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Abstract

Composite materials are finding increasing application, for example in commercial aircraft.
Traditionally fiber angles are restricted to 0°, +45° and 90°. The current work exploits the pos-
sibility of using multiple 'non-conventional’ laminates where either fiber steering (’variable stiff-
ness’), ply drops (’variable thickness’), or a combination of both is used. This leads to varying
mechanical properties which means the load is being redistributed, increasing the overall buckling
load. A flat panel of 400 x 600 mm loaded in uni-axial compression is optimized in the current
work. As a benchmark a conventional laminate is used. The non-conventional laminates are 15%
lighter to emphasize the possible weight savings. Only using variable stiffness or variable thick-
ness is experimentally shown to not be sufficient to match the buckling load of the benchmark
panel. However, using a combination of both, a 10% increase in the buckling load was found for
a panel that is 15% lighter. This highlights the potential of non-conventional laminates.

Keywords: Variable Stiffness; Fibre Steering; Fibre Placement; Testing; Variable Thickness

1. Introduction

Today, composite materials are finding increasing application in large commercial aircraft and
the first composite-dominated planes like the B-787 or A350 are being built. Traditionally, fibers

within a layer have the same orientation, leading to constant stiffness properties. As manufacturing
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technology has evolved, for example with the advent of automated fiber placement machines, the
fiber orientation of a layer can be varied continuously leading to varying stiffness properties that
can be best tailored for the applied loads. These composites are called variable stiffness laminates
(VSL) in the current work.

One of the largest problems in optimizing VSL is taking manufacturability into account. To
do this, linearly varying fibre angles are used by many researchers which have given promising,
manufacturable, results [1, 2, 3, 4, 5, 6]. The use of linearly varying fiber angle per bay, for stiff-
ened plates, has also been investigated, and again it has been shown that varying the fiber angles
leads to better performance [7, 8]. Direct parametrisation of the tow paths using Lagrangian poly-
nomials [9, 10, 11] Lobatto-Legendre polynomials [12, 13], Bezier curves [14, 15, 16], splines
[17, 18], B-splines surfaces [19] and NURBS (Non-Uniform Rational B-Splines) [20] have also
been used. Constant curvature paths have been extensively applied for flat panels and for cylin-
drical and conical shells [21, 22, 23, 24, 25], as the curvature constraint evaluation is simplified.
Large, manufacturable, improvements in buckling load were found, but the result is dependent of
the basis functions chosen [20, 26, 9]. Hence, the total potential of VSL has not been exploited
due to the pre-specified set of possibilities. Furthermore, most methods assume that the fibers are
shifted, meaning a choice has to be made whether gaps or overlaps are allowed during manufac-
turing [27]. For instance, gaps and overlaps are observed in the cylindrical shells manufactured by
Wu et al. [21] and the flat plates manufactured by Tatting and Giirdal [28].

Another approach that leads to manufacturable designs is to align the fibres in the direction
of principal stress. This has been shown to reduce stress concentrations, and can also lead to
reduced weight using the tailored fiber placement method [29, 30]. Using load paths, or a hybrid
combination of load paths and principal stress direction has also been used to design VSLs [31].
Continuous tow shearing is a new manufacturing method, leading to varying fiber angles without
any gaps or overlaps, but with a thickness variation that is coupled with the change in fiber angle
[32, 16]. By using a genetic algorithm, coupled with a pattern-search algorithm, or using the
infinite strip method, large improvements in structural performance have been shown [33, 34]. A
more comprehensive review of optimization strategies can be found in Ghiasi et al. [35]

To exploit the possibilities of VSL fully, a three-step approach has been developed at Delft
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University of Technology. The first step is to find the optimal stiffness distribution in terms of the
lamination parameters. This is discussed in detail in IJsselmuiden [36, 37]. The second step is to
find the optimal manufacturable fibre angle distribution [38, 39, 40]. The third step is to retrieve
the fiber paths, discussed in Blom [41]. A schematic overview of this approach is shown in Figure

1.
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Figure 1. schematic overview of the three-step optimization approach [36]

Another way to achieve varying mechanical properties is by changing the thickness over the
structure, leading to variable thickness (VT) structures. Thickness variation in a laminate is de-
scribed using two variables: the ply drop location and the ply drop order. The most popular
approach is to use an evolutionary algorithm, typically a genetic algorithm, to optimize the num-
ber of layers per "patch’, while also optimizing the ply drop order and stacking sequence, limited
to a discrete set of angles (e.g., 0°, £45°, and 90°). This area of research is referred to as laminate
blending [42, 43, 44, 45, 46] and assumes that potential ply drop locations (i.e., patch boundaries)
are pre-specified by the user. A technique where the fiber angle is not restricted to a discrete set
has also been developed, however, no manufacturing constraints, limiting the change in fiber angle
from one element to the next, are posed [47].

Other techniques where the ply drop locations are not pre-specified use continuous optimiza-
tion. Shape optimization [48] is used to determine the shape and hence ply coverage and ply
drop locations of the different layers. The optimization is performed using a level-set approach
with fiber angles limited to a discrete set. Another continuous method is the discrete material and

thickness optimization method, where the fiber angles belong to a discrete set and fictitious density



variables are used to select the ply angles at any given location. This has been done for compliance
and buckling optimization [49, 50]. For this method, also a thickness filter has been implemented
to get to physically feasible designs [51]. Thickness optimization for buckling load under uni-
and bi-axial compression has also been performed. This work showed that large improvement in
buckling load could be made without affecting the in-plane stiffness[52].

The easiest ply drop orders are inner or outer blending, where the layers are dropped from
the symmetry plane, or from the outside respectively. To determine the optimal ply drop order,
guide-based designs can be used: [43] a stacking sequence for the thickest laminate, called the
guide laminate, is defined and the number of layers per patch. The stacking sequence is then
derived by dropping layers from the inside or outside, depending whether inner or outer blending
is used, from the guide laminate. A method that offers more possible ply drop orders and takes
into account industrial guidelines is using stacking sequence tables [53]. A ply drop order and
guide laminate are optimized. The outer layer is most often not dropped since this would create a
defect on the outside, from where cracks or a delamination could start.

One of the first variable stiffness plates was manufactured and tested by Hyer et al. [54], based
on optimized designs that were adapted to allow manufacturing [55]. The fiber paths were chosen
to go around the cut-out as can be seen in Figure 2. These fiber paths preserved continuity of the
fibers going around the cut-out, trying to lead the load away from the cut-out. During testing, it was
found that the buckling load increased. However, since the paths at the side were not continuous,
the tensile strength was reduced: fiber continuity of these fibers was not preserved. Hence, the
idea of leading the load away was shown to work in practice, but due to manufacturing reasons,
the tensile strength decreased.

When manufacturing panels with linearly varying fiber angles, a choice has to be made whether
gaps or overlaps are allowed when shifting the tows: either gaps or overlaps appear, or the width
of the tow has to be changed, as shown in Figure 3. Both options were manufactured, and as a
reference, a constant stiffness laminate (CSL) was manufactured. All three types of panels were
tested for buckling under compression and shear load [56, 57]. Under compression, the buckling
load of the CSL was predicted quite accurately: the buckling load of panels with gaps was on

average about 10% higher than predicted, the buckling load of the panels with overlaps was almost
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Figure 2. Steered paths manufactured by Hyer et al. [54].

50% higher than the predicted load. This is the result of a combination of effects: due to curing
some pre-stress appears, which has a positive effect on the buckling load. Furthermore, the actual
material properties could differ from the assumed properties, and the gaps and overlaps have not
been taken into account [56]. The buckling results under shear load were different: the buckling
load was predicted accurately for both the panel with gaps and overlaps. The buckling load of
the VS panels under shear is lower than that of the CS panels, because they were optimized for
buckling under compression. The failure load on the other hand is increasing [57]. These tests
clearly show that VSLs lead to an actual increase in performance, not just to a theoretical one.
Some VSL cylinders have been built and both a modal and bending test was performed [58].
The results for both the modal and bending tests showed good agreement between FEA and ex-

periments, for both mode shape and modal frequency, as well as for the strain field. It was noted

5



== Reference ow path
Edge of the tow
— Head fip

Shifting direciion 25

Tow awverlap
(b) (c)

Figure 3. Gaps and overlaps appearing when shifting [16].

that the load redistribution behaves as expected: the tension side carried a larger part of the load
than the compressive side. Furthermore, the maximum strain at the same load was significantly
reduced: the compressive strain was 10% lower, the tensile strain even 35% compared to the CSL
design. This shows the potential when a strength-critical design is optimized using VSL: using
a strain-based failure criterion, this reduction in strain is significant. Hence, these tests again
confirmed the possibilities to improve structural performance by using VSLs.

Another set of cylinders was built and a series of tests was done by Wu in cooperation with
different co-workers. The same VS cylinders were used for a series of tests [59, 60]: first pristine
(i.e, as manufactured without any cut-outs) [61], then making cut-outs in them [62], followed
by large cut-outs [63]. Two cylinders were manufactured and tested with the same fiber angle
distribution. The only difference is that one cylinder is manufactured using an overlap strategy,
the other using the gap strategy. The difference in weight, for the pristine cylinders, is 27%. The
axial stiffness and buckling load, normalized with respect to the weight, is 28% and 78% higher
for the cylinders made using the overlap strategy compared to the cylinders made using the gap-
strategy respectively. The experiments agree within 10% with FEA, suggesting that VS cylinders

are less sensitive to imperfections than their CS counterparts [61].
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The cylinders were not damaged during the buckling test, and another set of tests was done,
with a cut-out on one side scaled to represent a passenger door on a commercial aircraft [62]. Even
though the cylinders were not designed to have a cut-out, the decrease in mechanical performance
compared to the pristine (i.e., without cut-out) cylinder was not large: on average 93% (94 and
91% was measured) of axial stiffness, and 86% (82 and 91% was measured) of buckling load
remains compared to the pristine cylinders. This shows the advantage that VS cylinders offer:
the influence of cut-outs is small. Furthermore, it is expected that this influence could be further
reduced when they are accounted for during design [62]. It has to be noted that the cut-outs were
made in the low-stiffness part of the cylinder, which could be part of the reason for the small
influence.

The cylinders still did not show any sign of damage, so the size of the cut-out was increased
to represent a cargo door on a commercial aircraft. Increasing the size of the cut-out had a limited
effect on the performance: on average still 91% (92% and 90% was measured) of axial stiffness
and 85% (both 85%) of buckling load was preserved compared to the pristine cylinders. For the
tests with cut-outs good agreement was found with the linear bifurcation buckling loads. Since it
is known that the buckling load of unstiffened CS cylinders and plates are sensitive to geometric
imperfection recently, a numerical study on the influence of imperfections on the performance of
VS cylinders has been performed [64]. Results showed what was expected based on the previous
results: the imperfections have a limited influence. The reason is that the buckling always occurs
in the same region: by varying the fibre angle a large difference in local stiffness is created.
Hence, the location of the buckling is not influenced by imperfections. This implies that the load
redistribution is hardly influenced by the imperfections, and thus the effect of these imperfections
1s small [64].

Recently a thermoplastic VS wingbox was designed, manufactured and tested at the Univer-
sity of Limerick. This was a unified approach: the stiffeners and skin were connected in-situ
without the need for secondary processes. No CS counterpart was made, but finite element anal-
yses showed a 14% improvement in buckling load. The experimentally obtained buckling load
matched the predictions very well [65, 66].

In this paper three different manufacturing approaches are compared: variable stiffness, vari-
7



able thickness and a combination of both. As a reference a CS laminate is made and tested. The
VS, VT, and VSVT laminates are 15% lighter than the CS laminate. The problem formulation
and optimization is discussed in section 2. Next, the changes necessary for manufacturing and the
manufacturing itself are discussed in section 3. The tests are described in section 4. A detailed

discussion is provided in section 5. Finally, the paper is concludes with section 6.

2. Optimization

2.1. Overview of the optimization method

The optimization performed in the present work is a direct application of the optimization strategy
previously published in [67]. The strategy combines fiber steering optimization [68, 37], ply
drop location [69] and ply drop order optimization using stacking sequence tables (SSTs) [70].
The approach fits into the three-step optimization framework proposed by IJsselmuiden for VSLs
and mentioned in the introduction of this paper (see Figure 1). First, a structural optimization is
performed using a homogenized representation of the laminates based on lamination parameters.
The output is an idealized design defined by a thickness distribution and stiffness distribution over
the structure. Second, the optimal fiber angle and ply-by-ply material distributions are retrieved.
In [67], the second optimization step is divided into two successive optimization phases, referred
to as Step 2.1 and Step 2.2 respectively. Both phases combine an evolutionary optimizer, for
its efficiency in solving combinatorial problems and escaping local optima, and a gradient-based
optimizer, for its efficiency in handling numerous design variables and constraints in continuous
problems. A schematic overview is shown in Figure 4

Step 2.1, starts by a SST evolutionary optimization that aims at providing an initial set of
variable-thickness straight-fiber designs closely matching the thickness and stiffness distributions
of the idealized design issued from the first optimization step. The evolutionary algorithm (EA)
performs a Pareto optimization with two objectives to minimize: an estimate of the distance to the
target stiffness distribution in membrane and its counterpart in terms of bending stiffness. Each

solution is defined by a guide laminate, a ply drop order and a distribution of ply numbers. The
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Figure 4. Schematic overview of the optimization strategy.

obtained non-dominated solutions are subsequently improved using gradient-based optimization
with respect to the objective and constraints of the first step structural optimization. Starting from
the ply-per-ply constant fiber orientation and the ply number distribution returned by the EA, the
optimizer returns ply-per-ply fiber orientation distributions, corresponding to steered plies, and
a thickness continuous distribution over the structure. The ply-drop order is fixed, however the
optimization result depends on it since it is assumed that all plies likely to be dropped share the
same thickness reduction at each point of the structure whereas plies that cannot be dropped keep
their initial thickness that corresponds to the thickness of the base ply material. Consequently, the
optimization has to be repeated for all combinations of plies that cannot be dropped. In the current
work, it is assumed that the outer ply cannot be dropped. The outcome of Step 2.1 is a set of
candidate designs with optimal thickness distribution and fiber angle distributions. However the
ply drop locations are still not known.

Retrieval of the ply drop locations based on the thickness continuous distribution is performed
in Step 2.2. Evolutionary optimization and topology-like gradient-based optimization are closely
intertwined. A permutation evolutionary algorithm is used to optimize the ply-drop order within

the laminate. Each solution evaluation calls for a continuous optimization of the ply-drop location.
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Topology-like optimization is performed using a fictitious density distribution for each ply, under
a volume constraint. At each point of the structure, the density of a ply is constrained with respect
to the density of all other plies to comply with the imposed ply-drop order. Plies that cannot be
dropped are fixed just like in Step 2.1. In all other plies, the densities are forced to converge
to either zero or one, thus defining a clear topology for each ply. The gradient-based optimizer
alternates between ply-per-ply density optimization and updates of the fiber angle distribution
in each ply. The outcome of Step 2.2 is a steered VSVT laminate with optimized fiber angle
distribution and optimal ply-drop location in each ply. The overall strategy allows to handle both
symmetry and balanced design guidelines as well as a steering constraint that tends to minimize
the number of gaps and overlaps at global level and ensures a minimal curvature radius for the

tows at local level.

2.2. Buckling maximization for rectangular panels under compression

The optimization strategy has been applied to the buckling maximization of rectangular panels
under compression. The panels are assumed to be simply supported on their four edges and the
loaded sides are considered to remain straight. The panel dimensions are 600 x 400 mm. Uniaxial
compression is applied in the direction of the length of the panel, which also corresponds to the
0° direction in the following. Two materials have been benchmarked in this study: Cytec PRISM
TX1100 with EP2400 PRISM resin and Hexcel HiTape material with RTM6 resin. The material
in-plane orthotropic elastic properties have been assumed to be the same for both materials with
Eq1 =154 GPa, Ey = 10.8 GPa, G2 = 4.02 GPa and v, = 0.317. The ply thickness is 0.19 mm
for the TW1100, while for the HiTape the thickness is 0.12 mm. Thus 40 layers of HiTape or 26
layers of TX1100 give the same total thickness of 4.94 mm.

Manufacturing tests using the AFP machine at NLR showed that the minimal turning radius
required to avoid wrinkling is about 800 mm for the TX1100 and 400 mm for the HiTape. Two
benchmarks have been defined, one for each material. A CS laminate and a VT straight-fiber lam-
inate have been manufactured using TX1100 material. A CS laminate, a VS laminate without any

ply drop and a VSVT laminate have been manufactured using HiTape material since the smaller
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steering radius gives a larger improvement in the buckling load. Since the current industry stan-
dard often limits the possible fiber angles to 0°, +45°, and 90°, the benchmarks only consist of
these angles. For the best buckling performance, a lot of £45° plies are wanted, and it is best
practice to put them next to each other. As a constraint on the compliance is imposed during the
optimization, this constraint is posed to the benchmarks as well. Hence, some 0° plies are added:
6 for the HiTape material and 4 for the TX1100 were found to be necessary. To satisfy the 10%
rule also a 90° ply has to be included. As a final constraint, no 0° and 90° ply should be put next
to each other. The lay-up chosen for the TX1100 CS laminate is [45 -45 0 0 45 -45 90 45 -45 0 45
-45 0], while the lay-up chosen for the HiTape CS laminate is [45 -45 0 0 45 -45 90 90 45 -45 0
045 -45 0 0 45 -45 90 90];. The expected buckling loads are 71.8 kN and 71.1 kN respectively.
Both reference CS designs are very close together such that all designs can be compared to each
other.

For the VT, VS and VSVT laminates, the design objective is to save 15% of weight with
respect to the reference CS laminates. Thus, by having the VS, VT and VSVT panels of the
same weight, the results can easily be compared to each other. Hence, the VS laminate has been
designed with 34 plies. For the VT and VSVT laminates, the volume constraint has been chosen
such that the weight is 15% lower than the reference panels. All three laminate configurations
have been optimized for buckling. They all share the following design constraints. The global
in-plane stiffness of the panel has to be at least the stiffness of the “black aluminum” constant
thickness laminate with the same weight. In this paper, the “black aluminum” reference laminate
is a quasi-isotropic design defined as all lamination parameters equal to zero, hence no stacking
sequence is associated with it. The outer plies on the surfaces of the laminate and the inner plies
on each side of the mid-plane of the laminate cannot be dropped. All laminates are symmetrical.
Balance is imposed by stacking +6 and -0-plies together.

The VT panel has been designed with a volume equal to 85% of volume of the 26-ply reference
CS panel. The minimum and maximum numbers of plies have been set to 12 plies and 28 plies
respectively. The buckling load estimated using a FE linear eigenvalue extraction analysis is 85.2
kN. It is remarkable that even though 15% of weight is saved, the buckling load seems to improve

with respect to the reference CS panel. The solution is detailed per pairs of +60-plies in Figure
11



5. Plies 1 to 14 are detailed only, with ply 1 being the outer ply and ply 14 the inner ply at the
symmetry plane. Note that although this panel satisfies the global stiffness constraint, it does not
satisfy the 10% design guideline, neither in its original form (at least 10% of plies oriented at 0° ,
+45°, and 90° everywhere in the panel) nor in its lamination parameter reformulation [71], since
the thinnest part of the panel is a pure +45°-laminate. This means that the optimization had a bit
more freedom when compared to the VS or VSVT laminate since it does not need to satisfy the
10% rule at every point.

The VS laminate consists of 34 plies. In order to enforce balance, the orientation of the ply
at the midplane is set to 90°. After optimization, the obtained maximum buckling load is 60.2
kN, which corresponds to 15% decrease, while purely based on thickness one would expect a 38%
decrease, since buckling scales with the thickness cubed. Plies 1 to 17 are detailed per pairs of +0-
plies in Figure 6. Ply 1 is the outer ply. The panel satisfies the 10% design guideline everywhere
in the panel.

Finally, the VSVT panel has been optimized with a volume constraint equivalent to a constant
thickness 34-ply panel. The minimum and maximum numbers of plies have been set to 20 plies
and 44 plies respectively. The higher number of plies is due to the lower ply thickness in this case.
The inner plies close to the symmetry plane (the plies numbered 17 to 22) have been fixed to 05
, 45° , and 907 to satisfy the 10% design guideline. The expected buckling load is 73.3 kN,
slightly over the reference CS panel. Plies 1 to 22 are detailed per pairs of +60-plies in Figure 7.

The solid grey parts are the parts of the layer that have been dropped.

3. Manufacturing

Even though manufacturing constraints were taken into account during the optimization, some
changes were necessary before the manufacturing could be done. The first is changing the fiber
paths into splines that can be used as input for the Coriolis machine used to lay down the dry
fiber tows. Next, the splines had to be extended to a 500 x 700 mm panel since the edges of
the panel had to be cut off. Then, the splines were divided in even and odd plies for mirrored

and non-mirrored plies. Parallel splines were added since the machine can lay down multiple
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Figure 5. Straight fiber paths and ply coverage designed for the VT panel. The upper half of
the laminate is detailed per balanced pairs of +0-plies. Areas where the plies are dropped
are painted in grey color.

tows in one go. The layers were divided into sectors, with each sector having its own parallel
splines. Finally the splines and guidelines for each sector were defined. An example of the start
(optimization result) and end point (ready to manufacture) is shown in Figure 8. The VT panels
were also slightly changed. To allow for minimum cut length and ease the manufacturing process,
the shapes were slightly modified. However, since the minimum cut length and the chosen shapes
are machine and user-dependent, this process is not described in detail.

Another important decision is whether gaps or overlaps are generated: due to the fiber steering
it is not possible to generate complete plies without gaps or overlaps. In this work, both gaps and
overlaps were allowed, with equal importance, a so-called 50% overlap. A graphical representa-

tion is shown in Figure 9. This implies that neither gaps or overlaps will be very large, but both
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exist. A further implication is that the weight of the panels will be close to the weight expected: if
only gaps were allowed the panel would be lighter than expected, if only overlaps were allowed,
the panel would be heavier than expected.

The tapes that are cut pose another challenge. The moment a tape is cut, it is no longer possible
to steer it. Hence, it was tried to avoid internal drops by starting a tape in the panel rather than
ending it. However, this was not always possible: some tracks start and end in the panel, meaning
one end could not be steered. A single layer manufactured is shown in Figure 10.

NLR infused the dry fiber placed preforms using vacuum infusion (VARTM). All panels were
inspected using C-scan immersion approach. No defects were observed and the machined edges
were inspected visually. It should be noted that for the VS panel due to the steering the panel

surface at the vacuum bag side was quite uneven and through the thickness resin rich zones were
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Figure 7. Steered fiber paths and ply coverage designed for the VSVT panel. The upper half
of the laminate is detailed per balanced pairs of +-0-plies. Areas where the plies are dropped

are painted in grey color.

observed which make it more complex to interpret the laminate quality using NDI C-scan ap-

proach. An example of the completed panels are shown in Figures 11 to 13. For each design,

two panels were manufactured. It can be observed in Figure 13 that for the sake of simplicity the

variable thickness laminates were manufactured with a flat side. Thus the laminate midplane is

not flat as it was assumed in the analysis model.
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Figure 8. Result from the optimization (top) and ready to manufacture (bottom) of layer 7
of the VS panel.

4. Tests

4.1. Test set-up and data acquisition systems

The test panel arrangement in the test machine is shown in Figure 14. The tests were conducted

using the MTS four column load frame system 311.31, with a load capacity of 1000 kN, equipped
16



Figure 9. Close-up of layer 7, showing the 50% gap and overlap.

Figure 10. Layer 7, manufactured.

with a cross head mounted actuator. The panels were tested using vertical guide rails, a bottom
support (rail) and a top clamp. The loading conditions were controlled using the MTS FlexTest40
control system [72]. Two back-to-back positioned strain gauges were installed at reference points
to check strains in the panel. Strains and deformations were measured using Vishay CEA-06-
250UR-350 strain gauges. Data from the Strain gauges were logged, stored and evaluated using
the BMCM acquisition system [73] and the NextView 4.2 data acquisition software [74] enabling a

real-time data presentation. Additionally, full field deformation measurements of each panel using

17



Figure 11. Variable stiffness panel (VS).

Figure 12. Variable thickness panel (VT).

Figure 13. Variable stiffness variable thickness panel (VSVT).

a digital image correlation system (DIC) was present to record the out-of-plane displacements.
A Dantec Q-400 optical contactless full field measurement system was used for the strain and

deformation measurements. The Dantec Q-400 was controlled using the ISTRA 4D software
18



package [75]. An overview of the test frame with the test panel and Dantec Q-400 camera is

shown in Figure 15.

Moving top
rail clamp

Vertical
guiderail
Strain gauge 3
(rosette)
Bottom fixed
rail support

DIC Q-400 camera ‘ O

-

o

Figure 15. Panel test configuration.
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4.2. Experimental results and evaluation

Each panel was subjected to axial compressive loading up to 125 kN and subsequently unloaded
to zero load. The loading rate was fixed to 1 mm/min. Figures 16 to 20 show the strains measured
using the back-to-back (side A and side B) rosette strain gauges for each panel. Strain gauges
labeled 2 and 5 were placed in the axial compressive force direction. The strain vs. load graphs up
to maximum applied force are shown. At the maximum load levels the buckling mode was fully
developed for all panels.

Table 1 shows the overview of the buckling load for the different panels. For each alternative,
two panels were tested. The mean values and the difference between both test are shown in Table
1. Figures 21 and 22 present the DIC out-of-plane displacement optically at 120 kN. Although the
predicted onset of buckling mode of the reference CS panels was nearly the same, the actual buck-
ling load of CYTEC TX1100/PRISM EP2400 system was 8.6% higher compared to the predicted
value and by about 16.9% compared to the same benchmark made out of of the HiTape/RTM
system.

The same buckling load was measured for the variable stiffness, variable thickness panel , with
HiTape/RTM system, as the variable thickness panel, with TX1100/PRISM EP2400 system. While
the maximum out-of-plane deformation of HiTape/RTM alternatives at 120 kN was observed be-
tween £ 5 to 6 mm, TX1100/PRISM EP2400 alternatives showed only £ 2 to 4 mm out-of-plane
deformation. The smallest out-of-plane displacement was observed for the benchmark with 26
layers (TX1100/PRISM EP2400 system). This panel also displayed a different buckling mode
compared to all other panels. While the VS and benchmark with 40 layers showed two buckling
half-waves, the VS and VSVT showed three buckling half-waves, and the benchmark with 40 lay-
ers buckled with only one half-wave. It should be noted that the initiation of the buckling mode
and its subsequent development evaluation based on strain gauge measurements can be slightly
affected by strain gauges’ location. Due to different buckling modes in combination with strain
gauge placing as can be seen in Figures 21 and 22 (the strain gauge locations are labeled by black

rectangles), the buckling mode development cannot always be captured accurately.
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Table 1. Overview of the buckling load.

panel predicted | average difference deviation deviation
[—] buckling | buckling between from from
load [kN] | load [kN] | two panels [KN] | prediction [%] | benchmark [%]
benchmark, 26 layers 71.8 78.0 4.0 8.6 -
VT 85.2 75.5 3.0 -11.4 -3.2
benchmark, 40 layers 71.1 68.5 7.0 -3.7 -
VS 60.2 63.5 3.0 5.5 -7.3
VSVT 73.3 76.5 3.0 4.4 11.7
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Figure 16. Strain measurements against applied load for the variable stiffness panel.
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Figure 17. Strain measurements against applied load for 40-layer benchmark.

5. Discussion

When observing the test results, it is noticed that they correlate quite well with the predictions:

only one case is more than 10% off. The difference between panels of the same lay-up is small
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Figure 18. Strain measurements against applied load for variable stiffness variable thickness.
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Figure 19. Strain measurements against applied load for 26-layer benchmark.
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Figure 20. Strain measurements against applied load for variable thickness.

as well: only in the case of the benchmark with 40 layers, the difference between both panels is
more than 5% of the buckling load. This indicates that the manufacturing and testing have been

performed twice in the same way and the results are reliable.
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Figure 21. Comparison of out-of-plane displacement using DIC full-field measurement at
120 kN (variable stiffness - left, 40-layer benchmark middle, variable thickness right) (black
rectangles indicate the location of the strain gauges).

Figure 22. Comparison of out-of-plane displacement using DIC full-field measurement at
120 kN (26-layer benchmark - left, variable thickness right) (black rectangles indicate the
location of the strain gauges).

Before going into detail about the different cases, it should be noted that buckling load scales
with the thickness cubed. This means that by saving 15% of weight, the buckling load goes down
by 38.5%. When the buckling loads found are normalized this way, a substantial increase is found

for each case. This highlights the advantage of fiber steering or varying the thickness over a
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structure.

When looking in more detail to the results obtained using the TX1100 material, the benchmark
case fits fairly well. For the variable stiffness case, the buckling load is over-predicted. Three
reasons contribute to this effect. One, the actual lay-out that has been found after optimization is
slightly changed during manufacturing: no minimum distance between ply drops or minimum size
of the patches is taken into account during optimization. Two, the resin-rich areas which appear at
ply drop locations are not taken into account in the finite element analysis: this are weak points in
the structure and can act as imperfections. Three, the neutral axis is not a straight line as has been
assumed during analysis, but is varying with thickness since the laminate is built up from one side:
this means that some extra load may appear due to the changing position of the axis.

When looking at the results with the HiTape material, it stands out that the benchmark performs
less good than the benchmark with the other material. Theoretically they have to have almost the
same buckling load, but in reality there is a 9.5 kN difference in buckling load. The benchmark
with the TX1100 material performed slightly better than expected, while the HiTape material
performs a bit less. This could also be due to the material properties varying a bit, for example
the value of E used, which can be slightly different in compression, than in tension, which value
was used in the current work. For a fair comparison, the plates that are 15% lighter are compared
to the benchmark of the same material.

The variable stiffness plate performs a bit better than expected, but not as good as the bench-
mark: the radii that can be achieved in this case are not tight enough to increase the buckling load
enough. When normalizing the load with respect to the weight, a 40% improvement is found,
which is significant. The slightly higher buckling load than expected can be explained by the
thermal stresses that occur during curing [76, 77]: these introduce a bit of pre-stress into the plate
which is advantageous for buckling. On the other hand, during manufacturing gaps and overlaps
are created which are not taken into account during the analysis. In the end it turns out that for this
specific example the positive effect of the pre-stress outweighs the negative effect of the the gaps
and overlaps.

The variable stiffness variable thickness laminate not only performed a bit better than expected,

but also outperformed the benchmark. The reasons for the analysis not being completely spot on
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are a combination of what was said for the variable stiffness and variable thickness: on one hand
the resin rich areas, gaps and overlaps have a negative effect, the thermal pre-stress has a positive
effect. In the end all these effects seem to be almost canceling each other out. This shows that

15% weight saving is possible by using a combination of fiber steering and dropping plies.

6. Conclusion

In the current work, rectangular panels of 400 x 600 mm were optimized, manufactured and
tested in compression until buckling. Four types of panels were built using dry fiber placement in
vacuum-assisted resin infusion: a benchmark case only consisting of 0°, +45°, and 90°, a variable
stiffness case (steering fibers, constant number of layers), a variable thickness case (no fiber steer-
ing, internal ply drops), and a variable stiffness variable thickness case (fiber steering and internal
ply drops). Compared to the benchmark, the other three cases were 15% lighter to highlight the
possible weight improvements by moving away from the traditional fiber angles.

The optimization showed that only steering the fibers is not sufficient to obtain the same buck-
ling load as the benchmark, although the improvement is still significant. Using fiber steering and
variable thickness it was shown to be possible to match the buckling load, even with 15% weight
saving. After optimization, some slight changes were necessary to obtain designs that were ready
to manufacture. All panels were manufactured and tested successfully, with good repeatability
between the different panels of the same type.

The test results were in reasonable agreement with numerical predictions. The variable stift-
ness panels buckled at a slightly higher than expected load. However, it was not enough to match
the benchmark: the buckling load was 7.4% lower. Nonetheless, it should be emphasized that by
saving 15% of weight a 38.5% decrease in buckling load is expected since buckling load scales
with the thickness cubed. The increase in load compared to the prediction is most likely due to
the thermal pre-stress in VS the panels due to curing. The variable thickness panel buckled at a
lower load than expected, and also 3.2% lower than the benchmark. The lower than expected load
is most likely due to the effect of the resin rich pockets at the ply drops, which is not taken into

account in the simulations. The variable stiffness variable thickness panel performed better than

25



expected, and even 11.7% better than the benchmark. Again, the thermal pre-stress due to curing
is probably the cause of the higher than expected buckling load.

Overall, the tests show that 15% weight saving is possible with the current design methods
without reducing the buckling load. These results highlight the possibilities offered for lightweight
structural design by non-conventional laminates over classical laminates made using only tradi-
tional fiber angles. Future work includes checking whether the conclusion also holds for more

complicated structures, different load cases, and different structural responses.
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