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As open systems, arthropod joints and mechanical articulations face com-
mon challenges such as contamination and loss of lubricant. Recent stud-
ies suggest that insects manage these objectives of such open joints using
a combination of cuticular microstructures and lubricating fluids. Here we
provide an insight into the complex internal structure of the femoro-tibial
joint of the black vine weevil, Otiorhynchus sulcatus. We apply a portfolio of
tomography methods, such as X-ray micro- and nano-computed tomogra-
phy and focused ion beam tomography, to analyse the different hierarchi-
cal levels, focusing, in particular, on the cuticle beneath the bearing surface.
We provide a description of the gross morphology of the joint, reveal two
different types of cuticular canals and document various cuticular surface
patterns and microstructures. For the latter, we discuss their possible task in
an autonomous cleaning process.

1. Introduction

Insect joints are mechanically diverse and operate as open systems, leading
to demanding tribological constraints. Their architecture ranges from simple
hinge joints [1] to ball-and-socket configurations [2,3] and even peculiar me-
chanical analogues such as interlocking gears in the hind trochanters of cicada
nymphs [4] and the screw-and-nut-type coxa-trochanteral joint discovered in
weevils [5]. Most insect joints are compact mechanical articulations that must
reliably transmit forces, guide movement and allow repetitive movement over
millions of cycles.

In contrast to vertebrate joints, which are protected from the environment
and lubricated by synovial fluid [6-8], insect joints are components of an ex-
oskeleton. Therefore, their friction surfaces are exposed to the environment,
which imposes tribological challenges [9,10]. Exposed joints are susceptible
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to contamination and abrasive wear. From a mechanical perspective, insect joints can be viewed as integrated tribosystems in
which performance depends on several parameters: (i) the gross morphology of the joint partners, which determine contact me-
chanics; (ii) the microstructure of the cuticular friction surfaces; (iii) the presence and properties of lubricants; and (iv) transport
mechanisms of the lubricant to the friction area.

Because many engineered bearings and open mechanical joints encounter constraints similar to those faced by insect joints, the
latter became important model systems for biomimetic research [11,12]. Within this context, the insect leg joints are of particular
relevance, especially for the design of walking robots and other mobile machines [13-15]. During locomotion, they experience
cyclic flexion and extension, shear forces and substrate-induced perturbations, all while remaining exposed to the environment.
Among the articulations of the leg, the femoro-tibial joint plays a central mechanical role. Functionally analogous to a knee joint,
it supports the whole body and generates a propulsive movement, pushing the body forward [1]. However, the functional design
of these joints remains poorly understood [1].

Generally, the femoro-tibial articulation is described as a dicondylar joint with a single degree of freedom [16]. As insects
possess antagonistic muscles for flexion and extension of the joint, the articulation is placed medially. The joint can be de-
scribed as a so-called indirect (suspended) joint [1]. They are widespread in insects and were discovered, e.g. in stick in-
sects (Phasmatodea) [1], katydids (Orthoptera) [17,18] and grasshoppers (Orthoptera) [19]. Two studies [20,21] describe the
gross morphology of the femoro-tibial joint of locusts, focusing on the internal microstructures of the semilunar processes,
hinting at the common feature of semicircular features to allow extensive movement in one direction. In beetles, it may be
modified into a medial hinge joint that is characterized by the transformation of the femoral condyle into a semicircular
structure. A tibial impression corresponds to the semicircular femoral condyles. These fit into the tibial concavities, allowing
movement along a single axis of rotation [1,22]. Joints with such a distinct morphology were described in Pachnoda marginata
(Scarabaeidae) [23,24], Coelorrhina aurata (Scarabaeidae) [25] and Zophobas morio (Tenebrionidae) [1,24] and, therefore, seem to
be very common in polyphagan beetles. The jumping legs of Scirtes hemisphaericus (Scirtidae) [22] and Orchestes fagi (Cur-
culionidae) [26] seem to be reversed with a tibial condyle fitted inside a semicircular femoral concavity. The gross morphol-
ogy of the tibiotarsal [27] and femoro-tibial [23] joint of P. marginata is vastly different but shows the same internal layered
microstructure.

When it comes to friction, the microstructure of the cuticular surface of both joint partners at the friction area plays a central role.
Microstructures of the cuticle surface in the joint region, such as scale-like, spine-like and sawtooth structures, were shown next
to pore openings in the images of previous works [24,25] but have not been thoroughly discussed. A recent study [28] reports on a
discovery of cuticular surface microstructures on the membrane of the femoro-tibial joint of the locust Locusta migratoria, including
scale-like structures, knobs and spines as well as pore channels with an unknown function and mechanosensors. The authors
hypothesize a self-cleaning, defensive and friction-reducing function. Oh et al. [17,18] compare the microstructures (ridges and
smooth) on the contacting surfaces of the femoro-tibial joints of the katydid before and after shearing, showing no signs of wear.
They also hypothesize on a possible lubricating substance between the joint partners to reduce wear, supporting the discussed
microstructures and complementing elastic moduli.

Though the absence of a sealed cavity prevents a low-viscosity lubrication system similar to vertebrate synovial joints, lubri-
cants in insect joints have been predicted in earlier works [29,30]. Biological viscous protein-based material in the joints of darkling
beetles (Z. morio) was identified as lubricant [31]. Furthermore, it was shown that the lubricant found in the femoro-tibial joints
of the weevil Otiorhynchus sulcatus exhibits different drying behaviour and frictional properties than the one found in the scarab
beetle C. aurata [25].

Apparently, the transport of this lubricant to the frictional surface occurs via canals of 1-5 pm in diameter in the cuticle [24].
Subsequent studies explored this concept in experimental and theoretical work, reaching from imaging lubricants in various joints
of different insect species [24] to simulating the lubricant’s behaviour and distribution [32-35] as well as tribometer measurements
of the joints [35,36]. The functionality of the lubricant is so far inconclusive with studies reporting a roller bearing-like behaviour
[31,32,35], while others propose an even distribution [33,34].

Many weevils (Coleoptera: Curculionoidea) are characterized by a highly sclerotized exoskeleton and a tight form closure in
their leg joints [37], making them a suitable model system to investigate frictional effects. This inspired us to investigate wee-
vils, focusing on the femoro-tibial hinge joint, as its ‘simple” geometry of a flat surface with easily accessible pores opens many
possibilities for the application of a variety of characterization methods.

Employing a multimodal approach, we provide an overview of the weevils’ femoro-tibial joint. To address the different hi-
erarchical levels of the joint, we used a portfolio of methods well suited to the magnifications required. X-ray micro-computed
tomography (uCT) was employed to visualize the entire beetle and to examine the joint’s overall morphology. Scanning electron
microscopy (SEM) was used to examine the cuticular microstructures. Finally, laboratory-based X-ray nano-computed tomog-
raphy (nanoCT) and focused ion beam (FIB) provided high-resolution views of the network of internal canals underlying the
cuticular surface.

2. Material and methods
2.1. Beetle species

The beetle species examined in this study is the black vine weevil, O. sulcatus (Curculionidae: Entiminae; figure 1). Specimens
were collected in August 2022, June 2023 and June 2024 in Karlsruhe, Germany.
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Figure 1. The black vine weevil, Otiorhynchus sulcatus: (a) a three-dimensional surface rendering of the beetle with a body length of approximately 8 mm, based on pCT
data highlighting the femora in green and the tibiae in red to indicate the joint of interest for this study; (b) a three-dimensional rendering of the right hindleg of the

full-body scan with femur in green and tibia in red.

Figure 2. The process of bisecting the femoro-tibial joint is shown with three-dimensional renderings of the uCT data. (a) The joint is rotated into the extended position
and beyond to separate the tibia from the femur, and (b) the femur is bisected at the yellow dashed line with a scalpel. The opening and closing of the joint during the
movement of the beetle enables many possibilities of contamination, owing to the open nature of the joint.

2.2. X-ray microtomography

X-ray pCT with synchrotron radiation of a sample in 99% ethanol was performed at the IMAGE beamline [38] at the KIT Light
Source. We employ a parallel polychromatic X-ray beam, which is spectrally filtered through 10 mm pyrolytic graphite. The
resulting spectrum peaked at approximately 17 keV and had a full width at half maximum of approximately 10 keV. We employed
two scans at 2x magnification to capture the full specimen and a single scan of the joint region at 10x magnification, resulting in
effective pixel sizes of 6.1 and 1.22 um, respectively. For each scan, we took 200 dark-field images, 200 flat-field images and 3000
equiangularly spaced radiographic projections in a range of 180° with a frame rate of 100 fps (2x) and 70 fps (10x). We used a fast
indirect detector system consisting of a scintillator (2x: 200 um lutetium aluminium garnet (LuAG); 10x: 13 pm terbium-doped
lutetium oxyorthosilicate (LSO:Tb)), a white beam microscope with visible light optics (Optique Peter) [39] and a 12-bit pco.dimax
high-speed camera (Excelitas PCO GmbH) with 2016 x 2016 pixels of 11 um physical size.

The control system concert [40] served for automated data acquisition. Data processing, including dark- and flat-field correction
and phase retrieval, was performed by the UFO framework [41]. The final tomograms were reconstructed with tofu [42] and
yielded phase and absorption contrast datasets. These were blended and converted into 8-bit volumes.

2.3. Scanning electron microscopy

Dissected joints were fixed on SEM stubs, sputtered with a layer of approximately 7 nm of silver and examined with a Supra 60
VP SEM (Zeiss, Germany). In order to obtain clear images of the microstructures without leaving scan marks, the acceleration
voltage was limited to 3 keV, and typical working distances of 3-5 mm were used.

The beetle joints used in the SEM measurements were air-dried before bisecting the joint with a scalpel to obtain a clear view
of the structures, as shown in figure 2.

2.4, Nano-computed tomography

Beetle joint samples were scanned using the laboratory-based nanoCT Zeiss Xradia 810 Ultra, which employs a Cr anode to
produce a quasi-monochromatic X-ray beam with an energy of 5.4 keV. An array of optics is used to achieve a pixel size of 128 nm
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within a 65 pm field of view. The samples were scanned using Zernike phase contrast mode with the number of projections and [ 4 |
exposure time varying depending on the sample. A total of 901 or 1001 projections were acquired over 180°, with acquisition
times of 20 or 40 s per projection. The two-dimensional projections were reconstructed into three-dimensional data using the
proprietary software Zeiss Scout and Scan Reconstructor v. 13, which is based on a filtered back-projection algorithm.

The samples for the nanoCT were either air-dried (combined data of five scans), critical point dried (CPD) (combined data of
four scans) with isopropanol and CO, with an EM CPD300 system (Leica Microsystems, Germany) or chemically dried (combined
data of two scans) with 3M™ Novec™ 7100. Samples that were not air-dried were preserved in ethanol prior to drying. The joint :
was removed from the beetle and bisected, and the region of interest was dissected with a scalpel, before being fixed on a pin to
simplify the process of finding the correct area with the limited field of view of the nanoCT, thus reducing the number of scans.

2.5. Focused ion beam tomography

In order to analyse and understand the three-dimensional structure of the pores, samples were prepared and analysed using FIB
and SEM. The samples were dissected with a scalpel and then glued to an aluminium stub using carbon stickers. Afterwards,
the samples were sputter coated with a thin gold layer to make the sample surface conductive to avoid charging of the samples
during SEM analysis. The samples were then transferred to the FIB-SEM-system (TESCAN AMBER). In a first step, a trench was :
milled using the Ga-ion beam with an acceleration voltage of 30 kV and a beam current of 20 nA. Subsequently, a tomography of :
the volume of interest was acquired. The data shown in this publication refer to two tomographies. In both cases, an acceleration
voltage of 30 kV and a beam current of 10 nA were used to cut the slices. The thickness of each slice was 50 nm. The SEM
images were acquired using an acceleration voltage of 5 kV, a beam current of 300 pA and a pixel size of 50 nm. For the first :
tomography, ca 1600 slices were acquired with a height of approximately 46 pm and a width of approximately 44 pm. The second :
tomography consists of approximately 1400 slices and a height of approximately 57 um and a width of approximately 73 pm.
For each tomography data, three different detector signals were recorded, while for the reconstruction of the three-dimensional
information mainly, the signal of the in-chamber Everhart-Thornley secondary electron detector (ET detector ) was used.

The beetle joints analysed in the FIB were air-dried to preserve lubricant traces, so that these could be detected in the tomog-
raphy to reveal the purpose of the pore canals.

2.6. Post-processing of volumetric data

All volumetric data (uCT, nanoCT and FIB) were pre-segmented using Amira 2022.2 (every 10-20 slices depending on the con-
trast). The pre-segmented labels served as input for smart interpolation with Biomedisa (biomedisa.info) [43]. The results were im-
ported back into Amira, and minor errors were corrected. Subsequently, the surface meshes were generated, which were smoothed
and cut using ParaView [44] before being imported, rendered and animated using Blender [45].

3. Results
3.1. Morphology of the joint

The proximal articulation of the tibia is tightly enclosed by the distal femur, forming a hinge joint. The joint itself is nearly sym-
metrical (see dashed line in figure 2). To permit the hinge joint to move freely, all parts that allow movement with one degree
of freedom show a circular geometry (see figures 3 and 4). Viewed from the centre of the circle outwards, the tibia has a con-
cave socket surrounded by the condyle, whereas the femoral side presents a matching condyle encircled by a concave cavity and
a raised friction surface. The tibial condyle hooks into the femoral cavity, increasing not only the stability but also the contact
surface. The smallest gap is between the tibial frictional surface and the femoral frictional surface in the flexed position. In this
area, a high density of pores can be observed (see figure 5).

3.2. Microstructure of the cuticular surface

The tibia part of the femoro-tibial joint exhibits several distinctive cuticular surface patterns (figure 4). Three major types can be
distinguished. The first type is located on the ventral side of the tibia and characterized by imbricate scale-like microstructures
with denticles on a slightly concave surface (figure 4a). A similar pattern can be found on the tibial condyle. It is located on the
outer convex part of the surface, and the denticles develop into microstructures reminiscent of human hands on the inner concave
part of the surface (figure 4e). The last pattern type found both on the tibial condyle and the tibial frictional surface features a
simple sawtooth structure with anastomoses on an almost flat and convex surface, respectively (figure 4c,d).

The femur part of the femoro-tibial joint exhibits different surface patterns and microstructures (figure 5). It shows an overall
circular geometry where the condyle is surrounded by the cavity, followed on one side by the main frictional crescent surface
with a sharp edge to the microstructured surface, inhabited again by the simple sawtooth structure with anastomoses in a slightly
imbricate fashion (figure 5a). The primary femoral friction surface is characterized by its relatively smooth and flat texture, punc-
tuated by numerous small pore openings. In the thread of the joint (the femoral concavity), other microstructures can be found,
based on a sawtooth structure ending in denticles. The microstructures differ in arrangement: straight and parallel (figure 5¢) and
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Figure 3. (a) The three-dimensional rendering of the femoral and tibial surface was cut at the respective position; the cuts were translated in the direction of the arrow

to allow a less obstructed view of the cuts and pCT slices. (b and ) Two slices of the microtomographic volume showing the tight form fit in the area of the femoral surface
where the pores are located. Black arrows indicate the tight gap between the tibia and femur. One can also see the difference between the different cuticle types and
structures as well as the pores connecting the haemocoel and the frictional surface (white arrows).

Figure 4. SEM image of the tibia (b) of the femoro-tibial joint of Otiorhynchus sulcatus. Zoom-ins show cuticular surface microstructures based on sawtooth structures:
an imbricate scale-like structure with denticles on a slightly concave surface (a) evolving into structures reminiscent of human hands on a convex and concave surface
(e), an undecorated sawtooth structure, including anastomoses on a flat (c) and convex (d) surface. White arrows indicate the direction of the lower friction, assuming
frictional anisotropy, which is common in sawtooth structures.

small scales in an almost isodiametric fashion (figure 5d). Several pores have been observed to exude lubricant. In figure 5, the
location of the most accessible pores on the femur of the femoro-tibial joint is marked with a green crescent.

3.3. Canals

The pCT data of the femoro-tibial joint show two types of canals opening to the frictional surfaces. Larger canals (figure 6a)
presumably do not open directly into the joint. The smaller canals (figure 6b) are at the limit of the resolution of the pCT and only
faintly visible (figure 6¢). Both types of canals were only observed in the femur. The structures described in the previous section
can also be seen faintly in figure 6a.

To better resolve the internal structure of these canals and confirm their types, we carried out higher-resolution imaging using
the nanoCT and FIB tomography approaches previously described.

Both FIB and nanoCT show comparable data (figures 7 and 8), and they distinctly identified two types of canal structures. We
will use the generic term ‘canal’, since our dried specimen did not allow us to determine cells along its surface. The thicker canals
originating from the haemocoel and terminating in a bottleneck shape at the frictional surface will be termed bottleneck canals
(bc). The narrow canals (nc) that terminate at the frictional surface and originate outside the reasonably possible volume of the
FIB and nanoCT measurements will be termed nc. Both pore openings on the frictional surface have a diameter of approximately
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Figure 5. (b) SEM image of the femoral part of the femoro-tibial joint of Otiorhynchus sulcatus. Zoom-ins show microstructures resembling sawtooth structures: an
imbricate undecorated sawtooth structure with anastomoses next to an unstructured surface (a), an imbricate sawtooth structure with denticles on a concave surface
in a parallel fashion (c) and in a scale-like fashion (d). The arrows point in the direction of lower friction based on frictional anisotropy commonly found for sawtooth
structures. The green transparent crescent highlights the area of the localized pores exuding lubricant, where the nanoCT and FIB tomographies were performed on
separate samples.

Figure 6. (T images showing (a) large and (b) narrow canals connecting the frictional surface in the femur (white arrows) to the interior and the microstructures
described above, indicated by black arrows. (c) Three-dimensional rendering of the frictional surface of the femur (green) and the haemocoel with connected canals
(brown); the cuticle is transparent in this material to avoid obscuring the canals.

1 ym. While the nc do not change their diameter after the pore opening, the bc increase their diameter to approximately 5 um just
below the pore opening to form the bottleneck, decreasing to approximately 1 pm after the voids, and then increase to an almost
constant diameter of 7-10 um, depending on the fusion of multiple bc.

The nanoCT data (chemically dried sample) show two be (figure 7a) ending in the frictional surface of the femur in the femoro-
tibial joint. Below the clear opening to the surface, the beginning of an accumulation of cavities can be seen in white. The nanoCT
data also showcase one of the nc (figure 7b), terminating at the frictional surface. In the FIB data (figure 7c,d), bc and nc were
visible in proximity to each other. The bc exhibited the same structural characteristics as previously described: a pore open-
ing at the femoral surface that leads into a cavity-rich bottleneck region, which then connects to the interior through a longer
canal segment. The three-dimensional renderings (figure 8) of the segmented surface data in both nanoCT and FIB datasets show
the disordered arrangement of the network of the canals. The nc can be found both closer and further away from the femoral
concavity, as well as in line with and located adjacent to the bc, making it impossible to distinguish them from the outside.
In the figures, the frictional surface is depicted in green, while the walls of the canals, haemocoel and cavities are shown in
brown.

The nanoCT dataset of the air-dried sample revealed some additional noteworthy features, such as the presence of a duct-
like gland structure that terminated in a seta (bristle). This finding suggests the presence of an internal gland opening at a
sensory hair. Furthermore, in this specimen, the nc channels were observed to extend approximately parallel to the outer sur-
face of the haemocoel (body cavity) without converging into the haemocoel itself. Two unusual structural features were iden-
tified in the nanoCT data. The first was the formation of a distinct loop in the trajectory of an nc, which exhibited a charac-
teristic bend around itself (figure 9). The second was the observation of an nc crossing directly through the haemocoel space
as a free-standing tube (figure 9). Owing to the destructive nature of the method, such crossings were not observable with
the FIB.
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NanoCT chemically dried

FIB air-dried

Figure 7. Comparison of nanoCT (chemically dried sample) and FIB slices (air-dried sample): (a) nanoCT slice of two bottleneck canals ending in the frictional surface of
the femur; (b) nanoCT slice of a narrow canal ending in the frictional surface of the femur; (c and d) FIB slices of a combination of a bottleneck canal and narrow canals.
The bottleneck canal underneath the frictional surface of the femur is surrounded by a collection of cavities. bc — bottleneck canals; nc — narrow canals.

4. Discussion
4.1. Microstructures and their proposed function

The most common surface patterns in arthropods are composed of polygonal/isodiametric microstructures, which may be flat
or imbricate and act as scales or scutes [10,46-50]. Their form depends on their function and location [9,46,51]. Such structures
generally serve a variety of purposes, including coloration, cleaning and modifying frictional properties of surfaces [29,30,52-54].
The structures vary from sawtooth structures to denticles to bristles [9,48,52,55], which can also be seen in stridulatory organs on
the cuticula of e.g. leaf beetles [51,56,57]. Following the classification of cuticular microstructures proposed by Watson et al. [58],
the microstructures observed here best fit into the category of ‘wear and friction control/food grinding/sound generation/body
cleaning (mechanical gears)’ represented by scale-like surface elements. The common feature of the sawtooth pattern resembles
the much smaller pattern found on the scales of the sandfish skink (Scincus scincus) and several snakes, where it is associated with
frictional anisotropy [59-61] and unidirectional particle transport [62]. These structures cause lower friction in the direction of the
sawteeth and higher friction against the sawteeth.

The sawtooth structures described here are most similar to the structures found on the sandfish skink scales, which are simple
gradient steps with frayed edges. The sawtooth structures adorned with denticles and the small hand-like projections evoke the
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Figure 8. Comparison of three-dimensional renderings (perspective view) of the nanoCT and FIB datasets: (a) nano(T data of the chemically dried sample, including
the frictional surface; (b) nanoCT data of the CPD sample excluding the frictional surface and the walls of the haemocoel to facilitate the view of the network of canals
through the haemocoel as well as the remaining collection of voids; (c) FIB data with many canals but an incomplete frictional surface; (d) second FIB dataset with a
complete frictional surface. bc — bottleneck canals; nc — narrow canals.
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Figure 9. Three-dimensional renderings (perspective view) of the nano(T data of the air-dried sample. (a) Overview of three-dimensional rendering of the dataset with
a collection of bottleneck canals and narrow canals; highlights are the loop in one of the narrow canals (circle), as well as the free-standing narrow canal crossing the
haemocoel. (b) Side view of the haemocoel, with narrow canals running parallel to the outside of the haemocoel and a closer look at the looping; bc — bottleneck canals;
nc — narrow canals.
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more intricate scale microstructures observed in snakes such as the Chinese cobra (Naja atra), which feature small finger-like [ 9 |
structures on the sawtooth [61]. A notable observation is the consistent orientation of the sawtooth microstructures on the tibial
and femoral surfaces, which point in an outward direction on each opposing surface. This alignment suggests that the sawtooth
microstructures” function is to channel dirt and debris towards the exterior of the joint. Leg movement probably supports this
outward transport, although multiple cycles may be required for the particles to leave the joint (supplementary material, movies).
The same process may distribute the lubricant from the pores to the rest of the joint, explaining the high density of the pore
openings towards the body and the tight fit of this specific frictional surface. It has been suggested that the joint lubricant itself
possesses anti-wear properties, potentially encapsulating abrasive particles before they are expelled from the joint [63]. Three
theoretical studies present conflicting results, one of which [33] claims that the semisolid lubricant forms cylindrical logs that
function as a rolling bearing owing to the microstructures, while the other two [32,34] claim the formation of lubricant clots.
Given the extremely narrow gap between femur and tibia, we favour the interpretation that the lubricant is distributed as a
uniform thin layer rather than as rolling cylinders.

It is important to note that both arthropod joints and many engineered systems face challenges associated with lubrication
in open environments. Engineers address this using labyrinth seals—intricate arrangements of grooves and ridges retain lubri-
cants while excluding contaminants [64]. The weevil’s joint microstructures show conceptual similarity, suggesting a convergent
strategy for passive lubrication and debris exclusion.

4.2. Canals

Pore canals and dermal gland ducts can be found throughout arthropod exoskeletons [47,52,65-76]. Often, these canals are mod-
ified [77], host a mechanoreceptor connected to sensilla [78-80] or extrude wax on the insect’s surface [10,66,72]. A network of
canals in insect joints that provide lubricants has been hypothesized as well [29,30,81-83]. Our study supports this hypothesis,
revealing two distinct types of canals beneath the joint surface.

Neither the nc nor the be display a helical nature, small diameter or missing walls such as wax canals (figures 7-9). As the FIB
data of helical wax canals [71] show no resemblance, we conclude that neither of them are wax canals.

While the nc resemble single pore canals [31], the bc show similarities to mechanosensitive cells surrounding the setulae found
on the elytra of backswimmers of the genus Notonecta (Hemiptera) [80]. Although no setae were observed near the pores, the
morphology suggests a possible sensory duct. Our research did not reveal the presence of setae on the femoral joint surface
in proximity to the pore openings in O. sulcatus. However, the observed morphological similarity suggests the possibility of a
homologous relationship between the bc and a sensory gland duct, potentially a vestigial or non-seta-associated structure. The
canals also resemble Type III dermal duct glands described in the beetle Tenebrio [65]. However, the exact classification of these
two canal types remains difficult. It is generally believed that insect joint lubrication involves a slow, continuous and uncontrolled
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release of lubricant [68]. If the bc are linked to a sensory mechanism (e.g. sensing load or motion and actively regulating lubricant
release), lubricant release could potentially be modulated rather than purely passive, although this remains speculative.

The nc are undivided and apparently unconnected with very limited changes in diameter, some traversing the haemocoel and
some following its periphery. Their origin is unknown. The bc originate in the haemocoel or connected dermal cell and reduce in
size towards the surface, sometimes branching in several canals that never directly reach the surface. The pores associated with
the bc are separated from the thick canals by an accumulation of small cavities. The details of the lack of fusion of nc and interior
and the separation of the bc to their pores by cavities can only be discerned with the nanoCT and FIB. The functional roles of
these canals remain unresolved, although a haemolymph-based lubricant is a plausible scenario. This hypothesis is supported
by observations in other insects, such as haemolymph extrusion from the femoro-tibial joint in ladybird beetles [9,84]. However,
direct evidence is lacking, and sensory functions cannot be excluded.

A major limitation of both FIB and nanoCT is the inability to analyse samples in liquid. For FIB, we examined an air-dried
sample sputtered with gold in the hope of detecting residuals of lubricant. As described in a previous study [25], the lubricant
undergoes rapid evaporation and cannot be found on desiccated samples. Furthermore, FIB is a destructive method, and any
free-standing structures need to be fixated upfront in order to keep them in place during cutting.

Owing to the preparation method of drying the samples for the nanoCT in different ways and cutting them manually with a
scalpel, many of the nc as well as some of the bc have collapsed and are no longer distinguishable from the surrounding cuticle.

Therefore, none of the samples show the same degree of preservation as a sample in ethanol as scanned in the pCT. However,
FIB and nanoCT are currently the only three-dimensional imaging methods suitable for these samples at this resolution.

4.3. Description of the complete system

pCT data show that the femoro-tibial hinge joint allows a range of motion of up to approximately 90°. Overextension of the joint
results in a clean separation of the two joint partners which, even in a dry state, exhibit sufficient elasticity to prevent fracture.

Both femur and tibia contribute structured surfaces to the joint interface. However, pore openings and smooth surfaces
are restricted to the femur. All microstructured regions on both sides exhibit sawtooth patterns, probably generating frictional
anisotropy that reduces wear and friction, and facilitates self-cleaning by directing contaminants outwards. Two types of canals
open into the friction surface, which may serve different roles (e.g. lubrication or sensing).

In contrast to the gross morphology in formerly researched joints of jumping insects (katydids [17,18], S. hemisphaericus [22]
and O. fagi [26]), the femoro-tibial joints of O. sulcatus appear to have a tighter form closure. The difference could be explained by
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the speed and force needed for the jumping process. Owing to this limited space between the contacting parts, the variety and [ 10 |
amount of microstructures within the joint of O. sulcatus are surprising as we would expect smooth surfaces for an unobstructed
movement. In line with former studies [85], we hypothesize self-cleaning properties of the joint facilitated by the structures to
expel intruding contaminants. Lubricants and canals in the joints of insects were first described in 2022 [24,31]. The function of
the canals described in our study is still under discussion and will need further research, e.g. by analysis of the contents of the
canals in fresh samples or a method combining uCT and nanoCT /FIB with a high-enough resolution, a bigger field of view and
fast scan times or the possibility to scan fixed samples.

5. Conclusion

Despite its at-first-sight seemingly simple hinge morphology, the femoro-tibial joint of O. sulcatus represents a complex functional
system.

By combining SEM, uCT, nanoCT and FIB, we characterized the gross morphology of the joint partners, and the surface
microstructures and a complex internal canal system in the femur. Clarifying their functions will require further research, po-
tentially involving in vivo experiments or new imaging modalities that can visualize the lubricant in situ.

Beyond these primary findings, the unusual looping canal and free-standing canal observed in the nanoCT scans add further
complexity to the system. With friction being an indomitable problem in technology and the need for green lubrication, the
comparability between the open joints of insects and technical joints and bearings could be of great significance. With the advent
of micro-electromechanical systems (MEMS), the need to reduce friction and wear takes on a whole new dimension. A complete
picture of existing systems in insects will be very valuable to inspire future technological and tribological developments.
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