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A B S T R A C T

Aircraft skins are likely to experience cracks and fracture failure due to the combined action of shear, bending,
and torsional load. Inspired by the crack resistance exhibited by plant leaf, a method is proposed to improve the
crack resistance of aluminum alloy aircraft skin. The characteristic parameters of main and secondary leaf veins
are extracted by image edge detection and analysis methods. According to a constructed collection of self-similar
fractal sets, a bio-inspired residual stress field with fractal characteristics extracted from leaf veins is applied to
specimens ahead of crack tip by using laser peening. The effects of fractal parameters on crack retardation are
analyzed using interaction integral. The results show that the stress intensity factor ahead of crack tip is reduced
by applying a bio-inspired residual stress field, whereas the plastic zone area ahead of crack tip is enlarged. The
correlation between these two trends reveals the mechanism of stress intensity decrease after the introduction of
bio-inspired residual stress field. The optimal crack retardation effect is achieved at a fractal angle of 55°, at
which the residual fatigue life is increased by up to 203.0%. Compared with square-shaped laser peening, full-
coverage laser peening, square criss-cross pattern method, and single-edge notched tensile (SENT) specimen
repair method, the proposed method achieves the longest residual fatigue life, which is almost three times that of
the square-shaped laser peening method. Therefore, this theoretical study presents a potential method for im-
proving the crack resistance of aluminum alloy aircraft skin.

1. Introduction

Aircraft skin accounts for more than 50% of the total weight of the
entire aircraft, thus, integral connection technology has been gradually
used instead of assembly connection technology to connect aircraft and
skeleton. This greatly reduces the number of aircraft parts and the
weight of fuselage [1]. However, once cracks appear in aircraft skin, it
is very difficult to retard crack propagation due to the lack of rivet
holes, which are used to arrest crack development in integral panel
structures. Consequently, the damage tolerance ability of aircraft skin
will begin to deteriorate.

In order to improve the damage tolerance ability of aircraft skin,
research has predominantly focused on selective reinforcement tech-
nology to improve crack growth resistance. Mechanical connection re-
pair and gluing repair are two common selective reinforcement
methods. Zhang et al. [2] analyzed the shear performance and failure
modes of bolt connectors and found that the shear bearing capacity of
the bolt connectors increased as bolt diameter, tensile strength, and

concrete strength increase. Moreover, Guo et al. [3] reported that the
bolt arrangement patterns and structural forms are closely related to the
failure mode and bearing capacity of bolt connectors. It should also be
noted that, if bolt connectors are used to prevent crack growth, cracks
will occur at the hole-edge due to stress concentration or contact in-
teraction between hole and bolt [4–6]. In addition, the use of fasteners
can lead to an increase in the weight of panels, thereby reducing the
cross-sectional area of integral panels. To overcome the limitations of
these mechanical connections, Liao et al. [1] studied the effect of
length, height, and width of a repaired single-edge notched tensile
(SENT) structure on gluing repair performance and found that the re-
sidual fatigue life can be enhanced by increasing the size of patch.
Bouiadjra et al. [7] investigated the effect of shape and thickness of
rectangular, trapezoidal, and circular patches on crack initiation, and
concluded that the patch shape is sensitive to the panel stacking se-
quence. Moreover, Lin et al. [8] used the three-dimensional progressive
damage analysis method and a cohesive zone model to simulate damage
progression and showed that the repair effect heavily depends on the

https://doi.org/10.1016/j.tafmec.2019.102444
Received 25 June 2019; Received in revised form 17 December 2019; Accepted 17 December 2019

⁎ Corresponding author at: School of Mechatronics Engineering, Nanchang University, Nanchang 330031, China.
E-mail address: hyfatigue@163.com (Y. Hu).

Theoretical and Applied Fracture Mechanics 106 (2020) 102444

Available online 23 December 2019
0167-8442/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01678442
https://www.elsevier.com/locate/tafmec
https://doi.org/10.1016/j.tafmec.2019.102444
https://doi.org/10.1016/j.tafmec.2019.102444
mailto:hyfatigue@163.com
https://doi.org/10.1016/j.tafmec.2019.102444
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tafmec.2019.102444&domain=pdf


thickness of adhesive layer. Furthermore, Usman et al. [9] suggested
that temperature can affect crack retardation ability by changing the
failure mechanism of materials. In summary, previous research in-
dicates that the gluing repair method is easily affected by process
parameters and ambient temperature, which can lead to a lack of shear
resistance.

In nature, plant leaf can efficiently withstand long-term alternating
loads caused by wind and rain loads. Yohai et al. [10] studied the
growing models of plant leaf under the effect of mechanical stress and
found that the ability of a leaf to withstand mechanical stress is en-
hanced by reorientation of the vascular vein in the growing leaf. Pasini
[11] noted that the shape and size of petiole cross-sections influence the
bending and torsion resistance of leaf. The excellent surface properties
and functions of plant leaf are the result of millions of years of opti-
mization and evolution in order to adapt different environments [12].
Veins in plant leaf not only allow water and nutrients to move through
the leaf, but also maintain leaf shape and prevent crack propagation
[13]. As a result, a bio-inspired concept, in which the non-surface
morphology extracted from plant leaf is applied to a metallic surface,
has recently been adopted into thermal fatigue, wear, and adhesive
failure research [14,15]. In addition, Ritchie et al. [16] observed
comparable crack-growth resistance in bio-inspired metal-compliant
phase coextruded ceramics. Rajabi [17] reported that insect wings act
as barriers to crack propagation. Thus, bionics is a promising method to
be adopted to crack research.

Previous crack growth research has also shown that residual stress
plays a key role in crack propagation [18,19]. The cross-scale crack
evolution problem exists in both aircraft skin and plant leaf under the
effect of alternating loads, whereby the material is more likely to ex-
perience mechanical fatigue cracking instead of thermal fatigue, wear,

or adhesive failure. Therefore, based on the veins of a plant leaf, this
study proposes a bio-inspired method to improve the crack resistance of
aluminum alloys which are widely used in aircraft skins. According to
biological couplings' properties, biological couplings can be classified
into geometric, mathematic, physical, chemical, integrated, and me-
chanical biological couplings [20]. This study adopts mechanical bio-
logical coupling, in which coupling elements are formed by methods
such as embedment, combination, and coalescence. To achieve me-
chanical biological coupling in this study, a biomimetic stress field in-
spired by plant leaf veins is obtained via laser peening and applied to
aluminum alloy surface. The main goal of this research is to explore the
effectiveness of introducing this biomimetic stress field on the crack
resistance of aluminum alloy.

2. Constructing the bio-inspired structure simulation model

2.1. Plant leaf feature extraction

Inspired by the observation that plant leaf can bear long-term al-
ternating loads without cracking, the plant leaf vein structure is ex-
tracted to analyze the mechanism of crack retardation. As plant veins
exhibit a crisscross structure and have the characteristics of self-simi-
larity and scale invariance, the method proposed by Mandelbrot [21] is
adopted to extract the vein structure of plant leaf, in which irregular
structures with self-similar hierarchical morphology can be effectively
rebuilt. In order to improve the extraction accuracy, a dicotyledon ro-
saceae plum leaf is adopted due to its relatively developed venation
structure. The fractal angle (the angle between primary and secondary
veins), branch growth ratio (the length ratio between secondary and
primary veins), and initial growth point (the initial fractal point set) are

Nomenclature

Abbreviations

USM unsharp mask algorithm
HPF high-pass filter
L-system Lindenmayer system
LP laser peening
HEL Hugoniot elastic limit
FEM finite element method
XFEM extended finite element method
MTS maximum tangential stress criterion

List of symbols

a crack length
a0 initial crack length
ac critical crack length
A equivalent integral region
A, B, C, n, M basic model parameters
c m, material constants
Cel elastic wave velocity
Cpl plastic wave velocity
D i j( , ) strengthened image point
Di damage constants, i=1, 2,3,…., 5
E elastic modulus
g template of Gauss filter
G x y( , ) gradient amplitude
G i j( , ) point filtered by high-pass filter
Gx gradient operator in horizontal direction
Gy gradient operator in vertical direction
I (1,2) interaction integral
J J integral

Ki stress intensity factor, =i I II,
KΔ amplitude of stress intensity factor

Lp influence depth of laser peening
N number of load cycles
P average pressure of laser peening
q boundary function, ⩽ ⩽q0 1
r , θ polar coordinates in −x y plane
rp radius of plastic zone
S i j( , ) original image point
T −T stress
T* normalized temperature
ui displacement tensor
W (1,2) interaction strain energy density

Greek letters

σe equivalent stress
σij stress tensor
σH average stress
σx , σy, τxy stress components at crack tip
δ1j Kronecker symbol
δs yield strength
θ turning angle
θg gradient direction

∗εė normalized equivalent plastic strain rate
εe equivalent plastic strain
εf effective fracture stress
εij strain tensor
τ pulse width
ρ material density
λ μ, Lame material constants
φ angle between calculating surface and crack surface
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extracted firstly. Then, the method proposed by Mandelbrot [21] is
used to reconstruct the plant leaf vein structure. For the edges of vein
features are blurred, the vein information located in high frequency
part of image can be visualized by using a grayscale histogram, as
shown in Fig. 1.

In addition, the unsharp mask (USM) sharpening algorithm [22] is
used to strengthen the high-frequency details of the vein edge for an
original image point S(i,j). The principle diagram of the USM algorithm
is shown in Fig. 2. G(i,j) is the point filtered by high-pass filter (HPF)
and D(i,j) is the strengthened image point.

The template for Gauss filter, g, used in HPF is given in Eq. (1).

= ⎡

⎣
⎢

− − −
− −
− − −

⎤

⎦
⎥g

1 1 1
1 8 1
1 1 1 (1)

The image strengthened by USM is shown in Fig. 3.
The Canny edge detection operator [23], which is commonly used in

image edge detection, is adopted in this study. The basic concept of this
algorithm is to search the area with the most dramatic image gradient
changes. This area is measured by gradient amplitude G(x,y) and gra-
dient direction θg, shown in Eq. (2).

⎧
⎨
⎩

= +

= −

G x y G G

θ tan G G

( , )

( )
x y

g x y

2 2

1
(2)

where Gx and Gy are gradient operators in horizontal and vertical di-
rections, respectively. More details on Canny edge detection could be
found in Ref. [23].

Finally, the features of main and secondary veins are extracted by
Hough transform [24] after Canny edge detection, in which the ex-
tracted vein feature points are mapped to the parameter space then
converted into line and angle information, as shown in Fig. 4. More
details on the Hough transform could be found in Ref. [24]

The absolute difference in the angle between primary and secondary
veins is calculated according to the slope information of the obtained
straight line. The statistical angle difference ranges from 41.1° to 60.1°.
Considering the demands of model design, the value space of fractal
angle is defined as [40°, 60°] and interval value is 5°. The detected
length ratio between secondary vein and main vein is approximately 2/
3, which is defined as branch growth ratio.

It is generally believed that the crack tip experiences maximum
stress concentration and that the crack path is a collection of stress
concentration points of each periodic extension process. Because fa-
tigue cracks have self-similar fractal properties and can be considered
as a fractal set [25], the potential stress concentration area is suggested
to be covered by bio-inspired structure. The Cantor middle-third set
[26], a method for constructing a collection of self-similar fractal sets, is
adopted to establish the initial crack fractal point set. The initial fractal
point set is then used as initial growth point of the bio-inspired struc-
ture. A flow chart of the algorithm for Cantor middle - third set is shown
in Fig. 5.

2.2. Finite element simulation model construction

The rewriting rule of Lindenmayer System (L-system) for plant leaf

veins [27], which is established using the Mandelbrot fractal method, is
used to rebuild the plant leaf veins, as shown in Eq. (3):

→ →

v A B
w A

P A AA B A B B B

: { , , [], ()}
:

: , [ ] ( ) (3)

where A represents a drawing of the main vein, B represents a drawing
of the secondary vein, “[]” denotes the left-turn degree of the control
branch, and “()” represents the right-turn angle of the control branch.

The bio-inspired surface is then constructed using the above feature
extractions. The initial crack Cantor middle-third set obtained ac-
cording to Fig. 5 is considered as growth point, the angle between
primary and secondary veins is selected as fractal angle, and the length
ratio between secondary and primary veins is selected as branch growth
ratio. Combined with the L-system growth rule, five different types of
bio-inspired residual stress fields are generated on the surface of spe-
cimens by using laser peening (LP). The magnitude of the applied re-
sidual stress is determined according to Ref. [28], in which the residual
stress field was also obtained by laser peening. In addition, the stress
distribution in depth direction is determined by Eq. (4) [29]:
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where Lp is the influence depth of laser peening, Cel is the elastic wave
velocity, Cpl is the plastic wave velocity, and P is the average pressure
of laser peening. Hugoniot elastic limit (HEL) is the highest elastic limit
of the material, τ is the pulse width, ρis the material density, λandμare
the Lame constants of the material.

The bio-inspired surface area and residual stress distribution of the
bio-inspired structure for compact tension specimen are shown in
Fig. 6.

3. Stress intensity factor calculation

In order to improve the accuracy of the analysis results, a C3D8R
linear reduction integral element [30], which is a continuum three-di-
mensional brick element with eight nodes, is used to complete the mesh
division for the specimen. An R3D4 bilinear element [30], which is a
rigid three-dimensional element with four nodes, is used to construct a
discrete rigid body to simulate the tension fixture. The crack tip ex-
pansion function constructed by the extended finite element method
(XFEM) level set is used to simulate the crack contact information.

Fig. 1. Grayscale transform for plant leaf: (a) grayscale image of leaf and (b) grayscale histogram.

Fig. 2. Principle diagram of USM algorithm.
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Laser peening is a surface strengthened method accompanied by a
high material strain rate, and the Johnson-Cook constitutive relation-
ship is an effective solution for the dynamic response caused by LP
impact loads [31]. Thus, the Johnson-Cook constitutive equation is
adopted to establish the damage failure model. The yield stress form for
joints is as follows:

= + + −∗ ∗( )σ A Bε C ε T( )·(1 ln ̇ )· 1e e
n

e
m

(5)

where σe is the equivalent stress, εe is the equivalent plastic strain, ∗εė is
the normalized equivalent plastic strain rate, T* is the normalized
temperature, and A, B, C, n, and M are the basic model parameters
determined by Ref. [32] and shown in Table. 1.

The fracture stress form for joints is as follows:

⎜ ⎟⎜ ⎟= ⎛
⎝

+ ⎛
⎝

⎞
⎠

⎞
⎠

+ −∗ ∗ε D D D σ
σ

D ε D Texp ·(1 ln ̇ )·(1 )f
H

e
e1 2 3 4 5

(6)

where εf is the fracture stress, σe is the average stress, and Di (i = 1, 2,3,
…, 5) are damage constants determined by Ref. [33] and shown in
Table. 2.

The interaction integral method [34] is adopted to calculate the
stress intensity factors at the crack tip of the bio-inspired structure. It is
assumed that the finite element method (FEM) solutions at the crack tip
of the bio-inspired structure are σij

(1), εij
(1), ui

(1), and KI
(1), and the re-

spective analytical solutions are σij
(2), εij

(2), ui
(2) and KI

(2). Subscripts i j,
are coded as 1, 2 to represent the x and y coordinates of the crack tip.
According to the principle of superposition for elasticity, these solutions
can be written as the following superposed solutions:
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Then, the J integral can be written as follows:
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where δ1j is the Kronecker symbol given by Eq. (9).
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Here, A is the equivalent integral region and q is the boundary

function of region A, shown in Fig. 7.
The interaction integral I(1,2) can be written as follows:
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where W (1,2) is the strain energy density, defined as follows:

= =W σ ε σ εij ij ij ij
(1,2) (1) (2) (2) (1)

(11)

By substituting Eq. (7) into Eq. (8), the J integral of the super-
position state can be written as follows:

= + +J J J I(1) (2) (1,2) (12)

The relationship between J integral and stress intensity factor of the

Fig. 3. Vein image strengthened by USM:
(a) original image and (b) USM strength-
ened image.

Fig. 4. Results of plant leaf feature extraction: (a) vein angle feature extraction and (b) Hough transform detection results.

Fig. 5. Algorithm for calculating the initial growth point of the bio-inspired
structure.
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superposition state is written as:

= + +J J J
E

K K2
I I

(1) (2) (1) (2)
(13)

where E is the elastic module.
Combined with Eq. (12) and Eq. (13), the relationship between in-

teraction integral and stress intensity factors is obtained as follows:

=I
E

K K2
I I

(1,2) (1) (2)
(14)

It should be noted that =K KI
(1)

I and =K 1I
(2) when mode I crack [1]

is investigated; thus, the stress intensity factor is obtained as follows:

= =K K E I
2I I

(1) (1,2)
(15)

4. Stress intensity factor calculation results and discussions

The boundary conditions of the bio-inspired structure are illustrated
in Fig. 8. The material of the specimen is 2024-aluminum alloy, which
is widely used for aircraft skin. The amplitude of the uniaxial tension
load is 2.2 kN, the stress ratio is 0.1, and the frequency is 10 Hz.

4.1. Effects of the bio-inspired structure on crack turning

Predicting crack turning is a complex problem that involves the
calculation of stress components and displacement components. Many
criteria have been proposed to investigate this problem. In this study,

Fig. 6. Pressure distribution of the bio-inspired residual stress field (red line represents the path). (a) on the surface, and (b)along with depth. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Yield parameters of the Johnson-cook constitutive equation.

A (MPa) B (MPa) n M C Melting temp
(K)

Transition temp (K)

352 440 0.42 1.7 0.0083 775 293

Table 2
Damage parameters of the Johnson-cook constitutive equation.

D1 D2 D3 D4 D5 Melting temp (K) Transition temp (K)

0.13 0.13 −1.5 0.011 0 775 293

Fig. 7. Interaction integral path.

Fig. 8. Finite element model of the bio-inspired structure.
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the maximum tangential stress criterion (MTS) is adopted [35]. The
turning angle θ is calculated as follows:

=
⎛

⎝
⎜

+ +
+

⎞

⎠
⎟

−θ
K K K K

K K
cos

3 8
9

II I I II

I II

1
2 4 2 2

2 2


(16)

Fig. 9 shows the crack propagation path simulation results, which
indicate that the crack propagation path of the bio-inspired structure is
deflected, unlike the crack propagation path of the original specimen.
Moreover, the crack is deflected from one direction to another in plant
leaf due to being blocked by the veins, subsequently propagating in the
direction of another vein (Fig. 9(c)). This reveals that the bio-inspired
structure improves crack resistance by increasing the crack length and
energy consumption.

4.2. Effects of fractal angle on the stress intensity factor

The calculation results of the stress intensity factor (KI) at different
fractal angles are shown in Fig. 10(a) and the decrease in KI at different
fractal angles are shown in Fig. 10(b). The stress intensity factor of the
specimens with a bio-inspired structure are significantly lower than that
of the untreated specimen (Fig. 10(b)). Crack retardation in bio-in-
spired structure first increases then decreases as crack length increases.
Notably, the maximum reduction of K1 is 31.24% for a crack length of
6 mm while fractal angle is of 60°.

4.3. Effects of depth on the stress intensity factor

In order to evaluate the effects of depth on the stress intensity
factor, the value of KⅠ along the crack front is shown in Fig. 11. The bio-
inspired structure is mapped on the surface with a normalized distance
of “0”. The value of KⅠ first increases then decreases slightly along the
crack front. Combined with Fig. 6(b), the pressure changes dramatically
within a normalized distance of approximately 0.5, which corresponds
to the trend of KⅠalong the crack front. Thus, the effects of the bio-
inspired structure on the stress intensity factor are closely related to the
depth as well as the pressure distribution.

4.4. Effects of thickness on the stress intensity factor

Kotousov reported that the stress state intensity is significantly in-
fluenced by the material thickness [36,37]. To investigate the effects of
thickness on the stress intensity factor, specimens with a thickness of
5 mm, 8 mm, and 11 mm are analyzed. The comparison results are
shown in Fig. 12. With increasing thickness, the stress intensity factor
decreases, which indicates that increasing the specimen thickness can
also retard crack growth. However, if lightweight is the primary con-
sideration during the design process, the bio-inspired structure method
is a preferable choice.

4.5. Comparison of the crack resistance performance for different methods

In order to investigate the effect of the proposed method on crack

resistance, specimens strengthened by square-shaped laser peening,
full-coverage laser peening, square criss-cross pattern peening and the
SENT repair method [1] are compared. The boundary conditions for
these models are given in Fig. 13 and the stress intensity factor calcu-
lation results are plotted in Fig. 14. It’s clear that the stress intensity
factor results are similar for the square-shaped and full-coverage laser
peening methods. In comparison, the stress intensity factors of the
proposed method, the SENT specimen repair method, and the square
criss-cross pattern method are substantially smaller. The square-shaped
and full-coverage laser peening methods exhibit weak crack resistance
because the specimen tends to be unstable under the action of high-
stress density, which was validated by Dorman [38]. Moreover, the
SENT specimen repair method requires a patch to be glued onto the
specimen to retard crack growth, which results in weight increase. In
contrast, the proposed method achieves the lowest stress intensity
factors without the need to add patches to the specimen. Compared
with the proposed model, the square criss-cross pattern is weak in im-
proving crack resistance while the crack length is less than 6 mm, and
the stress intensity factor calculation results are slightly higher than the
proposed model when the crack length is longer than 6 mm.

4.6. Effects of plastic zone on the stress field around the crack tip

The stress field at the crack tip can be simplified as a plane stress
problem, as shown in Fig. 15, where r and θ are the polar coordinates in
the x-y plane and σx, σy, and τxy are the stress components on a micro-
body around the crack tip.

The von Mises yield criterion [39] is adopted to determine the
plastic zone. As the elastic T term is a nonsingular term during the crack
growth process, it is suggested that the T term has an important effect
on the stress field around the crack tip. In order to investigate the ef-
fects of the bio-inspired structure on plastic zone more accurately, the
modified plastic zone under the effect of T stress is obtained by using
the Dugdale model [40]:

= + +r π φ φ K δ T φ φsin (1 cos ) [64( sin cos ) ]p I s
2 2 2 (17)

where rp is the calculated radius of the plastic zone, φ is the angle
between the calculation surface and the crack surface, and δs is the yield
strength.

The shape of plastic zone at the crack tip for different bionic para-
meters is shown in Fig. 16, which shows that the plastic zone is en-
larged compared with the untreated structure. In addition, the de-
creasing trend of the stress intensity factor shown in Fig. 10(a)
corresponds to the expanding trend of the plastic zone. In order to
better understand the stress decrease mechanism caused by plastic
deformation, the stress distributions around the crack tip are shown in
Fig. 17. According to Fig. 17, the effects of the bio-inspired structure on
the stress field are dominant in the plastic zone. With increasing dis-
tance from the crack tip, the effects of fractal parameters on the stress
field are reduced, resulting in a gradual decrease of crack resistance
strengthening by the bio-inspired structure. This shows that the effects
of bio-inspired structure on crack resistance are closely related to the
size and shape of the plastic zone, which is consistent with the stress

Fig. 9. Crack propagation path: (a) untreated sample, (b) biomimetic enhanced sample, and (c) crack path along the leaf.
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shielding theory proposed by Irwin [41].

5. Residual fatigue life prediction and analysis

5.1. Residual fatigue life prediction model

The prediction of residual fatigue life has key engineering sig-
nificance in the design of aircraft skin with damage tolerance. It is
common to use Paris formula to predict the residual fatigue life [42]:

=da
dN

c K(Δ )m
(18)

where N is the number of load cycles, c and m are material constants
obtained from fatigue tests, and ΔK is the amplitude of the stress in-
tensity factor.

The residual fatigue life is obtained by integrating Eq. (18) as

follows:

∫=N
c K

da1
(Δ )a

a

m
c

0 (19)

where a0 is the initial crack length and ac is the critical crack length.

5.2. Residual fatigue life of different bio-inspired structures

The residual fatigue life calculation results according to different
bio-inspired structures are plotted in Fig. 18. The results for specimens
strengthened by bio-inspired structures are substantially improved
compared with those of untreated specimens. The residual fatigue life
values for fractal angles of 40°, 45°, 50°, 55°, and 60° are 8.4 × 104,
9.5 × 104, 8.6 × 104, 1.0 × 105, and 9.5 × 104, which are 154.5%,
187.8%, 160.6%, 203.0%, and 187.8% higher than those of the un-
treated specimens (3.3 × 104), respectively. The specimen with a
fractal angle of 55° exhibited the best crack resistance effect.

5.3. Residual fatigue life with different strengthening methods

In order to evaluate the crack resistance performance of the pro-
posed method, a square-shaped laser peening specimen, a full-coverage
laser peening specimen, a square criss-cross pattern peening specimen
and a SENT repair specimen [1] are compared. Fig. 19 clearly shows
that the proposed method, the square criss-cross pattern method and
the SENT specimen repair method [1] exhibit substantially crack re-
sistance than the other two methods. Specifically, the proposed method
achieves the best crack resistance performance, with a residual fatigue
life nearly 1.23 times of the square criss-cross pattern method, two
times that of the SENT specimen repair method, three times that of the
square-shaped laser peening method. In addition, as lightweight is a key
consideration in aircraft design, the SENT specimen repair method
would be less attractive because of the weight increase caused by the
glued patch. Thus, the proposed method is clearly superior in terms of
crack resistance improvement.

5.4. Residual fatigue life for different initial crack lengths

This section briefly discusses the effects of initial crack length on
crack growth. As shown in Fig. 20, specimens with initial crack lengths
of 1 mm, 2 mm, and 3 mm are adopted. All the three specimens are
analyzed till crack extends to 8 mm. As the initial crack length in-
creases, the residual crack fatigue life decreases, which indicates that
the initial crack length has an important effect on the crack resistance of
the proposed method.

6. Conclusions

Inspired by the crack resistance exhibited by plant leaf, a bio-in-
spired method is proposed to improve the crack resistance of aluminum
alloy material used for aircraft skin, in which a biomimetic residual

Fig. 10. Distributions of KI with different fractal structures: (a) trend of KI with fractal angle and (b) reduction ratio of KI with different fractal angles.

Fig. 11. Distribution of KI along depth.

Fig. 12. a–KI curves corresponding to different specimen thicknesses.
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stress field is applied to the crack tip. The following conclusions are
obtained:

(1) Crack turning is observed during crack growth in the bio-inspired
structure, which reveals that the crack resistance is improved due to
an increase in crack length and energy consumption. A maximum
reduction in the stress intensity factor of 31.24% is observed for a
crack extension of 6 mm and a fractal angle of 60°. This indicates
that the bio-inspired method can effectively relieve stress con-
centration around the crack tip.

(2) The thickness of the specimen has a positive effect on crack re-
sistance; however, this effect is limited by the design requirements
for a lightweight. Compared with the square-shaped laser peening
method, full-coverage laser peening method, the square criss-cross
pattern method and SENT specimen repair method, the proposed
method achieves the best crack resistance performance.

(3) The plastic zone is enlarged compared with the untreated structure;
the reduction in the stress intensity factor corresponds to this en-
largement of the plastic zone. In addition, the effects of the bio-

Fig. 13. Boundary conditions for different simulation models: (a) square-shaped laser peening, (b) full-coverage laser peening, (c) square criss-cross peening, and (d)
the SENT specimen repair method [1].

Fig. 14. Stress intensity factor curves for different strengthening methods.

Fig. 15. Generalized plane stress element.

Fig. 16. Morphological changes in the plastic zone for different fractal angles.
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inspired structure are closely related to the size and shape of the
plastic zone, which is consistent with the stress shielding theory.

(4) Compared with the untreated specimens, the residual fatigue life of
specimens strengthened by the proposed approach is increased by
up to 203.0%. Moreover, compared with the other strengthening
methods, the residual fatigue life is the longest for specimens
strengthened by the proposed method, and nearly three times that

of specimens strengthened by the square- pattern laser peening
method, which exhibits the lowest residual fatigue life. Thus, the
proposed method is predicted to retard crack growth in aluminum
alloy aircraft skin material.
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