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Abstract: New generation non-crimp fabric (NCF) offers 
an attractive thin and lightweight building block alterna-
tive in the design of composite materials and structures. 
Pre-assembly of multiple plies of parallel fibers, each lay-
ing in a different orientation would not require crimping 
of the fibers and would enable one-axis lay-up that can 
substantially reduce the labor, scrap, and manufacturing 
costs. A state-of-the-art tow-spreading technique enables 
ply thickness to be reduced to as low as one-third of the 
typical commercial high quality pre-preg ply thickness. 
The thin-ply NCF stacks result in well-dispersed plies 
of different fiber orientations and creates the so-called 
homogenized laminates without ply clustering. As an 
option, bi-angle thin-ply NCF offers two different fiber ori-
entations with one being off-axis, e.g. at φ°, along with an 
on-axis 0° forming (0/φ) assembly. This allows to design 
in anisotropic properties within the NCF building block. 
An overview of several aspects of the thin-ply bi-angle 
NCF composites is provided to address associated benefits 
and opportunities in the lightweight structural compos-
ites design process.

Keywords: composite design; homogenized laminate; 
non-crimp fabric (NCF); sub-laminate; thin ply.

Nomenclature
1−2	 material coordinate system for a given ply
x−y	� general coordinate system for sub-laminate/

laminate
φ	� fiber orientation angle in a given ply with respect to 

x-axis
E1, E2, ν12,, G12	 UD ply material properties
Ex (GPa)	� sub-laminate (homogenized/equivalent) stiffness 

in x
Ey (GPa)	� sub-laminate (homogenized/equivalent) stiffness 

in y
Gxy (GPa)	� sub-laminate (homogenized/equivalent) shear 

stiffness in x−y system

νxy	� sub-laminate (homogenized/equivalent) Poisson’s 
Ratio in x−y system

X (MPa)	� sub-laminate (homogenized/equivalent) tensile 
strength in x

Xʹ (MPa)	� sub-laminate (homogenized/equivalent) compres-
sive strength in x

Y (MPa)	� sub-laminate (homogenized/equivalent) tensile 
strength in y

Yʹ (MPa)	� sub-laminate (homogenized/equivalent) compres-
sive strength in y

S, Sʹ (MPa)	� sub-laminate (homogenized/equivalent) shear 
strength in x−y system

εx	� extensional (on-axis) strain component in x−y 
system

γxy	 in-plane shear strain component in x−y system
σx, σy, σxy	 in-plane stress state in x−y system
px (N/mm)	 distributed axial load
pz (N/mm)	 distributed lateral load
mx (N)	 distributed twisting moment
my (N)	 distributed bending moment
dtip (mm)	 lateral tip displacement

1  Introduction
Among the variety of reinforcement architectures in 
structural composite materials, non-crimp fabric (NCF) 
has become an attractive building block for versatile 
composite design in many engineering challenges. As an 
assembly strategy for non-crimped unidirectional (UD) 
plies, NCF reduces labor by enabling one-axis lay-up, in 
addition to reducing scrap and manufacturing costs [1]. 
However, the process may yield distinct fiber bundles that 
have ellipsoid-like cross-section and separated by resin-
rich pockets (Figure 1A). Substantial work evaluating the 
structure and mechanical properties of NCF-based struc-
tural composites has already been reported using multi-
scale modeling and experimentation [2–8].

As Edgren et al. [9] had suggested, typical areal weight 
and corresponding ply thickness of NCFs are already 
higher than conventional high-performance pre-preg plies. 
A new generation of NCF with thin plies are realized by tow 
spreading technology (Figure 2), yielding for instance thin 
plies of NCF with half the thickness of a typical high-perfor-
mance UD ply (75 g/m2 vs. 150 g/m2, respectively). During 
production of the thin-plied NCF-based composites, the 
problem of large ellipsoid tow bundles separated by resin 
pockets can be eliminated to a larger extent (see Figure 1B). 
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Their stack forms a fine through-the-thickness dispersion 
of the plies of different fiber orientations and creates the 
so-called herein homogenized laminates without ply clus-
tering. Table 1 summarizes the potential consequences of 
manufacturing NCFs as of thin plies, while providing a 
list of the advantages and disadvantages of the structural 
NCF composites. The objective of this article is to provide 
an overview of the thin-ply NCF and a perspective on the 
design of the NCF building block itself, along with its 
effective implementation in the analysis and design of the 
structural composites.

2  �Why a thin-ply NCF building 
block?

Because microscopic damage accumulation in UD fiber 
composites is sensitive to the thickness of fiber orientation 

Figure 1: Image of laminate cross sections.
Note the scale and relative size of resin-rich pockets: (A) ordinary 
NCFs; (B) Thin-ply NCFs (Courtesy of ADVAERO Technologies and 
Prof. Stephen W. Tsai, Stanford University Composite Design Work-
shop lecture notes [35]).
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Figure 2: (A) Tow-spreading technique [15]; (B) Bi-angle thin-ply NCF 
pre-preg C-ply™ with Aldila’s AR2527 resin: (− 45/0) (left) and its 
flipped-over look as (0/45) (right).

in a continuous stack [10, 11], the thin-ply concept was 
originally introduced as individual UD plies [12–22]. By 
incorporating a technique called tow-spreading, Sasayama 
et al. [12] at Fukui Technology Center were able to spread 
the carbon fiber tows (see Figure 2) without inducing any 
stress to the individual fibers, eliminating the risk of fiber 
damage. The process involved blowing air across a 12  k 
or 24  k tow to create thin plies down to about 1/6 of the 
conventional 0.12 mm (5 mil) ply thickness [12–15]. Experi-
mental results in support of the benefit from tow-spread 
thin-plies have been reported. For instance, Yamaguchi 
and Hahn [16] investigated and reported increased resist-
ance to the matrix crack accumulation and improved the 
fatigue life of thin-ply carbon fiber reinforced polymer 
laminates in tension. Sihn et al. [15] also studied damage 
resistance against static and fatigue tensile loading and 
demonstrated the improvement associated with the use of 
thin-ply UD pre-preg materials. The thin-ply pre-pregs were 
also shown to be useful for enhancing the compressive 
strength and impact resistance [17]. More recently Yokozeki 
et al. [18] reported that the standard ply laminates subject 
to out-of-plane transverse loadings by indentation exhib-
ited increased delamination and matrix cracks, whereas 
thin-ply laminates ultimately failed by sudden fiber frac-
tures. Saito et  al. [19] evaluated the thin-plied quasi-iso-
tropic laminates with regard to damage accumulation and 
progression. They followed an experimental procedure 
focused on compression after impact and incorporated 
ultrasonic scanning and sectional fractography for their 
assessments. They reported a strength increase of 23% with 
significantly reduced transverse crack density. The group 
also extended their assessments by computational stress 
analysis [20]. The simulations showed that stresses leading 
to crack progression were smaller within the thin plies in 
the vicinity of the adjacent layers. In another recent work, 
Amacher et al. [21] elaborated on the effect of ply thickness 
by covering a range of pre-pregs of 30–300 gsm (g/m2) fiber 
areal density by North Thin Ply Technology (Renens, Swit-
zerland). They reported experimental findings on tension, 
open-hole compression, and open-hole tensile fatigue 
tests on quasi-isotropic laminates. The results also suggest 
that decreasing the ply thickness can improve the strength 
and on-set of damage characteristics significantly. Wisnom 
[22] indicated that there may be a trade-off between the 
damage mode and strength in some cases, and dispersion 
of the fiber orientations may alter the ultimate strength, 
e.g. [0/45/90/–45]4s vs. [02/452/902/–452]2s vs. [04/454/904/–
454]s. This is attributed to the fact that well-dispersed plies 
(an equivalent effect of the thin-ply concept) eliminate 
the delamination and the failure mode is dominated by 
the fiber failure. The delamination, however, may serve to 
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blunt the stress concentrated states and increase the ulti-
mate strength in the existence of stress-raisers. In other 
words, it is imperative to discuss and assess the effect of 
the spatial dispersion of the ply orientations in terms of 
the applied driving loads, material discontinuities, and the 
associated stress-state characteristics. This can be noted 
also by the work of Shin et al. [15]. The experimental find-
ings [15, 18, 22] suggested that the thin-ply is to delay, if 
not to eliminate, the microcracks-driven failure modes and 
free-edge delamination.

With the technology of the tow-spreading (Figure 2) 
integrated into multi-axial dry reinforcement produc-
tion lines (e.g. Chomarat, Le Cheylard, France and Metyx 
Composites, Istanbul, Turkey), the thin-ply NCF choices 
have been available. Figure 1 shows a comparison of a 
traditional NCF vs. a thin-ply NCF laminate. Note that the 
size of the resin-rich pockets between the spread tows 
is one order of magnitude smaller than with the regular 
ellipsoid-like bundle NCFs. With the availability of the 
commercial materials, thin-plied NCF studies emerged in 
recent years [23–33]. Artiero et al. [28], for instance, dem-
onstrated the suppression of the damage mechanisms 
and increase in strength due to the choice of thin-plied 
NCF. More recently, Guillamet et al. [29] contributed to the 
understanding of the benefit by making the NCF thinner 
plied as they focused particularly on the onset of damage 
mechanisms at the free-edges.

In addition to the thinner plies, another intriguing 
feature can be realized by making the building block 
NCF as the unbalanced bi-angle, i.e. composed of on- 
and off-axis fiber orientations [23, 24]. The commercial 
bi-angle NCF, the so-called C-ply™ (by Chomarat) deliv-
ers a sub-laminate of (0/45) or (–45/0) in about 0.125 mm 
cured thickness. The consequence is that one can actually 

achieve reinforcement in two distinct orientations within 
a typical UD ply thickness, and can take several signifi-
cant advantages of fiber orientations being well dispersed 
in making laminates, such as the:

–– suppressed microcracks ( see later in Figure 7),
–– availability of customized anisotropic building blocks 

arguably for more efficient design, and
–– possibility for one axis lay-up, reducing the lay-up 

time and materials scrap.

3  �Designing the NCF building block
The fixed building block or sub-laminate-based design has 
been a somewhat constrained option, as the ply-orienta-
tions are typically 0°, 90°, 45°, −45° combinations, despite 
the fact that many other ply combinations are possible for 
NCFs. One of the ideas that has not been considered suffi-
ciently in the open literature is the possibility of a custom-
selected NCF building block by design. The building block 
may be of two types: a conventional balanced (and/or ortho-
tropic) design and an “unconventional” anisotropic design.

3.1  �Conventional NCF building block

The typical and conventional NCF building block choices 
seem to be angle-ply, cross-ply, and/or combinations 
thereof, which all result in a balanced and/or orthotropic 
building block [e.g. (45/−45), (0/90), and (0/45/90/−45), 
respectively]. The balanced/orthotropic designs to start 
with are also useful for implementing the general design 
of an NCF building block. It is because one requires 
nominal ply data for the NCF design process, such as in 

Table 1: Overview of pros and cons associated with the use of NCF building block and potential improvements by the thin-ply feature.

Pros   Cons   Potent against the cons

Homogenized laminates are practical   Limited fiber orientations   Customized NCF building block for efficient 
design is possible

One axis lay-ups reduce the materials 
scrap and labor cost

  Handling of a thick material 
block, draping

  Thin-ply NCFs by tow-spreading 

NCF tapes can be adapted into 
automated tape laying

  Fiber discontinuities on the 
off-axis plies

  Efficient and smart staggering schemes 
may be explored

Customized building block or sub-
laminate can be readily available

  Typical available NCFs are 0/90, 
45/− 45 and quasi-isotropic

  [0/φ] anisotropic bi-angle and [0/φ/− φ] 
three-angle thin-ply NCFs are also possible

Easy to characterize: testing of 
homogenized building block for 
strength. 

  Depending on the number of 
fiber orientations, flipping over 
or rotating does not provide 
symmetry if needed

  With the thin plies and homogenized 
layups, symmetry constraint becomes less 
critical. Building block or sub-laminate 
stacking is also inherent

Accurate failure envelopes can be 
readily available for design

  Properties for ply-by-ply 
analysis may be lacking

  Basic testing scheme for back calculation 
of the ply data 
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CLT-based (classical lamination theory [34]) calculations/
predictions on the mechanical behavior of the NCF build-
ing block. And the ply properties can be back-calculated 
from the data of a baseline, somewhat more traditional 
NCF configuration, which enables arguably more reliable 
coupon test data.

A UD ply may also be produced with the NCF 
machines by laying the fiber tows in parallel and stitch-
ing for the planar stability of the tows. This procedure, 
for instance, was reported for a carbon/epoxy mate-
rial [25]. Although it was a direct method for obtaining 
the single ply data, the stitching and tow placement are 
not necessarily the best representation of an optimized 
multi-angle NCF production that may be the primary 
goal. Stabilizing a UD ply of the tows may require a non-
woven mat and/or somewhat heavier stitching than what 
may be the optimal and minimally intrusive stitching 
of a multi-angle/layer NCFs. Unlike in a single UD NCF 
ply, multi-angle plies assist each other in stabilizing the 
tows within themselves. Therefore, multi-angle NCFs, for 
instance an angle-ply balanced NCF of (± φ) fiber orienta-
tions and preferably with a shallow angle φ, may be used 
to make test coupons and back-calculate the UD equiva-
lent ply data, as the associated stitching would be more 
representative.

The following approach for the back-calculation of the 
nominal ply properties can be incorporated: (i) prepare 
NCF-made laminates and characterize them for the lam-
inate mechanical properties (Ex Ey, νxy, Gxy); (ii) suggest 
ranges for nominal UD ply parameters (E1, E2, ν12,, G12) and 
calculate the laminate stiffness parameters for the tested 

lay-ups using CLT; and (iii) compare with the available 
test data to determine the ply properties which result in 
the best correlated predictions. Figure 3 shows an illus-
tration of the procedure. For the selected ranges of E1 and 
E2, predicted contour bands of different laminate proper-
ties capturing the associated experimental findings on the 
tested laminates can be overlapped. This enables one to 
zoom-in to the nominal ply property settings which can 
correlate all the test data reasonably well. This approach 
can also be adopted for the strength parameters by incor-
porating failure predictions, for instance by the Tsai-Wu 
failure criterion.

In the work of the Stanford Composite Design Group 
focusing on the thin-ply NCF, test coupons of C-ply™/
epoxy were made available by using various manufac-
turing techniques [25–27]. The laminates tested were of 
(± 12.5), (± 22.5), (0/± 25/0), and (0/± 45/0) thin-ply NCF 
building blocks. Back-calculated nominal carbon fiber 
(0)-ply stiffness and strength parameters were reported 
in Refs. [28, 31], which are also included in the second 
column of Table 2.

With these nominal ply properties incorporated, the 
stiffness and strength parameters of two NCF sub-laminate 
families, namely (± φ) and (0/± φ/0), were predicted as a 
function of the off-axis fiber orientation angle φ via clas-
sical lamination theory and the micromechanics-based 
MicMac toolset [34, 35]. This exercise is simply equivalent 
to the design of the NCF building block. Figure 4 presents 
typical balanced/orthotropic-like (no extension-shear 
coupling) NCF design curves for sub-laminate stiffness 
and strength. They also include the test data from four 

Figure 3: Illustration of the approach to back-calculate nominal UD ply data due to available NCF-made laminate mechanical properties.
Contours represent estimated range of laminate longitudinal modulus, Ex transverse modulus Ey and Poisson’s ratio νxy as function of the ply 
moduli covering the experimental data of the laminates, say (A) laminate (± φ1), and (B) laminate (0/± φ2/0). Red cross indicates the selected 
ply moduli, E1 and E2 which best predicts the available test data of the laminates.
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coupons: sub-laminates by (± 12.5), (± 22.5), (0/± 25/0), 
and (0/± 45/0) NCFs [27].

3.2  �Anisotropy in NCF building block: 
unconventional and intriguing for 
design

One of the features in NCFs, deserving emphasis is that 
the building block NCF can be designed to introduce 
anisotropy inherently [23, 24]. That is, a choice of the 
ply orientations can make a highly anisotropic building 
block NCF, such as (0/25), (0/45) orientations (shown in 
Figure 2B). Their stacks or repeats then translate into 
an anisotropic, homogenized laminate (as discussed in 
the next section). The anisotropy is typically due to the 
unbalanced off-axis fiber orientation φ along with the 
0-degree ply forming the (0/φ) NCF. This building block 
results in shear-extension coupling. Figure 5 shows how 
shear-extension coupling is induced on homogenized 
laminates of an anisotropic (0/φ) NCF as opposed to a 
(0/φ/–φ) NCF building block, subject to the plane stress 
state of combined normal and shear stresses. When 
the applied stress state is uniaxial (σx ≠ 0, σxy/σx = 0), no 
shear, but an extensional normal strain, γxy/εx = 0 results 
for the balanced NCF building block regardless of the off-
axis ply angle φ (Figure 5A). In contrast, when the sub-
laminate is unbalanced, the γxy/εx ratio is nonzero and 
depends on the off-axis ply angle φ due to the nonzero 
shear-extension stiffness coupling (Figure 5B). Figure 5B 
also indicates the stress ratio being positive or negative 
will result in differences in the absolute magnitude of 
the strain ratio, unlike in the sub-laminate of balanced 
off-axis plies. The in-plane extension-shear coupling due 
to anisotropy and associated strain dependence can be 

tailored by the design of the NCF that can translate into 
the laminate design for deformation, as discussed in the 
upcoming sections.

One can also exemplify the potential benefit of the 
custom design NCF building block by comparing the most 
traditional quasi-isotropic [π/4 = (0/45/90/−45)] design 
against shallow off-axis angle (φ) NCF configurations. 
Figure 6 provides Tsai-Wu failure surfaces under combined 
stress states. The contour plot was tailored so that the 
stress-states stand out, where the shallow angle designs 
are safer than the π/4 design. Considering the stress-ratios 
on the plot, these colored regions (corresponding to the 
failure surface towers) suggest that the shallow angle NCF 
designs are likely to outperform the π/4 design for highly 
slender structural problems.

4  �Homogenization at the laminate 
level: well-dispersed fiber 
orientations by NCF sub-laminate 
stacking

The homogenization at the laminate level can be better 
discussed by normalizing the laminate stiffness matrices. 
Tsai [34] suggested normalization so that laminate nor-
malized stiffness components have the same unit (in Pa 
for instance):
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Table 2: T700/epoxy C-ply™ NCF’s ply [28, 31] and sub-laminate (homogenized laminate) properties (Vf = 0.50).

  [0]a  [0/25]  [0/25]b  [0/ ± 25/0]  [0/ ± 25/0]b  [0/ ± 45/90]  [0/ ± 45/90]b

Ex (GPa)   110  70.3  63.5  85.2  74.8  42.6  38.1
Ey (GPa)   7.4  8.0  5.0  8.6  2.9  42.6  39.2
νxy   0.30  0.47  0.60  0.98  2.2  0.31  0.30
Gxy (GPa)   4.2  8.0  6.6  11.3  8.9  16.3  15.3
X (MPa)   2300  718  862  1293  1293  393  797
Xʹ (MPa)   1500  666  745  641  641  609  609
Y (MPa)   66  71  71  78  93  393  797
Yʹ (MPa)   220  221  221  230  230  609  332
S (MPa)   93  209  209  188  248  255  255
Sʹ (MPa)   93  101  112  188  248  255  255

ax–y (Global) and 1–2 (material) coordinate systems are identical.
bCorresponds to LPF parameters.
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where h is the total laminate thickness, A, B and D are the 
laminate’s extensional, extension-bending coupling and 
bending stiffness matrices, respectively.

As the use of NCF inherently suggests, fixed build-
ing block or sub-laminate of several fiber orientations, 
typically two to four angles, are stacked repeatedly in 
the construction of composite structures. The number of 
repeats of the sub-laminate and the thickness associated 
with each of the distinct orientations are two determining 

factors in the definition of the homogenization through 
the thickness, or at the laminate level. The homogenized 
laminates are expected to provide a dispersion of the dis-
tinct fiber orientations. Figure 7 schematically describes 
how the plies of distinct orientations can be dispersed, 
such that the laminates become homogenized through 
the thickness. Repeat index ‘r’ increases the dispersion 
of the distinct ply orientations or building blocks relative 
to the total thickness. The laminate becomes more of an 
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Figure 4: Basic stiffness and strength predictions for T700/Epoxy (± φ) and (0/± φ/0) C-ply™ laminates.
Test data from (± 12.5), (± 22.5), (0/± 25/0), and (0/± 45/0) type laminates [25–27].
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equivalent homogenized material at the laminate level, 
for which normalized extensional and bending stiffness 
matrices are equal, [A*] = [D*] [34]. The homogenized 
laminates can thus be easier to produce at a reduced total 
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Figure 6: Comparison of Tsai-Wu failure surfaces for laminates of 
QI: (0/45/90/− 45), (0/± 25/0), and (0/25) stacks.
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thickness, giving rise to the salient characteristic of a thin-
ply NCF.

Homogenization at the laminate level leads to 
various benefits for composite design not readily pos-
sible with the traditional heterogeneous approach. 
Because bi-angle thin-ply NCF enables facile realiza-
tion of substantial weight and cost savings, [24–33] it 
has been suggested that (0/25)- or (0/45)-like bi-angle, 
anisotropic, sub-laminate stacks as the basic building 
block can replace more traditional, but constraining 
designs of family [0p/± 45q/90r]S where ‘p’, ‘q’, and ‘r’ rep-
resent repeat numbers. With 16 or more repeated thin-
ply NCF sub-laminates the resultant laminate becomes 
homogenized. So, the laminate can be stacked without 
mid-plane symmetry; another advantage for the ease of 
manufacturing practices.

4.1  �Asymmetry associated with the fixed 
sub-laminates of NCF

While symmetrical stacking sequences are often preferred 
in laminated composites, as noted in Table 1, not all NCF 
building blocks are suitable for creating overall symmetric 
laminates, unless their matching alternates for symmetry 
are also made available [e.g. (0/45) and (45/0) both to be 
available]. An NCF building block may not necessarily 
provide its own mirror image alone by simple lamina-
tion practices, such as flipping over and/or rotating by an 
angle unless the ply orientations are of cross-ply family, 
(0/90) or (45/−45), and π/4-quasi-isotropic (0/45/−45/90) 
(Table 3). A consequence of this intrinsic asymmetry is the 
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nonzero extension-bending coupling matrix [B]. However, 
the effect of the asymmetry is also reduced as homogeni-
zation at the laminate level is increased by a sufficiently 
high number of repeats of the building block or sub-
laminate. Figure 8A shows how the entities of the nor-
malized extension-bending coupling stiffness matrix [B*] 
vanish as the number of repeats increase for sub-laminate 
π/4, suggesting the minimized effect of the asymmetry of 
the whole laminate.

The number of the distinct fiber orientations within 
the NCF sub-laminate is also a factor in the homogeniza-
tion at the laminate level. Among the bi-, tri- and quad-
angle sub-laminates, a lower repeat of the building block 
or sub-laminate will be sufficient, when fewer angles or 
orientations are used within a building block. This can 
be demonstrated by the diminishing ratio of resulting 
bending/flexural (εflex) to in-plane (εin-plane) strains for the 
asymmetric stacks of bi-, tri-, and quad-angle sub-lami-
nates, when the loading is extensional only (Figure 8B). 
That is, the symmetry and asymmetry of the lay-up may 
converge to the same overall deformation as the number 
of repeats ‘r’ is increased. This also suggests that simplic-
ity of the basic building block results in minimized errors 
due to use of the homogenized or equivalent properties 
instead of the ply-by-ply values, the topic to be discussed 
in the next section.

4.2  �Homogenized properties of thin-ply NCF 
building block and failure envelopes

The NCF building block or sub-laminate design curves in 
Figure 4 also represent fully homogenized laminate prop-
erties before the first ply failure (FPF). For general and 
multi-angle NCF sub-laminates, on the other hand, pro-
gressive failure may occur, calling attention to the last ply 
failure (LPF), as well as the FPF. Therefore, the prediction 
procedure of FPF is also followed for the homogenized 
LPF predictions, but incorporating an additional degrada-
tion scheme [34], which traditionally imposes an empiri-
cal degradation factor, d in the range of 0.1–0.2. For this 
present study, a factor d = 0.2 was used on the matrix mate-
rial properties and reflected here onto the matrix-dominat-
ing ply properties by using micromechanics relations [34, 
35]. In contrast, the longitudinal-ply modulus was main-
tained at its “intact value”. The laminate strength param-
eters can be computed by applying the ply-by-ply Tsai-Wu 
criterion based analyses. Specifically, six basic uni-mode 
loading/stress state scenarios are considered, namely (σx, 
σy, σxy) = (1, 0, 0), (−1, 0, 0), (0, 1, 0), (0, −1, 0), (0, 0, 1), and 
(0, 0, −1) corresponding to the laminate strength param-
eters X, Xʹ, Y, Yʹ, S and Sʹ, respectively. The representative 
stiffness and strength predictions for several thin-ply NCF 
building block designs of C-ply™/epoxy are given both for 

Table 3: Examples of NCF configurations in the view of mirror image possibilities by basic lay-up practices.

Original NCF   Mirror image by flip-over?  Mirror image by rotation angle?

0/90   90/0 → no   90 → 90/0 → yes
45/− 45   45/− 45 → no   90 → −45/45 → yes
0/45/− 45/90   90/45/− 45/0 → no   90 → 90/− 45/45/0 → yes
0/45/90/− 45   45/90/− 45/0 → no   90 → 90/− 45/0/45 → no
0/60/− 60   60/− 60/0 → no   (Flip and then) 90 → −60/60/90 → no
0/φ   − φ/0 → no   φ → φ/2φ → no
0/φ/− φ   φ/− φ/0 → no   (Flip and then) 90 → −φ/φ/90 → no
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FPF and LPF in consecutive columns of Table 2. Such pre-
dictions shall be the essential data/parameters in design-
ing NCF laminates and structures by analyses within the 
most commercial finite element software in which Tsai-Wu 
criterion is typicaly built-in.

4.3  �Homogenized FPF and LPF envelopes

Another direct graphical way to assess the performance 
of the NCF designs is to study the failure surfaces or enve-
lopes, which were also considered for the homogenized 
laminates. Following a common practice in the design cycle 
of laminated composites, the FPF and LPF envelope pre-
dictions can be performed using the ply-by-ply analyses. 
Alternatively, the use of homogenized equivalent strength 
parameters in LPF along with the FPF predictions is dis-
cussed here. The envelopes based on traditional Tsai-Wu 
criterion [34] are referred to as the homogenized envelopes 
[32]. If the repeat of a sub-laminate increases, the laminate 
characteristics normalized with respect to its thickness 
converge to those of a symmetric laminate. For instance, a 
quadratic failure envelope for a sub-laminate, say (φ1/φ2), 
and a homogenized laminate with its sufficiently large 
repeat ‘r’, [φ1/φ2]r can be considered to be equivalent to the 
envelope of a simple symmetric laminate of [φ1/φ2]s.

In order to compare the homogenized laminate failure 
envelopes with the ply-by-ply envelopes, the results for 
several sub-laminates of bi-, tri-, and quad- ply orienta-
tions are shown in Figure 9. The choice of the sub-lami-
nates for comparison are: quasi-isotropic, orthotropic-like, 
and anisotropic building-blocks. Recalling the discussion 
in Figure 4, focus was specifically on the σx − σxy plane, 

where the bi-angle NCF can make the utmost impact. This 
is the stress plane, where highly loaded slender struc-
tures such as wind turbine blades and wing designs, can 
be improved for reduced weight, but increased strength. 
It should be noted that although homogenized envelopes 
require ply-by-ply analyses along with the anchor points, 
X, Xʹ, Y, Yʹ, S and Sʹ as in Table 2, once they are formed, 
the implementation in the design cycle can be performed 
as if a homogenous material [31] was used.

The failure envelopes presented in Figure 9 suggest the 
following: (i) the degree of anisotropy does not adversely 
affect the accuracy of equivalent or homogenized lami-
nate failure envelopes: they are all in very good agreement 
with the ply-by-ply analyses; (ii) the ply-by-ply LPF enve-
lopes with discontinuity-like abrupt shape changes may 
be hard to implement in automated design cycles (in the 
case of equivalent or homogenized LPF envelopes, these 
models are also ellipsoids, similar to the FPF envelopes 
and well-behaved quadratic functions. They can easily be 
incorporated parametrically as constraints to avoid failure 
in the design optimization process.); and (iii) bi-angle 
NCF homogenized laminates with shallow off-axis plies 
do not have a significant FPF and LPF distinction, i.e. FPF 
(without an assumed/empirical degradation scheme) pre-
dominantly drives the design cycle.

5  �NCF sub-laminate based analysis 
for structural design

The aim of the previous section was to introduce the NCFs 
within the context of a building block or sub-laminate 
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approach, and provide ways of assessment and charac-
terization for designing the NCF building-block itself. 
In this section the focus is shifted to discussing about a 
couple of aspects on design of laminates based on the NCF 
building-blocks.

In order to demonstrate application of the laminate 
analysis as a basis of homogenized laminate design 
approach, an example problem is a laminated flat plate 
of aspect ratio 3 (300 × 900 mm2), as schematically rep-
resented in Figure 10. MSC.Patran software incorporating 
MSC.Nastran solvers was used in modeling and solving 
the problem [36]. The finite element model contains 2D 
four nodes QUAD4 shell elements formed via a 30 by 
30 uniform mesh. Boundary conditions are to simulate 
a clamped end at the x = 0 edge and free ends at y = 0 
and 300  mm edges, and at x = 900  mm where the addi-
tional distributed forces/moments are also imposed (the 
basic in-plane axial load by distributed force px, lateral 
distributed force pz, distributed twisting and bending 
moments mx and my, respectively). Linear solver SOL 101 
was typically utilized, but SOL 105 and SOL 200 were 
also employed for buckling and structural optimization, 
respectively. Note the demonstrations herein can also be 
perceived as examples of how one can customize the NCF 
building block by laminated structural design and opti-
mization, provided that the application problem is well 
defined and the NCF design is feasible by the material 
providers. The C-ply based NCFs by Chomarat in epoxy 
matrix (with 0.0625  mm nominal individual ply thick-
ness) were considered in the examples for consistency 
(material properties from Table 2).

5.1  �Design for deformation

As any NCF ply arrangement is virtually possible, the 
sub-laminates are not necessarily orthotropic, but may 
also be anisotropic. For instance, a building block, bi-
angle thin-ply NCF may reunite composite designers and 

Figure 10: Description of the clamped-free ended flat-plate 
problem.

practitioners with the anisotropy and associated benefits 
complemented by the one-axis lay-up advantage. One can 
homogenize the laminates and reduce the normalized in-
plane/bending coupling to a great extent by the bi-angle 
thin-ply NCFs, while taking advantage of the bending-
twisting coupling for the out-of-plane deflection control.

Slender load-bearing structures such as wings and 
wind turbine blades are subject to inevitable combined 
bending and twisting type loading and deformations. 
Unlike traditional quasi-isotropic laminates, anisotropic 
lay-ups under either one of the loadings result in the both 
types of deformation simultaneously due to the bending-
twisting coupling.

The bending-twisting coupling due to anisotropy has 
been long recognized for its potential of controlling or 
designing the deformation counter effects on the loading 
types, usually referred to as passive aeroelastic tailoring 
in the field of aerostructures. The potential of the bi-angle 
NCF for such a tailoring approach can be shown on the 
simple laminated plate design (Figure 10) for suppressing 
one of the deformation modes despite combined loading. 
Figure 11A (left column) and Figure 11B (right column) 
show how an off-axis angle φ can be determined for zero 
tip deflection and zero tip rotation, respectively, when 
the anisotropic laminate [0/φ]8S is subject to combined 
loading.

5.2  �Design optimization using homogenized 
laminate properties

Although design optimization of composite structures is 
a well-established field [37–42], associated research con-
tinuously progresses. Novel strategies are demonstrated 
such as the use of lamination parameters as design varia-
bles while adapting the evolving manufacturing capabili-
ties and practicability into the design [40, 41].

The form of the materials used in the composite struc-
tures may also be a decisive factor regarding the strategies. 
One supplementary aspect herein, for instance, is to tailor 
the design framework to the distinct and descriptive char-
acteristics of NCF. Homogenized or dispersed collections 
of fiber orientations in the form of sub-laminates, which 
are intrinsic to NCF in composites, offer several advan-
tages. Analyses for preliminary design can be carried out 
by adjusting to a building block approach which relies on 
the homogenized material properties and failure enve-
lopes. Preliminary composite design may implement 
simplified analyses by replacing the composite lami-
nates in the structural model as if they were constructed 
of equivalent homogenized material [40, 43]. Parnell and 
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Tsai [33] reported use of the equivalent properties in finite 
element analyses of a typical stiffened panel problem. 
The approach can provide a design optimization frame-
work five times faster, due to overall solution and memory 
reductions. In addressing the use of sub-laminates and 
their equivalent properties in the design of composite 
structures, Venkataraman et  al. [44] have demonstrated 
that error due to equivalent properties may be as high as 
20%, but can be reduced to 6% if the repeat of the sub-
laminate is increased. They have also cautioned that their 
findings may not be applicable, when the lay-up is asym-
metric, which is typically the case in this article.

One simplifying difference here, yet specific to NCF 
practices in analysis and design, is that the sub-lami-
nate is formed from a single unit basic building block. 
This approach reduces the error in the bending stiffness 
matrix [D] and enables even an asymmetric overall lay-up, 
provided that the number of repeats is sufficient. Recall 
Figure 8B which showed how the ratio of bending to in-
plane strains converges to zero, for asymmetric stacks of 
bi-, tri- and quad-angle sub-laminates, when the loading 
is extensional in nature only.

The process of sub-laminate-based analysis and 
design herein can be represented by Figure 7. The NCF 
sub-laminate is treated as a homogenous material with 
the associated homogenized/equivalent properties. Then 

homogenous thickness variables are assigned to the 
spatial domain(s) of the structure so that they can be opti-
mized for the given problem. Once the optimal homog-
enized thickness profile is found for the structure, it can 
then be converted back to the sub-laminate stack.

Several isolated unit-load cases were first evalu-
ated for deformation and stress fields computed from 
finite element analyses, using individual ply-data and 
NCF building block/sub-laminate properties within the 
ply-by-ply and homogenized laminate analyses, respec-
tively. The lay-up was made-up of a stack of (0/25) sub-
laminates with a repeat of 16, resulting in a total laminate 
thickness of 2 mm (32 thin plies of C-ply material). Table 
4 summarizes the comparisons for the load cases and 
associated percentage errors due to use of the homog-
enized properties. In addition, Figure 12 shows how the 
tip displacement due to axial (in-plane) unit load devi-
ates from the ply-by-ply analysis result (A), and when the 
homogenized properties are utilized (B). The latter results 
in zero lateral tip displacement, as the coupling stiffness 
matrix [B] is not incorporated, despite the asymmetry 
of the lay-up. The difference is negligible – 0.2  mm (as 
opposed to 900 mm length of the plate) for the unit load 
case, although it is directly proportional to the applied 
load. For the same problem, a stress field comparison is 
also presented in Figure 12. As reported in Table 4, the 
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three in-plane stress components σx, σy, σxy were under-
estimated by 5%, 17% and 27%, respectively. However, it 
should be noted that the latter two stress components are 

the minor ones and an order of magnitude smaller than 
the axial stress. Furthermore, the Tsai-Wu failure criterion 
based strength ratio predictions differ by about 10%.

Figure 12: Lay-up, (0/25)16T – total 16 repeats of (0/25) NCF, Load case: px = 1 N/mm, deformed shape and stress contours, σx.
(A) Ply-by-ply analysis; (B) homogenized laminate analysis (displacements are not scaled).

Table 4: Clamped-free [0/25]16T thin-ply NCF (C-ply/epoxy) flat laminate example: percent errors due to the use of homogenized laminate 
properties relative to ply-by-ply analyses.

  Tip displacement   Max σx   Max σy   Max σxy   Strength ratio

px only   100a   5   17   27   10
pz only   < 1   < 1   3   2   1
my only   < 1   < 1   3   2   1
mx only   < 1   1   3   2   6
px and mx   2   1   4   4   7

  Buckling load, mode 1  Buckling load, mode 2  Buckling load, mode 3  Buckling load, mode 4  Buckling load, mode 5
px, cl-ssb   < 1   < 1   < 1   < 1   < 1
px, cl-freec  < 1   < 1   < 1   < 1   < 1

aMaximum tip displacement, 0 vs. 0.2 mm at a span of 900 mm.
bClamped simply supported ends, at x = 0 and 900 mm, respectively.
cClamped free ends, at x = 0 and 900 mm, respectively.
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As for the distributed lateral (out-of-plane) load case, 
the tip displacements predicted by the two approaches are 
almost the same, where the difference is about 0.1%. The 
three in-plane stress components (σx, σy, σxy) are different 
by, 0.7%, 2.5% and 2.1%, respectively (Table 4).

Twisting and bending moment unit load cases were 
also studied, and their results are presented in Table 4. 
Deformed shape and the stress contours for the bending 
moment load case are presented in Figure 13. Further-
more, as an example of the combined loading, analysis 
by the homogenized laminate approach under axial load 
and twisting moment results in stresses and deformation, 
to within 5% of the results by the conventional ply-by-ply 
analysis. Comparisons of the displacement, stress fields, 
buckling loads, and strength ratio in Table 4 suggest 
that the homogenized (equivalent or effective) laminate 

properties within the course of the NCF sub-laminate/
building block approach can be utilized for preliminary 
analysis and design efficiency.

In order to demonstrate the expected accuracy along 
with the simplicity of sub-laminate building block/
homogenized laminate based design optimization as 
summarized in Figure 7, the same flat plate problem 
subject to distributed transverse load pz and twist-
ing moment mx was considered. Finite elements of the 
model were grouped as 15 longitudinal (along the x-axis) 
regions, each assigned to a homogenized thickness 
resulting in a total of 15 continuous design variables. The 
sub-laminate building block for the homogenized lami-
nates was chosen as [0/25]. The minimum weight optimi-
zation problem was solved for a constrained maximum 
tip displacement, dtip. Figure 14 shows the initial design 

Figure 13: Lay-up, (0/25)16T – total 16 repeats of (0/25) NCF, Load case: my = 1 N, deformed shape and stress contours, σx.
(A) Ply-by-ply analysis; (B) homogenized laminate analysis (displacements are not scaled).
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Figure 14: Optimization of clamped-free flat plate problem (Figure 
10) subject to distributed lateral force pz and distributed twisting 
moment, mx for constrained tip displacement dtip  ≤  30 mm.
Minimum weight laminate thickness profiles by (0/25) sub-
laminate: distribution of 15 discrete thickness variable zones and 
nominal smoothing fit.

Figure 15: Deformation of the optimal laminate design subject to pz = 1 N/mm mx = 10 N.
(A) homogenized laminate analysis of the design optimization cycle; (B) posterior ply-by-ply analysis of the optimal profile due to Figure 14.

and the optimal thickness profiles for two different load 
cases while the tip displacement constraint was fixed to 
30 mm. The results are based on the homogenized lami-
nate approach and require verification by the ply-by-ply 
analysis. Figure 15 presents the comparisons for the com-
bined load case of pz = 1 N/mm and mx = 10 N, such that 
dtip  ≤  30 mm. The ply-by-ply analysis on the optimal thick-
ness profile results in the tip displacement dtip = 32 mm, as 
opposed to 30  mm in the homogenized laminate analy-
sis; an error of about 8%. The stress distributions were 
well captured, but the error may be as high as 6%. Note 
that the stress constraints were found to be inactive for 
this problem. The optimal solution of the homogenized 
laminate was driven by the tip displacement constraint. 
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Despite the error in the tip displacement for this example 
problem, the homogenized laminate or sub-laminate 
building block based optimization approach is in general 
proposed to be an efficient and accurate preliminary 
sizing strategy.

6  �Conclusions
Incorporating tow-spreading technology, an innovative 
bi-angle thin-ply NCF offers an attractive alternative for 
laminate production. With prior assessments on lami-
nate stiffness and strength, a customized building block 
or sub-laminate can be easily designed and serve as a 
replacement for the traditional choices, such as quasi-
isotropic NCFs. Anisotropic NCF building blocks may also 
be considered, which may facilitate isolation of the defor-
mation modes under combined loading. Several thin-
ply NCF building-block design curves were presented as 
examples. The advantages associated with the thin plies 
were also discussed, in particular the opportunity for 
making homogenized laminates a practicality. Repeat 
of the NCF building block/sub-laminates is the basis of 
the homogenized laminates. As the repeat increases, 
one can treat the laminate as if it was made of a homog-
enous material, for which equivalent material properties 
can easily be predicted for further use. These properties 
are also referred to as homogenized laminate properties: 
stiffness and strength. Homogenized FPF and LPF enve-
lopes, based on the Tsai-Wu criterion, were demonstrated 
to compare well with the ply-by-ply analyses of the failure 
by the same criterion. Finally, a flat plate problem subject 
to several load cases was considered. The results of finite 
element analyses using ply-by-ply and homogenized lam-
inate representations were shown to be consistent. It is 
concluded that accuracy of the homogenized laminate or 
sub-laminate based analyses is sufficient for enabling the 
incorporation of continuous homogenized laminate 
thickness variables into the design optimization of struc-
tures made of thin-ply NCF.
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