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A B S T R A C T

In this work, we design, manufacture, test and discuss the first bio-inspired microstructural concept to enhance
longitudinal compressive performance of multidirectional (MD) Carbon Fibre Reinforced Polymer (CFRP)
laminates. To do so, we take inspiration from biologically occurring layered materials; one remarkable example
being the anchoring spicula of the deep-sea glass sponge Monoraphis chuni. We designed numerically various
concepts and then devised a strategy to reproduce, in a MD CFRP laminate, the characteristic alternation of
stiff and soft regions observed in this material, followed by a bespoke procedure to manufacture the laminate.
We evaluated their performances by means of small-scale notched compression tests and direct comparison
with an industrially relevant baseline laminate. Our results show that the proposed concept led to a statistically
significant increase in the failure load and in the average ligament specific stress at failure. Furthermore, the
designed microstructure showed potential to delay damage initiation from a stress concentration and to arrest
damage propagation. We conclude that the presented microstructural concept is potentially of great value for
the design of lightweight structures undergoing compression loading.
1. Introduction

In recent years, the use of high performance CFRPs in structural
applications has been steadily growing. Due to their excellent proper-
ties, these materials allow to design highly efficient structures, thus
being extremely valuable in sectors like aviation and transportation
in general. While their adoption has already had a positive environ-
mental impact [1], further results could be achieved by addressing
till-standing weaknesses of these materials. Among such weaknesses,
erformance under longitudinal compression is one of the most impor-
ant, as it remains one limiting factor in many applications. Typically,
he longitudinal compressive strength of unidirectional (UD) CFRPs
s considerably lower than their tensile strength [2,3]. This is be-

cause compressive failure most often stems from a material instability
process: in the matrix regions between initially misaligned fibres, signif-
icant shear stress develops, which promotes further fibre rotation; with
increasing load, shear stress in the matrix reaches values high enough
to cause large plastic strain, matrix shear failure or interphase failure;
this eventually leads to unstable fibre rotation, kinkband formation and
final collapse [4–7]. In MD laminates, the failure process is even more
complex, and it encompasses subcritical damage in off-axis plies as
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well as delamination [8–12]. Due to this complexity, devising effec-
tive strategies to improve performance of MD CFRP laminates under
compression is a challenging task.

In this context, biological materials can be a valuable source of in-
spiration to devise novel microstructural solutions [13,14]. Bio-inspired
designs have shown great potential and have been developed for im-
proved damage tolerance [13,15–18], energy absorption [19–21], bal-
listic protection [22], containment [23,24] and other applications [25–
31]. Among the most inspirational solutions observed in nature, one
is represented by layered microstructures, showing a periodic alterna-
tion of stiff (and usually strong) and soft (and usually weak) layers,
that possess excellent properties in terms of strength and fracture
toughness [32,33]. One notable example of this is the giant anchoring
spicula of the deep-sea sponge Monorhaphis chuni [34], reported to be
the largest biosilica structure on earth [35], Fig. 1 [36]. Relevantly,
Monorhaphis chuni exploits this microstructural design to deal with both
compressive and tensile stress states, generated by the bending of its
spicula under the action of ocean currents [36]. A number of studies
elucidated the prominent role played by soft layers: they promote crack
deflection [33,36], can blunt a propagating crack, thus mitigating stress
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Fig. 1. Global view of the giant anchoring spicula of Monoraphis chuni (A), transversal
ross-section (B), and high-magnification details of the microstructure at different
ocations (as indicated in B): central cylindrical core (C), tensile side (D) and
ompressive side (E). Reproduced from [36] with permission from John Wiley and
ons.

ntensity at its tip [33] and they create a periodical alternation of
tiffness and/or strength properties that gives rise to the so called
nhomogeneity effect [37–39], often capable of completely arresting a
ropagating crack. This has recently inspired a series of studies present-
ng synthetic designs inspired by layered biological materials [40–44].
o date, however, no bio-inspired design has been proposed to improve

ongitudinal compressive performance of CFRP laminates.
In view of this, the goal of this work is to present, for the first time

n the literature, a bio-inspired microstructural solution specifically
ailored to MD CFRP laminates undergoing longitudinal compression.

e take inspiration from natural layered materials to try and replicate
he inhomogeneity effect and the crack blunting mechanisms typically
bserved in nature. We started by designing the microstructure and
roceeded manufacture it, for which we developed a bespoke multi-step
anufacturing procedure. We then assessed its performance against an

ndustrially-relevant laminate by means of small-scale notched com-
ression tests. We used several different experimental techniques to
ain insight on the behaviour of the newly designed microstructure and
erformed Finite Element (FE) analyses to enrich our understanding of
he specimens behaviour.

The paper is structured as follows: Section 2 presents the design
f the new microstructure, firstly from a conceptual point of view
nd then in relation to the specific configuration used in this study;
ection 3 provides detailed information about the manufacture process
nd the test techniques we used in this study; Section 4 describes the FE
odels we created; Section 5 presents the results of our tests, which are

hen discussed in Section 6; conclusions are presented in Section 7. An
ppendix is included Appendix A to provide additional details relevant

o our material selection process.

. Microstructure design

.1. Conceptual approach

While the approach presented can be easily generalised, we focus
ere, for simplicity, on traditional quad MD CFRP laminates, i.e. all
hose laminates that use 0◦, ±45◦ and 90◦ oriented plies. The original
olution we propose in this study is to reproduce the periodic alter-
ation between stiff (and/or strong) and soft (and/or weak) materials
bserved in biological layered materials in the load bearing 0◦ plies of
he laminate. We aim to achieve this by introduction in these plies of
2

soft (and/or weak) phase (i.e. whose Young’s modulus and strength
Fig. 2. Schematic representation of the microstructural design strategy proposed.

are about one order of magnitude, at least, smaller than those of the
CFRP material considered), in the form of continuous strips aligned
with the load direction, as shown in the schematic sketch in Fig. 2.
The choice not to introduce a soft phase in other layers reflects, and
exploits, the facts that layers with different orientations will contribute
differently to the global elastic properties of the laminate and will
behave differently during the compressive failure process, as will be
clarified below. It is also worth mentioning that the design choices
made here are purposely targeting the case of in-plane compression
loading, while different microstructural solutions may be best suited
for different load cases. The rationale behind our strategy is explained
in detail in the following.

Exploiting the inhomogeneity effect. The inhomogeneity effect is
one major factor determining the exceptional properties of biological
layered materials. It consists in a change in crack driving force during
propagation trough a microstructure with changing stiffness and/or
strength, with the most beneficial form being a combined stiffness
and strength inhomogeneity [44]. Specifically, a rise in crack driving
force occurs when the crack approaches a stiff-to-soft (or strong-to-
weak) transition and a drop occurs when it approaches a soft-to-stiff
(or weak-to-strong) one [37]. In many cases, such drop is sufficient to
arrest crack propagation, imposing re-nucleation at the next stiff region,
which greatly improves overall fracture properties.

When considering MD CFRP laminates under longitudinal compres-
sion, mechanical properties are mostly determined by 0◦ plies, with
very little to negligible contribute from off-axis (±45◦ and 90◦) plies.
Hence, the proposed microstructural modification allows to obtain a
desirable in-plane alternation of stiff/strong and soft/weak regions by
creating in the laminate longitudinal strip-shaped regions where no
0◦ CFRP material exists (thus with very low longitudinal stiffness and
strength), alternated with regions where 0◦ CFRP material exists (hence
much stiffer and stronger). This way, the inhomogeneity effect can be
exploited.

Preserving other laminate properties. While an in-plane alter-
nation of stiff/strong and soft/weak regions in terms of longitudinal
properties is desired, it is important that the devised microstructure
does not impair other properties of the laminate, such as its transverse
modulus and in-plane shear modulus. These properties are mostly
determined by off-axis plies (most often 90◦ and ±45◦ plies), with
a contribution from 0◦ plies that is small or even negligible. Conse-
quently, the proposed selective modification of the 0◦ plies, which fully
preserves the integrity of off-axis plies, is expected to have a minor
effect on these properties, as desired.

Blunting a kinkband. Damage initiation and propagation in a
MD laminate under in-plane compression involves multiple different
mechanisms, but final collapse of the laminate is dictated by failure of
◦
0 plies, and the subsequent loss of load bearing capability. This usually
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Fig. 3. Schematic representation of the beneficial effect of a region of soft/weak
material on kinkband propagation. During formation and propagation of a kinkband,
a region of high shear stress and fibre deformation forms ahead of the kinkband [47],

hich facilitates further propagation. The presence of a soft/weak material allows for
ocal deformation to occur without significant shear stress being transferred to the next
egion of load bearing fibres.

appens by kinkband formation and propagation, possibly facilitated
y delamination at neighbouring ply interfaces, while off-axis plies
nly suffer sub-critical damage prior to failure. Furthermore, both
elamination and off-axis plies damage can be heavily mitigated by
he use of thin-ply composites, thus making compressive failure of a
D laminate even more dominated by the failure of 0◦ plies [45].

ince kinkband propagation in 0◦ plies presents some similarities to
ensile crack propagation [46], the presence of soft/weak material
egions (known to enhance fracture properties by significantly blunting
propagating crack, due to their reduced elastic modulus and to lo-

alised inelastic deformation [33]) may be beneficial to blunt kinkband
ropagation too. This seems even more sensible when considering that
inkband propagation is not only driven by remote loading, but also
y local conditions: fibre kinking leads to increased shear deformation
nd shear stresses ahead of the tip of the kinkband itself, that in
urn then facilitate further kinking failure in this region, and thus
inkband propagation, see Fig. 3; this positive feedback mechanism
ay be interrupted by the presence of a soft/weak phase that physically

eparates 0◦ load bearing strips of material and that is unable to transfer
ignificant shear stress due to its reduced mechanical properties.

.2. Configuration design

Due to the advantages mentioned in Section 2.1, we selected for this
tudy a thin-ply carbon/epoxy composite system, namely MR70/TP402,
ommercially available from North Thin Ply Technology (NTPT), with
Fibre Areal Weight (FAW) of 15 gsm. Its constituents properties are

eported in Table 1, while ply properties are reported in Table 2. To
reate soft inclusions, we used a polymethacrylimide (PMI) foam ma-
erial, namely Rohacell© RC200SL, kindly provided by Yoneshima Felt
td. in the form of ultra-thin (70 μm thick) sliced sheets. Properties for
his material are reported in Table 3, while a more detailed discussion
n the reasons for this choice is provided in Appendix A.
3

Table 1
Properties of the constituents of the prepreg material used in the study.

MR70 carbon fibre
aDiameter μm 5.0
aDensity g/cm3 1.82
aAxial Young’s modulus GPa 325
bTransverse Young’s modulus GPa 25
bAxial shear modulus GPa 10
bAxial Poisson’s ratio – 0.2
bTransverse Poisson’s ratio – 0.22
aLongitudinal tensile strength MPa 7000

TP402 epoxy resin
aDensity g/cm3 1.21
aYoung’s modulus GPa 3.44
bPoisson’s ratio – 0.35
aTensile strength MPa 62

aTechnical datasheet [48,49].
bAssumed from experience or literature on similar materials.

Table 2
MR70/TP402 ply properties used in the study. Footnotes indicate how we obtained
each property.

MR70/TP402 ply
aDensity g/cm3 1.545
aLongitudinal compressive modulus, 𝐸1𝑐 GPa 153
bTransverse moduli, 𝐸2 = 𝐸3 GPa 9.55
cShear moduli, 𝐺12 = 𝐺13 GPa 4.39
bTransverse shear modulus, 𝐺23 GPa 3.54
dPoisson’s ratios, 𝜈12 = 𝜈13 – 0.26
dTransverse Poisson’s ratio, 𝜈23 – 0.50
eLongitudinal compressive strength, 𝑋𝑐 MPa 1850
aLongitudinal tensile strength, 𝑋𝑡 MPa 3880
fTransverse compressive strength, 𝑌𝑐 MPa 160
fTransverse tensile strength, 𝑌𝑡 MPa 40
fIn-plane shear strength, 𝑆𝑙 MPa 63

aRule of mixtures (𝐸1𝑐 corrected to account for typical compressive/tensile moduli
difference [50]).
bHalpin–Tsai formulas
cCylindrical assemblage model, matrix dominated [51].
dPeriodic microstructure model [51].
eBack-calculated from in-house uniaxial compression tests on MD coupons.
fAssumed from experience or literature on similar materials.

Table 3
Material properties of Rohacell © RC200SL, as per product datasheet [52].

RC200SL

Density, 𝜌 g cm−3 0.205
Compressive modulus, 𝐸𝑐 GPa 0.37
Shear modulus, 𝐺 GPa 0.123
Compressive strength, 𝑋𝑐 MPa 9.6
Tensile strength, 𝑋𝑡 MPa 10.4
Shear strength, 𝑆𝑙 MPa 4.8

Relevant literature suggests that a crack arrest due to the inho-
mogeneity effect can be obtained if the modulus and strength ra-
tios of the microstructure (properties of the soft/weak region divided
by those of the stiff/strong one) are 0.20 and 0.30, respectively, or
lower [44,53]. We considered a quasi-isotropic (QI) laminate, namely
[45/90/−45/02/45/90/−45]10S, as our Baseline. We then designed the
Bio-inspired (or Bio hereafter, for the sake of brevity) laminate configu-
ration by doubling the thickness of the load bearing 0◦ material, but
replacing half of its width with PMI foam strips, Fig. 4. It is worth
noticing that such thickness increase was obtained by doubling the
number of 0◦ plies and using the same prepreg material, in order
to prevent any effect on compressive strength caused by differences
in microstructural uniformity arising from the use of prepregs with
different FAW [54].
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Fig. 4. Schematic representation comparing one repetitive unit of the Baseline and
f the Bio-inspired laminates designed for this study. At the bottom of the image, an
xploded view highlights the difference in the 0◦ layers.

We chose the width of foam and 0◦ CFRP strips, 𝑤𝑓 and 𝑤0 respec-
ively in Fig. 4, based on the following. Narrow strips are desirable to
chieve overall laminate homogeneity and to increase the number of
oft regions that could promote crack blunting/arresting; also, narrow
◦ CFRP strips imply low energy release when each single one fails,
hich would make the failure process more stable. At the same time,
owever, narrow strips make manufacturing extremely challenging and
ncrease the risk of interaction between stiff regions: if the soft region
s too narrow, off-axis plies may be able to transfer significant load
etween a failed 0◦ CFRP strip and the neighbouring ones. Typically,
or CFRPs, the kinkband width (length of the kinked region in fibre
irection) is estimated to be in the range of 3–25 times the fibre
iameter [55]. For the material used in this study, this corresponds
o 25-125 μm. We considered a width of 0.5 mm, i.e. four times the
inkband width, as a safe minimum value for the strips width. On
he other hand, larger strips are easier to manufacture and guarantee
ven better isolation of the 0◦ CFRP material. However, they imply
arger energy release at failure (which can be especially problematic
hen testing small specimens, where load redistribution is simply not
ossible). Eventually, we chose a value of 𝑤𝑓 and 𝑤0 equal to 1 mm,
s a good compromise between the aspects mentioned above. We thus
reated the desired pattern of in-plane longitudinal alternated regions
ith changing stiffness and strength, while keeping the amount of

tructural material identical in the Baseline and in the Bio laminates.
We can identify, in the Bio laminate, stripe-shaped regions of two

ypes: one fully composed by CFRP (equivalent to a [45/90/−45/04/
5/90/−45]10S laminate), and one with CFRP in off-axis plies and PMI
oam replacing 0◦ plies (equivalent to a [45/90/−45/RC200SL4/45/
0/−45] hybrid laminate). We used Classic Lamination Theory (CLT)
51] and the LaRC05 [56] failure criterion to estimate the equivalent
4

ongitudinal modulus and First Ply Failure (FPF) strength (under longi-
udinal uniaxial compressive load) of the two regions; the in-situ effect
as accounted for by computing in-situ strengths of each ply according

o established models [56–58]. We found the modulus and FPF strength
atios (soft region over stiff region) to be 0.20 and 0.28, respectively,
hich suggests that the designed microstructure could highly benefit

rom the inhomogeneity effect, as desired.

. Manufacturing and testing

.1. Manufacturing

Following the discussion in Section 2.2, we manufactured the two
ollowing plates, 100 mm wide and 75 mm long:

• Baseline plate: [45/90/−45/02/45/90/−45]10S;
• Bio plate: [45/90/−45/04F/45/90/−45]10S, where 04𝐹 designates

the layers containing strips of foam, as described in Section 2.2.

For both plates, we used a pins and holes reference system to ensure
the best possible alignment during layup [25,29]. To lay up the Baseline
plate, we cut plies to the desired size and orientation with a CNC ply
cutting machine and then followed standard lay-up practices. To man-
ufacture the Bio plate, we developed a multi-step bespoke procedure,
schematically summarised in Fig. 5, consisting in the following:

1. Initial material preparation. We start by cutting the PMI foam
sheets (manually) and the prepreg (with a CNC ply cutter) to
the desired size. Additionally, we manually cut 50 μm thick PET
sheets and release film frames that will be used in the following
steps;

2. Partial ply-blocks layup. We layup all the [0]4, [45/90/−45]
and [−45/90/45] ply blocks needed for the plate, with the same
precautions as used for the Baseline plate;

3. Laser micro-machining. Using an Oxford Lasers Diode Pumped
Solid State system, we micro-machine the [0]4 prepreg ply blocks,
the PMI foam sheets, and the PET sheets. Specifically, from
the [0]4 ply blocks we cut away rectangular slots that will
accommodate foam strips; we cut the foam sheets and the PET
sheets (which will be used as templates for accurate placement
of the prepreg) with a complementary pattern;

4. Complete ply-blocks assembling. We assemble each complete
[45/90/−45/04F/45/90/−45] and [−45/90/45/04F/−45/90/
45] ply-block.

The complete ply-blocks are finally assembled together to obtain the
whole Bio plate. Step 4 of the procedure described, as shown in Fig. 5,
consists itself of multiple steps, namely:

(a) the micro-machined [0]4 ply-block is laid on top of an off-
axis plies block; a PET template is interposed to ensure precise
alignment of the prepreg strips, while two release film frames
are used to prevent sticking of the PET template to the prepreg;

(b) a sharp blade is used to separate the [0]4 ply block into its strips
and an external frame; such frame is temporarily removed (and
preserved) to allow removal of the PET template and of the
release film frames from the layup;

(c) the micro-machined foam sheet is then laid up; at this stage,
the [0]4 prepreg strips act as a template, guiding foam strips to
precisely fill the gaps between them;

(d) the foam sheet is separated into its strips and an external frame;
this latter is removed and only the strips are left on the layup;

(e) the [0]4 ply-block frame, originally removed in step (b), is
placed back on the layup. Hence, a complete [0]4F layer has
been created; the complete repetitive ply-block of the Bio plate
([45/90/−45/04F/45/90/−45] or [−45/90/45/04F/−45/90/
45]) are obtained by just laying the missing partial off-axis ply
block.
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Fig. 5. Schematic representation of the Bio laminate manufacturing procedure.
A video recording of the actual executions of steps (a)–(e) described
above is available in the Supplementary Information. Both plates were
autoclave cured according to the cycle recommended by the manufac-
turer [49], at a pressure of seven bars.

We verified the results of the manufacturing using 2D X-ray scans
(with an Elektron Technology Xpert-80 X-ray Scanner) and optical mi-
croscopy; Figs. 6 and 7 illustrates the results. From the top view X-ray
scan of the Bio plate in Fig. 6, where dark regions correspond to regions
containing foam strips, it can be seen that a very precise longitudinal
alignment of the strips has been achieved; furthermore, the sharp
transition between dark and bright (full composite) regions suggests
that a good through-the-thickness alignment has been achieved as well.
This is confirmed by the wide view transverse cross section (A–A), and
the detail micrograph (detail D) in Fig. 6. Finally, sections B–B and C–C
in Fig. 6 show longitudinal cross-sections of the Bio plate, taken in full
composite region and in a region containing foam strips, respectively.
It is worth mentioning that, as is evident in detail D and section C–C of
Fig. 6, the typical cell dimensions of RC200SL are comparable with the
5

thickness of the sliced sheets used for this study. Consequently, despite
RC200SL being a closed-cell foam material, because of the slicing to
ultra-thin sheets, the vast majority of its cells were open; this allowed
epoxy resin to flow within the foam strips during curing and fill the
volume originally occupied by air. This led to the Bio plate having
a density of 1.35 g/cm3, against an expected value of around 1.25
g/cm3 (for comparison, the measured density of the Baseline plate was
1.52 g/cm3, very close to the expected value of around 1.55 g/cm3).
For comparison, Figs. 7 shows a micrographs of the longitudinal cross
section of the Baseline plate.

3.2. Testing

3.2.1. Specimens configurations and manufacturing
In order to assess the capability of the designed microstructure to

deal with compressive damage initiation and propagation, we designed
a small-scale notched specimen to be tested under compression, as
sketched in Fig. 8. The presence of a notch ensures that damage will
initiate and progress from its tip, enabling direct observation during

the test and preventing issues typical of unnotched configurations
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Fig. 7. Baseline plate: micrograph of the longitudinal cross section.

edges effects, crushing at loaded ends, sudden catastrophic failure and
bliteration of fracture surfaces). Additionally, it lowers the initiation
nd maximum loads, which, along with the small specimen size, is
n essential requirement to perform in-situ tests with a micro-testing
evice, see Section 3.2.2. Specifically, we chose the nominal ligament
ength 𝑙 to be equal to 6 mm, in order for it to be an integer multiple
f the width of a repetitive unit cell of the designed microstructure,
𝑢𝑐 : this guarantees that specimens from the Baseline and Bio plates
ave the same amount of CFRP material in the ligament section. We
6

M

Table 4
Measured specimens dimensions and relative standard deviation.

Ligament Specimen Density,
length, 𝑙 thickness, 𝑡 𝜌
[mm] [mm] [g/cm3]

Baseline 5.92 ± 0.08 2.42 ± 0.02 1.52
Bio𝑓 5.97 ± 0.08 3.01 ± 0.01 1.35
Bio𝑐 5.64 ± 0.12 3.02 ± 0.02 1.35

chose the nominal height and width, ℎ and 𝑤 respectively, to be both
10 mm. To obtain the specimens, the material was cut from the plates
using a band saw; then, the top and bottom face of each specimen
(those in contact with the loading platens) were ground flat and parallel
using a milling machine. Finally, the notch was created using a sharp
diamond coated disk saw, manually controlled. From the Bio plate,

e obtained specimens in two configurations: Bio𝑓 specimens, having
the tip of the notch terminating in a region containing foam strips,
and Bio𝑐 specimens, having the tip of the notch terminating in a full
composite region. Due to the manual nature of specimen preparation,
small deviations from the nominal design may be expected; hence,
we measured the ligament length of all specimens with the aid of an
optical microscope; the results are synthesised in Table 4 along with
he thickness measurement and the already mentioned density.

.2.2. Test methods
We tested all specimens under compression using a Deben Microtest

odule equipped with a 5 kN load cell. Flat-surface jaws were used to
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Fig. 8. Nominal geometry and loading condition of the specimens used in this study.

apply a relative compressive displacement to the top and bottom faces
of the specimen, as shown in Fig. 8, at a controlled input displace-
ment rate of 0.1 mm/min. Force and cross-head displacement were
recorded throughout the test at 10 Hz. To gather as much information
as possible, we conducted tests with different approaches:

• In-situ SEM tests. We prepared specimens by sputter coating a
thin (2-3 nm) layer of gold on their surface, including on the
notch faces and notch tip. We then loaded the testing rig, with
the specimen ready for testing, inside a Hitachi S-3700N scanning
electron microscope. We increased the load on the specimen
and stopped at regular intervals to observe it and take pictures.
Specifically, we tilted the SEM stage to be able to observe and
capture damage evolution at the notch tip of the specimen.

• Incremental tests with in-between 2D X-ray scans. To ob-
serve sub-surface damage progression, we tested a few specimens
with incremental loading steps, with in-between 2D X-ray scans.
Specifically we proceeded as follows:

1. we installed the specimen in the testing rig and loaded it
to the desired level (i.e. previously reached load plus fixed
increment);

2. we unloaded the specimen and removed it from the rig;
3. we applied an X-ray reflective penetrant liquid (Dibro-

moethane/Dibromomethane) to the specimen;
4. we obtained a 2D scan of the specimen using an Elekron

Technology Xpert-80 X-ray Scanner;
5. we repeated the cycle until final failure of the specimen.

• In-situ (optical microscope) tests for DIC analysis. We pre-
pared a few specimens for DIC analysis by creating a speckle
pattern on their surface. Since a very localised stress concentra-
tion is expected, due to the sharp notch, we optimised, through
extensive trials, our speckle pattern and DIC analysis parameters
to ensure the best possible spatial resolution while retaining good
accuracy. To produce the speckle pattern, we used an airbrush
with a 0.5 mm nozzle and airbrush-ready, water-based, acrylic
polyurethane paints; we used a working pressure of 2 bar and a
spraying distance of around 10 cm, with a fixed paint flow regula-
tion on the airbrush. Firstly, we applied a uniform layer of white
paint; then, we created black speckles; we adjusted the number
of black paint passes (one to three) for each case, based on
pattern quality checks (average speckle size and overall coverage)
performed during painting. During the tests, we recorded images
at 25 frames per second with an optical Hirox microscope. Before
testing, we performed lens calibration with an ad-hoc calibration
7

target provided by the microscope manufacturer. Additionally, we t
Fig. 9. Sample speckle pattern obtained on the small-scale notched compression
specimens. The superimposed contour plot shows the pattern quality as evaluated by
the DIC software GOM Correlate (green, top of the scale: high quality; red, bottom of
the scale: low quality). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

used polarising lens during all tests, as this has been shown [59]
(and confirmed during our trial tests) to reduce glare and improve
contrast, thus decreasing both bias and random errors. We placed
the testing rig on the microscope stage and ensured that the
speckled face of the specimen was perpendicular to the optical
system. We analysed the images captured using the commercial
software GOM Correlate; we chose a facet size of 15 pixels and
a facet distance of 8 and we applied temporal filtering to reduce
results noise. Fig. 9 shows a typical speckle pattern obtained, with
a superimposed pattern quality contour plot, for the parameters
chosen, as evaluated by the GOM Correlate software.

. Finite element (FE) modelling

We created three simple linear elastic FE models, one per each spec-
men configuration, using the commercial software Abaqus 2021 [60].

e included in the models the LaRC05 failure criterion [56], with
he main goal of gaining qualitative insight about the possible fail-
re initiation mechanism occurring during testing. The geometry and
oading condition of the models are as shown in Fig. 8; the notch
as explicitly modelled, with a tip radius of 45 μm (corresponding

o the actual average value measured from all the specimens with an
ptical microscope). For the Bio𝑐 and Bio𝑓 configurations, we assumed
he tip of the notch to be exactly in the middle of the corresponding
oft or stiff region, respectively. Due to the symmetry with respect to
he midplane, we modelled only half of the model. We used reduced
ntegration continuum shell elements (SC8R) to model the outer portion
f the specimen and reduced integration solid elements (C3D8R), along
ith a fine ply-by-ply discretisation, to model the central portion, see
ig. 10. Close to the notch tip, we used a very fine mesh size (6–10
m) to accurately capture the steep stress/strain gradient caused by
he notch. We used the material properties reported in Tables 2 and
as input for our models; we additionally pre-processed ply strengths

n Table 2 with an ad-hoc routine to assign the correct in-situ strengths
according to [56–58]) to each ply in the model.

. Results

Fig. 11(a) presents the load displacement curves obtained from all

ests conducted, colour-grouped by specimen type. Initially, all curves
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Fig. 10. Details of the three FE models built. (a) Baseline, (b) Bio𝑐 , and (c) Bio𝑓 specimens. The magnified view inserts at the bottom right of each subfigure highlight: (i) the
ifference between the Baseline specimen – ordinary CFRP with no foam inserts – and the Bio ones – where the original microstructure devised is evident – and (ii) the different
ocation of the notch tip with respect to the foam inserts in the Bio𝑐 and Bio𝑓 specimens.
Fig. 11. (a) Load displacement curves for all specimens tested, colour-grouped by specimen type. For clarity, curves from Bio𝑐 and Bio𝑓 specimens have been translated by 0.1 and
0.2 mm respectively. (b) Failure load and corresponding displacement scatter plot; both individual results (single specimens) and averages for each specimen type are reported;
the error bars reported around average results represent a ± 1 standard deviation interval. The percent increase in average failure load and displacement of the Bio specimens
with respect to the Baseline ones are reported in the figure, along with the relevant p-value.
R
i

m

have been shifted so that their linear region would extend to the origin
(to adjust for the knee caused by imperfect contact at the beginning of
the tests); then, for clarity, curves from Bio𝑐 and Bio𝑓 specimens have
been shifted to the right by 0.1 and 0.2 mm, respectively.

Among the Bio𝑐 specimens, two did not fail by the time the test
was stopped to prevent damage to the load cell (i.e. when reaching
4800 N); this is indicated in the plot by small continuation arrows.
Fig. 11(b) presents both average values and single-specimen values
of failure load versus failure displacement for the different specimen
types; error bars indicate a ±1 standard deviation interval. Our results
show that the increase in average failure load, when comparing to
the Baseline configuration, is approximately 23% for Bio𝑐 specimens
(at least, considering that two specimens did not fail) and 18% for
Bio𝑓 specimens; the increases in the average value of displacement
at failure are 25% and (at least) 27% for Bio𝑐 and Bio𝑓 specimens,
respectively. To evaluate the statistical significance of these results, we
tested the null hypothesis that the samples tested (Bio𝑐 versus Baseline
and Bio𝑓 versus Baseline) have identical average expected values, by
means of T-test. The p-value obtained quantifies the probability that
the samples tested may be extracted from the same population, i.e. that
the difference in the average values obtained from the samples (failure
8

load and failure displacement increase, in our study) is not statistically e
significant. Commonly, a value of 0.05 (5% probability) is assumed as
threshold for statistical significance. As reported in Fig. 11(b), all the p-
values obtained are significantly smaller than the threshold, confirming
the statistical significance of the results.

Table 5 reports, for each specimen type, the average values of the
failure load 𝐹𝑚𝑎𝑥, the load per unit ligament length at failure,

𝐹𝑚𝑎𝑥
𝑙

, and

the ligament section average specific stress at failure,
𝐹𝑚𝑎𝑥
𝑙𝑡𝜌

; for each
of these, the corresponding percent coefficient of variation is reported
in parentheses; all coefficients of variation are well within typical
values encountered in compression testing of composite materials [61].

esults in Table 5 show that the Bio microstructural design led to an
ncrease in the average ligament section specific stress at failure,

𝐹𝑚𝑎𝑥
𝑙𝑡𝜌

,
and that this increase was more pronounced when the notch tip was
located in a full composite region, i.e. for Bio𝑐 specimens.

Fig. 12 shows SEM pictures, taken at increasing load levels during
the test, of the notch tip region of one specimen per type, up to final
failure. In the Baseline and Bio𝑐 specimens, damage is first seen at
a load level of 1600 N, Figs. 12(a) and 12(b). With increasing load,

aterial crushing for these specimens becomes more and more evident,
ventually spanning the entire width of the specimens. The Baseline
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Fig. 12. (continued on next page) SEM pictures taken during in-situ testing of the different specimen types, at different load levels. (a) Baseline specimen, (b) Bio𝑐 specimen, and
c) Bio𝑓 specimen. Top images are global views of the specimens in the rig before testing; bottom images are global view of the specimens right after failure.
a

2
t

Table 5
Synthesis of quantitative results from the tests. Values in parenthesis represent the
percent coefficient of variation of each entry.

𝐹𝑚𝑎𝑥
𝐹𝑚𝑎𝑥

𝑙
𝐹𝑚𝑎𝑥

𝑙𝑡𝜌
[N] [MPa mm] [MPa cm3 g−1]

Baseline 3685 (5.1) 627 (6.1) 170 (6.1)
Bio𝑐 ≥4542 (6.3) ≥807 (7.8) ≥198 (8.1)
Bio𝑓 4350 (4.0) 729 (5.2) 180 (4.9)

specimen considered failed at a load of 3600 N, while the Bio𝑐 one
failed at a load of 4760 N, despite the severe crushing observed at the
notch tip, Fig. 12(b). In the Bio specimen, Fig. 12(c), damage at the
9

𝑓

notch tip appears much later, being firstly visible at a load of 3200
N; subsequently it remains barely visible, even in the last image taken
before failure, at a load of 4000 N. The Bio𝑓 specimen considered failed
t a load of 4390 N.

Fig. 13 reports results from the incremental tests with in-between
D X-ray scans. In the Baseline specimen, damage propagating from
he notch tip is visible after loading to 2400 N, Fig. 13(a). Stable

damage propagation is observed with increasing load; the last X-ray
scan performed before final failure of the specimen (after loading to
3200 N) shows damage extending from the notch tip for a length
slightly larger than 1 mm. Fig. 13(b) shows the progression of damage
for a Bio𝑐 specimen. In this case, some damage is visible at the notch

tip after loading to 2400 N; after loading at 2800 N, it becomes more
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c
i
w

d
T
t
b
i
m
b

6

6

r

visible, reaching the next soft region in the specimen. From this point
on, Fig. 13(b) shows that damage propagation is arrested: with further
loading steps the damaged area gets brighter, more defined, and it
slightly expands in the vertical direction, but no horizontal propagation
is observed. Finally, Fig. 13(c) shows that, in the Bio𝑓 specimen, where
the notch tip is located in a soft region, no damage propagation from
the notch tip was visible before final failure.

Fig. 14 shows, for one specimen of each type, longitudinal strain
contour plot at increasing loads. The Bio𝑐 specimen shown in Fig. 14(b)
is one of the two that did not fail by the time the test was stopped to
prevent damage to the load cell. Additionally, animations showing the
complete evolution of the load–displacement history and of the longi-
tudinal strain contour from DIC, side-by-side and for each specimen in
Fig. 14, are provided as Supplementary Information to this paper.

6. Discussion

6.1. Manufacturing of bio-inspired MD CFRP laminates

The bespoke manufacturing procedure we developed in this work
proved successful to produce the desired microstructure with an in-
plane alternation of stiff and soft regions, as seen in Fig. 6. The
ultra-thin sliced RC200SL sheets withstood the high temperature and
pressure of the curing cycle; they conformed to the thickness of the

◦

10

[0 ]4 ply-blocks and, as a result, the thickness of the Bio laminate was 0
uniform and its surfaces were smooth. As mentioned in Section 3, most
ells in the foam strips were open and allowed epoxy resin to flow
n during curing. We speculate here that the use of a foam material
ith finer cell dimensions (e.g. RC110RIMA, as shown in Fig. 15) could

prevent this, leading to a significantly lower density of the laminate and
hence much better specific properties.

In addition, the presence of large, opened cells caused an abundance
of air trapped in the plate during manufacturing. This resulted in the
Bio laminate containing more voids than the Baseline one, as seen in
Figs. 6 and 7. We observed relatively large voids at the boundaries
between RC200SL and [0◦]4 strips, as visible in Fig. 6. Voids are
etrimental to mechanical properties, especially in compression [3].
herefore, we recommend that the use of finer cells foam materials be
aken into consideration for future studies, as this may have a twofold
eneficial effect by: (i) reducing the specific weight of the plates, thus
mproving specific properties and (ii) guaranteeing a more uniform
icrostructure with a significantly lower volume of voids, and hence

etter mechanical properties.

.2. On the failure process of the specimens tested

.2.1. FE results
For both the Baseline and Bio𝑐 specimens, the first FI predicted to

each the critical value of one is that for fibre kinking, specifically in
◦
 plies and in proximity of the notch tip. While the load at which
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Fig. 13. Front view 2D X-ray scans of specimens (one per type) taken after loading at incremental levels, up to final failure. (a) Baseline specimen, (b) Bio𝑐 specimen, and (c)

io𝑓 specimen.
his happens is lower than that at which damage is first observed in
igs. 12(a) and 12(b) (this seems sensible considering that the failure
ocation is highly constrained in our specimens), the model os able to
inely capture the mechanisms involved and the locations of damage
nitiation. This is shown in Fig. 16, which displays the contour plot of

the FI for fibre kinking/splitting at the notch tip of the Baseline model;
a magnified view of the region around the symmetry plane of the
specimen is provided and compared with an SEM picture of a Baseline
11
specimen taken at exactly the same location during in-situ testing. The
model predicts the critical locations, in each pair of adjacent 0◦ plies,
to be slightly offset from the ligament section, due to the influence of
the neighbouring +45◦ or −45◦ ply; this matches closely with what can
be observed in the SEM picture.

In the case of the Bio𝑓 model, no 0◦ ply exists at the notch tip,
because of it being located in a soft region, see Fig. 10(b). Conse-
quently, the first FI to reach the value of one is again that for fibre
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Fig. 14. Longitudinal strain contour plots, as obtained by DIC, at different load levels: (a) Baseline specimen, (b) Bio𝑐 specimen, and (c) Bio𝑓 specimen. For each subfigure, the
top image shows the actual specimens and, superposed, the region of interest selected. The scale bar at the bottom right of each contour plot corresponds to a length of 2 mm.
kinking/splitting, but in off-axis plies. Once again, this is found to
happen at a load lower than that at which damage is first observed in
Fig. 12(c), but higher than that at which a FI equal to one is obtained
in the FE analyses of the Baseline and the Bio𝑐 specimens, qualitatively
agreeing with what observed experimentally.
12
6.2.2. Baseline specimens
During tests of the Baseline specimens, as reported in Section 5,

we observed damage initiating from the notch tip and propagating
stably before final failure occurred. From the in-situ SEM observations,
Fig. 12(a), and the FE results discussed in Section 6.2.1, the first
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Fig. 15. SEM image showing 70 μm thick sheets of RC200SL (left) and RC110RIMA
right). RC200SL shows much larger cells, most of which are open (due to the material
eing sliced to such a thin sheet).

Fig. 16. Contour plot of the FI for fibre kinking/splitting at the notch tip of the Baseline
FE model, and comparison of a portion of it with an SEM picture taken at the same
specimen location during an in-situ test: a clear correspondence between the damage
visible in the SEM picture and the predicted critical locations in the FE results can
clearly be seen.

damage mechanism to occur appears to be 0◦ fibre microbuckling into
the free surface of the notch tip; this is a typical feature of compression
loaded composites having stress raisers like holes or notches. With
increasing load, X-ray scans show stable damage propagation within the
specimen, Fig. 13(a). No 0◦ or ±45◦ ply splits are visible in Fig. 13(a),
and no damage was visible on the surface plies (+45◦) of the specimens
during testing; this strongly suggests that the damage observed in X-
ray scans is likely due to kinkband propagation in 0◦ plies. This can
be justified by the fact that the high in-situ strength of the ultra-
thin ply material helps preventing ply splitting, while the reduced
delamination tendency helps preventing catastrophic failure due to in-
teraction between delamination and fibre kinking. The development of
internal damage prior to failure in Baseline specimens is also confirmed
by longitudinal strain contour plots obtained from DIC, Fig. 14(a): a
region of strain concentration is seen to progress, with increasing load,
13
from the tip of the notch towards the bottom right of the specimen,
anticipating the path of the final failure, as seen in the very last frame
in Fig. 14(a).

6.2.3. Bio𝑐 specimens
The Bio𝑐 specimens present an initial behaviour similar to that

observed in the Baseline ones, with damage appearing early in the test,
mostly in the form of 0◦ fibre microbuckling into the free surface of the
notch tip and overall crushing, Fig. 12(b). In this case too, stable dam-
age propagation is observed in the X-ray scans taken during incremental
load testing of a Bio𝑐 specimen, Fig. 13(b): damage propagates through
the entire stiff strip of material and reaches the following soft region,
at a load of 2800 N; at this point, no ply splits are observed, suggesting
kinkband propagation in 0◦ plies may be the main damage mechanism
occurring. As mentioned in Section 5, however, subsequent X-ray scans
show that damage propagation along the ligament sections is prevented
by the presence of the soft region, confirming the potential of the de-
signed microstructure to arrest a propagating compressive crack. X-ray
scans taken after loading at 3200, 3600 and 4000 N show an increasing
brightness in the initial damage region, which can be associated with
increasingly severe local damage (possibly progressively involving off-
axis plies too), and a halo developing around it, suggesting the onset of
delamination. This sequence of events matches observations obtained
from in-situ SEM tests, as shown in Fig. 17 (note that delaminations
are visible also in the central region of the specimen at a load of
4000 N, Fig. 12(b). Delamination onset may have been triggered by
in-plane fibre kinking turning to out-of-plane kinking with increasing
load; furthermore it may have been facilitated by the presence of voids,
as discussed in Section 6.1. It is therefore even more impressive that
the Bio𝑐 specimens were able to withstand much higher load than the
Baseline ones, even in the presence of delaminations. This is evident
also in Fig. 14(b), where the specimen used for DIC analysis was able
to withstand a load of 4800 N without failing, despite the overall high
strain reached and the presence of damage as understandable by the
large strain concentration region extending from the notch tip.

6.2.4. Bio𝑓 specimens
Bio𝑓 specimens behaved in a different way with respect to both

Baseline and Bio𝑐 specimens. Specifically, they tended to not develop
extensive damage, or to develop just minimal damage, prior to final
failure. This was seen consistently in in-situ SEM testing, where only
minor damage at the notch tip was observed, Fig. 12(c), and in in-
cremental tests with X-ray scans, where no damage propagation from
the notch tip was observed, Fig. 13(c). Also, observing results from
DIC, Fig. 14(c), we can see how a very localised region of high strain
exists at the tip of the notch; with increasing loads, this region barely
expands along the ligament sections, but rather extends slightly along
the loading direction, even for loads as high as 4500 N. This suggests
that no damage is initiating and propagating from the notch. The soft
region is able to undergo larger deformation than those a stiffer region
would, and thus it effectively blunts the effect of the presence of the
notch, alleviating the stress on the next stiff region.

6.3. On the improvement of compressive performance obtained with the bio
microstructure

As demonstrated by Fig. 11, the novel microstructural concept
presented in this work led to a significant improvement of compressive
performance, in terms of load bearing capabilities in presence of a stress
raiser, when compared to a typical industrially-relevant CFRP laminate.
More importantly, these gains exceeded the weight penalty (+10%)
caused by the introduction of a significant volume (+25%) of non-
structural material, and led to an improvement even when considering
specific average ligament stress at failure, as seen in Table 5. Notably,
this was achieved despite a sub-optimal choice of the foam material
used, as discussed in Section 6.1; this suggests that further room for
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Fig. 17. Sequence of SEM pictures taken at increasing loads during testing of a Bio𝑐 specimen. At high loads (≥3200 N), 45◦ ply splits and delaminations appear.
improvement exists. Additionally, simple calculations as those reported
in Appendix A show that the concept proposed brings improvements
lso for stiffness-driven design of least weight composite plates. These
wo aspects make the developed microstructure a strong candidate
or adoption in the design of lightweight structures. Experimental
tudies to systematically study the behaviour and performance of the
roposed concept at the coupon level, especially in terms of apparent
racture toughness (e.g. using compact compression test, [62]) will be

invaluable.

7. Conclusions

In this work, we have designed, manufactured and tested the first
bio-inspired microstructure aimed at improving in-plane compressive
performance of MD CFRP laminates. The concept we propose exploits
design strategies learned from natural layered materials with excellent
fracture properties, such as the anchoring spicula of the deep-sea
glass sponge M. chuni. Specifically, we created in the laminate an in-
plane alternation of stiff (and strong) and soft (and weak) regions by
embedding load-aligned PMI foam strips in the load bearing 0◦ plies.
In order to manufacture the novel microstructure, we developed a
bespoke multi-step manufacturing procedure, which exploits precision
laser micro-machining and tailored alignment strategies (a pin-and-
hole system and purposely laser-machined PET templates) to guarantee
optimal results. We assessed the performance of the microstructure by
testing small-scale notched specimens under compression and compar-
ing the results with those of a comparable, industrially relevant, MD
CFRP laminate. Our test results show that:

• the novel bio-inspired microstructure led to a statistically signifi-
cant increase in final failure load and displacement. Specifically,
the failure load was increased by either 18% or 23%, depending
on the initial location of the notch tip in the specimens;

• the increase in failure load more than compensated the increase in
weight caused by the introduction in the laminate of the soft, non-
load-bearing, phase. In other words the average ligament section
specific stress at failure was increased by the adoption of the
novel bio-inspired microstructure;

• when the notch tip was located in a soft region, initiation of com-
pressive damage was delayed or completely avoided, suggesting
that a strong blunting effect was achieved in this configuration;

• when the notch tip was located in a stiff region, damage initially
developed and propagated in a similar way to what observed
in Baseline specimens. However, when it reached a soft region,
the propagating compressive crack was arrested until final fail-
ure, which occurred at loads much higher than for the Baseline
specimens.

Simple analytical considerations also show that the proposed mi-
crostructural concept would bring advantages for stiffness-driven de-
sign of least weight composite plates.

Overall, the original bio-inspired concept proposed in this paper
holds the potential to improve significantly the response under com-
pression and the damage tolerance of composite structures, and hence
to have a substantial industrial impact.
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Appendix A. On the choice of the material for the soft inclusions

The material to be adopted for the soft strip insertions in the load
bearing layers of the novel microstructure must comply to manufactur-
ing constraints, both in terms of feasible geometry (it must be available
or workable to the desired shape, possibly without major complica-
tions) and of processing compatibility (it must withstand the typical
curing conditions of the base CFRP material, i.e. high temperatures up
to 135 ◦C and pressurer up to seven bars). Among materials satisfying
these requirements, polymer matrix materials, polymeric foams and
FRPs are the most appealing solutions. FRPs do not actually fit the idea
of a much softer material (when compared to the base CFRP material),
and would not be adequate to obtain a significant inhomogeneity effect,
but we included them in the following analysis for the sake of interest.
Table A.6 lists the materials considered, along with their relevant
properties, namely:

• two PMI foam materials: Rohacell© 110RIMA and Rohacell©
200SL;

• two common polymer matrix materials, one thermoplastic (PEEK)
and one thermoset (a typical epoxy) material;

• four FRP, covering a wide range of properties.
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Fig. A.18. Normalised (to the values for the base CFRP material) material indexes, relevant to minimum mass design, of the hybrid load bearing layers of the proposed
icrostructure, as a function of the base CFRP volume content and for different choices of the hybridising material.
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Table A.6
Materials and their properties considered in the evaluation of the effect of hybridisation
of the load bearing layer on its specific compressive properties.

Material 𝜌 𝐸1𝑐 𝑋𝑐
[g/cm3] [GPa] [MPa]

RC110RIMA [63] 0.110 0.18 3.6
RC200SL [52] 0.205 0.37 9.6

PEEK [51] 1.29 3.70 118
Epoxy [51] 1.27 4.09 228

Dyneema/epoxy [64] 1.12 42 64
Aramid/epoxy [64] 1.38 64 280
E-glass/epoxy [65] 2.00 43 870
Boron/epoxy [66] 2.00 210 2930

While striving to replicate the inhomogeneity effect and the blunt-
ng mechanisms observed in nature, during our material selection
rocess, we also prioritised retention of the specific longitudinal com-
ressive properties of the resulting microstructure, as these are the pri-
ary selection parameters for structural applications with least weight

onstraints (e.g. for the aerospace sector). According to Ashby [67],
material indices to maximise for structural design at minimum mass of
a flat plate (with free thickness) loaded by in-plane compression are:

1.
𝜎𝑓
𝜌

for strength limited design (note that this is relevant to
in-plane compressive failure prior to buckling, rather than post-
buckling compressive failure), where 𝜎𝑓 is the compressive fail-
ure stress;

2. 𝐸1∕3

𝜌
for stiffness limited design (buckling failure).

In a MD laminate, longitudinal compressive properties are to a large ex-
tent established by load bearing 0◦ plies. Hence, for selection purposes,
we estimated the effect of different materials for the soft inclusions
on the specific properties of the load bearing plies. Their longitudinal
compressive modulus and density can be readily estimated using a
simple rule of mixture (RoM) [51] as, respectively:

𝐸1𝑐 = 𝐸𝐶𝐹𝑅𝑃
1𝑐 𝑣𝑐 + 𝐸𝑠𝑜𝑓𝑡

1𝑐 (1 − 𝑣𝑐 ) , (A.1)

𝜌 = 𝜌𝐶𝐹𝑅𝑃 𝑣𝑐 + 𝜌𝑠𝑜𝑓𝑡(1 − 𝑣𝑐 ) . (A.2)

where:

• 𝐸𝐶𝐹𝑅𝑃
1𝑐 , 𝐸𝑠𝑜𝑓𝑡

1𝑐 , and 𝐸1𝑐 : longitudinal compressive moduli of the
base CFRP material, of the soft material, and of the resulting
hybrid, respectively;

• 𝜌𝐶𝐹𝑅𝑃 , 𝜌𝑠𝑜𝑓𝑡, and 𝜌: density the base CFRP material, of the soft
material, and of the resulting hybrid, respectively;

• 𝑣𝑐 : volume fraction of the base CFRP material in the hybrid layer,
with 0 < 𝑣 < 1.
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𝑐

To estimate the change to compressive strength due to hybridisation
of the load bearing layers, we used the bilinear RoM, Eq. (A.3). This
is commonly adopted to describe tensile strength of UD fibre-hybrid
composites [68–70], but has been used by some authors also when
considering compression [71,72]. While this equation is known to be
generally inaccurate [69,70] (as it completely neglects any change in
failure mode possibly caused by hybridisation and the possible hybrid
effect [69,70]), it provides a fast tool to obtain a rough indication of
the effect of the hybridising material on the compressive strength of the
load bearing layers.

𝑋𝑐 =

⎧

⎪

⎨

⎪

⎩

𝑋𝐻𝐸
𝑐 (1 − 𝑣𝐿𝐸 ) (valid for low 𝑣𝐿𝐸 ) ,

𝑋𝐿𝐸
𝑐 𝑣𝐿𝐸 + 𝐸𝐻𝐸

1𝑐

𝑋𝐿𝐸
𝑐

𝐸𝐿𝐸
1𝑐

(1 − 𝑣𝐿𝐸 ) (valid for high 𝑣𝐿𝐸 ) .
(A.3)

n Eq. (A.3), LE and HE subscripts are used to refer to the low elon-
ation (failing at lower strain) and the high elongation (failing at
igher strain) materials, respectively. A first, major, requirement on the
aterial used for the soft inclusions is for it to have larger compressive

ailure strain than the base CFRP material, i.e. to behave as the HE
aterial. If this is not the case, its premature failure would cause

tress concentrations in the load baring CFRP strips, anticipating their
ailure and further reducing the overall compressive strength (beyond
he reduction predicted by the bilinear RoM due to an inherent lower
ompressive strength of the soft material). This immediately leads to
he exclusion of FRPs with low compressive strength and strain (like
ramid and polymer fibre composites).

Manipulating Eqs. (A.1)–(A.3), assuming the base CFRP as the LE
aterial and considering the case of high 𝑣𝑐 (low 𝑣𝑐 is not of interest),

ne can obtain an explicit expression for the specific strength of the
ybrid load bearing layer containing soft inclusions:

𝑋𝑐
𝜌

=
𝑋𝐶𝐹𝑅𝑃

𝑐

𝜌𝐶𝐹𝑅𝑃

⎛

⎜

⎜

⎜

⎜

⎜

⎝

1 −

1 −
𝐸𝑠𝑜𝑓𝑡
1𝑐

𝐸𝐶𝐹𝑅𝑃
1𝑐

𝜌𝐶𝐹𝑅𝑃

𝜌𝑠𝑜𝑓𝑡

1 +
𝑣𝑐

1 − 𝑣𝑐
𝜌𝐶𝐹𝑅𝑃

𝜌𝑠𝑜𝑓𝑡

⎞

⎟

⎟

⎟

⎟

⎟

⎠

. (A.4)

In Eq. (A.4), the change in specific compressive strength of the hybrid
layer, when compared to the base carbon epoxy material, is caused by
the second term in parentheses. Interestingly, this term includes the
specific moduli of the combined materials, rather than their specific
strengths; this comes from the assumption, in Eq. (A.3) that, for high
alues of 𝑣𝐿𝐸 , complete failure occurs at the failure strain of the LE
aterial, and that stress in the HE material at that strain is com-
uted, assuming linear elastic behaviour of both hybridising materials,

s 𝐸𝐻𝐸
1𝑐

𝑋𝐿𝐸
𝑐

𝐸𝐿𝐸
1𝑐

. Hence, analysing the second term in parenthesis in
Eq. (A.4), we infer the following:



Composites Part B 264 (2023) 110867T. Garulli et al.

r

1. an increase in specific strength is possible if and only if the
specific modulus of the soft material is higher than that of the

carbon epoxy, i.e.
𝐸𝑠𝑜𝑓𝑡
1𝑐

𝜌𝑠𝑜𝑓𝑡
>

𝐸𝐶𝐹𝑅𝑃
1𝑐

𝜌𝐶𝐹𝑅𝑃 ). If
𝐸𝑠𝑜𝑓𝑡
1𝑐

𝜌𝑠𝑜𝑓𝑡
=

𝐸𝐶𝐹𝑅𝑃
1𝑐

𝜌𝐶𝐹𝑅𝑃 , the
specific compressive strength remains unchanged;

2. the change in specific compressive strength is inversely propor-
tional to the term 1 +

𝑣𝑐
1 − 𝑣𝑐

𝜌𝐶𝐹𝑅𝑃

𝜌𝑠𝑜𝑓𝑡
. Neglecting the case 𝑣𝑐 ≈ 0,

this means that changes due to differences in the specific mod-
ulus are attenuated proportionally to the term 𝜌𝐶𝐹𝑅𝑃

𝜌𝑠𝑜𝑓𝑡
. Hence,

unless the specific compressive modulus can be increased, there
is a strong interest in adopting a material with low density
when compared to the base CFRP. On the other hand, where
the specific modulus can be increased, there is an interest in
materials with a higher density.

Eqs. (A.1)–(A.3) have been used to evaluate the effects on the mate-
ial indices mentioned above, namely

𝜎𝑓
𝜌

and 𝐸1∕3

𝜌
, of using any of the

materials listed in Table A.6 for the inclusions; the results are presented
in Fig. A.18, which shows the value of the material indices, normalised
to the value obtained for the base CFRP material, as a function of the
hybridising material and of the base CFRP volume content, 𝑣𝑐 . From
Fig. A.18, it is evident that hybridisation with FRPs or polymers would
significantly affect specific strength, the only exception being the use
of a boron/epoxy composite. The use of PMI foam materials, on the
other hand, would allow to retain most of the specific strength for
values of 𝑣𝑐 of interest (𝑣𝑐 = 0.5 was used in our work, see Section 3).
From Fig. A.18, it also emerges that adoption of PMI foam materials
can significantly improve the situation in terms of specific stiffness,
which can lead to more lightweight structures for stiffness driven
design situations. For these reasons, we deemed PMI foam materials
as the most appropriate choice for our study and purpose, while also
recognising that using other hybridising materials is of great potential
interest. Finally, between the two PMI foam options presented, we
chose to use RC200SL: while the difference in terms of performance
with RC110RIMA is expected to be minimal, the higher strength and
stiffness of RC200SL makes it much easier to use in manufacturing.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.compositesb.2023.110867.
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