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ARTICLE INFO ABSTRACT

Keywords: In this paper, we investigate the mechanical performance of metal single-lap joints featuring
Bio-mimicking bio-mimicking surface textures. The inspiration for the surface textures was the foot and toe of
Additive manufacturing the gecko, a creature whose ability to climb smooth shear surfaces is attributed to the meso-

Mechanical interlocking
Adhesive joint
Wettability

Shear test

and micro-structures of its feet. Three surface textures were investigated: a hexagonal texture
based on the central region of the foot, a lamellae-like texture based on the toe, and a mixed
texture of both. Metal adherends with these textures were produced using the laser powder
bed fusion (LPBF) additive manufacturing method. Finite element analysis was performed to
examine the influence of surface texture on stress distribution in the adhesive layer, while
mechanical testing was used to determine joint strength and failure mode. Compared to the as-
printed surface texture, bio-mimicking surface textures improved the wettability of the bonding
surfaces, and significantly improved the lap shear strength of the joints. Mechanical interlocking
due to surface texture was more effective than the increase in bonding surface area in enhancing
joint strength. The bio-mimicking textures improved the damage tolerance capacity of the joints
by reducing local stress concentrations at the overlap edges of the adhesive layer and ensured
that the adhesive failure type was mixed mode due to the mechanical interlocking effect. The
presented novel bio-mimicked surface texture method offers promising results for both industrial
applications and scientific studies.

1. Introduction

Adhesive joints are widely used in automotive, aerospace, and marine industrial sectors due to their ability to join dissimilar
materials. The mechanical properties of these joints depend on adhesive and adherend properties, surface treatment, and joint
geometry [1-3]. Various methods, including laser surface texturing, electro-discharge and electrochemical machining, cutting,
lithography, and micro-forming processes, have been used to add surface texture to adhesive joint interfaces, with the aim of
enhancing their strength [4]. Laser surface texturing enables the production of complex and hierarchical surface textures, but the
associated high-energy pulses can cause deterioration of the surfaces through repeated thermal cycling [4].
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The production of adherends and surface texturing can be performed simultaneously with additive manufacturing (AM),
providing a time saving over multi-step production processes. Several researchers have examined the use of AM for textured joint
production [5-8]. Of those AM processes available for the production of metal parts, laser powder bed fusion (LPBF), based on
building a 3D part through the successive remelting of powders in layers, is the most widely used. Surface textures for adhesive
joints can be categorized into four groups; stochastic, isotropic, anisotropic, and structural surfaces [4,9]. Recently, researchers
have focused on functionally structured surface textures to increase joint strength rather than stochastic surfaces [10-24]. The aim
of controlling the surface texture design parameters is that poor wettability caused by excessive surface roughness is prevented, the
desired joint strength is achieved and directional joint strength can be engineered if desired.

Nature provides us with excellent design examples for surfaces. Bio-inspired surfaces can provide super hydrophilic surface
properties, allowing an adhesive to spread effectively on the bonding surface and significantly increase the joint strength [4,25,26].
Numerous researchers have examined the effect of bio-inspired surface textures on the mechanical behaviour of adhesive joints.
Alfano et al. [27] investigated the fracture behaviour of bio-inspired interfaces with a double cantilever beam test. They determined
that the bio-inspired interface caused a significant increase in the total dissipated energy compared to the specimens with no surface
texture. Wan et al. [28] enhanced the wettability and bonding strength of aluminium joints with the bio-inspired surface texture.
Naat et al. [25] developed new surface textures inspired by fish scales and tree frog toe pads for adhesive joints. The developed
bio-inspired surface textures were produced by additive manufacturing. They reported that fish scale and tree frog toe pad-inspired
surface textures increased the shear strength considerably. In further work, Naat et al. [26] found that the highest increase in joint
strength was achieved in the tree frog hierarchical hexagonal texture, while the lowest shear strength occurred when the printed
surface was abraded with P1000 grit paper. Bu et al. [29] increased the shear strength and toughness of carbon fibre-reinforced
composite-metal joints with fishbone and nacre-inspired surface textures. However, studies of directly bio-inspired surface texture
are still very limited in the literature, with surface textures prepared considering the geometric shapes of inspired structure being
used rather than the true surfaces seen in nature. A common simplification is to use repetitive geometric structures in generating the
surface textures. However, structures in nature often have a range of unit cells with different geometric properties [30]. Therefore,
truly bio-inspired surfaces should be based on measurements of natural surfaces rather than the use of duplicating unit cells with
similar geometry. The high surface adhesion of a gecko’s foot surface is derived from its hierarchical surface structure and super
hydrophilic surface condition. Since the gecko’s foot surface structure is expected to increase the strength of adhesive joints, the
gecko’s foot and toe surface structure were considered in this research [25].

In this study, the mechanical performances of adhesive joints with gecko toe and foot surface textures were investigated
experimentally and numerically. Three different surface textures were considered; those based on the gecko’s toe, the foot, and
a combination of both. Metal adherends with the desired surface texture were manufactured in a single step by LPBF from 316 L
stainless steel powder. The surface textures were generated using a photographic image of a gecko. The effects of the bio-mimicking
surface texture on the shear strength of the joint were investigated and compared with joints having no surface texture (referred
to as an “as-printed” surface structure). Finite element analysis was carried out to determine the effect of the true surface texture
on the stress distribution on the adhesive surfaces, enabling correlation with the observed failure modes of the physically tested
specimens.

2. Experimental study
2.1. Design

In this study, three different surface textures were designed considering the gecko’s foot and toe surface textures. The true surface
textures were created on the adherend bonding surfaces. The imitating surface texture process of the adhesive joint is shown in Fig. 1.
Gecko’s foot and toe surface photos with a square shape were generated from photographic images of a gecko’s photo from the U.S.
National Science Foundation website with usage permission [31], as shown in (Fig. 1a). The overlap region of the adhesive joint
is square with 25 x 25 mm dimensions. The gecko’s surface photographs were obtained with a square geometry and thus the true
geometric ratio of the surface texture was preserved. Adherends with the different surface textures were designed using Solidworks
software [32], and true surface textures were created with the 3D Texture command (Fig. 1b,c). The maximum surface texture depth
was chosen as 0.8 mm and the surface texture depth was automatically adjusted by the software according to the grey scale. As a
result, surface textures with varying depths ranging from 0 to 0.8 mm were obtained. To avoid adhesive penetration problems, the
maximum surface texture depth was set to less than 1 mm [4,26]. The created surface textures are presented in Fig. 2. It can be
seen that the texture from the palm of the foot has a hexagonal structure whilst that from the toes is striated, hence, in this work we
refer to these textures as hexagon-like and lamellae-like. Three different types of surface textures were created based on the Gecko’s
inner foot surface, the toe, and a combination of both. Single-lap joints were manufactured according to the ASTM D1002-10 test
standard [33], with dimensions as shown in Fig. 3. The overlap length of 25 mm is within the limit allowed by the test standard.
In order to preserve the geometric ratio of the surface textures, a square overlap region is required.

2.2. Specimen manufacturing
STL files of the designed adherends were created with Materialise Magics software [35]. Then, manufacturing codes were

generated with Renishaw QuantAM software [36]. The adherends were manufactured from 316 L stainless steel powder using a
Renishaw AM 125 Laser Powder Bed Fusion (LPBF) machine (Fig. 4a). Printing parameters are shown in Table 1. The scan strategy
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Fig. 1. (a) Surface textures from photographic image of a gecko’s toe and foot [31,34], (b) placement of surface images on the overlap region of an adherend,
(c) creating surface textures with the 3D Texture command.

was a meandering pattern with a rotation angle of 67 degrees. The build plate was heated to 80 °C throughout processing. An
argon atmosphere was used to keep the oxygen content below 500 ppm during fabrication. The particle size distribution was 15-
45 pm, as determined by laser diffraction. The 316 L stainless steel powder was purchased from Carpenter Technology and the
mechanical properties from standard tensile test specimens manufactured from this powder by LPBF are presented in Table 2.
Araldite Standard [37], a two-component epoxy adhesive, was used as the adhesive for bonding printed adherends. The elastic
modulus and Poisson’s ratio of Araldite Standard adhesive were found to be 930 MPa and 0.32, respectively [38]. Adherend bonding
surface cleaning ensures a good bonding strength for single-lap joints. In order to remove dirt, remaining powder, and other residues
on the bonding region, the adherend bonding surfaces were cleaned with isopropanol before applying the adhesive. The adhesive
was applied evenly to the adherend surface (Fig. 4b) and clamping clips were used to apply pressure whilst curing (Fig. 4c). The
excess adhesive was removed from the edges of the joint before curing at room temperature for 48 h.

2.3. Surface characterization
Surface characterization consisted of: measurement of the topography, evaluation of the wettability, and observation of

penetration between the adherends and the adhesive. The surface topography measurements were performed using a Sensofar
Sneox 3D profiler, which is an optical instrument fitted with three different measurement modes, namely coherence scanning
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Fig. 3. Dimensions of the single-lap joint.

interferometry, confocal microscopy (CM), and focus variation (FV) microscopy. FV was the preferred mode of measurement due
to it being a more time-efficient measurement process and, as the reconstruction algorithm of the FV mode is based on the contrast
present in the bright-field image, it achieves better results in comparison to the other modes. An overview of the specifications
of the bright-field objective used for the measurements is presented in Table 3. After the measurements were completed the
measured topographies and their corresponding reference data (STL file) were compared using Mountains Map [40]. As the reference
measurements were generated using design software, they had to be converted to facilitate the comparison. Thus, the triangular
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Fig. 4. (a) Printed adherends with bio-mimicked surface textures, (b) applying adhesive to the adherend’s surface, (c) curing the lap joints, (d) tensile shear
testing.

Table 1
Metal printing process parameters.
Laser power 160 W
Powder material 316 L stainless steel
Exposure time 50 ps
Layer thickness 30 pm
Hatch distance 50 pm
Spot size 44 ym
Scan speed 0.72 m/s
Table 2
Mechanical properties of printed 316 L stainless steel [39].
Elastic modulus Yield strength Ultimate tensile strength Elongation at break
179 GPa 485 MPa 585 MPa 55%
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Table 3
Objective specifications for the FV mode of the measuring instrument.

20x bright-field objective specifications

Numerical aperture (NA) 0.55
Optical resolution 0.52 pm
Field of view (FOV) 0.17 mm
Spatial sampling 0.17 pm

mesh of the measurements was converted into an x-y matrix of height coordinates using Mountains Map. The application of the
algorithm is based on matching specific pixels between the reference and the measured data to ensure comparison of the same area.
Hence, the application of the algorithm shifts the matrix of the measured data both in translation and rotation in order to match to
the reference one. Finally, bandwidth matching was performed using Gaussian convolution S- and L- filters. The measured surfaces
were evaluated using a commercial surface topography measuring instrument equipped with confocal technology. The objective lens
used was a 20x magnification objective with a 0.34 um spatial sampling distance. Following the ISO 25178 Part 3 Specifications [41],
an S nesting index (S-filter) of 0.002 mm was chosen. Then, considering a bandwidth ratio of 1:100 an L-nesting index of 0.2 mm
was chosen to separate the roughness from the waviness component of the primary surface and obtain the roughness parameters.
Since repetitive surface textures were used in the overlap region, surface topography measurements were carried out by considering
an area of 12.5 x 12.5 mm covering a single surface texture. The designed surface in the STL file and the produced surfaces were
compared to assess the ability of LPBF to generate the desired textures.

Static contact angle measurement provides information about the wettability of the adherends. The static contact angle of the
bio-mimicked surface textures was measured using the sessile drop method using a KRUSS DSA 100 device [42]. The contact angle
measurements were performed under atmospheric conditions using a 5 pL volume of distilled water. The 5 pL volume of distilled
water was dropped on the overlap region and a droplet contact photograph was taken after stabilization to determine the water
contact angle (WCA) measurement. However, the bio-mimicked surfaces showed super-wetting behaviour with the dropped water
being completely dispersed on the surface at equilibrium. For this reason, each contact angle measurement was recorded on video,
and the spreading stages of the droplet were obtained as photographs from this video [26]. Each video was converted into a 20-frame
photo reel. Since bio-mimicked surfaces have highly anisotropic properties, contact angle measurements were repeated many times
with different surface locations.

In order to obtain high-strength joints, the applied adhesive must penetrate well into the adherend bonding surface. To observe
the penetration of the adhesive into the bio-mimicked bonding surfaces, cross-sections of the adhesive joint with the mixed type
surface texture were polished and cross-sectional images of the joint area examined to observe the degree of penetration.

2.4. Lap shear test

The lap shear tests of the adhesively bonded single-lap joints were carried out according to ASTM D1002-10 [33]. An Instron
tensile test machine [43] with a 30 kN load cell was used for the lap shear tests, as shown in Fig. 4d. The lap shear tests were
performed at room temperature with a cross-head speed of 1 mm/min. Three repeated tests were conducted for each surface texture
design to validate the experimental results. Force and displacement values were recorded during the test. The lap shear strength
of the bonded joints was determined by dividing the maximum load by the overlap area. The failure mechanism of the joints was
observed optically. In this way, the effect of the surface textures on the adhesive failure mechanism was determined.

3. Finite element model

In order to better understand the experimental results, the effects of surface texture on stress distribution in the adhesive
layer were analysed by three-dimensional finite element analyses of the single-lap joints using ABAQUS [44]. Surface textures can
potentially increase the strength of an adhesive joint by providing additional mechanical interlocking between the adherend and
the adhesive. An insight into the effect of a surface texture on the performance of the joint can be investigated by determining
the effect of the surface texture on the stress distribution in the adhesive. In the transformation of surface textures into the finite
element model, the adherend with a surface texture was exported in STL file format using Solidworks software. The STL file of the
adherend was imported into the numerical model and converted to a solid using a plug-in. Surface textures were then subtracted
from the adhesive surfaces with the Merge/Cut instances command in the assembly module. In this way, the contact penetration of
the adhesive inside the adherend surface texture was created and the potential mechanical interlocking between the adhesive and
the adherend could be predicted. The surface textures created on the adhesive surface and the finite element model of the single-lap
joint are shown in Fig. 5. Adherend and adhesive interfaces were combined with the Tie command. An elastic material model was
used for adherend and adhesive as the aim of this exercise was to investigate the stress distribution under load rather than to directly
predict failure. A reference point at the end of each adherend was added to define constraints and loading conditions. While one
of the adherend’s motions was prevented in any coordinate direction, a displacement of 0.035 mm was applied along the x-axis for
the other adherend. Adherends and adhesive were modelled using three-dimensional quadratic tetrahedral elements (C3D10). To
determine the effect of mesh size on the numerical result, four different element length sizes, 1, 1.5, 2, and 2.5 mm, were tested for
the joint with the as-printed surface. The change in results from 2.5 mm to 1 mm was less than 1%. Therefore, the results were not
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Fig. 5. Demonstration of the adherends and adhesive surfaces (a: hexagon-like, b: lamellae-like, and c: mixed) and numerical model of the single-lap joint (u,:
axial displacement in x direction).

significantly affected by the mesh size. The mesh element size of the adherend and adhesive was set to 1 mm for all joints. Since
plastic deformation has not yet occurred in the adhesive at a displacement of 0.035 mm (as the experimental force-displacement
curve shows a linear variation), using the elastic material model for the adhesive is sufficient to obtain accurate result. The numerical
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Table 4
Surface height parameters of designed and manufactured surfaces.
S, (pm) S, (um) S, (um) S, (pm) S. (pm)

As-printed 52.19 67 341.20 194.30 535.50
Hexagon-like (Designed) 169.70 198.50 308.70 491.30 800
Hexagon-like (Manufactured) 83.10 104.10 384.00 413.30 797.30
Lamellea-like (Designed) 192.70 222.20 399.40 400.60 800
Lamellea-like (Manufactured) 93.73 117.60 393.80 403.40 797.30

results were validated by comparing the experimental and numerical force values corresponding to a displacement of 0.035 mm
for the joints with each surface texture design. Since the difference between the experimental and numerical force values varies
between 10%-20%, it was determined that the developed numerical model provides realistic and reliable results.

4. Results and discussion
4.1. The effect of the surface textures on the surface morphology

The designed and manufactured surface morphologies in the overlap region of the adherends are compared in Fig. 6. The design
for the “as-printed” joint was nominally flat and smooth, however, it can be seen that there is residual melted metal powder on
the surface of the overlap region, which is a characteristic of LPBF. These powders create a natural surface texture on the surface.
Hence, the joint without an engineered surface texture is called “as-printed” in this study. It can be seen that this powder created
surface can be seen superimposed on the engineered hexagon-like and lamellae-like surfaces in Fig. 6.

Both engineered surface textures have depths varying between 0-0.8 mm in both the design and the manufactured specimen.
It was observed that hexagon-like and lamellae-like surface textures are produced successfully in accordance with the designed
dimensions and shapes using the LPBF additive manufacturing method. While the depth of the hexagon-like surface texture ranges
from 0.25 to 0.8 mm, the depth of the lamellae-like surface texture ranges from 0.1 to 0.8 mm. Therefore, the lamellae-like
surface texture may allow the adhesive to penetrate more deeply, thereby providing better mechanical interlocking. However,
compared to the hexagon-like surface texture, the lamellae-like surface texture has sharper geometries, which may cause local
stress concentrations and negatively affect the joint strength.

Table 4 shows the surface height parameters of the designed and manufactured surfaces. Two commonly used parameters for
characterizing the surface textures are S, and S,. S, refers to the arithmetical mean deviation of the assessed surface while S, is
the root mean square deviation of the assessed surface. These parameters are lowest for the as-printed surface and largest for the
Lamellea-like surface. The other three parameters of interest are S,, S,, and .S, with .S, denoting the maximum peak height of
the surface from the mean plane, S, the maximum valley depth of the surface, and S, a sum of the maximum peak and valley of
the surface. Since the depth values of hexagon-like and lamellae-like surface textures were adjusted with a similar approach, these
surface parameters were close to each other.

As seen in Table 4, the desired maximum depth values (S,) of the designed surface textures are 800 pm. The S, values of the
manufactured Hexagon-like and Lamellea-like surface textures were measured as 797.30 pm. Therefore, it was determined that the
designed and manufactured surface textures had similar maximum depth values and the LPBF additive manufacturing method was
successful in producing complex surface textures. Although there was no designed surface texture on the as-printed surface, the
powders created a natural surface texture due to the characteristic powder used in LPBF and the S, value of this surface was
determined as 535.50 pm.

The wettability of the different manufactured surfaces was evaluated by contact angle measurement. A surface with a water
contact angle (WCA) value greater than 90° is termed hydrophobic as water droplets do not spread on the surface, while a surface
with a WCA less than 90° is hydrophilic as water spreads homogeneously on the surface [45-47]. The average static contact angle
values and representative spreading stages of the droplet of bio-mimicked and as-printed surfaces are shown in Fig. 7. Since the
average WCA was 48°, the as-printed adherend surface showed hydrophilic behaviour. However, as seen in Fig. 7, the water droplets
on the bio-mimicked surfaces spread completely, i.e. WCA = 0°. This shows that the bio-mimicked surfaces have super-hydrophilic
characteristics, that is they have super-wetting behaviour. A similar observation was reported by Naat et al. [26].

Cross-sectional views of the joint with a mixed surface texture are presented in Fig. 8a. After the adherends with a mixed surface
texture were produced using the LPBF process, the bonding surfaces were cleaned with isopropanol and then bonded using an
epoxy-based adhesive. After the single-lap joint was cured, it was precisely cut from the overlap region using a precise cutting
machine. Finally, the cutting surface was polished, and cross-sectional views were obtained. Since the joint with the mixed surface
texture contains both engineered surfaces (hexagon-like and lamellae-like), it provides the opportunity to observe the penetration
of the adhesive in both surface textures. It was observed that the adhesive had good penetration into both surface textures, thus
providing mechanical interlocking between the adhesive and the adherend. The super-hydrophilic behaviour of the bonding surface
plays an important role in the penetration of the adhesive into the surface textures. The air trapped at the interface between the
adherend and the adhesive can be easily evacuated and strong capillary forces drive the adhesive into the surface textures [26].
Fig. 8b shows an SEM (Scanning Electron Microscope) image of the bonding region with a mixed surface texture. An SEM image
of the metal adherend sample was captured without sputter coating. The acceleration voltage was 15 kV. Since a detailed surface
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M.G. Atahan et al. Engineering Failure Analysis 174 (2025) 109460

First contact on the surface Dynamic stages At equilibrium
g
=
—
e
72}
WCA=48°
Q
=
=
S
&p
S
¥
]
WCA=0°
; H H
=
d
=
)
g
<
—

WCA=0°

Fig. 7. The spreading stages of the droplet on the printed surfaces.

analysis was not required in this study, the obtained SEM image was deemed sufficient to observe production defects. Small pores
and irregular melted parts were observed on the manufactured surfaces. Pores and irregular melting occur due to the effect of
trapped gases, and a lack of fusion [26,48]. Since the LPBF additive manufacturing method is based on the principle of melting
metal powders, partially melted powders were observed on the manufactured surfaces.

4.2. The effect of the surface textures on the lap shear strength

In this section, the effect of bio-mimicked surface textures on the failure load and lap shear strength of the additively
manufactured adhesive joints is examined. Representative force-displacement plots from the lap shear tests are shown in Fig. 9.
Additionally, the average failure load values of the adhesively bonded joints are presented in Table 5. The average failure load values
for as-printed, hexagon-like, lamellae-like, and mixed surface textures are 4.84 kN, 8.47 kN, 6.61 kN, and 10.59 kN, respectively.
It is significant that the bio-mimicked surface textures resulted in considerable increases in the load-carrying capacity of the joints
compared to the as-printed surface. The force-displacement plots show a similar slope for all joints in the elastic deformation
region, as expected as this is determined primarily by the elastic properties of adhesive and adherend. However, the failure load
and extension at failure increase significantly with the engineered surfaces, with the mixed surface texture showing more than
double the failure load and almost treble the extension at failure.

The nominal and real lap shear strength values of adhesive joints are shown in Table 6. The nominal lap shear strength of
adhesive joints was obtained by dividing the average failure load by the area of the overlap region assuming a flat surface (625
mm?). The calculated surface areas of the different surface textures were determined using STL files, and the percentage increase
in bonding area was calculated relative to the flat surface area (Table 5). Nominal lap shear strength was based on assuming a
flat surface, while the real lap shear strength was determined according to the calculated surface area. The as-printed surface was
used as a reference to evaluate the effect of bio-mimicked surface textures on the increase in lap shear strength. Compared to the
as-printed surface, the lamellae-like surface texture resulted in a 23.94% (real) - 36.57% (nominal) increase in lap shear strength,
while the hexagon-like surface texture led to a 63.61% (real) - 75% (nominal) increase. Although the lamellae-like surface texture
resulted in the greater increase in bonding surface area, the hexagon-like surface texture provided a greater increase in lap shear

10
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Fig. 8. Cross-sectional image of the adhesive joint with a mixed surface texture.

Table 5

The nominal and calculated bonding surface areas and average failure load values of adhesive joints.
Surface type Nominal surface Calculated Increase in Average failure

area (mm?) surface area bonding area load (kN)
(mm?) (%)

As-printed 625 625 - 4.84 + 0.06
Hexagon-like 625 668.53 6.96 8.47 + 0.14
Lamellae-like 625 688.71 10.19 6.61 + 0.62
Mixed 625 684.81 9.57 10.59 + 1.41

strength. This result showed that the surface texture geometry was more effective in increasing the adhesive joint strength than the
increase in surface area. While the largest increase (99.69% (real) - 118.80% (nominal)) in shear strength was observed in the joint
with the mixed surface texture, the smallest increase (23.94% (real) - 36.57% (nominal)) occurred in the joint with the lamellae-like
surface texture. For the joint with the mixed surface texture, dissimilar surface textures coincided with one another. Therefore, the
mechanical interlocking effect of both hexagon-like and lamellae-like textures played an important role together, resulting in the
highest shear strength. Two main factors affect the lap shear strength when surface textures are used in adhesive joints. That is, the
surface texture increases the effective bonding surface area to withstand shear load and the surface texture geometry provides the
mechanical interlocking to improve joint strength [4,26]. In this study, it was found that mechanical interlocking due to surface
texture was more effective than the increase in bonding surface area in improving joint strength. Furthermore, the bio-mimicked
surface textures significantly improved the lap shear strength of the adhesive joint by providing mechanical interlocking, thanks to
their unique, complex geometry.

11
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Fig. 9. Representative force-displacement curves of the single-lap joints with different surface textures.

Table 6
Shear strength values of adhesive joints.

Surface type Average nominal Increase in Average real lap Increase in real
lap shear nominal shear shear strength shear strength
strength (MPa) strength (%) (MPa) (%)

As-printed 7.74 + 0.09 - 7.74 + 0.09 -

Hexagon-like 13.55 + 0.23 75 12.67 + 0.22 63.61

Lamellae-like 10.58 + 0.99 36.57 9.60 + 0.90 23.94

Mixed 16.94 + 2.25 118.80 15.46 + 2.06 99.69

4.3. The effect of the surface textures on the stress distribution

The effect of the bio-mimicked surface texture on the stress distribution of the adhesive layer was examined by 3-D finite
element analysis. The mechanical performance of adhesive joints can be evaluated by considering shear, peel, and von Mises stress
distributions. Adhesive joints are often subjected to shear loads in industrial applications. Therefore, the effect of the surface texture
on the shear stress distribution of the adhesive layer is important to evaluate joint performance. Load eccentricity occurs in the
single-lap joint geometry under tensile load. This eccentricity causes a bending moment in the overlap region which generates a
peel stress, which increases at the edges of the overlap area. This tensile stress can be critical in initiating failure in the single lap
joint. The von Mises stress is a combined stress state and is associated with determining the damage tolerance of adhesive joints.

The shear stress distributions of the adhesive surfaces are presented in Fig. 10. In the finite element analysis, the designed texture
free (or as-printed) surface was assumed to be a smooth surface, in order to provide a base line analysis in which there are no surface
texture effects. The shear stress decreased from the overlap edges to the interior for the adhesive joint with the texture free surface
due to the differential strain in the adherends. In contrast, the shear stress is at high levels for the inner regions of the textures where
mechanical interlocking occurs for the joints with bio-mimicked surface textures. It was observed that the surface texture removed
the shear stress concentration at the overlap edges seen in the texture free sample. In this way, the shear damage tolerance of the
joint was increased with the bio-mimicked surface texture. In addition, compared to the adhesive surface with lamellae-surface
texture, the shear stress was at a higher level in the adhesive surface with hexagon-like surface texture because the surface texture
density decreased in the middle region of the bonding zone.

The peel stress distributions of the adhesive surfaces are illustrated in Fig. 10. For the adhesive surfaces with texture free and
bio-mimicked surface textures, peel stress was evident at the edges of the overlap. However, the bio-mimicked surface texture
reduced the maximum peel stress. This decrease was especially evident on adhesive surfaces with lamellae-like and mixed surface
textures.
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Fig. 10. Shear and peel stress distributions of the adhesive surfaces with different surface textures.

The von Mises stress distributions of the adhesive surfaces are shown in Fig. 11. A single von Mises stress index was used to
compare the damage tolerance of the joints with different surface textures. The von Mises stress index varies between 0-9.5 MPa. For
the joint with the texture free surface, the maximum stress occurred in the regions close to the overlap edges of the adhesive surfaces.
These areas are more susceptible to damage. While the von Mises stress in the middle region of the adhesive layer was in the range of
1.58-3.16 MPa, it varied in the range of 3.16-9.5 MPa at the overlap edges of the adhesive surfaces. For the joints with bio-mimicked
surface textures, the von Mises stress range decreased and local stress concentrations at the overlap edges were reduced. The von
Mises stress of the adhesive layer for the joints with the bio-mimicked surface textures varied between 0-4.75 MPa. In this way, it
was determined that bio-mimicked surface textures caused the joints to be damaged at higher loads, i.e, the load-carrying capacity
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Fig. 11. von Mises stress distributions of the adhesive surfaces with different surface textures.

of the joints increased with bio-mimicked surface textures.

To summarize, it was determined that bio-mimicked surface textures reduced local shear, peel, and von Mises stress concentra-
tions on the adhesive surface and provided a more homogeneous stress distribution. In addition, the largest stress values occurred
within the surface textures, which showed that good mechanical interlocking was achieved between the adherend and the adhesive.
Finally, the fact that the surface textures reduced the von Mises stress on the adhesive surfaces and provided more homogeneous
stress distribution increased the damage tolerance of the joint. In this way, the strength and load-carrying capacity of the adhesive
joints increased.

4.4. Failure analysis

There is a strong relationship between the adhesive damage type and the strength of the joint. Failure of adhesive joints can
be categorized into four types: adhesive failure, cohesive failure, adherend failure, and mixed failure. Failure at, or close to, the
adhesive-adherend interface is often called adhesive failure and is an indication that the desired mechanical interlocking between
the adherends and the adhesive has not been achieved, which leads to a lower load-carrying capacity. In the cohesive failure type,
the failure occurs within the adhesive layer. This failure type occurs when the interfacial strength between the adherends and the
adhesive is higher than the adhesive strength. Therefore, the joint strength reaches a higher level. The cohesive failure type is the
desired failure type for the adhesive joints because it increases the load-carrying capacity of adhesive joints. Adherend failure occurs
when the load-carrying capacity of the joint is higher than that of the adherend. Finally, in mixed failure type, adhesive and cohesive
failure types occur together in the joint [4].

Fig. 12 illustrates the fracture surfaces of adhesive joints with different surface textures. Interfacial failure (adhesive failure)
was observed in joints with an as-printed surface because there was no mechanical interlocking. For this reason, the load-carrying
capacity of the joint with an as-printed surface was the lowest. In the joint with the lamellae-like surface texture, the lamellar
surfaces achieved mechanical interlocking and residual adhesive was visible between the lamellar patterns. However, damage
mostly propagated in a region close to the interface. In the joint with the hexagon-like surface texture, the damage first initiated
at the adherend-adhesive interface, then propagated through the adhesive layer, and finally passed to the other adherend-adhesive
interface layer. This failure mechanism showed that good mechanical interlocking occurred between the adherend and the adhesive,
and thus, it was observed that the joints with hexagon-like surface texture provided a greater increase in the load-carrying capacity
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Fig. 12. Fracture surfaces of the single-lap joints.

compared to the joint with lamellae-like surface texture. A mixed failure type was observed in the joint with the mixed surface
texture. Since dissimilar surface textures coincided with each other in this joint, the interfacial forces were different. This caused
adhesive failure to progress both at the interfaces and within the adhesive layers, and the highest load-bearing capacity was achieved.

5. Conclusions

In this study, the effect of a bio-mimicked surface texture on the mechanical behaviour of an adhesive joint was examined
experimentally and numerically. This paper presents a novel method to create bio-mimicked surface textures on bonding surfaces.
The LPBF additive manufacturing method was utilized to manufacture the adherends with bio-mimicked surface textures. ASTM
D1002-10 test standard was used to compare the effect of bio-mimicked surface texture on the shear strength of adhesive joints.
Three different surface textures were considered based on a gecko’s foot texture, toe surface texture, and a mix of them. The main
results are as follows:

« Surface textures were created with the Solidworks 3D Texture command and metal adherends with bio-mimicked surface
textures were successfully manufactured with the LPBF additive manufacturing method.

» Compared to the as-printed surfaces, bio-mimicked surfaces exhibited super-hydrophilic characteristics. Namely, using the
bio-mimicked surface texture significantly improved wetting behaviour.

» Bio-mimicked surface textures provided a considerable increase in the lap shear strength of adhesive joints. While the highest
increase in shear strength was seen in the joint with mixed surface texture due to both hexagon-like and lamellae-like surface
textures being effective together in carrying shear load, the least increase occurred in the joint with lamellae-like surface
texture. Hexagon-like surface texture supplied better mechanical interlocking than the lamellae-like surface texture.

» The bio-mimicked surface texture improved the damage tolerance capability of the adhesive joints by reducing local shear,
peel, and von Mises stress concentrations at the overlap edges of the adhesive layer.

» While adhesive (interfacial) failure mode was observed in the joint with as-printed surface texture, mixed failure mode
(cohesive and adhesive) occurred in the joints with bio-mimicked surface texture due to the mechanical interlocking effect, and
this failure mode showed that the load-carrying capacity of the joint increased with using the bio-mimicked surface texture.
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