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Abstract: Locomotion of walking insects is exceptionally efficient. The function of their leg joints in
different movement scenarios depends on their kinematics and contacting conditions between moving
parts. The kinematics was previously studied in some insects, but contact mechanics within the joints
remains largely unknown. In order to understand the complex topology of the contacting surfaces
of the leg joints in the Congo rose beetle Pachnoda marginata peregrina (Scarabaeidae, Cetoniinae),
we have investigated the shape, the waviness, and the roughness of the joint base and its counter
body by applying confocal laser scanning microscopy and white light interferometry. Additionally,
we performed nanoindentation tests on the contacting joint surfaces, in order to analyze material
properties (elasticity modulus and hardness) of the joint cuticle. We found two topological design
principles of the contact surfaces that might be considered as adaptations for reducing frictional drag
during leg movements. First, the contact pairs of all leg joints studied consist of convex and concave
counterparts. Second, there is a smooth and a rough surface in contact in which microprotuberances
are present on the rough surface. These principles might be potentially interesting for technical
implications, to design bioinspired joints with both reduced friction and wear rate.

Keywords: locomotion; walking; leg; joints; topology; insect; Arthropoda; friction; contact
mechanics; biotribology

1. Introduction

For successful locomotion, living organisms need a combination of maximum friction required for
acceleration, deceleration, and manoeuvring, combined with minimum friction in joints for economic
energy expenditure [1]. Vertebrate bones that are joined with each other are covered by cartilage,
which is the gliding surface of the joint. This system is rather well studied in extensive biomedical
and biotribological literature [1,2]. The coefficient of friction within the vertebrate joints is very low
(0.0026) [3], because the cartilage is porous and its material is filled with synovial fluid [4,5] that
provides lubrication of contacting surfaces [6] and serves as a kind of damper under dynamic loads.
Interestingly, the surface of cartilage is not ideally smooth. Its roughness can influence resulting
friction. A roughness of 1 um is typical of fetal cartilage, and 2.7 pum in healthy adults [7,8].

The structure of arthropod extremities is completely different from that of vertebrates (Figure 1).
In insect leg joints, there are frictional surfaces that contact apparently under dry conditions and serve
to prevent segment motion in certain directions or even fix it completely, in order to save muscle
energy [9]. With regard to liquid lubricants, insect joints do not possess synovial fluid well known from
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the vertebrate joints [10]. Experimental studies on friction in insect joints have long been left open in
the literature. But it has already been shown that the head joint surface of Pachnoda marginata is usually
very smooth [11], but there are also rough surfaces, which presumably serve to prevent motion in one
direction [1,9], in the joints of some beetles. The investigations of Kheireddin et al. [12] have recently
shown that there are microstructural adaptations in the femoral-tibial joint of the lubber grasshopper
(Romalea guttata), which may be responsible for the friction reduction in the joint.. Furthermore, the
head—thorax joint of scarabaeid beetles shows that the contact pair consists of a harder convex and a
softer concave surface [13]. Moreover, in the cetonine rose chafer P. marginata, the prothoracic part of
this joint is rough and covered by a regular pattern of microstructures, whereas the opposed gula plate
of the head is smooth [11,13].
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Figure 1. Schematic view of (A) the legs and (B) both the leg joints and segments of Pachnoda marginata.
pro: prothoracic leg; meso: mesothoracic leg; meta: metathoracic leg; C: coxa; TR: trochanter; F: femur;
TT: tibia; TA: tarsus; sc: subcoxa; ct: coxa—trochanter; ft: femur-tibia; tt: tibia—tarsus joint.

The possible importance of microstructures in insect tribological systems has already been
extensively discussed [14], but the amount of solid experimental data is very limited, especially
in the case of the leg joints. Interestingly, these biological tribosystems can bear smooth surfaces or
show specific microstructures on the surfaces of the joint [9]. Other organisms, such as reptiles, also
have remarkable tribological properties on their surfaces that support their movement on various
substrates. In the case of the ventral scales of snakes, for example, a friction minimizing effect, as well
as direction-dependent friction behavior, have been demonstrated [15,16].

From the extensive tribological literature, we know that surface topography may strongly reduce
friction. Suh et al. showed that undulated surfaces help to reduce the coefficient of friction of sliding
bearings in comparison to smooth surfaces under dry conditions [17], as well as under the usage
of solid lubricants such as molybdenum disulfide [18]. Moreover, Etsion et al. found that surface
texturing with regular microdimples improves the frictional wear under dry [19], mixed friction, and
starved lubrication [20]. These findings were successfully applied to thrust bearings [21] and piston
rings [22].
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Based on the previous data on the surface topography and mechanical properties of insect joints,
we formulated two hypotheses about the role of the topology of contacting surfaces in insect leg joints
for the reduction of friction: (1) The contact pair consists of convex and concave geometries, which fit
each other well; and (2) there is always a smooth and a rough surface in contact on both corresponding
counterparts of the joint. In order to understand the complex topology of the contacting surfaces of the
leg joints in the Congo rose beetle Pachnoda marginata peregrina (Scarabaeidae, Cetoniinae), we have
investigated the shape, the waviness, and the roughness of the joint base and its counter body by
applying confocal laser scanning microscopy and white light interferometry. The obtained data might
be potentially interesting for technical implications, to design bioinspired joints with both reduced
friction and wear rate.

2. Materials and Methods

After analyzing the kinematic properties of legs in the beetle P. marginata [23], the identification
of the contacting surfaces follows from the simulation data of the multibody system. The next
deeper hierarchical view of this tribological system comprises the investigation and description of the
two-dimensional (2D) and three-dimensional (3D) topologies of the articulation surfaces. In addition,
further geometric data were obtained from the surfaces, which help in the further tribological analysis
of the system and in the understanding of the contact mechanical interactions of the tribological system,
including roughness effects [24].

2.1. Sample Preparation

The leg joints of P. marginata (N = 5) were conserved in alcohol. The beetles were taken from
a colony at Kiel University. For the preparation, the relevant leg segment was first separated with
scissors. The respective joint was opened with a scalpel and the two leg segments were separated.
Subsequently, the surfaces to be examined were exposed, separated, and fixed on an object carrier
using an adhesive (5925 Elastomer, Ergo, Kissing, Switzerland). For nanoindentation measurements,
the beetle leg joint segments were prepared right before the experiment.

2.2. Confocal Laser Scanning Microscopy and White Light Interferometry

The traditional way to measure linear topology properties (tactile profilometry) is not suitable for
the natural contact surfaces in the micrometer range because of some limitations like the destruction of
soft surfaces, long measuring times, and critical calibration procedures [1]. Instead, optical methods,
such as confocal laser scanning microscopy (CLSM) and white-light interferometry (WLI), are used
to perform contactless measurements. These methods are best suited for the characterization of
the surface texture, in order to analyze the waviness and roughness, as well as the primary profile,
of the joint surfaces [25]. For understanding the tribological behavior, the information about the
hierarchy (waviness and roughness) of two contacting surfaces is of great importance. It is to be
expected that some surfaces have a microstructure that is difficult to quantitatively describe with
the optical measuring methods. In this case, the structures are qualitatively described by scanning
electron microscopy (SEM) investigations. In the present study, based on the preliminary SEM data, the
surfaces of the beetle joints were analyzed using a Keyence VK-8710 confocal laser scanning microscope
(Keyence Corporation, Osaka, Japan). Two brightfield objectives (Nikon CF IC EPI Plan Achromat 20,
numerical aperture = 0.46, working distance = 3.1 mm; Nikon CF IC EPI Plan Achromat 50 x, numerical
aperture = 0.8, working distance = 0.54 mm) were applied. The preparation was exposed to light from a
stable solid-state laser with a wavelength of 635 nm (5 mW at the fiber end, laser power = 2%), and the
laser light reflected at the surface of the joint surfaces was detected. The detector gain was automatically
adjusted prior to image stack collection in a way that resulted in a maximum signal intensity with
the simultaneous prevention of oversaturation. The image size was set to 1024 x 1024 pixels and the
scan step size was 0.5 um for 20 x magnification and 0.1 pm for 50 x magnification. The software
VK-analyzer was used to create maximum intensity projections and color-coded height maps. Based
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on the results, the surface structures and radii of the joint surfaces were measured. The sample
surface waviness and roughness were studied using a white-light interferometer ZygoNew View 6 K
(Zygo Corporation, Middlefield, CT, USA). This technique can be used to obtain the average surface
roughness (R;).

2.3. Nanoindentation

For further understanding the leg joint tribological system in P. marginata, the material properties
(elastic modulus and hardness) of the contacting surfaces were measured by nanoindentation.
The Nano Indenter SA2 (MTS Nano Instruments, Oak Ridge, TN, USA) equipped with a Berkovich
indenter was used. The experiments were performed in continuous stiffness mode (CSM, 75 Hz) up to
a 3 um indentation depth. The calculation of elastic modulus and hardness was realized according to
Pharr and Oliver [26] and Fisher-Cripps [27]. The Young’s modulus is labeled E and the hardness H.

2.4. Statistical Analysis

The statistical analysis of measurement data was performed with IBM SPSS Statistics (Version 22,
Armonk, NY, USA). Analysis of variance was computed using the Kruskal-Wallis test by ranks.

3. Results

Figure 2A-F shows the microscopic images of the articulation surfaces of the examined femur-tibia
joint (ft) and the tibial-tarsal joint (tt). To illustrate the contacting conditions of the intact leg joints,
Figure 3A-F shows rainbow-colored height profile images. Based on that data, Figure 4A-D shows
schematic representations of the joint geometries with the corresponding radii. The concrete measured
values of these geometric variables can be found in Supplementary Table S1 for each pair of legs,
whereby the contacting radii of the base and counterbody are shown together. All the surfaces
under investigation have a convex or concave curvature, which can be described by appropriate radii.
Figure 5A-C shows the magnitude of the radii of the individual articulation surfaces next to each
other, as they are in contact in the joints. It is clear that a concave contact partner always has a larger
curvature than its convex countersurface, so that, for example, the distal condyle of the femur (F) of
the prothoracic leg has a radius of Ry = 303.80 & 27.33 pm, while the countersurface of the tibia (TT)
shows a radius of Rg = 330.88 4+ 2.59 um. A trend of the increase in dimensions of both radii can be
shown from the front, prothoracic leg (pro) to the hind, metathoracic leg (meta) for all joint surfaces.

After the derivation of the primary profile from the measured data, the waviness of the surfaces
was examined. A second-order shape deviation can be demonstrated for both the ft and tt joints.
In the ft joint, the proximal and distal condyles of the TI are covered by a tooth-like microstructure
(Figure 2B,D). The length of an individual tooth is approximately 3 um and the width at the base is
approximately 2 um. The spatial distribution of the elements seems to be random. The corresponding
counterpart is shown in Figure 2A and has a smooth surface.

A distinctly pronounced microstructure is found in the elliptical basin of the tt joint at the distal
end of the TI (Figure 2E). These microstructural elements are specified in more detail in Table 1
by their length, width, and height, whereby it is apparent that no microstructural adaptations are
pronounced in the prothoracic leg. The microstructure is more pronounced in P. marginata than in
the lubber grasshopper (R. guttata) [11]. Although the width of individual cuticle outgrowths is
approximately 7 pm, the protuberances of P. marginata are about twice as long of those in R. guttata and
significantly higher (3.5-0.5 um). Qualitatively, these microstructural elements can be characterized
by a wedge shape, whose ridge falls from the center to the zero level to the sides. The slightly rising
flank of the wedge is always oriented in the distal direction, i.e., in the direction of the joint opening.
The individual elements stand out from the basic level of the joint basin. The spatial distribution of
the microstructure shows a uniform pattern. In the lateral direction, a continuous gap can be seen per
row of protuberances. In the distal direction, the elements are offset from row to row, resulting in a
kind of zig-zag groove. The distance between the microstructural elements of the metathoracic leg is
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Apq =14.72 £ 2.04 pm in the distal direction, and A} = 28.84 & 4.09 um in the lateral direction (Table 1).
The countersurface of the structured joint basin is the proximal end of the tarsus (TA). This joint ball is
shown in Figure 2F and bears a smooth surface in the contact area.

As a further step, the roughness R, of the contacting surfaces is determined. Figure 6 shows
the measured roughness R, for the condyles of the ft and tt joints. Contacting surfaces are displayed
side by side. It is clear that in both the ft joint (Kruskal-Wallis test by ranks: o < 0.001) and the tt
joint (Kruskal-Wallis test by ranks: o < 0.001), the roughness of the contacting surfaces is significantly
different. For example, for the distal condyle of the F of the metathoracic leg, the value of roughness is
R; =1.35 £ 0.24 um and for the corresponding countersurface on the TI, R; = 7.77 & 0.99 um.
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Figure 2. Confocal laser scanning microscopy images of the contacting surfaces in (A-D) the
femur-tibia and (E/F) the tibia—tarsus leg joints of P. marginata. Fqp: the distal end of the femur,
the proximal condyle; TIp ,: the proximal end of the tibia, the proximal condyle; Fq 4: the distal end of
the femur, the distal condyle; TIp,d: the proximal end of the tibia, the distal condyle; TI4: the distal end
and the condyle of the tibia; TA}: the proximal end and the condyle of the tarsus.
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Figure 3. Confocal laser scanning microscopy rainbow-colored height profile images of the contacting
surfaces in (A-D) the femur—tibia and (E,F) the tibia—tarsus leg joints of P. marginata. Dashed ellipses
indicate the position of the condyle. Fy ;,: the distal end of the femur, the proximal condyle; TIp p: the
proximal end of the tibia, the proximal condyle; Fg,q: the distal end of the femur, the distal condyle;
Tlp,d: the proximal end of the tibia, the distal condyle; TIg: the distal end and the condyle of the tibia;
TAyp: the proximal end and the condyle of the tarsus.
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Figure 4. Schematic of the geometry of (A,B) the femur—tibia and (C,D) the tibia—tarsus leg joints of
P. marginata. These schemes are based on three-dimensional analyses using confocal laser scanning
microscopy (CLSM) and microcomputer tomography (uCT). The dashed lines show the position of
section view. The filled areas represent the cross section of cuticle. Fy;,: the distal end of the femur,
the proximal condyle; TI,, ,,: the proximal end of the tibia, the proximal condyle; F4 4: the distal end
of the femur, the distal condyle; TIP,d: the proximal end of the tibia, the distal condyle; TI4: the distal
end and the condyle of the tibia; TA,: the proximal end and the condyle of the tarsus; TA;: the lateral
curvature of the tarsus condyle; R;_j5: radii of contacting joint surfaces; 1-1 to 4-4: sectional views of
the geometry of the joints.
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Figure 5. Radii of the contacting surfaces in (A,B) the femur-tibia and (C) the tibia—tarsus leg joints
measured by confocal laser scanning microscopy (CLSM). The data for both counterparts of each joint
are shown next to each other. Error bars show standard deviations of the means. Fq ;,: the distal end of
the femur, the proximal condyle; TI;, ,,: the proximal end of the tibia, the proximal condyle; Fq q: the
distal end of the femur, the distal condyle; TIp,d: the proximal end of the tibia, the distal condyle; TIy:
the distal end and the condyle of the tibia; TI;: the lateral curvature of the distal tibia condyle; TAp:
the proximal end and the condyle of the tarsus; TA;: the lateral curvature of the tarsus condyle; pro:

prothoracic leg; meso: mesothoracic leg; meta: metathoracic leg.

The material properties of the contacting surfaces are shown in Table 2. Images of contacting

surfaces are displayed below each other.

It can also be recognized that in both the ft joint

(Kruskal-Wallis test by ranks: o < 0.03) and the tt joint (Kruskal-Wallis test by ranks: o < 0.05),
the elastic modulus and hardness of surfaces are significantly different. In the tt joint, the surface of TA
(Eta,p =2.06 £ 0.95 GPa, Hya p = 0.10 £ 0.02 GPa) is significantly stiffer and harder than the surface of

TI (Erq = 0.47 + 0.30 GPa, Hry 4 = 0.04 + 0.04 GPa).
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Figure 6. Roughness (R,) of the condyle in the femur-tibia (Fg and TI},) and the tibia—tarsus (TIg and
TAp) leg joints measured by white light interferometry (WLI). Error bars show standard deviations of
the means. Fy: the distal condyle of the femur; TI: the proximal condyle of the tibia; Tlg: the distal
condyle of the tibia; TAp: the proximal condyle of the tarsus; pro: prothoracic leg; meso: mesothoracic
leg; meta: metathoracic leg.

Table 1. Dimensions of the protuberances in the distal tibia condyle of P. marginata measured with
white light interferometry (WLI).

[)10\1mal

/\/\
N ™
N \

distal

>

p.d

Width (um) Length (um) Height (um) Apa (um) Ay (um)

Pro - - - - -
Meso 6524060  20.88+1.03 3214024  1410+245  29.40 + 10.02
Meta 7.00+031  2143+178 3504039 14724204  28.84 +4.09

pro: prothoracic leg; meso: mesothoracic leg; meta: metathoracic leg; b: width of a protuberance; I: length of a
protuberance; A, 4: distance between two protuberances in proximal distal direction; A: distance between two
protuberances in lateral direction.

Table 2. Material properties of the cuticle of contacting surfaces in leg joints of P. marginata.

E (GPa) H (GPa)

Fyq  474+297 0.10 + 0.03
Tl 084017 0.03 + 0.01
Tl,q 180+ 092 0.05 + 0.03
Tl 0.47 + 0.30 0.04 + 0.04
TAp 206+ 095 0.10 + 0.02

Fy4,q: the distal end of the femur, the distal condyle; TIp, ,: the proximal end of the tibia, the proximal condyle; TIp 4:
the proximal end of the tibia, the distal condyle; TIy: the distal end and the condyle of the tibia; TA;: the proximal
end and the condyle of the tarsus; E: Young’s modulus; H: hardness.
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4. Discussion

In a technical or biological tribosystem, when two components are in contact, the microgeometry
of both surfaces causes real contact only in discrete microcontacts that deform under the influence of
the normal force F;. Therefore, a distinction must be made between the geometric or nominal contact
area A (macroscopic observation) and the significantly smaller real contact area A,, i.e., the area of the
microcontact surfaces (microscopic view) [28]. The true contact surface is of central importance for all
tribotechnical systems, since it primarily involves the friction and wear processes [29]. The previous
findings of Archard [30] allowed us to estimate the reduction of contact area by protuberances (A;)
in comparison to a nonstructured surface contact (A1) in the tibia-tarsus joint. Figure 3E shows the
condyle of the tibia and can be used for an estimation of both the number and density of initially
contacting protuberances (m = 4.08 x 10 m~2). The coefficients K; and K», indicating the local
curvature of the surface and elastic properties of materials (Figure 3 and Table 2), are calculated
with approximations given by Popov [31]: K1 = 6.2 x 10-8 m2/N?%/3 and K, = 5.79 x 10~2 m2/N8/%.
These boundary conditions are used to calculate the reduction of contact area by protuberances in
the tibia—tarsus joint of P. marginata (A; = A1/33.2). However, this microscopic contact also entails
the risk that unfavorable geometrical dimensions of the contact partners cause an interlocking of the
smooth friction partner in the microstructure of the counterface and therefore significantly increase
the frictional force [9]. This relationship has already been investigated in the friction of technical
structured surfaces [16,32]. Two crucial mechanical interactions between the contacting surfaces can
be identified with the effect on the sliding coefficient of friction y4: (1) on a nanoscale, by the influence
of the real contact area; and (2) on a microscale, by the geometrical and stress-induced interlocking
of the samples with the grooves of the structured countersurface. From this, it can be concluded
that the dimension of the most friction-optimized biological microstructures must reduce the real
contact area of the tribological pair as much as possible without causing mechanical interlocking, both
geometrically and contact-mechanically. In technical systems, Sondhauss et al. [32] report that the
friction coefficient for a ball microstructure contact pair could be reduced by 50%, if the interlocking
could be prevented. Sondhauss et al. [32] and Baum et al. [16,33] show that the friction response
is dominated by the geometry of the tribological pair, which is characterized by the macroscopical
shape [32,34], as well as the specific geometry of the microstructural elements [35-37]. Based on this
finding, the previous authors argue that the moderate modification of surface roughness/topology
could improve the tribological performance of mesoscale contacts.

In order to understand possible interlocking of the joint surfaces, the depth /& was determined,
which describes the penetration of the ball cap of the TA into the interstices of the microstructure of
the TI (see Figure 7). The purely geometric interaction between the microstructured joint basin of the
TI and the smooth spherical TA condyle is analyzed by means of trigonometric functions in connection
with the measured geometric variables of the joint surfaces and the microstructure (see Tables 1 and 2).
For the calculation of the geometrical penetration depth using the set of Pythagoras equations (b? + (R
— h)? = R?, cp. Figure 7) for the illustrated right-angled triangle, the dimensions of the two-dimensional
distribution of the microstructural elements from Table 1, together with the geometries of the condyles
from Supplementary Table S1, are used. The results of the calculation of the penetration depth
h show the purely geometric portion of the microscopic interlocking for the meso- (h = 90.9 nm)
and metathoracic (i = 79.8 nm) legs of P. marginata. The penetration of the TA joint ball between
the microstructural elements is clearly below 100 nm and is below 0.1% of the ball radius Ry, or
approximately 2-3% of the microstructure height /4, so that geometrical interlocking in the tt joint is
not to be expected.
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Figure 7. Tibia—tarsus leg joint of P. marginata. Schematic illustration of the penetration of the ball cap
of the tarsus (TA) into the microstructure of the tibia (TI). R: radius of tarsus; h: penetration depth; b:
half-width between two protuberances.

5. Conclusions

The two hypotheses mentioned above can be verified. The real contact area of contacting convex
and concave surfaces of the beetle joints is permanently reduced due to the presence of specific
curvature, waviness, and microstructure. The functional advantage in friction reduction within insect
leg joints can be shown by the specific geometrical shape at different length scales.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2313-7673/3/2/12/s1,
Table S1: Radii of the contacting surfaces in the femur-tibia and the tibia—tarsus leg joints of P. marginata.

Author Contributions: J.S. and S.N.G. conceived the study; S.V., A K. and S.N.G. designed the experiments; S.V.
performed the experiments and analyzed the data; J.S. and S.N.G. contributed reagents/materials/analysis tools;
S.V. wrote the paper; J.S., A.K. and S.N.G. provided corrections and suggestions to the manuscript.

Acknowledgments: We are grateful for the support by the members of the Functional Morphology and
Biomechanics group at the Zoological Institute of the Kiel University. This work was also partly supported
by the Leverhulme Trust (project CARBTRIB) and the Human Frontier Science Program (HFSP) research grant
RGP0002/2017 to S.N.G.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Scherge, M.; Gorb, S.N. Biological Micro- and Nanotribology; Springer Science & Business: Berlin, Germany, 2001.
Persson, B.N.J. Sliding Friction: Physical Principles and Applications; Springer Science & Business: Berlin,
Germany, 2013.

3. Fung, Y.C. Biomechanics: Mechanical Properties of Living Tissues, 2nd ed.; Springer: Berlin, Germany, 1993.

4. Date, K. Scanning electron microscope studies on the synovial membrane. Arch. Histol. Jap. 1979, 42, 517-531.
[CrossRef] [PubMed]

5. Leach, D.H.; Caldwell, SJ.; Ferguson, J.G. Ultrastructural study of synovial membrane from the
antebrachiocarpal joint of calves. Cells Tissues Organs 1988, 133, 234-246. [CrossRef]

6.  Mow, V.C,; Ateshian, G.A. Lubrication and wear of diathrodial joints. Basic Orthop. Biomech. 1997, 2, 275-315.

7. Smeathers, J. Cartilage and joints. In Biomechanics—Materials: A Practical Approach; Vincent, ] V., Ed.; IRL
Press: Oxford, UK, 1992; pp. 99-132.

8. Clark, J.M.; Norman, A.G.; Kaab, M.].; Notzli, H.P. The surface contour of articular cartilage in an intact,
loaded joint. J. Anat. 1999, 195, 45-56. [CrossRef] [PubMed]

9. Gorb, S.N. Attachment devices of insect cuticle; Springer Science & Business Media: Berlin, Germany, 2001.

10. Dai, Z.; Gorb, S.N. Micro-structure and frictional characteristics of beetle’s joint. Sci. China Ser. G Phys.
Mech. Astron. 2004, 47, 99-106. [CrossRef]

11. Barbakadze, N.; Enders, S.; Gorb, S.N.; Arzt, E. Local mechanical properties of the head articulation cuticle
in the beetle Pachnoda marginata (Coleoptera, Scarabaeidae). J. Exp. Biol. 2006, 209, 722-730. [CrossRef]
[PubMed]


http://www.mdpi.com/2313-7673/3/2/12/s1
http://dx.doi.org/10.1679/aohc1950.42.517
http://www.ncbi.nlm.nih.gov/pubmed/539892
http://dx.doi.org/10.1159/000146646
http://dx.doi.org/10.1046/j.1469-7580.1999.19510045.x
http://www.ncbi.nlm.nih.gov/pubmed/10473292
http://dx.doi.org/10.1360/03yb0221
http://dx.doi.org/10.1242/jeb.02065
http://www.ncbi.nlm.nih.gov/pubmed/16449566

Biomimetics 2018, 3, 12 12 of 12

12.

13.

14.
15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kheireddin, B.A.; Wiliams, T.C.; Akbulut, M. Tribological properties of femur-tibia articulation of lubber
grasshopper. Tribol. Int. 2012, 50, 76-81. [CrossRef]

Enders, S.; Barbakadze, N.; Gorb, S.N.; Arzt, E. Exploring biological surfaces by nanoindentation. J. Mater.
Res. 2004, 19, 880-887. [CrossRef]

Gorb, S.N. Functional Surfaces in Biology: Little Structures with Big Effects; Springer: New York, NY, USA, 2009.
Hazel, J.; Stone, M.; Grace, M.S.; Tsukruk, V.V. Nanoscale design of snake skin for reputation locomotions
via friction anisotropy. J. Biomech. 1999, 32, 477-484. [CrossRef]

Baum, M.].; Heepe, L.; Fadeeva, E.; Gorb, S.N. Dry friction of microstructured polymer surfaces inspired by
snake skin. Beilstein |. Nanotechnol. 2014, 5, 1091-1103. [CrossRef] [PubMed]

Suh, N.P.;; Mosleh, M.; Howard, P.S. Control of friction. Wear 1999, 175, 151-158. [CrossRef]

Mosleh, M.; Laube, S.J.P.; Suh, N.P. Friction of undulated surfaces coated with MoS; by pulsed laser
deposition. Tribol. Trans. 1999, 42, 495-502. [CrossRef]

Volchok, A.; Halperin, G.; Etsion, I. The effect of surface regular microtopography on fretting fatigue life.
Wear 2002, 253, 509-515. [CrossRef]

Ryk, G.; Kligerman, Y.; Etsion, I. Experimental investigation of laser surface texturing for reciprocating
automative components. Tribol. Trans. 2002, 45, 444-449. [CrossRef]

Etsion, I.; Halperin, G.; Brizmer, V.; Kligerman, Y. Experimental investigation of laser surface textured
parallel thrust bearings. Tribol. Lett. 2004, 17, 295-300. [CrossRef]

Kligerman, Y.; Etsion, I.; Shinkarenko, A. Improving tribological performance of piston rings by partial
surface texturing. J. Tribol. 2005, 127, 632-638. [CrossRef]

Vagts, S.; Schlattmann, J.; Busshardt, P.; Kleinteich, T.; Gorb, S.N. The application of multi-body simulation
approach in the kinematic analysis of beetle leg joints. Artif. Life Robot. 2017, 22, 412—420. [CrossRef]

Vagts, S.; Schlattmann, ]J. General Systems Theory in a Horizontal and Vertical Action Process for
Cross-Disciplinary Knowledge Transfer. In Proceedings of the ASME IMECE 2013, San Diego, CA, USA,
15-21 November 2013. [CrossRef]

Thchstreet. DIN EN ISO 25178-6; Thchstreet: Carol Stream, IL, USA, 2010.

Pharr, G.M.; Oliver, W.C. Measurement of thin film mechanical properties using nanoindentation. MRS Bull.
1992, 17, 28-33. [CrossRef]

Fischer-Cripps, A.C. Contact mechanics. In Nanoindentation; Springer: New York, NY, USA, 2011; pp. 1-19.
Bowden, EP; Tabor, D. The Friction and Lubrication of Solids; Clarendon Press: Oxford, UK, 1986.

Czichos, H. Tribology: A Systems Approach to the Science and Technology of Friction, Lubrication and Wear; Elsevier
Science: Amsterdam, The Netherlands, 2000.

Archard, J.F. Elastic deformation and the laws of friction. Proc. R. Soc. Lond. A 1957, 243, 190-205. [CrossRef]
Popov, V.L. Contact Mechanics and Friction; Springer: Berlin/Heidelberg, Germany, 2010.

Sondhauss, J.; Fuchs, H.; Schirmeisen, A. Frictional properties of a mesoscopic contact with engineered
surface roughness. Tribol. Lett. 2011, 42, 319-324. [CrossRef]

Baum, M.].; Heepe, L.; Gorb, S.N. Friction behavior of a microstructured polymer surface inspired by snake
skin. Beilstein . Nanotechnol. 2014, 5, 83-97. [CrossRef] [PubMed]

Marchetto, D.; Rota, A.; Calabri, L.; Gazzadi, G.C.; Menozzi, C.; Valeri, S. AFM investigation of tribological
properties of nano-patterned silicon surface. Wear 2008, 265, 577-582. [CrossRef]

Yu, C.; Wang, Q.J. Friction anisotropy with respect to topographic orientation. Sci. Rep. 2012, 2, 988.
[CrossRef] [PubMed]

Gachot, C.; Rosenkranz, A.; Reinert, L.; Ramos-Moore, E.; Souza, N.; Muser, M.H.; Mucklich, E. Dry friction
between laser-patterned surfaces: Role of alignment, structural wavelength and surface chemistry. Tribol.
Lett. 2013, 49, 193-202. [CrossRef]

Filippov, A.; Gorb, S.N. Frictional-anisotropy-based systems in biology: Structural diversity and numerical
model. Sci. Rep. 2013, 3, 1240. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.triboint.2012.02.001
http://dx.doi.org/10.1557/jmr.2004.19.3.880
http://dx.doi.org/10.1016/S0021-9290(99)00013-5
http://dx.doi.org/10.3762/bjnano.5.122
http://www.ncbi.nlm.nih.gov/pubmed/25161844
http://dx.doi.org/10.1016/0043-1648(94)90178-3
http://dx.doi.org/10.1080/10402009908982246
http://dx.doi.org/10.1016/S0043-1648(02)00148-5
http://dx.doi.org/10.1080/10402000208982572
http://dx.doi.org/10.1023/B:TRIL.0000032467.88800.59
http://dx.doi.org/10.1115/1.1866171
http://dx.doi.org/10.1007/s10015-017-0386-x
http://dx.doi.org/10.1115/IMECE2013-64235
http://dx.doi.org/10.1557/S0883769400041634
http://dx.doi.org/10.1098/rspa.1957.0214
http://dx.doi.org/10.1007/s11249-011-9776-8
http://dx.doi.org/10.3762/bjnano.5.8
http://www.ncbi.nlm.nih.gov/pubmed/24611129
http://dx.doi.org/10.1016/j.wear.2007.12.010
http://dx.doi.org/10.1038/srep00988
http://www.ncbi.nlm.nih.gov/pubmed/23248751
http://dx.doi.org/10.1007/s11249-012-0057-y
http://dx.doi.org/10.1038/srep01240
http://www.ncbi.nlm.nih.gov/pubmed/23393622
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Confocal Laser Scanning Microscopy and White Light Interferometry 
	Nanoindentation 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

