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Wear Mechanics of the Female Locust Digging Valves: The
“Good Enough” Principle

Andre Eccel Vellwock, Shai Sonnenreich, Shmuel Gershon, Yin Chang, Luca Bertinetti,
Maryam Tadayon, Amir Ayali, Yael Politi, and Bat-El Pinchasik*

Adult female desert locusts (Schistocerca gregaria) dig underground to
lay their eggs, ensuring optimal conditions for successful hatching. Digging is
performed using the two pairs of oviposition valves at the tip of the female’s
abdomen. These valves are subjected to considerable shear forces during the
repeated digging cycles, potentially leading to wear over time. The resilience
of the valves is investigated by analyzing the relationship between digging
experience and valve damage and wear throughout the female locust’s life. The
findings reveal the ability of the valves to withstand the significant shear forces
encountered during digging. Despite this resilience, however, perceptible
limitations in the valves’ mechanical durability against wear are observed.
Toward the end of the female locust’s life, the valves show substantial signs
of wear, indicating effective performance but with limited longevity, i.e., a
designated life span that enables successful oviposition for ca. four oviposition
cycles. A comparison of the valve material with that of the animals’ mandibles,
which are used continuously throughout their life and show remarkable wear-
resistance, further highlights the evolutionary adaptation of the valve materials
to their specific function, suggesting a trade-off between energetic investment
and the sufficient, or “good-enough”, performance that is required for survival.

1. Introduction

“Wear” in biology refers to the gradual degradation and break-
down of biological structures and materials due to mechanical
forces, environmental conditions, and physiological processes,
influencing the life span and functionality of organisms and
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their organs (or systems).[1–4] Wear in bi-
ological materials occurs in diverse forms
and scales, from molecular interactions in
microtubules[5] to macroscopic processes
in organs such as teeth.[1,6] A wide vari-
ety of biological materials demonstrate en-
hanced wear resistance, particularly in sys-
tems subjected to high shear forces.[7,8] In-
sects that burrow into soil or wood, such
as ants, termites, and certain beetles, have
evolved wear-resistant body parts to with-
stand the abrasive effects of digging and
tunneling.[9–11] Insects that are either preda-
tors, such as mantises and dragonflies, or
grazers, such as ants and beetles, have
evolved wear-resistant mouthparts or ap-
pendages to handle struggling prey and to
protect against damage during feeding.

Several mechanisms in nature render
biological materials wear-resistant. For ex-
ample, spider claws exhibit high amounts
of metal ions that cross-link an otherwise
fully organic matrix, along with an ex-
oskeleton composed of multilayered chitin-
protein fibrils. Their claws, which facilitate

hanging and locomotion on rough surfaces, can thus resist cyclic
abrasion forces.[3] Similar adaptations are observed in spider
fangs, responsible for piercing through other animals’ tissues
and thus necessitating withstanding local shear loads.[12] Dis-
tinct adaptations are also found in the mandibles throughout
the arthropod phylum. In leaf-cutting ants, mandible wear can
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Figure 1. A female locust digging underground. a) The female finds a suitable spot to start digging. Inset: the cyclic opening and closing motion of the
valves, used to create the underground hole. The white arrows indicate the position of the digging valves, located at the end of the abdominal region.
b) The locust starts digging while extending the abdomen and c) propagates underground. The scale bar corresponds to 1 cm.

substantially affect the force required to cut leaves.[13,14] As in
other arthropods, ant mandibles tend to be reinforced by metal
ions (e.g., copper and zinc).[15,16] The locust mandible is rein-
forced with zinc and can self-sharpen due to its unique kinet-
ics, whereby a scissor-like movement gradually sharpens the
mandibles during feeding.[17]

The female locust employs a distinctive mechanism for dig-
ging and laying her eggs deep within the soil.[18] Utilizing two
pairs of sclerotized valves, she displaces granular matter while
extending her abdomen to navigate underground.[19–21] Upon
reaching the desired depth (with respect to temperature and
moisture), she deposits the egg pod (i.e., an agglomeration of
eggs) followed by the secretion of the maternal foam. This pro-
cess ensures the optimal conditions required for egg incuba-
tion, while also shielding them from potential predators. Ovipo-
sition may take place ≈3–4 times throughout the adult female’s
life. Figure 1 depicts a female desert locust (Schistocerca gre-
garia) during oviposition. The female first locates a suitable spot,
where she can start digging a hole (Figure 1a; the inset im-
ages show the cyclic motion of opening and closing of the dig-
ging valves). She then starts digging (Figure 1b) and propagat-
ing underground (Figure 1c) until finding a suitable place to
lay the eggs. During the subterranean digging process, she can
avoid obstacles by means of steering.[22] Previous studies have
shown that the dorsal and ventral valves fulfill different func-
tions during digging: the dorsal valves are responsible for the
digging, and the ventral valves are used as an anchor while the
abdomen extends, the ovipositor propagates, and the tunnel is
created.[18–21].

There have been several efforts to characterize the biochem-
ical composition, microstructure, and material organization of
arthropod ovipositors. Metal ions have been detected in the
ovipositors of some arthropods, such as cicadas,[23] but yet to
be evaluated in the ovipositors of locusts. Blackwell and Weih
studied the structural organization of chitin and matrix proteins
in the ovipositor of the giant ichneumonid wasp using X-ray
analysis.[24] Additionally, multiple studies have reported on the
morphology and mechanical properties of ovipositors in other
insects.[25–27] However, the relationship between material com-
position and functional performance of these structures remains
unclear.

In this study, we examined the mechanisms and factors that
drive wear in the digging valves of the female locust, exploring
the relationship between nanoscale mechanical properties and
micro- and macroscale wear of the structure. We found that the
female’s ovipositor valves are more compliant and less hard than
her mandibles. The valves of young adult females broke and wore
completely following exposure to three (artificial) wear cycles,
while those of the sexually mature female locusts did not break
but did demonstrate considerable wear after three digging cy-
cles, possibly leading to much-reduced functionality. Nanowear
tests revealed that the wear resistance of the valves is moder-
ate, especially in comparison to the other cuticular appendages
of arthropods. Our findings suggest that the female locust valves
are “good enough” for their needs: i.e., while they have no extraor-
dinary mechanical or tribological properties, they are able to per-
form digging throughout 3–4 oviposition cycles. These findings
demonstrate that an animal’s functional appendages in nature
may be specifically “tailored” in terms of structure and materials
–, i.e., appropriately designed to fulfill their purpose – possibly
minimizing energy expenditure and the use of valuable construc-
tion materials. Our findings offer valuable material and mechani-
cal considerations for the development of innovative non-drilling
burrowing tools. Such designs in nature can inspire 3D-printed
anisotropic materials, leveraging composites and tailoring prop-
erties to improve the properties of synthetic materials beyond
those of the digging apparatus.[28,29]

2. Results and Discussion

2.1. Wear of the Female Locust Valves Depends on Age and
Digging History

The morphology of the dorsal and ventral digging valves of the
female locust undergoes changes at different stages of adult
life (Figure 2). In this study, we evaluated the valves of females
at 7 days and 30–40 days post adult emergences. Valves with
no oviposition history (namely, no digging attempts), present
a sharp edge and a pointed tip (Figure 2a,b). However, after
only four oviposition digging cycles in granular matter (natu-
ral construction sand with ≈15% water content), the tips and
edges of the valves become rounded due to wear (Figure 2c).
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Figure 2. Wear of the female locust digging valves. a–c) Optical micrographs and d–f) computed tomography micrographs of valves from (a,d) a young
adult female locust without oviposition history; sexually mature females (b,e) without oviposition history; and (c,f) after four digging cycles. Scale bars
in (a–c) and (d–f) correspond to 2 and 1.75 mm, respectively.
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Figure 3. High-resolution confocal micrographs of the female locust valves. a) Freshly molted adult female, b) 1–2 weeks post adult emergence, c) 2–4
weeks post adult emergence, d) 8 weeks post adult emergence, following 3–4 digging cycles. The green areas indicate cuticular materials such as chitin,
and the red areas correspond to sclerotized regions, known for their enhanced mechanical properties.

Computed tomography (CT) reconstruction provides a 3D view
of the valves’ tips at a higher resolution (Figure 2d–f). Here, the
disparity in geometry between structures lacking a history of dig-
ging (Figure 2d,e) and those with such a history (Figure 2f) is evi-
dent, particularly in the roundness of the edges after four digging
cycles.

Sclerotization is the process in which the cuticle be-
comes hardened and stiffer through (bio)chemical cross-linking
of proteins. This process is also accompanied by drastic
dehydration,[30,31] and is often associated with changes in aut-
ofluorescence of the cuticle.[32,33] We used high-resolution scan-
ning laser confocal microscopy to qualitatively map the ma-
terial composition of the valves at different stages of the fe-
male locust’s life. Figure 3 depicts the tip of the dorsal valve
from a freshly molted adult female up to 8 weeks post molt-
ing. Such females usually have a history of 3–4 oviposition
cycles.

From the adult eclosion and up to 1–2 weeks afterward, the
valves are very mildly sclerotized (Figure 3a,b), indicated by the
dominant autofluorescence in the green region (516 nm).[31] Af-
ter a few weeks, the dorsal (distal) area of the valve becomes
sclerotized, as indicated by the increase in red autofluorescence
(654 nm) (Figure 3c), suggesting enhanced stiffness and mechan-
ical stability.[19,31] After several digging cycles, significant wear
of the valve is visible (Figure 3d). In addition to the rounded
shape of the tip, also indicated by the CT scans (Figure 2f), the
highly cross-linked sclerotized area is worn, sensory hairs are
broken, and the internal material is exposed (appears green in
Figure 3d).

2.2. The Biomechanics of the Female Locust Valves

2.2.1. Macromechanical Properties

The wear resistance of the valves was examined using an ad-
hoc friction test (Figure 4). The valves of female locusts at
7 days and 30–40 days post-adult emergence were tested by
dragging them against an abrasive paper at a constant veloc-
ity (Figure 4a,b). Three valves at a time were fixed onto a disk,
positioned on one plane. Their mechanical response was aver-
aged (Figure 4c; Figure S1, Supporting Information). The valves
were oriented so that their tips received the initial abrasion dur-

ing the test (Figure 4d). Although the contact conditions of the
valves on the sandpaper differ significantly from the digging
of the female locust in granular matter, the test allowed us to
directly measure the friction forces while concomitantly apply-
ing a preload (force normal to the valves) that is comparable to
the forces acting on the valves of the female during digging.[19]

For the calculations of the static and kinetic friction coeffi-
cients see Supporting Information and Figure S1 (Supporting
Information).

The friction force was measured using a load cell. The friction
coefficients were then calculated from the known setup weight.
The static and kinetic friction coefficients corresponded to the
states before and during the motion of the valves against the sur-
face, respectively. After each test, the valves were optically im-
aged to visualize the wear on the tip (Figure 4f,g). As expected,
the static coefficients were higher than the kinetic ones. Further-
more, the valves of the 30–40-days-old females showed relatively
lower wear compared to those of the younger ones. Under the
same experimental condition, the valves of the 7-day-old females
appeared to have experienced tear and distortion in addition to
wear, suggesting that the valve surfaces that contact with the
ground may have deteriorated almost completely by the third dig-
ging cycle (Figure 4g).

2.2.2. Nanomechanical Properties

Nanoindentation techniques were utilized to investigate the
nanomechanical properties of the valves. The female locust
mandibles, known for their increased wear resistance, were
tested for comparison. Unlike the digging valves, mandibles
must maintain daily functionality to support feeding through-
out the animal’s lifetime.[34–37] Nanowear tests were con-
ducted on both the longitudinal and transversal sections
of the dry valves and mandibles. Evaluation of the worn
depth, indicative of local abrasion effects, revealed higher
levels of wear in the valves compared to the mandibles
(Figure 5).

The female locust’s ovipositor valves are less wear-resistant
than her mandibles. When compared, for example, to the spi-
der’s appendages (e.g., claws and fangs), known for their high
wear resistance,[3] the locust valves show one to two orders
of magnitude higher worn depth (20–30 nm compared with
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Figure 4. Macroscale friction test of 7-day-old and 30–40-days-old locust valves. a,b) The experimental setup comprised a load cell connected to a sample
holder containing three valves from females of the same age, through a mechanical pulley. c) A side view of the sample holder, with the mounted valves,
and d) a higher magnification of the contact between the valve and the rough surface. e) Static and kinetic friction coefficients of the valves. Optical
images of the f) old and g) young valves after each cycle.

200-1700 nm worn depth, respectively). Nanowear tests revealed
that the valves have lower wear resistance at their base (regions
L3), independently of age, with worn depth reaching 1705 ±
178 nm. Moreover, the highest wear-resistant results for both
ages were obtained in the transversal section, demonstrating
that wear-resistant properties are anisotropic. Interestingly, in the
mandibles, the longitudinal sections outperformed the transver-
sal ones, with a worn depth as low as 34 ± 5 nm, comparable with
that in spider fangs and claws. In contrast to the results from

macroscale friction tests, surface abrasion showed no signifi-
cant variation between the 7-day-old and 30–40-days-old valves.
We note that the mechanical load (e.g., loading regime, contact
geometry, abraded area) and the type of failure (wear vs wear
+ brittle failure) associated with these two experiments differ
considerably.

Nanoindentation grids (under dry conditions) were utilized to
assess the material properties of the valves, including reduced
modulus, hardness, and wear-resistance index. This evaluation

Figure 5. Nanowear of the female locust valves and mandibles, compared to other arthropods. Worn depth (inversely proportional to wear resistance)
following nanowear tests on different areas of the longitudinal and transversal sections of the dorsal valves and mandibles, in comparison to literature
reports on spider claws and fangs.[3]
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Figure 6. Nanoindentation characterization of the female locust valves. i) A 7-day-old valve has a more compliant and softer material than a-ii) 30–
40-day-old valve with digging history. The wear-resistance index indicates that the older structure was better able to withstand abrasion, especially at
longitudinal sections and edges of the transversal sections. Scale bars: 50 μm.

was conducted across specific regions of interest: the tip and
base in longitudinal sections, marked in Figure 6a by orange and
green frames, respectively, and the transverse section (grey line).

Already at 7-days post adult emergence, the valve tip exhibited
higher stiffness and hardness compared to its base. Local varia-
tions were observed in the tip, featuring reinforcements in both
the concave and convex regions. Higher modulus and hardness
values were measured in the transversal than in the longitudinal
sections, again revealing the high material anisotropy. Wear re-
sistance prediction, through evaluating the H3/ER

2 ratio,[1] sug-
gested that the base is the least wear-resistant region, in agree-
ment with the nanowear tests (Figure 5). At 30–40-days old,
the material was much stiffer and harder than at 7-days, possi-
bly related to increased sclerotization, as suggested by the aut-
ofluorescence imaging. Aging introduced a two-fold increase
in modulus. In addition, a 2-3-fold increase in hardness was
observed at the tip and at the transversal section, especially
at its edges. The wear resistance index (H3/ ER

2) suggested
possible regions with increased wear resistance. These find-
ings are in agreement with the experimental nanowear analyses
(Figure 5).

The mechanical properties of the cuticle are influenced by
tissue humidity, resulting in a softer and more compliant be-
havior following hydration.[38,39] The precise local moist content
of the cuticle, however, remains unknown. While the desert lo-
cust primarily inhabits dry desert climates, its valve lumen (i.e.,
the inner hollow area) remains in constant contact with the
hemolymph. Drying can lead to complex changes in cuticle me-
chanical behavior, as some regions may be more affected than
others. Thus, to complement our findings from dry conditions,
nanoindentation grids were conducted on 30–40-days-old valves
in water (see experimental section). The results revealed a sig-
nificant decrease in modulus and hardness compared to those
from the dry assessment. Nonetheless, specific regions, such
as the edge region in the transversal section, still exhibited an
increased H3/ ER

2 ratio (bottom left in Figure S2, Supporting
Information).

2.2.3. Microstructural Characterization

The internal architecture of the valves was visualized using cry-
ofracture scanning electron microscopy (Figure 7; Figure S3,
Supporting Information). Locust valves from a female at 7-days
post adult emergence reveal a thin exoskeleton (Figure 7b) rela-
tive to that of their 30–40-days-old counterparts (Figure 7f). This
finding was corroborated by weight measurements of the whole
valves upon maturation (Figure S4, Supporting Information).

In the transversal section, a characteristic helicoidal fiber ar-
chitecture was observed in the innermost layer of the young valve
(Figure 7c). The middle and thicker layer is attributed to the exo-
cuticle, with anisotropic texture (due to chitin-fibrils, see below)
oriented almost radially and perpendicular to the valve surface
(Figure 7d). Although the outmost layer, the epicuticle, does not
contain chitin, it also presents textural anisotropy (Figure 7e).
The extended thickness of the endocuticle (the innermost layer)
in 30–40-day-old valves (Figure 7f), relative to the 7-day-old valves,
in contrast, is related to the cuticle deposition that begins fol-
lowing ecdysis and continues for several weeks. As already seen
in the 7-day-old valves, the endocuticle displays a typical heli-
coidal architecture (Figure 7g,h), with the lamella oriented par-
allel to the valve surface (Figure S5, Supporting Information).
In the young valves, the exocuticle also presents radial orienta-
tion, but here the layer is less thick (Figure 7h). This difference
is not related to the age differences between the samples, but
to the fracture position along the valve (as the exocuticle is not
remodeled following ecdysis). This anisotropy in the epicuticle
is also evident in the fractured 30–40-days-old valve (Figure 7i)
and attributed to the alignment of proteins, rather than chitin.
Scanning microfocus X-ray diffraction analysis similarly revealed
chitin fiber orientation almost orthogonal to the valve surface in
the exocuticle (Figure 7j; Figure S6, Supporting Information).
Interestingly, this type of fiber orientation is also seen in the
mandibles of crayfish, but not in those of the studied locust
species.[40] The longitudinal section (Figure 7j) shows that the
thickness of this layer increases from the tip toward the base, in
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Figure 7. Tissue architecture of the valves. a–i) Scanning electron micrographs of cryofractured valves reveal contrasting cuticle thickness and a layered
formation. (a–e) In the 7-day-old valve, the structure is predominantly composed of a helicoidal fiber architecture. The outermost layer (layer 1) displays
a distinct topography attributed to the epicuticle. (f–i) In the 30–40-days-old valve, the endocuticle is clearly visible, along with two contrasting layers
(layer 1 and layer 2) that highlight differences in topography. Layer 2 is likely the exocuticle, while layer 1 is the epicuticle. The chitin-absent epicuticle
shows topography alignment, attributed to the orientation of proteins. j) Fiber orientation mapping and representative, averaged 2D XRD diffraction
patterns of a longitudinal section of 30–40-days-old valves with a digging history. The color-coded vector plot indicates that the outer (red) layer has a
contrasting chitin-fibril orientation compared to the inner (green) layer. Additionally, the XRD patterns demonstrate a stronger orientation in the outer
region, as indicated by the more intense reflections, while the inner region shows a weak alignment.
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Figure 8. Characterization of mandibles of female locusts. a) Computed tomography micrographs of mandibles at 7 days and 30–40 days old. b) Cryo-
fracture imaging of the adult mandible, demonstrating a c) intricate and d) compacted chitin-based lamellae architecture. At both ages, the mandible
first tooth was e) sectioned and probed to assess its f) nanomechanical properties.

agreement with SEM observations. Furthermore, the anisotropy
can be seen in the exocuticle in both the longitudinal (Figure 7j)
and transverse sections (Figure S6, Supporting Information), in-
dicating that the fibers are not directly perpendicular to the sur-
face but oblique to it (out of plane relative to the valve section
in both orientations). The endocuticle, in comparison, presents
a relatively weak anisotropic signal against a background of a
mostly isotropic signal, consistent with a rotated plywood archi-
tecture as observed in SEM.

2.2.4. Elemental Composition

Energy-dispersive X-ray spectroscopy (EDS) was performed to
further evaluate the elemental composition of the valves (Figures
S7 and S8, Supporting Information). Other than the typical ele-
ments found in the biological samples, such as carbon, oxygen,
and nitrogen, we found no metal ions above the detection limit of
the instrument (≈1–2% wt.), but a limited presence of chlorine.

2.3. Evaluation of the Female Locust Valve in Comparison to the
Mandible

Material wear constitutes a constant problem for organisms in
general, and specifically for insects. Desert locusts feed on var-

ious grasses whose leaves often contain silica or other abra-
sive materials. Interestingly, abrasion caused by the opposite
mandibles during mastication was suggested to lead to self-
sharpening, which can help maintain mandible functionality
over time.[17] Thus, the locust mandibles experience daily recur-
ring shear stresses but show local adaptations to sustain or resist
associated damage. We therefore compared the wear resistance
of mandibles to that of the ovipositor valves from 7-day-old and
30–40-days-old female desert locusts. Micro-CT imaging revealed
minimal worn regions for both ages (Figure 8a), differing greatly
from the results obtained for the valves (Figure 2). While investi-
gation of the internal architecture revealed the chitin-protein fib-
rils structure, with a compacted lamellae region (Figure 8b), as
observed in the valve endocuticle (Figure 7), a specialized exocu-
ticle with orthogonal fiber orientation was not observed. To fur-
ther analyze the material, longitudinal and transversal sections of
the mandible first tooth were prepared (Figure 8e). At 7 days old,
nanoindentation grids revealed a quasi-homogeneous stiffness
of 8.12 ± 1.56 GPa. On average, the tissue presented a hardness
of 0.40 ± 0.11 GPa, with local variations, translating to a wear-
resistance index of up to 1.09 ± 0.57 MPa. At 30–40 days old,
the longitudinal section displayed stiffer (8.60 ± 1.54 GPa) and
harder (0.42 ± 0.11 GPa) regions, especially on the concave side.

In the transversal section, the tooth had a higher modulus and
hardness on the convex side of the mandible. This change in
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the location of the reinforced region most likely resulted from
the position of the sectioning. Nevertheless, both of these areas
confirm previous reports demonstrating the presence of wear-
resistant material in the mandibles. Elemental analysis of 7-day-
old mandibles revealed the presence of chlorine but, surprisingly,
an absence of zinc (Figures S8 and S9, Supporting Information).
While the chlorine spatial distribution matched the regions of
higher hardness, the chemical state of chlorine in the sample re-
mains to be determined. It is possible that chlorine incorpora-
tion is related to sclerotization,[41] indicating an indirect relation-
ship between chlorine distribution and increased hardness. In
30–40-days-old valves, the presence of zinc is correlated with that
of chlorine (Figures S8 and S9, Supporting Information), as well
as increased hardness and modulus. In comparison to the dig-
ging valves, the mandibles exhibited greater stiffness, hardness,
and wear resistance, regardless of tissue age. This is mainly at-
tributed to sclerotization and the inclusion of zinc, both of which
serve in local mechanical reinforcements.

3. Conclusion

The stiffening and hardening process of the female locust’s dig-
ging valves is essential to enable the insect to effectively burrow
underground and deposit her eggs. This transformation is tuned
to withstand the wear and tear that occurs during multiple dig-
ging cycles throughout the female’s lifetime. The valves, however,
are neither exceptionally stiff nor hard, and after merely 3–4 dig-
ging cycles the sharpness of their tips diminishes to a worn-out
state. In comparison to the locust’s mandibles and the spider’s
appendages, such as claws and fangs, the wear resistance of lo-
cust valves is notably lower by 1–2 orders of magnitude. While
macroscopic friction tests underscored complete breakage after
3 digging cycles in valves of young females, they also revealed a
maturation of materials, such as endocuticle growth and sclero-
tization, which provide resistance to damage in mature females.
Unlike other wear-resistant structures found in arthropods, ele-
mental analysis revealed a lack of the relevant metal-ion cross-
linking that is typically associated with increased local mechan-
ical properties such as hardness, stiffness, and wear resistance.
The absence of metal ions may reflect a trade-off in the locust’s
biology. Incorporating metal ions into the cuticle could require
additional energy and nutrient resources, which might be more
effectively allocated to other physiological functions, particularly
given the limited use and lifespan of the digging valves. Cryo-
fracture and XRD results, however, revealed an uncommon ma-
terial architecture, with chitin fibers oriented perpendicular to
the surface of the valve. In essence, the valves are clearly not
equipped to endure a continuous abrasion load over a long pe-
riod of time. This is in accord with the egg-laying frequency of
female locusts, which takes place only 3–4 times during the adult
lifespan. This can be well understood in the context of the “good
enough” principle, in which the structures are tailored to meet
the functional requirements of the organ, without being “over-
designed.” Indeed, the biological structure of the locust ovipos-
itor valves is not required to endure more than a few oviposi-
tion cycles. Given that the same species is genetically equipped
with the biochemical and cellular machinery to produce more
wear-resistant materials, as demonstrated in the composition of
their mandibles, we anticipate that the “good-enough” architec-

ture probably requires less energy or metabolic expenditure to
develop. As has been previously suggested,[42] this offers an inter-
esting lesson for designing man-made structural and sustainable
components. This shift in perspective to “good enough” holds
relevance for structural engineering, architecture, and product
design, emphasizing the importance of efficiency and minimal-
ism in material usage for a more sustainable world. Whether this
alignment between function and materials arises from an evolu-
tionary adaptation to the materials or, vice versa, the evolution of
materials is aimed at accommodating function, remains an in-
triguing and open question.

4. Experimental Section
Experimental Insects: Locusts were obtained from the desert locust,

Schistocerca gregaria, colony at the School of Zoology, Tel Aviv University.
Females were of two different age groups: I) Young, premature females
(age = 3–7 days post-ecdysis to adult); and II) Sexually mature females
(age = 30–40 days post-ecdysis to adult). Females of the older-mature
group were either kept in the regular breeding cages or housed under simi-
lar conditions but in dedicated smaller cages that allowed monitoring their
oviposition history. Accordingly, the latter were further divided into two
groups: 1) Females with no oviposition history (no access to oviposition
substrate); and 2) Females with monitored oviposition history (e.g., four
rounds of successful digging and oviposition).

Images and video sequences of the female locusts’ oviposition behavior
were obtained by tracking several gravid females in a glass-walled cage and
capturing oviposition attempts near the wall. The details of the valves’ mo-
tion were captured separately from several females by severing the ventral
connectives anterior to the abdomen and thus releasing the motor pattern
from descending inhibition.

Oviposition Valves and Mandibles Preparations: To obtain the oviposi-
tion valve samples, females were first anesthetized under CO2. Following
rapid dissection, the oviposition valves were air-dried for 48 h and then
maintained in sealed Eppendorf tubes until use (imaging, testing, etc.).
Samples of female locust mandibles were dissected and prepared follow-
ing a similar procedure. Further sample treatment, imaging, and testing
method-specific preparations are detailed below.

μCT Scan: All scans were performed using an X-ray computed tomog-
raphy system (XT H 225 ST, Nikon Metrology NV, Leuven, Belgium), op-
erated using a 225 kV 225 W reflection target, utilizing the following scan
parameters: isotropic voxel size of 5 μm, 180 kV, 27 μA, no filter, 3141 pro-
jections, 500 ms exposure time, at the Shmunis Family Anthropology In-
stitute, Dan David Center for Human Evolution and Biohistory Research,
Sackler Faculty of Medicine, Tel Aviv University. A total of 18 samples were
scanned.

Friction Measurements: To perform macroscale friction measure-
ments, a 68sc-05 universal testing machine (Instron, Norwood, USA), cou-
pled with a 2530—5 N load cell (Instron, Norwood, USA) and an additional
part for friction measurements, were used for the wear tests. A p280 abra-
sive paper (Norton, Worcester, USA) was glued onto an acrylic surface.
A Super Pe 15 lb fishing line (Sunline, Iwakuni, Japan) was used for load
transfer. Three valves were affixed each time to the sample holder using
Poxipol glue. After each test, the valves were imaged using a BX53M opti-
cal microscope (Olympus, Tokyo, Japan).

High-Resolution Laser Scanning Confocal Microscopy: Laser scanning
confocal microscopy was performed with an LSM 880 (Zeiss, Jena, Ger-
many) equipped with an Airyscan fast detector, together with 10× objective
lenses (Zeiss, Jena, Germany) with argon and neon-helium lasers (wave-
lengths 488 and 633 nm, 90 % intensity). The intensities of the lasers and
the detector gain were kept constant between samples.

Nanoindentation: Samples were embedded in epoxy resin and sub-
jected to stepwise mechanical polishing, then probed with a nanome-
chanical tester (Triboindenter TI-950, Hysitron, USA) using a conospher-
ical diamond tip with a radius of 1 μm. The tip indents were loaded at a

Adv. Funct. Mater. 2024, 34, 2413510 2413510 (9 of 11) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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rate of 50 μN s−1 for 2 s until 100 μN, and held for 1 s, followed by un-
loading at 50 μN s−1 for 2 s. A grid of indents was performed for each
sample, with a spacing of 10 and 20 μm, in either dry or hydrated con-
ditions. The latter was performed with the sample fully submerged in
deionized water. The results were analyzed according to the Oliver-Pharr
model to extract the reduced modulus and hardness of the samples. Prop-
erty maps were plotted using Origin 2019b (OriginLab, Northampton,
USA).

Nanowear: The samples used for nanoindentation under dry condi-
tions were also subjected to nanowear tests, in which the 1 μm tip, un-
der a constant load of 350 μN, abraded a 5 μm × 5 μm area 30 times at a
2 Hz sliding rate. To calculate the worn depth, scanning probe microscopy
(SPM) was performed to determine the surface of the abraded area. FIJI
software was applied to calculate the worn depth, by comparing abraded
and non-abraded heights.

EDS: For energy dispersive X-ray spectrometry (EDS), samples were
coated with a 10 nm carbon layer using a MED 020 coater (Leica mi-
crosystems, Wetzlar, Germany). Data were acquired using a Crossbeam
550 (Zeiss, Jena, Germany) equipped with a Ultim Extreme detector (Ox-
ford instruments, Oxfordshire, UK) with an acceleration voltage of 15 keV
and a probe current of 100 pA. Acquisition was performed for 30 min.
Results were analyzed and color-coded using AZtech software (Oxford in-
struments, Oxfordshire, UK). The counts graph was plotted considering
only the area where the sample was located.

Cryofracture: Cryo SEM was performed on a Crossbeam 550 (Zeiss,
Jena, Germany) equipped with a PP3010 cryo preparation system (Quo-
rum Technologies, East Sussex, UK). The base of each valve was fixed
to a holder using modeling clay and an equal part mixture of optimal
cutting temperature (OCT) embedding compound (Cryostat Embedding
Medium, Scigen, USA) and Colloidal Graphite (CG), (Aquadag Colloidal
Graphite ECO, Agar Scientific, UK). Following fast cooling of the sam-
ple in slush nitrogen, the mixture solidified, stabilizing the sample. Sam-
ples were fractured in the cryo preparation chamber where the rigid ro-
tating blade was manually displaced, impacting the valve. Although the
region of impact between the blade and valve could be roughly controlled,
the fracture did not necessarily always occur at the exact point of con-
tact. To ensure electrical conductivity and reduce charging artifacts dur-
ing imaging, the sample was platinum coated in the cryo preparation
chamber, for 60 s at 5 mA, before imaging. For SEM imaging, an accel-
erating voltage of 1.5 kV and a probe current of 400 pA was set. The
sample holder was kept at −140 °C and the anticontamination device
at −175 °C.

XRD: Dried adult ovipositor samples were embedded in resin blocks
and microtomed in a UC6 ultramicrome (Leica, Wetzlar, Germany) in
cross-sectional and longitudinal directions, with each section 50 mm thick.
Sections were attached to a silicon nitride (Si3N4) membrane and mea-
sured at the nanobranch of a dedicated SAXS/WAXS/XRF station of the
ID13 beam line at the synchrotron ESRF (European Synchrotron Radia-
tion Facility, Grenoble, France). An X-ray energy of Ex = 13 keV was chosen
from the synchrotron radiation spectrum by a multilayered monochroma-
tor. XRD was performed with a beam cross-section of 70 nm × 70 nm
and a 2 μm scanning step size in both x and y direction with 50 ms ex-
posure time per point. Quartz powder was used to calibrate the sample
to the detector distance. ESRF experiment number: SC-5329. The dataset
can be accessed online.[43] Fiber orientation maps were obtained as fol-
lows: first, at each pixel of the map, the coordinates of the points in
the detector image that displayed an intensity higher than the 99.5 per-
centile were extracted. The eigenvectors of this set of points were then
calculated using the Principal Component Analysis (PCA) from the Scikit-
learn library.[44] The angle at each point of the map was calculated by
adding 90° to the orientation of the eigen vector with the largest eigen
value.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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