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ABSTRACT

Insects are recognized with their ability to efficiently move, operate, and function, and
hence are inspiration for the design of micromechanical systems. This work deals with the
structural, mechanical, and frictional characterization of the leg joint articulations of the katydid
(Orthoptera: Tettigoniidae). For the katydids, the tibia joints were found to show a nanosmooth
texture while the femur joint had a micro/nanotextured surface characteristics. The nanotexture
was a two-tone periodic patterns with the hierarchical structures involving cylindrical ridges that
are covered with nanoscale lamellar patterns perpendicular to the long axis and valleys between
ridges that are decorated with the hillock patterns. The tibia and femur contact regions showed
the reduced elastic modulus (£;) values ranging from 0.88 + 0.01 GPa to 3.90 + 0.11 GPa. The
friction coefficient (¢) value of 0.053 £ 0.001 was recorded for the sliding contact of the tibia
joint against the femur joint in air under dry conditions. The low friction values are attributed to
the reduced real area of contact between the joint pair due to the coupling of the nanosmooth
surfaces against the hierarchically nanotextured surfaces.

INTRODUCTION

Through the evolution of millions of years to thousands of years, the natural species have
developed optimized multifunctional composite materials and geometric structures to achieve
efficient functions and operations required in their lifespan [1,2]. Biotribology is one of the
fastest-growing research areas of the science and engineering dealing with all aspects of
tribology derived from the biological systems [3]. Studying materials based on the biological
systems is to offer useful clues and design motifs for developing new materials for various
engineering applications [4,5]. Biomimetic materials are of great interest in the field of tribology,
which seeks to develop novel lubrication systems and coating for enhanced efficiency and
durability [6].

In this work, we have investigated the articular surfaces of the katydid joints and gained
some insights into why insect legs function durably and effectively. The results from the
fundamental analysis and characterization showed that the tibial and femoral articular surfaces
indeed exhibit the promising tribological and mechanical properties due to very sophisticated
hierarchical structures. The investigation was carried out by high resolution imaging and
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mechanical analysis techniques using scanning electron microscopy (SEM), nanotribometry, and
nanoindentation. The resulting tribological and mechanical comprehension have significant
potential to expand current knowledge of designing the tribological materials as well as to give
rise to the bioinspired strategies for fabricating material surfaces with the superior tribological
behavior. Finding the unique natural surfaces is an attempt to draw out some of the potential for
the biomimetic-based design and encourage for further advanced research in the lubrication
systems.

EXPERIMENTAL DETAILS

Sample preparation

Live katydids (Orthoptera: Tettigoniidae) were obtained from the Department of
Entomology, Texas A&M University, College Station, TX, U.S.A. The samples were prepared
from the rear leg joint of the katydids. For experimental studies, fresh katydids were anesthetized
with carbon dioxide. Surgical separation with a disposable scalpel and removal with an insect
handling tweezer allows the cover plate to be extracted, leaving the thigh bone (femur) and shin
bone (tibia) of the leg joint. To avoid desiccation of specimen, fresh leg joint was tested
immediately after dissecting from the body.

Structural characterization of insect joints

Photographs were obtained using a video camera (HDR-XR160; Sony Corp., Tokyo,
Japan). The specimens were examined by scanning electron microscope (SEM, JSM-7500F;
JEOL, Tokyo, Japan). To minimize possible charging effects, the samples were coated with 15
nm of platinum/palladium (Pt/Pd) prior to SEM imaging. The SEM was operated at an emission
current of 20 pA and an accelerating voltage of 1 kV. Insect features such as width, spacing, and
periodicity were determined from SEM imaging of the top view and side view.

Friction force and wear measurements

The friction response was conducted via nanotribological testing using a nanotribometer
(Anton Paar TriTec SA, Peseux, Switzerland). All tests were conducted using a cantilever spring
with the tangential and normal stiffness of 36.8 N/m and 55.9 N/m, respectively, at the normal
loads of 1, 3, 5, 7, and 10 mN. To ensure a sliding geometry similar to natural orientation and
arrangement of insect joints, the tibia was mounted on an angled holder using the instant glue
while the femur was glued on the base stage. The analyses were carried out under ambient
conditions (i.e., temperature of 23 °C and relative humidity of 65%) in the absence of any
lubricant. The mechanical robustness was investigated via nanotribological testing using a
nanotribometer. The contact region of the tibia was sheared on the contact region of the femur for
100 cycles at the normal load of 15 mN.
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Figure 1. (a) The photograph of the katydid. SEM micrographs of its (b) tibia joint and (c) femur
joint. (d) The representative initial and steady-state friction traces resulting from the sliding of
tibia joint (TJ)-femur joint (FJ) pair. Steady-state friction decreased from initial friction by
~2.3% at a sliding speed of 0.5 mm/s.

Nanoindentation measurements

In order to measure mechanical properties, a nanoindenter (Ubi 1; Hystiron Inc., Eden
Prairie, MN, U.S.A.) was used by positioning the indenter tip at the area of interest. While an
indenter tip was brought into contact with the sample surface, the applied load and penetration
depth (caused by the displacement) into the specimens were recorded simultaneously. The load
profile consisted of three 10 s intervals: a linearly increase from zero to a maximum load, the
maximum being held, and a linear decrease back to zero. Different maximum loads ranging from
100 puN to 4000 puN were applied to penetrate the joints over a range of depths. The analysis was
based on the simple assumptions that unloading is fully reversible. The analyses were carried out
under ambient conditions.

RESULTS

Frictional properties of insect joints

Friction traces provide information useful for assessing the processes and interactions of
the two sliding surfaces [7,8]. The photographs and SEM micrographs of the surfaces studied are
given in Figures 1a—c, which show that the katydids have saltatorial legs with an elongated tibia
and femur adapted for jumping. Figure 1d shows the representative traces obtained during
shearing at the normal load of 5 mN. The analysis of which revealed the friction was
accompanied by stick-slip fluctuations.

Structural characterization and mechanical properties of insect joints

We investigated the surface topography of insect joints to gain insights into the observed
tribological trends. SEM micrographs show that the joint part of the femoral articular surfaces
exhibit two-tone periodic patterns with the hierarchical structures: (i) cylindrical ridges that are
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Figure 2. SEM micrographs showing the topographical details of the (a) femoral articular joint
and (b) tibial articular joint. (c) The graph shows the reduced elastic modulus (£;) versus
penetration depth for the tibial and femoral articular surfaces of the katydid joints. The results are
collected from the tibia contact regions and femur contact regions of the articular surfaces.

covered with nanoscale lamellar patterns perpendicular to the long axis and (ii) valleys that are
separated by a certain distance and decorated with the hillock patterns (Figure 2a). The analysis
of SEM micrographs revealed that the diameter of the ridge is 1.9 £ 0.1 um and the ridge spacing
is 1.7 + 0.2 pm. On the other hand, the tibial articular surfaces are relatively smooth and contain
no well-defined textures (Figure 2b).

Furthermore, we measured the reduced elastic modulus (£) of the articular surfaces
(Figure 2c¢). The reduced modulus of elasticity appeared to decrease with increasing penetration
depth up to ~700 nm, then remain constant. The plateau value was 1.30 + 0.05 GPa for tibia
joints and 0.91 £ 0.02 GPa for femur joints.

Wear behavior of insect joints

Upon completing 100 sliding cycles at the normal load of 15 mN, the bare (Figure 3a)
and sheared surfaces were probed with SEM to determine the resultant wear characteristics. No
considerable change was detected on either of the tibia-femur pair, indicating a high wear
resistance for this combination (Figure 3b).

DISCUSSION

Natural systems show possible solutions to provide ultra-low friction coatings and
lubrication systems [9,10]. Previously, surface topography of the insect species were
investigated, e.g., spherically capped, diamond-like shape, rod-shaped, interconnected netting,
and curved [11]. Since the katydid joints show interesting nanotopographical features, friction
behavior at the micro/nanoscale is important because macroscopic laws of friction do not
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Figure 3. SEM micrograph of (a) tibia joint before shearing and (b) the combination of tibia joint
(TJ)-femur joint (FJ) pair sliding contacts after 100 shearing cycles at the normal load of 15 mN
and room temperature under atmospheric conditions.

generally apply to micro/nanoscale materials [12]. As materials are shrinking in size to
nanoscale, surface forces such as friction, wear, and adhesion become significantly critical.
Insect joints show an exceptional mechanical durability in spite of the repetitive habits such as
jumping, running, walking, swimming, digging, and grabbing. Due to their unique
nanostructures and chemistries of the articulating surfaces, insect joints can be truly
multifunctional hybrid materials. As a result, articular surfaces can provide low friction as well
as wear resistance [13]. In summary, various factors which affect frictional behavior of a
micro/nanotextured surface at the nanoscale can be discussed in detail. For example, density of
texture, size of contact area, and shape of texturing structure [14].

Structural characteristics of insect joints

In general, topographies of any mating surfaces strongly influence their tribological
behavior [15]. The surfaces should be as smooth as possible to minimize the maximum contact
stresses applied on the asperity level. However, for extremely smooth surfaces, the wear rates
can be high, especially in micro/nanoscale systems, because the extremely smooth surfaces have
very large real contact areas that increase the adhesion contribution of frictional forces and
thereby can cause higher wear rates [16]. The nanoscale lamellar patterns which are
perpendicular to the microscale groove patterns on the articular surfaces of the katydid joints can
be attributed to reducing the sliding friction by minimizing the points of the contact area. The
friction decreased by the lamellar patterns between the solid surfaces and air near the surfaces.
The morphology of the lamellar patterns aligned perpendicular to the sliding direction can reduce
the air resistance [17].

Nanomechanical characteristics of insect joints

Nanoindentation results showed the stiffness of the articulation structure [18]. The elastic
modulus is a crucial parameter in the study of shear and compression that will occur when the
two surfaces come together into contact [19]. An important characteristic of most natural
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lubrication systems is that they usually involve relatively small elastic modulus values, as
exemplified by the movements performed by biological entities such as slugs, eyes, and
cartilage-coated articular joints [20].

Characterization of wear behavior of insect joints

Understanding the antiwear mechanisms of the biological material surfaces is an
important topic in the field of biotribology [21]. Wear behavior of the nanoscale objects reduced
with lower contact area [22]. Typically, wear is determined by the interplay of the two opposing
properties (i.e., ductility and hardness). Wear can be reduced by modifying the surface
morphology so that it acquires higher ductility, allowing greater plastic deformation. The soft
biological material surfaces can reduce the wear due to the delamination, resulting in less net
deformation [23].

CONCLUSIONS

In this paper, the tribological and mechanical properties of the tibial and femoral articular
surfaces of the katydid joints, specialized for the jumping activities were investigated. We
demonstrated that the katydid joints possess exceptional low frictional properties, presumably
due to the micro/nanoscale periodic patterns (i.e., hillock, lamellar, and groove) with the
hierarchical structures on the femoral articular surfaces which are in contact with the
nanosmooth tibia surfaces. Our new finding can be used to further probe in the mechanisms of
the friction to lead to the development of more effective lubrication systems and coatings
through bioinspiration. Since the friction, wear, efficiency, durability, and long-term
sustainability are the key contemporary issues in the fields of micro/nanoscale biomechanics and
biomaterials science, our work has potential to advance the current state-of-the-art by
determining the structural and morphological properties of the katydid joints that have not yet
been studied.
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