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 A B S T R A C T

Thin-ply composites are known for their superior in-situ strength and manufacturing quality, offering higher 
unnotched tensile and compressive strengths compared to conventional laminates. However, their damage 
suppression capability leads to increased notch sensitivity, where the delamination and matrix cracking 
mechanisms are suppressed. As a result, thin-ply laminates are limited in their use in critical load-bearing 
applications. To address this, bio-inspired Bouligand structures, defined by their helical fibre arrangements, 
have shown promise in reducing notch sensitivity through helicoidal matrix cracking and stress redistribution. 
This study explores the mechanical performance of partial Bouligand layups derived from biological fibre 
architectures observed on coelacanth fish scales, where fibrils reorient under load. An analytical stiffness-based 
optimization was performed to match the mechanical properties of the conventional [0◦, ±45◦, 90◦] (50%, 
40%, 10% load introduction layup used in bolted and riveted aircraft structures, while integrating the partial 
Bouligand structure. The weights of the two-layer fibres (30 gsm and 60 gsm) were investigated, resulting in 
different pitch and stack angles. Tensile and bearing tests were conducted to evaluate the influence of the 
partial Bouligand structure on bearing sensitivity. The results indicate that bio-inspired fibre orientation can 
improve load redistribution and damage tolerance in thin-ply laminates, making them compatible for off-axis 
and notched applications.
1. Introduction

Thin-ply carbon fibre reinforced polymers (CFRPs), produced using 
techniques such as spread-tow processes, have emerged as a high per-
formance alternative to conventional composites, with individual ply 
thicknesses starting from 20 μm [1,2]. The reduction in ply thickness 
enables greater design flexibility by increasing the number of plies 
within a laminate and allowing for more precise tailoring of fibre 
orientations based on load paths.

Thin-ply laminates also demonstrate superior in-situ strength, sup-
pressing mechanisms such as transverse microcracking and free-edge 
delamination [1]. This results in a transition in failure behaviour from 
delamination-dominated modes in thick plies to more brittle, fibre-
dominated failure in thin plies, leading to higher ultimate tensile 
and compressive strengths in unnotched quasi-isotropic and unidi-
rectional laminates [3–5]. In addition to an optimized mechanical 
performance, thin-ply laminates benefit from improved manufactur-
ing quality, including lower void content, better fibre alignment, and 
reduced resin-rich zones [3].
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However, despite these advantages, thin-ply laminates often exhibit 
heightened notch sensitivity, particularly in tension, which can lead to 
premature and brittle failure when stress concentrations are introduced, 
such as holes or impact damage [1]. Thin-ply laminates tend to exhibit 
a lower ultimate open hole tensile strength (OHT), up to 30% less 
than thick plies, as they suppress damage mechanisms such as delami-
nation and interfibre cracking, which conventionally help redistribute 
stress around the notches [5,6]. This results in a pronounced notch 
sensitivity, where the strength and stiffness of the composites drop 
significantly near the stress concentrators, reducing the effective load 
that the structure can carry safely. To address this challenge, structural 
modifications that reintroduce controlled damage mechanisms have 
been proposed. Among the most promising approaches are bio-inspired 
fibre architectures, such as Bouligand (helicoidal) layups, which gradu-
ally rotate fibre orientations between adjacent plies [7–10]. Bouligand 
composites demonstrate superior performance and damage tolerance 
under OHT loading compared to quasi-isotropic (QI) and traditional 
cross-ply laminates. As shown in [8], thin-ply Bouligand structures with 
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extremely low pitch angles mimic biological fibre arrangements and 
exhibit fundamentally different failure behaviour. Instead of abrupt 
delamination, they develop diffused, helicoidal matrix cracking that 
spreads stress and dissipates energy, resulting in low notch sensitivity 
despite the reduced 0◦ fibre content. Further research [11] showed that, 
unlike cross-ply laminates which suffer from brittle or pull-out failure 
depending on fibre angle, Bouligand layups maintain more stable spiral 
fracture patterns across varying off-axis angles. This leads to better 
balanced strength and improved structural reliability in notched and 
multiaxial loading scenarios, making Bouligand designs well suited for 
advanced load-bearing applications.

Load-bearing stresses in composite materials occur in areas of bolted 
and riveted joints. These joints are characterized by their straightfor-
ward installation and removability, making them cost-effective solu-
tions that are widely used, particularly in the aerospace industry [12–
16]. The studies by [17,18] investigate quasi-isotropic thick- and thin-
ply laminates using single shear bearing tests. The published results 
show that thin-ply laminates exhibit a delayed onset of damage of 
47.00% [17], while [18] observed a previous first failure. Despite these 
differences, the determined ultimate bearing strengths of thin-ply lami-
nates with approximately 40 gsm in both studies are comparable, being 
14.47% [17] and 15.30% [18] higher than those of thick-ply reference 
laminates with approximately 160 gsm. In this context, [5] reported 
an increase in ultimate bearing strength of 20.00%  for intermediate-
ply laminates with 100 gsm and 23.00%  for thin-ply laminates with 
30 gsm compared to thick-ply laminates with 300 gsm, which exhibited 
an ultimate bearing strength of 476MPa. The described behaviour can 
be explained by the fact that thin plies are capable of delaying or even 
suppressing subcritical and progressive damage mechanisms such as 
delamination, matrix cracks, fibre buckling, and shear cracks [3–5]. 
Furthermore, thinner plies lead to reduced shear stresses within the 
laminate due to the higher number of ply interfaces [3], which in 
turn results in increased loadings onset of delamination [3,5]. The 
result is an improved load-bearing capacity of laminates with thinner 
plies [3,4].

Previous studies have predominantly focused on structures sub-
jected to a constant load orientation. However, in rotationally movable 
components, such as aircraft air brakes, the direction of the load 
can vary during operation due to the presence of a hinge. Under 
these conditions, typical quasi-isotropic or load-introductory laminate 
structures experience off-axis loading. Research [11] has shown that 
the mechanical strengths of cross-ply laminates significantly degrade 
under off-axis stress. In contrast, Bouligand structures do not exhibit 
this effect, as their fibres are distributed rotationally with much smaller 
angular increments, resulting in nearly isotropic material behaviour 
and thus enhanced capacity to accommodate off-axis loads [11].

In addition to fully developed Bouligand structures, nature has also 
produced structures during evolution that are specifically designed 
for certain load cases. A remarkable example of this can be found 
in coelacanth fish scales. In an unloaded state, the tissue of the fish 
scale shows a so-called double twisted Bouligand structure [19–21]. 
The double twisted Bouligand structure of the coelacanth fish has been 
previously investigated in three-point bending and charpy impact tests, 
as reported in [21]. As [19] was able to demonstrate using in-situ 
synchrotron SAXS during tensile tests, the fibrils orient themselves in 
the direction of the mechanical stress. The orientation of the fibrils 
under load application is shown in Fig.  1. The in-situ synchrotron SAXS 
measurements indicate that the fish scale forms an oriented Bouligand 
structure, hereafter called a partial Bouligand structure, under uniaxial 
tensile stress. This structure extends over an angular range of ±60◦, 
with the strongest fibril alignment occurring in the range of ±40◦

compared to the unloaded scale. A comparison of fibril orientation 
under uniaxial tensile load with the stress distribution of a composite 
bolted join shown in Fig.  2 right shows similarity.

In this study, the partial Bouligand structure of the coelacanth-
scale is replicated for engineering applications, fibre angles of ±60◦
2 
Fig. 1. Diffraction intensity over fibrill angle of Coelacanth-scale [19].

Fig. 2. Schematic setup of the bearing test and stress distribution in the 
laminate around the hole.

and ±40◦, as observed on the fish scale, were combined with the 
traditional load introduction (LI), a structure commonly used in com-
posite laminates with bolted joints and open holes. The conventional 
LI layup, established in the aviation industry and widely applied to 
promote bearing failure while suppressing other failure modes, serves 
as a benchmark for comparison in this study, with the following layer 
configurations [12,13]:

30 gsm: [45, 0,−45, 0, 90, 0, 45, 0,−45, 0]6𝑠
60 gsm: [45, 0,−45, 0, 90, 0, 45, 0,−45, 0]3𝑠
When designing composite materials, stiffness is an important de-

sign criterion in addition to strength. This includes thin plates, where 
buckling must be prevented and openings whose geometry must remain 
stable, such as aircraft door frames. This study investigates how the 
stiffness properties of a conventional LI layup can be modified by 
transforming it into a Bouligand structure. On this basis, a stiffness 
optimization was carried out using classical laminate theory (CLT) in 
order to develop a partial Bouligand structure ∑𝑖

𝑘=0(𝛼 − 𝑘 ⋅ 𝜃), where 
𝛼 represents the stack angle and 𝜃 the pitch angle, with comparable 
stiffness properties. A schematic representation of a partial Bouligand 
structure is shown in Fig.  3.

Two different optimization approaches were selected. The first ap-
proach focused on optimizing the elastic properties 𝐴  and 𝐴 . The 
11 22
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Fig. 3. Schematic representation of a partial Bouligand structure.

Table 1
Material parameters employed for stiffness optimization using CLT.
 FAW in gsm 𝐸𝐿 in GPa 𝐸𝑇  in GPa 𝜈𝐿𝑇 𝐺𝐿𝑇  in GPa 
 30 137.14 7.86 0.33 3.85  
 60 132.59 8.38 0.33 3.85  

corresponding objective function was defined as follows: 

𝑓 (𝛼, 𝜃) =
|

|

|

|
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(1)

The following layup configurations were derived based on the min-
imization function and show a close correspondence to the ±60◦ ori-
ented fibrillar structure observed in the fish scale:

30 gsm: 
[

∑59
𝑘=0(64.9

◦ − 𝑘 ⋅ 2.2◦)
]

𝑠
60 gsm: 

[

∑29
𝑘=0(63.8

◦ − 𝑘 ⋅ 4.4◦)
]

𝑠
The second optimization approach aimed to optimize the stiffness 

in the main load direction. For this purpose, the effective stiffness 𝐸11

was considered according to the relationship 𝐸11 =
1
ℎ ⋅

(

𝐴11 ⋅
𝐴2
12

𝐴22

)

 and 
the following minimization function was applied: 
𝑓 (𝛼, 𝜃) = |

|

𝐸11_𝐵𝐼 − 𝐸11_𝐿𝐼 || (2)

Based on this minimization function, the following layup configu-
ration was obtained that aligns closely with the highly oriented fibril 
angle ±40◦ observed in the fish scale:

60 gsm: 
[

∑28
𝑘=0(40.5

◦ − 𝑘 ⋅ 2.9◦)
]

𝑠

2. Materials and methods

2.1. Materials and specimen preparation

The material used in the present study consists of unidirectional 
prepregs with two different fibre areal weights (30 gsm and 60 gsm). 
These prepregs were manufactured by North Thin Ply Technology 
(NTPT) and comprise Toray S700SC-12K-60E carbon fibres and NTPT 
ThinPreg 402 epoxy resin. Table  1 presents the material parameters 
used in the CLT-based stiffness optimization.

The laminate structures shown in Table  2 were produced using the 
hand lay-up process and then cured in an autoclave according to the 
manufacturer’s specifications. The cured panels were cut into speci-
mens using a water-cooled Brillant 265 circular saw from ATMQness
GmbH, equipped with a diamond cutting disc, at a constant feed rate 
of 1.0mm/s. After cutting, all edges of the specimen were polished 
with a grit size of P1000. For bearing samples, the holes were precisely 
machined by helical milling utilizing a 2 mm diameter solid carbide 
miniature end mill (Karnasch Professional Tools GmbH) mounted on an 
EUROMOD®-MP CNC milling machine (Isel Germany AG, Eichenzell, 
Germany). In the clamping jaw region, the specimens were mechan-
ically reinforced with a 1mm thick layer of glass fibre reinforced 
polymer (GFRP) and a 1mm thick aluminum layer. Subsequently, the 
tabs were adhesively bonded using two-component UHU PLUS Endfest 
3 
Table 2
Overview of the investigated configurations, including layup details, fibre areal 
weight (faw) and nominal specimen thicknesses h.
 Configuration faw Lay-up h in mm 
 30_LI 30 gsm [45, 0,−45, 0, 90, 0, 45, 0,−45, 0]6𝑠 3.60  
 60_LI 60 gsm [45, 0,−45, 0, 90, 0, 45, 0,−45, 0]3𝑠 3.60  
 30_BI_1 30 gsm

[

∑59
𝑘=0(64.9

◦ − 𝑘 ⋅ 2.2◦)
]

𝑠
3.60  

 60_BI_1 60 gsm
[

∑29
𝑘=0(63.8

◦ − 𝑘 ⋅ 4.4◦)
]

𝑠
3.60  

 60_BI_2 60 gsm
[

∑28
𝑘=0(40.5

◦ − 𝑘 ⋅ 2.9◦)
]

𝑠
3.48  

300 adhesive in a hot press to ensure a durable connection. Before 
testing, all samples were conditioned for 48h at 40 ◦C under vacuum to 
ensure consistent material properties. All tests were carried out under 
standard laboratory conditions of 20 ◦C and 50% relative humidity.

2.2. Experimental methods

To evaluate the mechanical strength and damage tolerance of the 
Bouligand structures compared to conventional designs, experimental 
tests were conducted following ASTMD3039 [22] for unnotched ten-
sion (UNT) and ASTMD5961 Procedure A (Double Shear Test) [23] for 
bearing performance.

UNT tests were performed using a ZwickRoell Z100 universal testing 
machine (maximum load 100 kN) equipped with hydraulic grips. The 
tensile test was carried out at a constant crosshead speed of 2mm/min 
and the strain was measured using a multiXtens extensometry system.

Bearing tests were carried out using a double shear clevis fixture 
and a ZwickRoell Z400 machine (max. load 400 kN) with mechanical 
wedge grips. Fig.  2 illustrates the setup for the bearing test. The load 
was applied to the specimen through a pin installed in the clevis using a 
torque of 6Nm. A steel washer (inner diameter 6.3mm, outer diameter 
12mm) was used to transmit the transverse compressive force around 
the periphery of the hole. Strain measurements were recorded using 
a 4M Digital Image Correlation (DIC) system by GOMGmbH. A dot 
pattern was applied to the surface of both the specimen and the bearing 
fixture to facilitate strain tracking, allowing the determination of local 
displacements 𝛿1 and 𝛿2. Using these local displacements, the bearing 
strain can be calculated according to the following formula (3), where 
D denotes the diameter of the hole and K is a factor equal to 1.0 for 
double shear tests: 

𝜎𝑏𝑟𝑖 =
(𝛿1 + 𝛿2)∕2

𝐾 ⋅𝐷
(3)

The bearing stress was determined using the following Eq. (4), in 
which h denotes the thickness of the specimen, k is the load per hole 
factor with a value of 1.0 for the tests carried out in this study, and P 
represents the applied load measured in newton. 

𝜀𝑏𝑟𝑖 = 𝑃
𝑘 ⋅𝐷 ⋅ ℎ

(4)

The ultimate bearing strength 𝜎𝑏𝑟𝑢 was calculated from the maxi-
mum load 𝑃𝑚𝑎𝑥. To assess sensitivity to load bearing stress, a bearing-
to-tensile ratio (BTR) was calculated using Eq. (5), while 𝜎𝑢𝑛𝑡 denotes 
the tensile strength obtained from the unnotched tension tests. 

𝐵𝑇𝑅 = 𝜎𝑏𝑟𝑢

𝜎𝑢𝑛𝑡
(5)

In order to investigate the damage mechanisms, fracture surfaces 
were examined using the VHX-6000 digital microscope from Keyence 
Deutschland GmbH. The specimens were first embedded in the KEM15 
Plus embedding resin system provided by ATM Qness GmbH. They 
were then gradually ground and polished on the automated Saphir 550 
grinding and polishing machine, also from ATM Qness GmbH, starting 
with a 320-grit abrasive paper and progressing stepwise to a final polish 
with a 1 μm diamond suspension.
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Table 3
Experimental mechanical properties of UNT and Bearing.
 Layup 𝐸𝑢𝑛𝑡 in GPa 𝜎𝑢𝑛𝑡 in MPa 𝜀𝑢𝑛𝑡 in % 𝜎𝑏𝑟𝑢 in MPa 
 30_LI 69.07 1224.54 1.65 1020.44  
 60_LI 69.94 1299.98 1.74 1202.21  
 30_BI_1 55.04 427.39 0.79 867.16  
 60_BI_1 52.15 413.83 0.80 857.16  
 60_BI_2 69.03 519.61 0.77 595.68  

3. Results

3.1. Unnotched tension

Table  3 contains the test data of the UNT experiment. The results 
demonstrate that the Bio-Inspired (BI) structures exhibit significantly 
lower strength and fracture strain compared to the LI structures. This 
effect is consistent with the significantly lower content of 0◦ plies 
in the loading direction. An equal stiffness can be observed between 
the LI structures and the 60_BI_2 structure, which was optimized to 
𝐸11. In general, the LI structures exhibited spontaneous brittle failure 
due to fibre breakage, whereas the BI showed a gradual fibre matrix 
failure along a helical crack path beginning in the plies oriented at 
± 𝛼. This type of failure in Bouligand structures has been reported in 
several publications [9,10]. On the basis of the test data, no significant 
influence of the ply thickness can be determined.

3.2. Load-bearing

In the following section, the results of bearing experiments will 
be displayed and discussed. Fig.  4 illustrates the experimental data of 
the bearing tests and Table  3 showing the ultimate bearing strength 
as a function of the bearing strain. From Fig.  4 it is evident that 
the LI structures exhibit the highest bearing strengths. Furthermore, 
a significant enhancement of 17.80% in ultimate bearing strength is 
observed when comparing the 30_LI specimens with the 60_LI spec-
imens, with the latter exhibiting a bearing strength of 1202.21MPa. 
This improvement is attributed to the increased layer thickness of the 
laminate, as both configurations share an identical layup. Moreover, 
it is evident that the BI specimens generally exhibit lower bearing 
strengths. In particular, the 60_BI_2 specimen demonstrates the lowest 
ultimate bearing strength, measuring approximately 595.68MPa. The 
30_BI_1 and 60_BI_1 samples demonstrate approximately 44.80% higher 
strengths compared to the 60_BI_2 structure. However, these values are 
still 28.30% lower than those of the 60_LI and 15.50% lower than the 
30_LI specimens.

Comparing the tensile strength of the unnotched tension specimens 
with the ultimate bearing strength shown in Fig.  5 reveals an intriguing 
correlation. The BI, particularly those with larger stacking angles, 
exhibit significantly higher ultimate bearing strength relative to their 
tensile strength. Specifically, the 30_BI_1 and 60_BI_1 configurations 
demonstrate an increase in ultimate bearing strength of 101%and 110%, 
respectively, compared to their tensile strength (see Fig.  5). In contrast, 
the LI structures show a decrease in stress under bearing conditions. 
This enhancement can be attributed to the fact that BI with larger 
stacking angles better accommodates the stress distribution generated 
around the bolt, as the fibre arrangement more closely follows the stress 
pattern shown in Fig.  2 right.

Fig.  6 shows the representative fracture patterns of the various 
laminate structures, with the note that the thickness of the layer does 
not influence the failure mode. The fracture pattern of the LI structures 
shows a mixed mode failure (Fig.  6 a-b) between shear out and bearing 
failure concentrated around the bolt in loading direction and therefore 
behaves contrary to expectations. In Fig.  6 (b-c), it can be observed 
that fibre kinking occurred during testing, manifesting as an S-shaped 
curve through the laminate and leading to delamination in the region 
4 
Fig. 4. Stress–strain-diagram of bearing experiments.

Fig. 5. Comparison of tensile strength, ultimate bearing strength and bearing 
to tensile ratio.

of the 0◦ fibres. In the BI, the fracture patterns vary significantly. In 
both configurations, 30_BI_1 and 60_BI_1, a combination of the intended 
bearing failure and a failure mode that is not classified according to 
the standard, characterized by helical cracks, occurs. Continuous failure 
through helical cracks in Bouligand structures has been described in the 
literature [8–10] before, but never in connection with bearing failures. 
For the 60_BI_2 configuration, failure was predominantly governed by 
helicoidal cracking, with cracks propagating towards the top of the 
specimen. Based on these observations, it can be hypothesized that with 
decreasing stack angle in combination with smaller pitch angle, the 
helical crack growths further towards the edges of the specimens. In 
Fig.  6 e, f, h, and i, helical cracks are clearly visible. These helical cracks 
also propagate in an S-shaped pattern, with the inflection point located 
in the region of the 0◦ fibre orientation. Unlike the delaminations 
observed in the LI specimens, the BI specimens predominantly exhibit 
helical cracks, with delamination being largely suppressed.

4. Conclusion

This study highlights the significant potential for translating bio-
logical structural principles, which have been continuously optimized 
through evolution to withstand specific load conditions, into technical 
engineering applications. The comparison between the loading intro-
duction and Bouligand layups provided valuable insight into their me-
chanical performance characteristics. Although the unnotched tension 
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Fig. 6. Representative micrographs of composite specimens after bearing tests; (a-c) 60_LI, (d-f) 60_BI_1, (g-i) 60_BI_2.
Bouligand specimens exhibited lower tensile strength relative to load 
introduction layups, the 60_BI_2 partial Bouligand layup reached com-
parable stiffness values. Furthermore, the maximum bearing strength 
of the Bouligand structures, particularly those with larger stacking 
angles, exceeded that of the UNT samples by 100%. This remarkable 
improvement in bearing capacity is indicative of the superior load 
distribution capabilities inherent to the Bouligand architecture, which 
more effectively mitigates stress concentrations around the fastener 
holes. Due to the radially homogeneous fibre orientation, it can be 
assumed that rotationally movable components, such as aircraft air 
brakes subjected to off-axis loading, are capable of accommodating 
varying load directions during operation due to the presence of a hinge, 
independent of their initial orientation. In contrast, off-axis loading 
is expected to have a more pronounced impact on the strength of 
LI structures. In general, these findings demonstrate that bio-inspired 
laminate configurations, derived from biologically occurring fibre ar-
rangements, offer promising avenues for the development of advanced 
composite materials with tailored mechanical properties for engineer-
ing applications where bearing strength and damage tolerance are 
critical.
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