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The excellent rapid jumping and kicking of locusts are largely attributed to the power amplification
mechanisms due to the semi-lunar processes (SLP) at their distal metathoracic femurs, especially
dorsal-core (i.e., portion II) and ventral-core parts (i.e., portion III). The physiological range of strain rates
at the two portions of locust SLP is quite broad in the periods of energy storage and release (approxi-
mately three orders). However, it still remains elusive how the mechanical properties of the two SLP por-
tions change with the strain rate. We identified the elastic moduli and material compositions of SLP
portions II and III by using nanoindentation and confocal laser scanning microscope. Apparent and
creep-corrected reduced elastic moduli were calculated to represent the total energy absorption and stor-
age, respectively. The results revealed that both portions II and III exhibit strain rate-sensitive elastic
moduli, regardless of water content. The efficiency of elastic energy storage is only 51–70% in the case
of low strain rate. This work can deepen our understanding in the energy storage and release mechanisms
in locust locomotion and further provide guidelines for biomimetic design of power amplification appa-
ratus in jumping robots.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Cuticle widely exists in the exoskeletons of insects and other
arthropods, e.g., their mouthparts, body shells, wing membranes,
legs, antennae and setae (Dirks et al., 2013; Zhao et al., 2016).
The different exoskeleton parts have diverse mechanical behaviors,
which are highly dependent on their composition and microstruc-
ture. Variable combinations of composition and microstructure
make the exoskeleton optimal to their specific functions. For exam-
ple, the gradient material distributions in adhesive tarsal setae of
ladybird beetles play a key role in their effective adhesion behavior
(Peisker et al., 2013), the resilin-dominant endocuticle layered
structure endows dragonfly wing veins with higher damping
capacity (Rajabi et al., 2016), and the Bouligand pattern in the hier-
archical structures of crab exoskeleton renders a high hardness
(Chen et al., 2008).

For many insects, rapid locomotion is critical for their survival
in nature, which is generally realized by the power amplification
mechanisms of legs to provide much higher power output than
that can be achieved by muscles alone (Patek et al., 2011). For
example, locusts use semi-lunar processes (SLP) as a power ampli-
fier to achieve extraordinary movements like jumping and kicking
(Bennet-Clark, 1975; Wan et al., 2016). SLP is a highly-sclerotized
banana-shaped cuticle at the distal end of the metathoracic femur,
consisting of hard cuticle outside and resilin proteins inside
(Bennet-Clark, 1975; Burrows and Sutton, 2012). Our previous
study (Wan et al., 2016) revealed that an adult SLP has five por-
tions with different microstructures, compositions and static
mechanical properties while the elastic strain energy during jump-
ing and kicking is mainly stored in its dorsal-core and ventral-core
parts, i.e., portions II and III (Fig. 1). To store elastic strain energy
for the jumping of a locust, its joint pivots shift ventral-
proximally, leading to deformation in the SLPs. Most of the elastic
strain energy is stored in portion III. Before the kicking of a locust
that needs more energy storage, the joint pivots move with larger
ventral-proximal shifts and thus the SLPs distort more greatly. In
this course, the distal-core part of the SLPs (i.e., portion II) under-
goes larger deformations and stores more elastic strain energy.

Moreover, the durations of energy storage and release for
jumping and kicking vary from a few milliseconds to one thousand
milliseconds: the SLP is bent in 150–800 ms (jumping) or
200–1000 ms (kicking) to store elastic strain energy before the
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Fig. 1. Anatomical site and microstructure of semi-lunar process (SLP) in an adult locust. (a) The SLP is marked by green color in the whole insect body where its portions II
and III are shown in a 3D model of the metathoracic joint. The femur is set as transparent for a clear display of the portions inside. (b) The cross section at the middle site of
one unilateral SLP shows the different microstructures between the portions II and III (outlines indicated by dash line). Their detailed images are obtained by magnifying at
the red frames, shown in (c) and (d), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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movements and then restores to its initial configuration in a very
short time (25–30 ms for jumping and around 6 ms for kicking)
to release the stored energy (Bennet-Clark, 1975; Burrows and
Morris, 2001). The range of strain rates in the SLP is broad and
can vary by three orders for storing and releasing energy. As is well
known, the elastic strain energy stored in a material under the
same strain condition depends on its elastic modulus. However,
it is remain unclear whether and how the elastic modulus of the
SLP changes with the strain rate. In this paper, we compare the
mechanical properties of the two key SLP portions, II and III, under
different strain rates, and their material compositions as well. This
study not only deepens our understanding of the energy storage
and release mechanisms in locust locomotion, but also contributes
to biomimetic design of power amplification in bio-inspired jump-
ing robots.
2. Materials and methods

2.1. Specimen preparation

Twelve metathoracic femurs (including intact SLPs) were
excised from twelve adult Locusta migratoria manilensis of either
sex (at least 2 weeks after their final molt), which were fed in a gre-
garious population at Jiyuan locust-breeding plant in Anhui Pro-
vince of China. Six femurs were tested to obtain the mechanical
properties of the SLPs while the remaining six femurs were used
to identify their material compositions.
2.2. Mechanical properties

The six femurs were dried for 24 h, embedded in light-curing
resin (Technovit 7200VLC, EXAKT Inc., Germany), and cross-
sectioned at the middle site of the SLP with a diamond band saw
(EXAKT 300CP, EXAKT Inc., Germany). The cross-sectional surface
was polished by a grinder-polisher with polishing suspension of
0.05 mm (Metaserv 3000, Buehler Inc., Illinois, USA).

Nanoindentations were performed on the cross-section of the
SLP portions II and III to identify the mechanical properties along
the femoral longitudinal axis. First, the dry SLP samples were
tested in ambient air using a nanoindentation instrument with
Berkovich diamond indenter (NanoForce, Bruker Corporation, Karl-
sruhe, Germany). Then all six samples were rewetted by distilled
water for 24 h and tested in distilled water using another nanoin-
dentation systemwith a fluid Berkovich probe (TI 750 ubi, Hysitron
Inc., MN, USA). The mechanical properties of the rewetted samples
were considered as those of the fresh SLP because it was demon-
strated that dry locust cuticles manifest identical mechanical prop-
erties to fresh cuticles after rewetted in distilled water for 6 h
(Klocke and Schmitz, 2011). The indenting settings for the dry
and rewetted samples were the same. The maximum indentation
load was 5 mN. A 10 s hold time was dwelled at the peak load to
eliminate the effect of material creep (Klocke and Schmitz, 2011).
Three loading rates (5, 50, and 500 mN/min) were selected for both
the loading and unloading of nanoindentation, corresponding to
the strain rates of 0.0083, 0.083, and 0.83 s�1, respectively (Maier
et al., 2011). For each strain rate, three indentations were per-
formed at each portion of the SLP samples. Thus, eighteen indenta-
tion tests were made for each portion under each strain rate and
water condition. To rule out the effects of the portion interfaces
and the interference from adjacent indents, all indentation tests
were made in the central region of the two portions in each spec-
imen and the spacing between adjacent indents was larger than
20 lm, respectively.

In the nanoindentation tests, the apparent reduced elastic mod-
ulus, Er;app, was calculated as (Pharr et al., 1992; Oliver and Pharr,
1992; Hay et al., 1999)

Er;app ¼
ffiffiffiffi
p

p
2b

Sappffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A hc;app
� �q ; ð1Þ



C. Wan et al. / Journal of Biomechanics 95 (2019) 109314 3
hc;app ¼ hmax � e
Pmax

Sapp
ð2Þ

where b and e are the correction coefficients. For the Berkovich
indenter, one hasb = 1.034 ande = 0.75. A is the projected contact
area function of the indenter with respect to the contact depth
and is calibrated by serial indents on standard fused silica. hc;app is
the apparent contact depth. Pmax and hmax are the maximum inden-
ter load and displacement, respectively. The apparent contact stiff-
ness Sapp was defined as the slope of the initial part of the unloading
curve and was usually determined by fitting the upper quarter of
the unloading curve (i.e., 75–100%).

To eliminate the material creep effect on the unloading curves,
the creep-corrected reduced elastic modulus, Er;cor, was defined
according to the following modified expressions (Tang and Ngan,
2003; Ngan et al., 2005)

Er;cor ¼
ffiffiffiffi
p

p
2b

Scorffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A hc;corð Þp ð3Þ

1
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Sapp

þ
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hc;cor ¼ hmax � e
Pmax

Scor
ð5Þ

where Scor is the corrected contact stiffness, hc;cor is the corrected

contact depth, _Pu is the unloading rate of the indenter load, and
_hh is the tip displacement rate at the end of holding. Since the
time–displacement curves within the last 1 s of holding are approx-

imately linear, _hh is determined by linear fitting. The typical inden-
tation force–depth curves for the SLP portions II and III under
different strain rates and water conditions were shown in the Sup-
plementary Materials.

Using the above method, the Er;app and Er;cor values were calcu-
lated for each indentation to represent the total energy absorption
and elastic energy storage, respectively. The ratio between these
two moduli was defined asR ¼ Er;cor=Er;app to identify the efficiency
of elastic energy storage under different strain rates.

2.3. Compositional analysis

The other six femurs were cut along the mid-cross section of the
SLP using a razor blade, immersed in glycerine (�99.0%), and
mounted on a cover slip with some glycerine around. Given that
chitin and resilin in cuticles can be successfully distinguished by
different autofluorescences under confocal laser scanning micro-
scope (CLSM) (Michels and Gorb, 2012; Wan et al., 2016), all six
samples were observed under a CLSM instrument (Zeiss LSM
710META, Carl Zeiss MicroImaging GmbH, Göttingen, Germany).
The measurement settings were the same as those in the literature
(Michels and Gorb, 2012; Wan et al., 2016): four pairs of laser exci-
tations and emission filters were used, corresponding to 405 nm
and 420–480 nm, 488 nm and �490 nm, 555 nm and �560 nm,
639 nm and �640 nm, respectively. The obtained autofluores-
cences were shown as blue (emission = 420–480 nm), green (emis-
sion �490 nm), and red (for both: emission �560 nm and
�640 nm) in the CLSM image after maximum intensity projection.
The blue autofluorescence in the CLSM image has been confirmed
to be resulted from the resilin by a pH-sensitive test (Details in the
Supplementary Materials).

2.4. Statistical analysis

Two-way analyses of variance (ANOVA) with Bonferroni post-
hoc were used to compare the nanoindentation results (including
Er;cor and R) of the two dry portions and those of the two rewetted
portions under different strain rates. The effects of water content
and portion type were analyzed using t-test between the dry and
rewetted portions and between portions II and III under the same
strain rate, respectively. Paired t-test was used to determine the
difference between Er;app and Er;cor for each indentation under the
same condition. Significance was defined as p < 0.05.
3. Results and discussions

Fig. 2(a) and 2(b) show the nanoindentation results of portions
II and III, respectively (details in the Supplementary Materials). It is
seen that portion II exhibits a significantly higher Er;cor than portion
III under all strain rates, regardless of water content (P < 0.001
from t-test). A higher value of Er;cor indicates that more elastic
energy can be stored in portion II than that in portion III, as a result
from the difference of their microstructure and composition. The
CLSM images of SLP (Fig. 2c,d) show deep pink in portion III and
red-by-blue layers in portion II, revealing that portion III is a mix-
ture of chitin and resilin while portion II has a higher resilin pro-
portion and some chitin layers. According to our previous study
(Wan et al., 2016), portions II and III are composed of regularly-
and irregularly-arranged chitin microfibers, respectively (Fig. 1
(b–d)). According to the micromechanics of composites reinforced
by aligned fibers, the mechanical properties parallel and perpen-
dicular to the fibrous orientation can be estimated by the models
consisting of the matrix and fiber components in series and in par-
allel, respectively. More specifically, the elastic moduli parallel and
perpendicular to the fibrous orientation are expressed as (Chamis,
1989)

Ea ¼ Rf E
a
f þ RmEm ¼ Rf E

a
f þ ð1� Rf ÞEm ð6Þ

Et ¼ Em

1� ffiffiffiffiffi
Rf

p ð1� Em=E
t
f Þ

ð7Þ

where Rf and Rm ¼ 1� Rf are the volume frEmactions of chitin fibers
and resilin matrix, respectively, and is the elastic modulus of the
resilin matrix. Ea

f and Et
f are the elastic moduli of chitin fibers along

the axial and transverse directions, respectively. For a composite
with varying fibrous orientations, the elastic modulus is bounded
by the upper and lower limits in Eqs. (6) and (7). It is known that
the elastic modulus of chitin fibers is higher by four orders than that
of the resilin matrix, i.e., Em ¼ 1 MPa and Ea

f ¼ Et
f ¼ 20 GPa

(Vincent andWegst, 2004). The CLSM images of portion II show that
the Rm values in portion II is around 30% while that in portion III is
assumed to be 10%. Therefore, the femoral longitudinal elastic mod-
ulus of portion II is calculated as 14 GPa, whilst portion III has an
Young’s modulus between 0.019 GPa and 18 GPa (with the mean
value being about 9.0 GPa). Though portion II contains more resilin
content (soft component) than portion III, the well aligned chitin
microfibers in the former yield a higher femoral longitudinal elastic
modulus.

In addition, the combination of chitin microfibers and resilin
leads to a shortcoming for elastic energy storage and release. The
paired t-test analysis shows a significant difference between Er;app

and Er;cor under the low strain rate, regardless of the portion and
water content (P < 0.001). The efficiency ratio of elastic energy
storage, R, under the low rate is distinctly lower than those under
the medium and high rates, indicating that a larger amount of work
is dissipated by the material due to its viscosity in the case of the
low strain rate (listed in Table 1). Specifically, the efficiency ratioR
under the low strain rate is significantly lower in rewetted portion
II than that in rewetted portion III (51 ± 6.8% vs. 69 ± 6.0%). This
difference could be attributed to the viscosity of resilin. The large



Fig. 2. Mechanical and compositional properties for the SLP portions II and III: the mechanical properties of portion II (a) and portion III (b) under different strain rates; the
cross-sectional images of portion II (c) and portion III (d) under CLSM. The low, medium, and high strain rates correspond to 0.0083, 0.083, and 0.83/s, respectively. The red
autofluorescence under CLSM represents chitin while the blue autofluorescence represents resilin proteins. D_app: Er;app for dry samples; D_cor: Er;cor for dry samples; R_app:
Er;app for rewetted samples; R_cor: Er;cor for rewetted samples. *: P < 0.05; **: P < 0.01; ***: P < 0.001. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
The efficiency ratio results of elastic energy storage (R) in the SLP portions under
different conditions (Unit: %).

Low rate Medium rate High rate

Dry portion II 56 ± 5.9 94 ± 1.2 99 ± 0.54
Rewetted portion II 51 ± 6.8 90 ± 1.9 99 ± 0.37
Dry portion III 70 ± 4.4 95 ± 0.62 99 ± 0.064
Rewetted portion III 69 ± 6.0 95 ± 1.0 99 ± 0.089

Note: Mean ± SD (n = 18).
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amount of energy loss for the rewetted portions under the low
strain rate mainly results from the creep dissipation of hydrated
resilin component. Because of its higher resilin proportion, the
rewetted portion II has a distinctly lower efficiency ratio under
the low and medium rates than the rewetted portion III. Similarly,
the dry portion II is significantly less efficient in energy storage
than the dry portion III under the low strain rate (56 ± 5.9% vs.
70 ± 4.4%), which might also be attributed to the resilin compo-
nent. Compared to hydrated resilin, dry resilin is more brittle and
apt to crack under loading (King, 2010). The higher resilin amount
of the dry portion II leads to more energy dissipation caused by the
resilin breakage as well as frictions on the potential interfaces
between fractured resilin components.

Despite the lower efficiency of elastic energy storage in the SLP
portions, locusts also adopt other strategies to solve the conflict
between power amplification and energy dissipation. Given the
duration measurements of locust movements and the correspond-
ing strains in the deformed SLP (Bennet-Clark, 1975; Burrows and
Morris, 2001; Wan et al., 2016), the averaged strain rate for por-
tions II and III were 0.02/s and 0.04/s in energy storage and 0.6/s
and 1.0/s in energy release for jumping, 0.03/s and 0.04/s in energy
storage and 5.0/s and 6.6/s in energy release for kicking, respec-
tively. The physiological strain rates for these rapid movements
are somewhat higher than the low strain rate used in this study
(i.e., 0.0083/s), meaning that locusts can avoid potential energy
dissipation by elevating the loading speed during the energy stor-
age stage. This finding further contributes to the optimization of
actuator parameters for power amplification mechanisms in jump-
ing robots.

In addition, our experiments show that regardless of water con-
dition the Er;cor value of portion II increases significantly (P < 0.001
from ANOVA and post-hoc) as the strain rate increases from
0.008/s to 0.08/s, but it tapers off as the strain rate increases fur-
ther. On the contrary, the Er;cor value of portion III shows a signifi-
cant increase with the strain rates under both the dry and rewet
conditions. The result deviates from the rate-independent elastic
modulus of the tarsal cuticle of bed bugs (Bustamante et al.,
2017). This is because the mechanical properties of these cuticle
samples are anisotropic, and the two tests have been conducted
along two different directions. We measured the mechanical
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properties along the femoral longitudinal axis of the SLP cuticle,
while Bustamante et al. (2017) measured those in the normal
direction of the tarsal cuticle. Furthermore, we have obtained the
Young’s modulus of the two SLP portions in the range of
4.1–8.2 GPa (with Poisson’s ratio being assumed as 0.45), which
is close to the results of tibia and wing cuticles reported by
Vincent and Wegst (2004).

Finally, we find that both the apparent and corrected moduli of
portion III are significantly reduced by water under all strain rates
(P < 0.001 from t-test) while the variation in the mechanical prop-
erties of portion II with different water contents is insignificant.
These results of portion II show a deviation from those of some
other locust cuticles (Schöberl and Jäger, 2006; Klocke and
Schmitz, 2011). This might be due to the difference of their
microstructures: the SLP portion II has well aligned microfibers,
while the sternal plates (Klocke and Schmitz, 2011) and the mand-
ible cuticles of locust (Schöberl and Jäger, 2006) have greatly dif-
ferent microstructures. It is indicative that the regular
arrangement of chitin microfibers may compensate the softening
effect of water content on the elastic modulus of the SLP portion II.
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