distribution by
a lognormal distribution, and consider this in the model, see Fig. A.9
in Appendix A. Unfortunately, only one dataset (#29) was found that
contains chemical information on the used fiber [21]; as for the others,
we had to rely on typical ranges reported in the literature, as discussed
in Section 2.4. Fiber orientations are either set to random (resulting in
isotropic composites) for composites #1–29 from Refs. [21,91,99,101–
104], (predominantly) aligned along a plane obtained for #106–124
from Refs. [62,99,100], and (predominantly) aligned along an axis
for #150–185 obtained from Refs. [63,65,92–98], This is achieved
by specification of the orientation distribution function 𝑓𝑜, see the
mathematical details in Appendix B. As for fibers aligned along a
plane (#106–124), the (spherical) von Mises (vMs) distribution is
considered with concentration parameter 𝜅 = 10. This takes into
account production-induced deviations of a perfect 2D fiber orientation
distribution. As for fibers aligned along an axis, the von Mises-Fisher
(vMF) distribution, again with concentration parameter 𝜅 = 10, is
adopted in cases where fibers are laid out by hand, or microstructural
observation showed imperfect fiber alignments. If prefabricated tapes
or cloths with virtually parallel fibers are used, the model also con-
siders perfect fiber alignment. Lumen porosities are measured by some
authors [63,92] (data #150–158), but mostly had to be taken from the
database collected in [19]. Fiber volume fractions range from 13% to
70%. If only mass fractions are reported, volume fractions are obtained
from the fiber and matrix density which were either reported in the

papers or obtained from the chemical fiber composition according
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Table 3
Reported geometric properties of fibers minimum/average/maximum are given: microfibril angle, fiber length, fiber diameter, and calculated aspect ratio; note that the microfibril
angles related to minima and maxima stiffness properties may interchange.

Name Type Microfibril angle Fiber length Fiber diameter Aspect ratio

𝜃 [◦] Ref. 𝑙 [mm] Ref. 𝑑 [μm] Ref. 𝑎 = 𝑙∕𝑑 [–]

Banana B 11/11/12 [66,67] 0.9/2.5/4 [66] 80/165/250 [68] 4/15/50
Flax B 5/10/10 [1,66] 10/30/65 [66,69] 5/22/38 [69] 263/1395/13 000
Hemp B 6/6/10 [1,66,70] 5/11.2/55 [66,69] 10/22/51 [66,69] 98/509/5500
Isora B 20/23/26 [71] –/1/– [71] –/10/– [71] 81/99/121
Jute B 7/8/9 [1,66,70] 0.8/3/6 [66,69] 5/15/25 [66,69] 32/200/1200
Kenaf B 9/12/15 [70,72] 1.4/2.5/11 [66,69] 12/20/36 [66,69] 39/125/917
Ramie B 6/8/10 [70] 40/145/250 [66,69] 18/49/80 [69] 500/2959/13 889
Sorghum B 16/16/17 [73] 0.8/1/1.2 [68] 30/55/80 [68] 10/18/40
Alfa G –/10/– ∗ –/1.9/– [67] –/13/– [67] 120/146/179
Bagasse G 14/15/15 [67] 0.8/1.5/2.8 [67,69,74] 10/22/34 [66,67,69] 24/68/280
Bamboo G 2/6/10 [70] 1.3/2.7/6.2 [66,67,75,76] 6/23/40 [66,75,76] 33/117/1033
Abaca L –/23/– [67] 4.6/4.9/5.2 17/19/21 215/255/306
Curaua L 15/17/19 [77] –/20/– [77] –/46/– [77] 356/435/531
Henequen L 18/20/22 [70] 0.5/0.8/1.1 [21] 3/4/5 [69] 106/208/367
Phormium L –/10/– ∗ 5/5.4/5.7 [66] 15/16/16 [66] 305/336/370
Pineapple L 6/12/14 [1,66,67] 3/6/9 [68,69] 8/30/80 [66,69] 38/200/1125
Sisal L 10/20/25 [1,66,67] 0.8/3/8 [66,69] 7/27/47 [66,69] 17/111/1143
Coir F 30/45/49 [1,66,70] 0.3/1.5/20 [66–69] 7/18/30 [66,69] 10/83/2857
Cotton F 20/25/30 [66] 15/39.5/64 [66,69] 12/17/35 [66,69] 429/2324/5565
Kapok F –/10/– ∗ 10/22.5/35 [75] 20/32/43 [75] 233/714/1750
Oil Palm F –/46/– [67] –/6/– [67] 15/28/40 [67] 135/218/440
Barley S –/10/– ∗ 0.7/1.9/3.1 [68] 7/16/24 [68] 29/123/443
Cornhusk S –/10/– ∗ 0.5/1/1.5 [68] 10/15/20 [68] 25/67/150
Cornstalk S –/11/– [78] –/1/– [74] –/16/– [74] 52/64/78
Rice S –/10/– ∗ 0.4/2/3.5 [67,68] 4/10/16 [67,68] 25/200/870
Soybean S –/12/– [67] 1/1.5/2 [79] 12/16/19 [79] 52/96/167
Wheat S –/0/– [80] –/1.5/– [67] –/15/– [67] 82/100/122
Fig. 2. Validation at the fiber scale: comparison of axial elastic modulus from model predictions (colored bars represent predicted intervals between the minima and maxima
modulus, black horizontal lines represent representative averages) with experimental data gathered from published reviews (P16→[3], A06→[70], F12→[81], S10→[82], S13→[7],
D14→[2], S14→[83], R17→[84]; dashed lines) and from original tests (A13→[5], S11→[6], R07→[72], B13a→[22], R07a→[73], H10→[85], S08→[86], A05→[87], S09→[88],
L15→[63], Z21→[89]; continuous lines); adapted after Königsberger et al. [19].
to Königsberger et al. [19] and from polymer databases (see Table 1).
The macropore volume is set to zero if nothing is reported. As for
the studies that quantify this porosity [63,97] (data #150–155,181–
182), macroporosity is included in the model. Notably, the authors
report values up to 13% for high fiber volume fractions, corroborating
the trends reported by Madsen et al. [24,25]. The dataset includes an
extensive array of matrix materials, including biodegradable polymers
7

such as polypropylene (PP) or polylactic acid (PLA), but also resins
and epoxy, see Table D.4. Young’s moduli of the matrix material alone
(without fibers) were typically tested and thus implemented in the
model. Poisson’s ratios (and Young’s moduli if not reported) were
gathered from polymer databases, see Table 1.

Composite Young’s moduli were typically tested according to
ISO 527 in static tensile tests at room temperature and typically at
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Fig. 3. Validation of composite stiffness for perfect bond: comparison of elastic modulus 𝐸𝑚𝑜𝑑 from model predictions on the vertical axis (points represent means, vertical error bars
indicate the max/min; using variations described in the model input Section 2.4) with published experimental counterparts 𝐸𝑒𝑥𝑝 (horizontal error bars indicate standard deviation,
if provided) (a) longitudinal modulus for composites with fibers predominantly aligned along an axis (experiments: Le15→[63], Yan15→[92], Ba18→[65], Pa21→[93], Ok01→[94],
Ok02→[95], Br07→[96], Gr11→[97], Oc08→[98]); (b) in-plane modulus for composites with fibers predominantly aligned along a plane (experiments: Si03→[62], An06→[99],
Bo07→[100]); (c) isotropic modulus for composites with virtually randomly oriented fibers (experiments: Ho97→[101], Bo13→[91], Al19→[102], Ok03→[103], Ra98→[104],
An06→[99], Ta19→[21], Oc08→[98]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
50% RH. Tests were typically performed in fiber direction or in the
fiber plane. Brahim and Cheikh [96] (data #176–180) also tested
at angles ranging from 0 to 90◦ between fibers and load. Notably, if
standard deviations were reported in addition to mean values of the
measured Young’s modulus, horizontal error bars were included in the
comparison plots in Fig. 3. To compare, the model is evaluated for
all 73 composites and three cases (minimum/maximum/representative
average according to the varying fiber properties, see Section 2.4). This
results in representative averages, and a minimum/maximum of model-
predicted Young’s moduli, which are presented by vertical error bars
in the comparison plots in Fig. 3.

Comparing the model predictions with the experimental results
reveals the remarkable predictive capabilities of the model. Model
results are close to almost all of the experimental data, both if very
8

stiff fibers such as flax (see e.g. #159–163) are aligned leading to
very stiff biocomposites with Young’s modulus of roughly 30 GPa, but
also if relatively soft fibers from wheat straw are randomly put in a
polymer matrix (see composite #1) leading to stiffnesses of only 2 GPa.
Moreover, the stiffening effect when increasing the fiber content is
nicely predicted, for instance the increase of the Young’s modulus from
composition #150 with 12% of phormium fibers to composition #155
with 50% fiber volume [red dots in Fig. 3(a)]. To further highlight the
agreement, this dataset is separately plotted as function of the fiber
volume fraction, see Fig. 4. Similarly, the stiffness increase from #19
to #22 [yellow dots in Fig. 3(c)], or even the increase from #106 to
#109 [red dots in Fig. 3(b)] is nicely captured, even if the represen-
tative average of the model is slightly above the experimental mean.
Some mismatches may be explainable, e.g. the overestimated stiffness
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Fig. 4. Longitudinal Young’s modulus for perfectly bonded Phormium-epoxy composites tested by Le and Pickering [63] as a function of the fiber volume fraction using a
epresentative average of physical fiber properties (central thick line) and minimum/maximum fiber properties (gray area).
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f Pantaloni et al. [93] (#164–168) may be explained by the fact that
he flax tapes contain pectin as a coupling agent to stick the individual
ibers together but may actually lead to internal imperfect interfaces
round or within the tape. Some others may be related to experimen-
al challenges, particularly with high fiber dosages. For instance, the
xperimentally determined modulus of the flax-PLA composite #10 is
maller than that of #9, despite the latter containing fewer fibers, and
espite the fact that the same study reports a significant increase for the
lax-PP composites (#7–8) when increasing the fiber volume fraction,
hich the model very nicely captures.

.2.3. Imperfect bond
Next, we tackle the comparison of model predictions with exper-

mental results in which severe debonding is either observed by the
xperimenters or it is considered as an explanation for unexpectedly
ow mechanical properties. We rely on the experimental data from Devi
t al. [106] [#11–18 in Table D.4], Bodros et al. [100] [#116–121], Lu
nd Oza [107] [#100–105], and Laranjeira et al. [108] [#186–190].
n all those studies, the experimenters report on visible interfacial
ebonding, or at least speculate that weak interfaces are responsible
or the unexpectedly low mechanical properties. Unfortunately, reliable
xperimental access to the interface compliance in biocomposites is still
ery limited. As a remedy, the interface compliance was calibrated.
ost notably, we considered that the interface compliance only de-

ends on the fiber and the matrix material, but does not depend on
he fiber volume fraction or the fiber length. Moreover, we consider –
or simplicity – that the tangential and normal interface compliance are
dentical, 𝛼 = 𝛽.

After fitting the (normalized) interface compliances 𝛼 = 𝛽, model
predictions considering imperfect bond (continuous lines in Fig. 5)
nicely agree with the experimental results, both for different fiber
volume fractions as well as for different fiber lengths. Perfect bond-
related model predictions (dashed lines) significantly overestimate the
stiffness. The fitted interface compliance values range from 𝛼 = 𝛽 =
4.3 m/MPa for PLA-flax composites (Exp.#117–119) to 2680 m/MPa
for polyester-jute composites showing very weak bonding (Exp.#186–
190). Three remarkable observations from the comparison between
model and experiment are further discussed next.

Firstly, the experiments from Lu and Oza [107] are discussed. The
experimenters probe the longitudinal Young’s modulus of a hemp-
HDPE composite with fibers and increase the fiber volume fraction
from 20% to 40%. Model prediction can match the experimental results
only if nonzero interface compliances are considered, while perfect-
bond related predictions significantly overestimate the tested modulus.
Fitting of the interface compliance leads to 𝛼 = 𝛽 = 37.3/MPa and a
ery nice agreement of model and experiment, see Fig. 5(a). By anal-
gy, Bodros et al. [100] tested flax-PP and flax-PLA composites with
olume fractions of 20, 25, and 30% of fibers, respectively. Slightly
9

t

weakened interfaces with 𝛼 = 𝛽 ≈ 5/MPa result in model predictions
that very closely match the test data, see Fig. 5(d).

Next, the experiments from Devi et al. [106] (#11–18) are analyzed
in more detail. The experimenters tested a composite with randomly
oriented pineapple leaf fibers in a polyester matrix and increase the
fiber mass fraction from 10% to 40% (Exp.#11–14, fiber length 𝑙𝑓 =
30 mm) and the fiber length from 5 to 30 mm (Exp.#15–18, fiber mass
fraction 30%). The imperfect-bond model is capable of predicting the
stiffness increase with both the increasing fiber volume fraction, see
Fig. 5(b), and the increasing fiber length, see Fig. 5(c). Notably, a single
interface compliance was fitted 𝛼 = 𝛽 = 1, 870/MPa to predict all
eight composites. A micromechanics model with perfect bonds would
not predict a significant benefit with increasing fiber lengths, see the
dashed line in Fig. 5(c), given that even for the 5 mm-long fibers, the
fiber diameter of 30 μm is more than two orders of magnitude smaller
than the fiber length. The sensitivity regarding the aspect ratio is high
only when the bond is weak. Notably, the model with fitted interface
compliance 𝛼 = 𝛽 = 1, 870/MPa predicts that the Young’s modulus
does not significantly increase if the fiber length is increased beyond
30 mm. Such threshold lengths have also been observed in experiments
on glass fiber composites [109,110], and are further analyzed in the
model sensitivity section.

Finally, the experiments from Laranjeira et al. [108] (#186–190)
are discussed. The experimenters probed both the longitudinal and
transversal Young’s modulus of a composite with aligned jute fibers
embedded in a polyester matrix and increase the fiber mass fraction
from 10% to even 50%. The imperfect-bond model is not only capable
of predicting the modest increase of the longitudinal modulus with in-
creasing fiber volume fraction, see Fig. 5(e), but also nicely predicts the
decreasing transversal modulus, see Fig. 5(f) – employing an intrinsic
interface compliance 𝛼 = 𝛽 = 2, 680/MPa.

4. Model sensitivity

Motivated by the successful model validation, we study the sensi-
tivity of the model-predicted stiffness concerning changes of (i) the
fiber volume fraction, (ii) the (constant) fiber aspect ratio, (iii) the fiber
aspect ratio distribution, (iv) the fiber orientation distribution, and (v)
the fiber–matrix interface stiffness. First, a benchmark composition is
defined, based on the tested biocomposite from [22], labeled as #3
in Table D.4. Flax fibers with a volume fraction of 𝑓 𝑐𝑜𝑚𝑝

𝑓𝑖𝑏 = 13.7% are
mbedded in a polymer matrix made from polypropylene with 4% (by
ass) of polypropylene-grafted maleic anhydride (PP-g-MA) acting as
coupling agent. The coupling agent motivates the use of a perfectly

onded interface with interface compliances 𝛼 = 𝛽 = 0. As for the flax
ibers, we use the average volume fractions given in Table 2 and the
verage microfibril angle of 10◦ given in Table 3. The aspect ratio of all
ibers is considered constant and is given in the reference as 𝑎 = 51.7,
he corresponding aspect ratio distribution is a Dirac delta distribution,
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Fig. 5. Validation of composite for imperfect bond: Longitudinal (a-e) and transversal (f) Young’s modulus tested by (a) Lu and Oza [107] for HDPE-hemp [Exp.#100–105,
𝛼 = 𝛽 = 37.3/MPa], (b-c) Devi et al. [106] for polyester-pineapple leaf fiber (PALF) [Exp.#11–18, 𝛼 = 𝛽 = 1870/MPa], (d) Bodros et al. [100] for PP-flax [Exp.#116–118,
𝛼 = 𝛽 = 5.3 m/MPa] and PLA-flax [Exp.#117–119, 𝛼 = 𝛽 = 4.3/MPa], and (e-f) Laranjeira et al. [108] for polyester-jute [Exp.#186–190, 𝛼 = 𝛽 = 2680/MPa] as function of the
fiber volume fraction (a–b,d–f) and fiber length (c); imperfect bond model (continuous lines) with fitted interface compliances 𝛼 = 𝛽 compared to perfect bond predictions (dashed
ines).
Fig. 6. Sensitivity analyses of the composite’s Young’s modulus (𝐸 . . . in plane or longitudinal modulus and 𝐸𝑡 . . . transversal modulus) based on benchmark composition for perfectly
bonded fibers (top row) and imperfectly bonded fibers (with interface compliance 𝛼 = 𝛽 with unit [1/GPa], bottom row) and with different fiber orientations (1D . . . aligned,
Diso . . . isotropically oriented in a plane, 3Diso . . . isotropic in all directions): (a)+(d) w.r.t fiber volume fraction (b)+(e) w.r.t. the fiber aspect ratio, (c)+(f) w.r.t. concentration
arameter of von Mises Fisher and (symmetrical) von Mises distribution function; note that (e) is limited to 3Diso orientations and (f) to von Mises-Fisher distribution; black circle
efers to the benchmark composition.
𝑎(𝑎) = 𝛿
(

𝑎 − 𝑎
)

, see (A.1) in Appendix A. The fiber orientation is
considered to be uniform in all space directions, 𝑓𝑜 = 1

4𝜋 , see (B.1) in
10
Appendix B. In the following paragraphs, we consecutively vary several
parameters to study their effect on the composite stiffness.
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Fig. 7. Sensitivity analyses of the composite’s Young’s modulus based on benchmark composition w.r.t. fiber aspect ratio distribution considering lognormal distributions with
onstant mean 𝜇 = 51.7 but varying standard deviations ranging from 𝜎 = 0 (Dirac distribution) to 𝜎 = 50: (a) perfect bond for different fiber orientations (1D . . . aligned, 2Diso
. . isotropically oriented in a plane, 3Diso . . . isotropic in all directions) (b) imperfect bond for 3Diso composites with interface compliance 𝛼 = 𝛽.
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Increasing the fiber volume fraction significantly increases the stiff-
ness if the interface is relatively strong, see Fig. 6(a,d). The longitudinal
Young’s modulus (solid lines) is obviously higher if fibers are aligned
along an axis (1Diso) and the transversal modulus is obviously smaller,
respectively, in comparison to fibers aligned along a plane (2Diso). The
Young’s modulus for an isotropic composite with randomly oriented
and perfectly bonded fibers increases from 1.89 GPa at vanishing fiber
volume (𝑓 𝑐𝑜𝑚𝑝

𝑓𝑖𝑏 = 0) to 30.94 GPa for the theoretical limit case of
vanishing matrix material (𝑓 𝑐𝑜𝑚𝑝

𝑓𝑖𝑏 = 1), see Fig. 6(a). If the interface
between fiber and matrix gets weaker (the compliance 𝛼 = 𝛽 in-
creases), the stiffening effect is less pronounced. For weak interfaces,
there may even be a softening effect, i.e., increasing the fiber volume
leads to decreasing stiffness, just as observed and predicted for the
jute-polyester composite tested by Laranjeira et al. [108] shown in
Fig. 5(e-f). Studying the mutual influence of the interface compliance
and orientation distribution with respect to the fiber volume fraction,
see Fig. 6(d), we notice that slightly imperfect interfaces with 𝛼 = 𝛽 = 1
reduce the stiffness of composites with axis-aligned fibers (1Diso) only
marginally, but have a more significant impact on plane-aligned fibers
(2Diso), and a dramatic reduction effect on isotropically oriented fibers
(3Diso).

Increasing the fiber aspect ratio (elongating the fibers while main-
taining a constant diameter) results in composite stiffening, see
Fig. 6(b). The (isotropic) modulus for the theoretical case of spherical
fibers (𝑎 = 1) amounts to 2.3 GPa. The modulus increases in an S-shaped
fashion when plotted on a logarithmic scale. Remarkably, the stiffness
remains virtually constant for aspect ratios larger than the threshold
of roughly 100, see Fig. 6(b). However, this observation holds only
in the case of perfectly bonded fibers. When examining imperfectly
bonded fibers, as presented in Fig. 6(e), with interface compliance 𝛼 = 𝛽
between zero (perfect bond) and 105/GPa (very weak), the S-shaped
rend is maintained. The stiffness increase, however, initiates and ends
t larger aspect ratios if interfaces are considered weak. We note that
hreshold aspect ratios beyond which the stiffness does not increase
urther have been reported from experimental testing on glass fiber
omposites [109,110]. This is also critical for biocomposites, where
ypical fiber aspect ratios fall between 5 and 5000 (Table 3), hence
recisely in the range in which the interplay between fiber aspect ratio
nd interface compliance governs the composite stiffness. Interestingly,
or interface compliance values exceeding 𝛼 = 𝛽 ≥ 102/GPa, the
omposite stiffness initially even decreases with increasing aspect ratio.
his highlights that the benefit of more elongated fibers is reversed in
he presence of substantial interface compliance. Despite being smaller
han for the benchmark model, the stiffness, even for composites with
ery weak interfaces, is surprisingly high, provided that the fiber aspect
atio is also very high. We conclude that the interplay between fiber
spect ratio and interface compliance is crucial for quantifying the
tiffness of fiber-reinforced composites. If interfaces are weak, fibers
ave to be more elongated to result in reasonable composite stiffnesses,
11
but increasing the fibers beyond a certain threshold does not further
stiffen the composite.

Next, we compare the effect of fiber orientation distributions on per-
ectly [Fig. 6(c)] and imperfectly bonded [Fig. 6(f)] fibers. We employ
he von Mises-Fisher distribution for fibers that concentrate along an
xis and the von Mises distribution for fibers that are concentrated
n a plane. Appendix B details the orientation distributions, includ-
ng their density functions, and visualizes the orientations on a unit
phere. Both orientation distributions exhibit a single concentration
arameter 𝜅 > 0, where the fibers are randomly oriented if 𝜅 → 0 and
here the alignment (along an axis or a plane, respectively) increases
ith increasing concentration parameter, see Fig. B.10. Evaluating

he multiscale model for different 𝜅 ∈ [0, 102] shows that increasing
he concentration significantly increases the stiffness in the preferred
iber direction, but significantly decreases the stiffness orthogonal to
t, see Fig. 6(d). In the limit case 𝜅 → ∞, the fibers are perfectly
ligned with the axis (or plane) the stiffness approaches the results for
he 1D orientation distribution (2Diso distribution), discussed earlier.
f interfaces are weak, the influence of concentration parameters is
maller, as the fibers contribute less to the load bearing capacity. This
s illustrated for composites with fibers preferably oriented along an
xis (von Mises-Fisher distribution) in Fig. 6(f). The stiffening effect of
he longitudinal modulus and the softening effect on the transversal
odulus for such composites is smaller when the interface is more

ompliant.
Next, the sensitivity of the aspect ratio distribution is studied. In

ontrast to the benchmark, where all fibers exhibit a single constant
spect ratio of 𝑎 = 51.7, we now consider the natural logarithm of the
iber’s aspect ratio to be normally distributed. This asymmetric lognor-
al distribution is a popular choice for natural fibers and confirmed

xperimentally [23]. In more detail, the mean value of the aspect ratio
s kept at 𝜇𝑎 = 51.7, but the standard deviation is considered to vary
ithin the interval 𝜎𝑎 ∈ [0, 51.7]. The model-predicted moduli slightly
ecrease with increasing standard deviation, see Fig. 7(a), because of
he asymmetric nature of the lognormal distribution. If interfaces are
onsidered weak, the already small influence of the standard deviation
s even smaller, see Fig. 7(b). Note that homogenization based on
ean aspect ratios may also lead to significant underestimation of the
omogenized stiffness [111].

Finally, we study the results for changes of the interface compliances
𝛼 ≠ 𝛽. The contour-plots depicted in Fig. 8 show the combined effects
when changing 𝛼 and 𝛽 independently. The predicted stiffness decrease
is more pronounced when the tangential compliance 𝛼 increases. Re-
ucing the radial compliance 𝛽 by a similar amount leads to a smaller

stiffness reduction. To achieve a composite stiffness of 3 GPa with
randomly oriented fibers [Fig. 8(a)], the normalized radial compliance
can be as high as 330/GPa if the tangential compliance vanishes. In
contrast, the normalized tangential compliance (with vanishing ra-
dial compliance) can only be increased to roughly 10/GPa to obtain
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Fig. 8. Sensitivity analyses of the composite’s stiffness based on benchmark composition w.r.t. interface compliances: (a) isotropic Young’s modulus for randomly oriented fibers
(b) in-plane modulus for plane-aligned fibers and (c) longitudinal modulus for axis-aligned fibers.
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the same composite stiffness of 3 GPa. Similar observations can be
made with fibers distributed randomly in a plane [Fig. 8(b)] and for
axis-aligned fibers [Fig. 8(c)]. Comparing the reduction in stiffness
concerning the orientation distribution, as illustrated in Fig. 8(a–c),
reveals that compliant interfaces have a more pronounced softening
effect on composites with a higher degree of fiber alignment, at least
in relative terms, when measuring the reduction in stiffness in relation
to the composite’s stiffness with perfect bonds.

5. Conclusions and outlook

A micromechanics multiscale model for stiffness homogenization
of plant fiber-reinforced composites is developed. The model builds
up on the intrinsic elastic properties of cellulose, hemicellulose, and
lignin to predict the fiber stiffness and then allows to account for
(any) fiber orientation distribution, (any) fiber aspect ratio distribution,
and, most importantly, a weak interface between fiber and matrix to
predict the composite stiffness. The model is successfully validated
by comparing model predictions to experimentally quantified Young’s
moduli for 73 different composites produced from ten different plants
tested in several laboratories over the last two decades. While none of
the experiments provide all possible input data, comparisons without
fitting any of the input properties are still achievable by relying on
typical ranges of physico-chemical fiber properties (such as microfibril
angle or cellulose contents) and on single-parameter fiber orientation
distributions functions. Challenging the model with such a high quan-
tity and diversity of experiments ensures that the model does indeed
incorporate all microstructural aspects that are essential for predicting
the elastic behavior of plant fiber-reinforced composites.

Sensitivity studies show that the composite stiffness can be in-
creased by increasing the fiber volume fraction, lowering the interface
compliance, aligning the fibers, or elongating the fibers. Studying the
interplay between the individual effects reveals several interesting
observations. Increasing the fiber length leads to substantial composite
stiffening if fibers are short and/or if the interfaces are weak. Increasing
the fiber length beyond a certain threshold (the threshold increases
with increasing interface compliance) does not further stiffen the com-
posite. Slightly weakening the interfaces leads to substantial softening
of composites with more uniformly distributed fiber orientations, while
composites with more alignment are less affected.

In the future, the model will be extended towards the prediction
other physical properties of plant fiber-reinforced composites, includ-
ing thermal conductivity and viscoelasticity. Moreover, we target the
composite failure prediction by linking the analytical model presented
herein with a numerical approach incorporating the major microscopic
12

failure modes such as matrix softening and interface failure. This model
also provides motivation for experimenters to improve the charac-
terization techniques for two very crucial aspects that determine the
mechanical properties of biocomposites, namely the quantification of
the fiber orientation distribution and the interface properties.
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Appendix A. Aspect ratio distribution

Herein, we discuss the distribution function 𝑓𝑎 of the aspect ratio
= 𝑙𝑓∕𝑑𝑓 (Fig. 1) to quantify the geometry of the spheroidal fiber
ith length 𝑙𝑓 and diameter 𝑑𝑓 . Notably, aspect ratios 𝑎 = 1 charac-

erize spherical phases, and aspect ratios 𝑎 → ∞ represent cylindrical
hases. Generally, aspect ratios of a phase are continuously distributed
ithin the interval 𝑎 ∈ [0,∞]. The probability density function of the
istribution is given by the aspect ratio density function 𝑓𝑎(𝑎), where
∞
0 𝑓𝑎(𝑎) d𝑎 = 1. Three often used aspect ratio density functions to
haracterize fiber-reinforced composites are discussed next.

If all fibers in the composite exhibit identical aspect ratio 𝑎, the
uniform aspect ratio distribution can be given as

𝑓 (𝑎, 𝑎) = 𝛿
(

𝑎 − 𝑎
)

(A.1)
𝑎
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Fig. A.9. Experimentally measured histogram for aspect ratios of flax fibers from [22] and lognormal fit according to (A.3).
where 𝛿(.) denotes the Dirac delta function. According to Moigne et al.
[23], aspect ratio distribution for several natural fibers can be success-
fully fitted using a Weibull distribution or a lognormal distribution. The
probability density function of a Weibull distribution reads as

𝑓𝑎(𝑎, 𝜆, 𝑘) =

⎧

⎪

⎨

⎪

⎩

𝑘
𝜆

(

𝑎
𝜆

)𝑘−1
exp

[

−
(

𝑎
𝜆

)𝑘
]

𝑥 ≥ 0

0 𝑥 < 0
(A.2)

with shape parameter 𝑘 > 0 and scale parameter 𝜆 > 0. Notably, typical
values for 𝑘 and 𝜆, for flax-PP composites read as 𝑘 = 1.9 and 𝜆 = 10.2,
for sisal-PP composites as 𝑘 = 2.0 and 𝜆 = 5.9, and for wheat straw-
PP composites as 𝑘 = 1.5 and 𝜆 = 2.5, see Moigne et al. [23]. The
probability density function of a lognormal distribution, in turn, reads
as

𝑓𝑎(𝑎, 𝜇, 𝜎) =
1

𝑎𝜎
√

2𝜋
exp

[

−
(ln 𝑎 − 𝜇)2

2𝜎2

]

, (A.3)

with 𝜇 and 𝜎 as the mean value and standard deviation, respectively,
of the aspect ratios natural logarithm. The lognormal distribution was
also used to fit the aspect ratio histogram provided by Bourmaud et al.
[22] for a flax-PP composite.

As for stiffness homogenization, the continuous aspect ratio distri-
bution function is discretized using 𝑀 = 20 bins of equal probability.
This way, integration of the (tensorial) property 𝑃 (𝑎) with continuous
aspect ratio distribution function 𝑓 (𝑎) is approximated as

∫

∞

0
𝑓𝑎(𝑎)𝑃 (𝑎) d𝑎 =

𝑀
∑

𝑖=1
𝑓𝑎(𝑝𝑖)𝑃 (𝑎𝑖) (A.4)

with 𝑝𝑖 denoting the quantile values, which are determined by evaluat-
ing the quantile function (inverse cumulative distribution) for 𝑀 = 20
equidistant probabilities 𝑝𝑖 = {0.025, 0.075, 0.125,… , 0.975}. This way,
the RVE biocomposite is composed of 20 fiber families with equal vol-
ume fractions, where each family exhibits the orientation distribution
function 𝑓𝑜.

Appendix B. Fiber orientation distribution

A single fiber’s orientation is defined by zenith angle 𝜗 and azimuth
angle 𝜑, see Fig. 1. In more detail, the zenith angle is the angle
between the macroscopic direction 𝑧 and the fiber axis 𝐿. The azimuth
angle, in turn, is the angle in the macroscopic 𝑥, 𝑦-plane between the
fiber-related direction 𝑅 and the macroscopic 𝑥 direction. Orienta-
tions of multiple fibers are characterized by a normalized probability
density (orientation distribution) function 𝑓𝑜(𝜗, 𝜑), where the integral
along all possible directions on the surface of the unit sphere is one,
∫ 2𝜋 ∫ 𝜋 𝑓 sin(𝜗)∕4𝜋 d𝜗d𝜑 = 1.
13

0 0 𝑜
As for isotropically oriented fibers in all space directions, the orien-
tation distribution function reads as

𝑓3Diso
𝑜 = 1

4𝜋
(B.1)

As for fibers isotropically oriented in a plane perpendicular to unit
vector 𝑚, the orientation distribution function reads as

𝑓2Diso
𝑜 = 1

2𝜋
𝛿
(

𝑚 ⋅ 𝑛
)

(B.2)

where 𝛿 (.) denotes the Dirac delta function, with 𝑚 denoting the modal
vector where herein 𝑚 = 𝑒𝑧, and with 𝑛 = [cos(𝜑) sin(𝜗), sin(𝜑) sin(𝜗),
cos(𝜗)]𝑇 denoting a generic vector on the unit sphere defined based on
azimuth angle 𝜑 and zenith angle 𝜗. If all fibers are aligned with 𝑚, the
orientation distribution function reads as

𝑓 align
𝑜 =

𝛿
(

1 −
(

𝑚 ⋅ 𝑛
)2
)

4𝜋
√

1 −
(

𝑚 ⋅ 𝑛
)2

(B.3)

To account for fibers that are preferably (but not exclusively) oriented
along an axis 𝑚 orientation, e.g. due to a composite extrusion [22],
we consider the transversally isotropic “von Mises-Fisher” distribution,
reading as [112]

𝑓 vMF
𝑜 = 𝜅

4𝜋 sinh 𝜅
exp

(

𝜅𝑚 ⋅ 𝑛
)

(B.4)

with 𝜅 ≥ 0 denoting the concentration parameter. Notably, for fibers
oriented in all space directions isotropically, the concentration param-
eter 𝜅 in (B.4) vanishes, such that the orientation distribution function
simplifies to the form (B.1). With increasing concentration parameter
𝜅, the fibers become more and more aligned (with modal vector 𝑚), see
Fig. B.10(a–d), with the limit case given by Eq. (B.3).

Finally, we consider another rotationally symmetric fiber orien-
tation distribution where fibers are preferably (but not exclusively)
oriented along the 𝑒1, 𝑒2. Such orientation distributions represent com-
posites manufactured by the popular film-stacking method either with
prefabricated fiber mats (with in-plane isotropy) or by randomly hand-
laying fibers. For the derivation of the corresponding probability den-
sity function, we start with the (circular) “von Mises” distribution, with
probability density function 𝑔vM(𝜗) as a function of the zenith angle 𝜗,
reading as [112]

𝑔vM = 𝑎
2𝜋 𝐼0(𝜅)

exp
[

𝜅 cos
(

𝜗 − 𝜋
2

)]

(B.5)

with 𝜅 as the concentration parameter and 𝐼0 as the modified Bessel
function of the first kind and with order 0. The corresponding spherical
distribution 𝑓 vMs

𝑜 results from normalization and reads as

𝑓 vMs
𝑜 =

𝑔vM
𝑜

∫ 2𝜋
0 ∫ 𝜋

0 𝑔vM
𝑜

sin(𝜗)
4𝜋 d𝜗d𝜑

(B.6)
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Fig. B.10. Orientation distribution functions 𝑓𝑜(𝜗, 𝜑), where ∫ ∞
0 𝑓𝑜(𝜗, 𝜑) sin 𝜗 d𝜗 d𝜑 = 1, plotted on the unit sphere (the darker, the smaller is 𝑓𝑜): (a–d) “von Mises-Fisher” distribution

with modal vector 𝑚 along the vertical direction (e–h); and “von Mises” distribution evaluated for different concentrations 𝜅.
Fig. B.11. Unit sphere with Lebedev quadrature visualized for 𝑁 = 974 points in the top hemisphere for the discretization of the antipodal symmetric “von Mises” orientation
distribution function𝑓 vMs

𝑜 .
As for stiffness homogenization, the continuous orientation distri-
bution function is discretized using up to 𝑁 = 5810 orientations
determined by the Lebedev quadrature points [113]. High values of
𝑁 are necessary for very anisotropic orientation distributions, such
as “von Mises-Fisher” distribution with high concentration factors 𝜅.
Exploiting the antipodal symmetry of the “von Mises” distribution
functions 𝑓 vMs

𝑜 with respect to the 𝑥, 𝑦 plane (zenith angle 𝜗 = 𝜋∕2),
only points in the top hemisphere are actually considered, as depicted
in Fig. B.11. However, the “von Mises-Fisher” distribution 𝑓 vMF

𝑜 does
not exhibit antipodal symmetry, requiring the evaluation at quadrature
points along the whole sphere. This way, surface integration of the
(tensorial) property 𝑃 (𝜑, 𝜗) with fiber orientation distribution function
𝑓 (𝜑, 𝜗) over the hemisphere is approximated as

∫

𝜋∕2

0 ∫

2𝜋

0
𝑓𝑜(𝜑, 𝜗)𝑃 (𝜑, 𝜗) sin 𝜃 d𝜑 d𝜗 = 4𝜋

𝑁
∑

𝑖=1
𝑤𝑖𝑓𝑜(𝜑𝑖, 𝜗𝑖)𝑃 (𝜑𝑖, 𝜗𝑖) (B.7)

with grid points (𝜑𝑖, 𝜗𝑖) and weights 𝑤𝑖 according to Lebedev [113].
Orientations for which 𝑓𝑜(𝜑𝑖, 𝜗𝑖) ≤ 10−5 are disregarded.

Appendix C. Analytical formulae for stiffness homogenization

Herein we provide full mathematical details regarding the bottom-
up stiffness homogenization for the biocomposite model depicted in
Fig. 1. The homogenized stiffness of the polymer network C𝑝𝑛 follows
from specialization of homogenization rule (12) for 𝑁 = 5 spheri-
cal and isotropic phases hemicellulose, lignin, pectin, wax, and ash,
with perfectly bonded interfaces (resulting in R𝑖∕0 = 0). This way,
self-consistent homogenization (C0 = 𝐶𝑝𝑛) yields

C𝑝𝑛 =

{

∑

𝑓 𝑝𝑛
𝑖 C𝑖 ∶

[

I + S𝑝𝑛𝑠𝑝ℎ ∶ C−1
𝑝𝑛 ∶

(

C𝑖 −C𝑝𝑛
)

]−1
}

14

𝑖

∶

{

∑

𝑗
𝑓 𝑝𝑛
𝑗

[

I + S𝑝𝑛𝑠𝑝ℎ ∶ C−1
𝑝𝑛 ∶

(

C𝑖 −C𝑝𝑛
)

]−1
}−1

(C.1)

with 𝑖, 𝑗 ∈ {hemcel,lig,pec,wax,ash} and S𝑝𝑛𝑠𝑝ℎ as the Eshelby tensor of
spherical phases in an infinite matrix of polymer network, given at the
end of this section. The homogenized stiffness of the cellulose microfib-
ril C𝑐𝑒𝑙𝑀𝐹 follows from specialization of homogenization rule (12) for
𝑁 = 2 phases, namely cylindrical (𝑎 → ∞) and aligned (orientation
distribution according to Eq. Appendix B) crystalline cellulose perfectly
bonded to the amorphous cellulose matrix. This way, Mori–Tanaka
homogenization (C0 = 𝐶𝑎𝑚𝑐𝑒𝑙) yields

C𝑐𝑒𝑙𝑀𝐹 =
{

𝑓 𝑐𝑒𝑙
𝑎𝑚𝑐𝑒𝑙 C𝑎𝑚𝑐𝑒𝑙 ∶ I + 𝑓 𝑐𝑒𝑙

𝑐𝑟𝑦𝑐𝑒𝑙 C𝑐𝑟𝑦𝑐𝑒𝑙

∶
[

I + S𝑎𝑚𝑐𝑒𝑙𝑐𝑦𝑙 ∶ C−1
𝑎𝑚𝑐𝑒𝑙 ∶

(

C𝑐𝑟𝑦𝑐𝑒𝑙 −C𝑎𝑚𝑐𝑒𝑙
)

]−1
}

∶

{

𝑓 𝑐𝑒𝑙
𝑎𝑚𝑐𝑒𝑙I + 𝑓 𝑐𝑒𝑙

𝑐𝑟𝑦𝑐𝑒𝑙

[

I + S𝑎𝑚𝑐𝑒𝑙𝑐𝑦𝑙 ∶ C−1
𝑎𝑚𝑐𝑒𝑙 ∶

(

C𝑐𝑟𝑦𝑐𝑒𝑙 −C𝑎𝑚𝑐𝑒𝑙
)

]−1
}−1

(C.2)

with Eshelby tensor components of S𝑎𝑚𝑐𝑒𝑙𝑐𝑦𝑙 given at the end of this
section. Notably, asymmetries related to Mori–Tanaka homogenization
with anisotropic phases [114] are symmetrized [115]. The homog-
enized stiffness of the cell wall C𝑐𝑤 follows from specialization of
homogenization rule (12) for 𝑁 = 2 phases, namely cylindrical (𝑎 → ∞)
cellulose microfibrils with transversally isotropic stiffness according to
Eq. (C.2), perfectly bonded to a polymer network matrix with isotropic
stiffness according to Eq. (C.1). Given the microfibril orientation with
constant microfibril angle 𝜗 ≥ 0 but uniform orientation along the
azimuth 𝜑, the surface integration in Eq. (13) is replaced by integration
along the circumference. Mori–Tanaka homogenization (C0 = 𝐶𝑝𝑛)
yields
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Table D.4
Experimental data for model validation. Missing data are not given by experimenters (empty cells). Instead, they are obtained from standard literature data for fibers from Table 3
and matrix materials from Table 1. Fiber–matrix bond (last column) is considered perfect (✓) except if stated otherwise in the experimental paper (✗). Then, the interface compliance
arameters 𝛼 = 𝛽 are fitted.
# Ref Fiber 𝜌fib 𝑙𝑓 𝑑𝑓 FibOri 𝑓 𝑐𝑜𝑚𝑝

𝑓𝑖𝑏 Matrix 𝜌mat 𝐸mat Bond
[g/cm3] [mm] [μm] [g/cm3] [GPa]

1 [101] Wheat 3Diso 0.168 PP 1.18 ✓

2 [101] Flax 1.54 3Diso 0.135 PP 1.18 ✓

3 [22] Flax 3Diso 0.137 PP 1.89 ✓

4 [102] Flax 1.5 1 125 3Diso 0.084 PLA 1.24 3.26 ✓

5 [102] Flax 1.5 1 125 3Diso 0.171 PLA 1.24 3.26 ✓

6 [102] Flax 1.5 1 125 3Diso 0.355 PLA 1.24 3.26 ✓

7 [103] Flax 1.5 3Diso 0.205 PP 0.9 1.6 ✓

8 [103] Flax 1.5 3Diso 0.286 PP 0.9 1.6 ✓

9 [103] Flax 1.5 3Diso 0.265 PLA 1.26 3.4 ✓

10 [103] Flax 1.5 3Diso 0.359 PLA 1.26 3.4 ✓

11 [106] Pineapple 1.53 30 3Diso 0.078 Polyester 1.159 0.58 ✗

12 [106] Pineapple 1.53 30 3Diso 0.160 Polyester 1.159 0.58 ✗

13 [106] Pineapple 1.53 30 3Diso 0.246 Polyester 1.159 0.58 ✗

14 [106] Pineapple 1.53 30 3Diso 0.336 Polyester 1.159 0.58 ✗

15 [106] Pineapple 1.53 5 3Diso 0.246 Polyester 1.159 0.58 ✗

16 [106] Pineapple 1.53 10 3Diso 0.246 Polyester 1.159 0.58 ✗

17 [106] Pineapple 1.53 20 3Diso 0.246 Polyester 1.159 0.58 ✗

18 [106] Pineapple 1.53 30 3Diso 0.246 Polyester 1.159 0.58 ✗

19 [104] Jute 1.31 3Diso 0.226 PP 0.89 ✓

20 [104] Jute 1.31 3Diso 0.313 PP 0.89 ✓

21 [104] Jute 1.31 3Diso 0.405 PP 0.89 ✓

22 [104] Jute 1.31 3Diso 0.506 PP 0.89 ✓

23 [99] Flax 20 16 3Diso 0.130 PP ✓

24 [99] Flax 20 16 3Diso 0.200 PP ✓

25 [99] Flax 20 16 3Diso 0.290 PP ✓

26 [99] Flax 20 16 3Diso 0.130 PP ✓

27 [99] Flax 20 16 3Diso 0.200 PP ✓

28 [99] Flax 20 16 3Diso 0.290 PP ✓

29 [21] Henequen 1.48 0.49 25 3Diso 0.290 PP 0.91 ✓

100 [107] Hemp 0.86 25 22.5 vMs 0.2 vHDPE 0.95 0.339 ✗

101 [107] Hemp 0.86 25 22.5 vMs 0.3 vHDPE 0.95 0.339 ✗

102 [107] Hemp 0.86 25 22.5 vMs 0.4 vHDPE 0.95 0.339 ✗

103 [107] Hemp 0.86 25 22.5 vMs 0.2 rHDPE 0.95 0.441 ✗

104 [107] Hemp 0.86 25 22.5 vMs 0.3 rHDPE 0.95 0.441 ✗

105 [107] Hemp 0.86 25 22.5 vMs 0.4 rHDPE 0.95 0.441 ✗

106 [62] Flax vMs 0.100 HDPE 1.2 ✓

107 [62] Flax vMs 0.180 HDPE 1.2 ✓

108 [62] Flax vMs 0.200 HDPE 1.2 ✓

109 [62] Flax vMs 0.300 HDPE 1.2 ✓

110 [99] Flax 20 16 vMs 0.300 Acrylic resin 2.91 ✓

111 [99] Flax 20 16 vMs 0.300 Vinylester 2.99 ✓

112 [99] Flax 20 16 vMs 0.300 Vinylester 3.30 ✓

116 [100] Flax vMs 0.200 PP 0.91 1.5 ✗

117 [100] Flax vMs 0.250 PP 0.91 1.5 ✗

118 [100] Flax vMs 0.300 PP 0.91 1.5 ✗

119 [100] Flax vMs 0.200 PLA 1.27 3.2 ✗

120 [100] Flax vMs 0.250 PLA 1.27 3.2 ✗

121 [100] Flax vMs 0.300 PLA 1.27 3.2 ✗

122 [100] Flax vMs 0.200 PLLA 1.25 3.32 ✓

123 [100] Flax vMs 0.250 PLLA 1.25 3.32 ✓

124 [100] Flax vMs 0.300 PLLA 1.25 3.32 ✓

(continued on next page)
C𝑐𝑤 =

{

𝑓 𝑐𝑤
𝑝𝑛 C𝑝𝑛 +

𝑓 𝑐𝑤
𝑐𝑒𝑙𝑀𝐹
2𝜋 ∫

2𝜋

0
C𝑐𝑒𝑙𝑀𝐹 (𝜗, 𝜑)

∶
[

I + S𝑝𝑛𝑐𝑦𝑙(𝜗, 𝜑) ∶ C
−1
𝑝𝑛 ∶

(

C𝑐𝑒𝑙𝑀𝐹 (𝜗, 𝜑) −C𝑝𝑛

)]−1
d𝜑

}

∶

{

𝑓 𝑐𝑤
𝑝𝑛 I +

𝑓 𝑐𝑤
𝑐𝑒𝑙𝑀𝐹
2𝜋 ∫

2𝜋

0
C𝑐𝑒𝑙𝑀𝐹 (𝜗, 𝜑)

∶
[

I + S𝑝𝑛𝑐𝑦𝑙(𝜗, 𝜑) ∶ C
−1
𝑝𝑛 ∶

(

C𝑐𝑒𝑙𝑀𝐹 (𝜗, 𝜑) −C𝑝𝑛

)]−1
d𝜑

}−1

(C.3)

ith Eshelby tensor components of S𝑝𝑛𝑐𝑦𝑙 given below. The homogenized
stiffness of the fiber C𝑓𝑖𝑏 follows from the specialization of homogeniza-
tion rule (12) for 𝑁 = 2 phases, namely cylindrical (𝑎 → ∞) and aligned
15
lumen with vanishing stiffness embedded in a cell wall matrix with
stiffness according to Eq. (C.3). Mori–Tanaka homogenization (C0 =
𝐶𝑐𝑤) yields

C𝑓𝑖𝑏 = 𝑓𝑓𝑖𝑏
𝑐𝑤 C𝑐𝑤 ∶

[

𝑓 𝑐𝑒𝑙
𝑐𝑤 I + 𝑓 𝑐𝑒𝑙

𝑙𝑢𝑚

(

I − S𝑐𝑤𝑐𝑦𝑙
)−1

]−1
(C.4)

with Eshelby tensor components of S𝑐𝑤𝑐𝑦𝑙 given below. Finally, the ho-
mogenized stiffness of the biocomposite C𝑐𝑜𝑚𝑝 follows from specializa-
tion of homogenization rule (12) for 𝑁 = 3 phases, a polymer matrix
phase hosting spherical pores with vanishing stiffness and spheroidal
fibers (aspect ratio 𝑎) with transversally isotropic stiffness according
to Eq. (C.4). For any fiber orientation distribution function 𝑓𝑜, any

fiber aspect ratio distribution 𝑓𝑎, and imperfect interfaces according to
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Table D.4 (continued).
150 [63] Phormium 1.27 vMF 0.118 Epoxy 1.16 3.91 ✓

151 [63] Phormium 1.27 vMF 0.216 Epoxy 1.16 3.91 ✓

152 [63] Phormium 1.27 vMF 0.315 Epoxy 1.16 3.91 ✓

153 [63] Phormium 1.27 vMF 0.400 Epoxy 1.16 3.91 ✓

154 [63] Phormium 1.27 vMF 0.449 Epoxy 1.16 3.91 ✓

155 [63] Phormium 1.27 vMF 0.499 Epoxy 1.16 3.91 ✓

156 [92] Sisal 1.45 300 vMF 0.516 Epoxy 1.2 ✓

157 [92] Sisal 1.45 300 vMF 0.503 Epoxy 1.2 ✓

158 [92] Sisal 1.45 300 vMF 0.467 Epoxy 1.2 ✓

159 [65] Flax 1D 0.492 PP 1.8 ✓

160 [65] Flax 1D 0.498 PP 1.6 ✓

161 [65] Flax 1D 0.501 Polyamid 1.14 ✓

162 [65] Flax 1D 0.480 Acrylic resin 3.3 ✓

163 [65] Flax 1D 0.509 Epoxy 3.1 ✓

164 [93] Flax 1000 1 1D 0.320 PLA 3.8 ✓

165 [93] Flax 1000 1 1D 0.320 PHA 4.4 ✓

166 [93] Flax 1000 1 1D 0.320 PBS 0.75 ✓

167 [93] Flax 1000 1 1D 0.320 PP 1.58 ✓

168 [93] Flax 1000 1 1D 0.320 PP 1.4 ✓

169 [94] Flax 1D 0.210 Epoxy 1.15 3.15 ✓

170 [94] Flax 1D 0.420 Epoxy 1.15 3.15 ✓

171 [94] Flax 1D 0.470 Epoxy 1.15 3.15 ✓

172 [94] Flax 1D 0.320 Epoxy 1.15 3.15 ✓

173 [95] Sisal 1D 0.280 Epoxy 1.15 3.15 ✓

174 [95] Sisal 1D 0.350 Epoxy 1.15 3.15 ✓

175 [95] Sisal 1D 0.460 Epoxy 1.15 3.15 ✓

176 [96] Alfa 1.4 350 44 1D 0.450 Polyester 1.2 4 ✓

177 [96] Alfa 1.4 350 44 1D 0.450 Polyester 1.2 4 ✓

178 [96] Alfa 1.4 350 44 1D 0.450 Polyester 1.2 4 ✓

179 [96] Alfa 1.4 350 44 1D 0.450 Polyester 1.2 4 ✓

180 [96] Alfa 1.4 350 44 1D 0.450 Polyester 1.2 4 ✓

181 [97] Kenaf 35 46.8 vMF 0.404 PLA 1.24 2.1 ✓

182 [97] Kenaf 35 46.8 vMF 0.406 PHB 1.25 3.5 ✓

183 [98] Kenaf 500 100 vMF 0.300 PLA 1.2 3.8 ✓

184 [98] Kenaf 500 100 vMF 0.500 PLA 1.2 3.8 ✓

185 [98] Kenaf 500 100 vMF 0.700 PLA 1.2 3.8 ✓

186 [108] Jute 200 vMF 0.09 Polyester 1.2 1.36 ✗

187 [108] Jute 200 vMF 0.18 Polyester 1.2 1.36 ✗

188 [108] Jute 200 vMF 0.28 Polyester 1.2 1.36 ✗

189 [108] Jute 200 vMF 0.37 Polyester 1.2 1.36 ✗

190 [108] Jute 200 vMF 0.47 Polyester 1.2 1.36 ✗

ad #3: aspect ratio distribution measured from Bourmaud et al. [22], lognormal distribution fitted with parameters according to Fig. A.9.
ad #10: Experimentally measured modulus does not increase, despite more fibers, possible air volume.
ad #19–22,29: compatilizer used, experimentally tested moduli in Fig. 3 refer to plateau values indicating perfect bond.
ad #29: chemical fiber characterization performed, mass fractions amount to 0.681 for total cellulose, 0.182 for hemicellulose, 0.087 for lignin, translation to volume fractions
according to Königsberger et al. [19].
ad #116–124: some debonding is observed.
ad #150–155: air volume quantified, amounts to 𝑓 𝑐𝑜𝑚𝑝

𝑚𝑝𝑜𝑟 ∈ {0, 0.014, 0.024, 0.049, 0.043, 0.062}, respectively, for the six mixes; lumen porosity measured 𝑓 𝑓𝑖𝑏
𝑙𝑢𝑚 = 0.214.

d #156–158: lumen porosity measured 𝑓 𝑓𝑖𝑏
𝑙𝑢𝑚 ∈ {0.27, 0.23, 0.096}, respectively, for the three mixes.

d #159–168,172: Flax tape is used. Thus, the fibers are perfectly parallel and their aspect ratio 𝑎 → ∞.
d #169–171,173–180: Fiber mats or clothes are used, thus the fibers are perfectly parallel.
d #176–180: loading direction with respect to fiber orientation is changed, it amounts to 0◦ for #176, 10◦ for #177, 30◦ for #178, 45◦ for #179, 90◦ for #180.
d #176–180: air volume quantified, amounts to 𝑓 𝑐𝑜𝑚𝑝

𝑚𝑝𝑜𝑟 ∈ {0.136, 0.067}, respectively, for the two mixes.
i
c

𝑆

w
l
m

qs. (1) and (2), Mori–Tanaka homogenization (C0 = 𝐶𝑝𝑚) yields

𝑐𝑜𝑚𝑝 =

{

𝑓 𝑐𝑜𝑚𝑝
𝑝𝑚 C𝑝𝑚 + 𝑓 𝑐𝑜𝑚𝑝

𝑓𝑖𝑏 ∫

2𝜋

0 ∫

𝜋

0
𝑓𝑜(𝜗, 𝜑)C𝑓𝑖𝑏(𝜗, 𝜑)

∶ A𝑎𝑙𝑙𝑓 𝑖𝑏,0(𝜗, 𝜑) sin 𝜗 d𝜗 d𝜑

}−1

∶

{

𝑓 𝑐𝑜𝑚𝑝
𝑝𝑚 I + 𝑓 𝑐𝑜𝑚𝑝

𝑚𝑝𝑜𝑟

(

I − S𝑝𝑚𝑠𝑝ℎ
)−1

+ 𝑓 𝑐𝑜𝑚𝑝
𝑓𝑖𝑏 ∫

2𝜋

0 ∫

𝜋

0
𝑓𝑜(𝜗, 𝜑)

× A𝑎𝑙𝑙𝑓 𝑖𝑏,0(𝜗, 𝜑) sin 𝜗 d𝜗 d𝜑

}−1

(C.5)

ith auxiliary tensor Ã𝑎𝑙𝑙𝑓 𝑖𝑏,0 reading as

𝑎𝑙𝑙𝑓 𝑖𝑏,0(𝜗, 𝜑) =∫

∞

0
𝑓𝑎(𝑎)

{

[

I + S𝑝𝑚𝑓𝑖𝑏(𝜗, 𝜑; 𝑎) ∶ C
−1
𝑝𝑚 ∶

(

C𝑓𝑖𝑏(𝜗, 𝜑) −C𝑝𝑚
)

]−1
+

[

I − S𝑖(𝜗, 𝜑; 𝑎)
]

∶ R𝑓𝑖𝑏∕𝑝𝑚(𝜗, 𝜑; 𝑎) ∶ C𝑓𝑖𝑏(𝜗, 𝜑) d𝑎
}−1

.

(C.6)
16

n

If orientation distributions are not uniform, C𝑐𝑜𝑚𝑝 is symmetrized [115].

To complete the analytical formula set, Eshelby tensor expressions
are required. We deal with Eshelby problems involving spheroidal
inclusions 𝑖 in matrices with stiffness tensor C𝑚. As for spherical
nclusions embedded in a polymer network matrix, the Eshelby tensor
omponents read as [18]

pm
sph,𝑖𝑗𝑘𝑙 =

5𝜈pm − 1

15
(

1 − 𝜈pm
) 𝛿𝑖𝑗 𝛿𝑘𝑙+

4 − 5𝜈pm

15
(

1 − 𝜈pm
)

(

𝛿𝑖𝑘 𝛿𝑗𝑙 + 𝛿𝑖𝑙 𝛿𝑗𝑘
)

,
(C.7)

ith 𝛿𝑖𝑗 denoting the Kronecker delta. As for the cylindrical cellu-
ose inclusions (nanofibrils and microfibrils, respectively), the infinite
atrix in the corresponding Eshelby problem is isotropic, such that
on-zero components with respect to the local orthonormal coordinate
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Table E.5
Model-predicted stiffness constants for transversally isotropic plant fibers; average
values referring to average cell wall volume fractions and average microfibrill angles.

𝐸𝑇 𝐸𝐿 𝜈𝑇 𝜈𝐿𝑇 𝜇𝐿𝑇
[GPa] [GPa] [–] [–] [GPa]

Banana 7.39 48.69 0.37 0.28 6.72
Flax 8.27 84.84 0.31 0.16 6.63
Hemp 9.30 79.19 0.32 0.18 7.25
Isora 6.61 50.52 0.25 0.61 16.17
Jute 7.22 59.96 0.33 0.22 6.25
Kenaf 6.04 46.79 0.34 0.27 6.27
Ramie 9.19 79.41 0.33 0.21 7.76
Sorghum 3.34 25.09 0.34 0.32 4.00
Alfa 3.36 24.12 0.34 0.27 3.28
Bagasse 0.93 21.23 0.28 0.65 2.49
Bamboo 2.97 28.69 0.31 0.24 2.64
Abaca 7.79 38.69 0.29 0.49 12.68
Curaua 4.64 64.55 0.26 0.64 13.68
Henequen 7.48 37.82 0.33 0.41 10.12
Phormium 8.31 58.04 0.34 0.23 7.03
Pineapple 10.33 58.29 0.37 0.28 8.92
Sisal 6.26 51.88 0.29 0.50 12.63
Coir 5.39 7.68 0.24 0.38 7.11
Kapok 0.94 10.75 0.33 0.27 1.04
Oil Palm 6.35 7.36 0.19 0.41 8.81
Barley 0.92 11.38 0.33 0.27 1.12
Cornhusk 1.94 22.54 0.33 0.22 2.02
Cornstalk 0.44 15.89 0.32 0.38 0.94
Rice 6.73 32.04 0.32 0.25 5.71
Soybean 1.62 21.14 0.34 0.28 1.89
Wheat 3.39 28.51 0.32 0.21 2.58

base 𝑥1, 𝑥2, 𝑥3 (with 𝑥3 as the cylinder axis direction) read as [116]

𝑚
cyl,2222 = 𝑆𝑚

cyl,3333 =
5 − 4𝜈𝑚

8
(

1 − 𝜈𝑚
)

𝑆𝑚
cyl,2233 = 𝑆𝑚

cyl,3322 =
−1 + 4𝜈𝑚
8
(

1 − 𝜈𝑚
)

𝑆𝑚
cyl,1313 = 𝑆𝑚

cyl,1212 =
1
4

𝑚
cyl,2323 =

3 − 4𝜈𝑚
8
(

1 − 𝜈𝑚
) ,

(C.8)

where 𝑚 stands either for the amorphous cellulose matrix (for
anofibril inclusions), or for the polymer network matrix (for microfib-
il inclusions). As for the cylindrical lumen pores, the infinite matrix in
he corresponding Eshelby problem is transversally isotropic, and the
ylinder axis is aligned with the matrix’s axis of transverse symmetry.
his way, the Eshelby tensor reads as [117]

cw
cyl =

𝐶cw,1

2𝐶cw,1 + 𝐶cw,2
T(1) +

𝐶cw,1 + 𝐶cw,2

2𝐶cw,1 + 𝐶cw,2
T(2)+

𝐶cw,3

2𝐶cw,1 + 𝐶cw,2
T(3) +T(5) .

(C.9)

With 𝑥3 as the axis of transverse symmetry, tensors 𝑇 (1),… , 𝑇 (5) have
the following non-zero components

𝑇 (1)
1111 = 𝑇 (1)

2222 = 𝑇 (1)
1122 = 𝑇 (1)

2211 = 1

𝑇 (2)
1212 = 𝑇 (2)

2121 = 𝑇 (2)
1221 = 𝑇 (2)

2112 = 𝑇 (2)
1111 = 𝑇 (2)

2222 =

− 𝑇 (2)
1122 = −𝑇 (2)

2211 =
1
2

(3)
1133 = 𝑇 (3)

2233 = 1
(5)
1313 = 𝑇 (5)

2323 = 𝑇 (5)
1331 = 𝑇 (5)

2332 = 𝑇 (5)
3113 = 𝑇 (5)

3223 =

𝑇 (5) = 𝑇 (5) = 1 .

(C.10)
17

3131 3132 4
and 𝐶cw,1, 𝐶cw,2, and 𝐶cw,3 read as

cw,1 =
(

𝐶cw,1111 + 𝐶cw,1122
)

∕2 ,

cw,2 = 2𝐶cw,1212 ,

cw,3 = 𝐶cw,1133 ,

(C.11)

s for general spheroidal inclusion in an anisotropic matrix, as required
or the homogenization of the composite scale containing technical
ibers, expressions for the Eshelby tensor are obtained after integration
f Green’s functions, see Mura [116] for details.

Compliant interfaces are considered only between fibers (with as-
ect ratio 𝑎 > 1) and matrix at the composite scale. The corresponding
nterface tensor 𝑅𝑓𝑖𝑏∕𝑝𝑚 for prolate fibers with diameter 𝑑𝑓 aligned with
he global 𝑥3-axis can be obtained after integration of Eq. (5) as [118]

𝑓𝑖𝑏∕𝑝𝑚 = 𝛼P + (𝛽 − 𝛼)Q , (C.12)

ith 𝛼 and 𝛽 as interface compliance defined in (2) and with auxiliary
ensors P and Q whose non-zero (independent) components read as

1111 =
3

4𝑑𝑓

[

𝑎
√

𝑎2 − 1

𝑎2 − 2
2(𝑎2 − 1)

arcsin

(
√

𝑎2 − 1
𝑎

)

+ 𝑎
2(𝑎2 − 1)

]

𝑃3333 =
3

2𝑑𝑓

[

𝑎
(𝑎2 − 1)3∕2

arcsin

(
√

𝑎2 − 1
𝑎

)

− 1
𝑎(𝑎2 − 1)

]

𝑃1313 =
1
4
(𝑃1111 + 𝑃3333)

𝑃1212 =
1
2
𝑃1111

(C.13)

𝑄1111 =
3

2𝑑𝑓

[

𝑎(2 + 𝑎2)
(𝑎2 − 1)2

+
𝑎3(𝑎2 − 4)
(𝑎2 − 1)5∕2

arcsin

(
√

𝑎2 − 1
𝑎

)]

𝑄3333 =
3

2𝑑𝑓

[

2𝑎2 + 1
𝑎(𝑎2 − 1)2

− 3𝑎
(𝑎2 − 1)5∕2

arcsin

(
√

𝑎2 − 1
𝑎

)]

𝑄1133 =
3

4𝑑𝑓

[

𝑎(𝑎2 + 2)
(𝑎2 − 1)5∕2

arcsin

(
√

𝑎2 − 1
𝑎

)

− 3𝑎
(𝑎2 − 1)2

]

𝑄1122 =
1
3
𝑄1111

(C.14)

Appendix D. Model input for validation

Here, we list the model input data for the 73 composite materials
studied for model validation.

Appendix E. Fiber stiffness

The model-predicted fiber stiffness tensor components based on
average cell wall volume fraction (Table 2) and average microfibril
angles (Table 3) is summarized. The transversally orthotropic fiber
stiffness tensor C𝑓𝑖𝑏 is therefore expressed as a transversally orthotropic
tensor with compliance C−1

𝑓𝑖𝑏 expressed in the fiber-specific 𝑅-𝑇 -𝐿 base
frame (where the isotropic plane is the 𝑅-𝑇 -plane) as

C−1
𝑓𝑖𝑏 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

1∕𝐸𝑇 −𝜈𝑇 ∕𝐸𝑇 −𝜈𝐿𝑇 ∕𝐸𝐿 0 0 0
1∕𝐸𝑇 −𝜈𝑇𝐿∕𝐸𝐿 0 0 0

1∕𝐸𝐿 0 0 0
... 1∕𝜇𝐿𝑇 0 0

. . . 1∕𝜇𝐿𝑇 0
sym … 2(1 + 𝜈𝑇 )∕𝐸𝑇

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦𝑒𝑅,𝑒𝑇 ,𝑒𝐿

.

(E.1)

ith 𝐸𝑇 and 𝜈𝑇 as modulus and Poisson’s ratio in the symmetry
lane, 𝐸𝐿 and as moduli and 𝜈𝐿𝑇 as out-of-plane counterparts and
𝐿𝑇 as corresponding shear modulus. Note that (E.1) refers to Mandel
otation. The five elastic constants are listed for all 26 different plants
n Table E.5.
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