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Synopsis Click beetles (Coleoptera: Elateridae) are known for their unique clicking mechanism that generates a powerful
legless jump. From an inverted position, click beetles jump by rapidly accelerating their center of mass (COM) upwards. Prior
studies on the click beetle jump have focused on relatively small species (body length ranging from 7 to 24 mm) and have
assumed that the COM follows a ballistics trajectory during the airborne phase. In this study, we record the jump and the
morphology of 38 specimens from diverse click beetle genera (body length varying from 7 to 37 mm) to investigate how body
length and jumping performance scale across the mass range. The experimental results are used to test the ballistics motion
assumption. We derive the first morphometric scaling laws for click beetles and provide evidence that the click beetle body
scales isometrically with increasing body mass. Linear and nonlinear statistical models are developed to study the jumping
kinematics. Modeling results show that mass is not a predictor of jump height, take-off angle, velocity at take-off, and max-
imum acceleration. The ballistics motion assumption is strongly supported. This work provides a modeling framework to
reconstruct complete morphological data sets and predict the jumping performance of click beetles from various shapes and
sizes.

Introduction
Many organisms use jumping as a mode of locomo-
tion to overcome obstacles, reach elevated surfaces,
and cover longitudinal distances. Numerous arthropods
have evolved jumping mechanisms where the exten-
sion of leg limbs generates the motion (Evans 1972;
Bennet-Clark, 1975; Burrows 2006; Bolmin et al. 2021).
Fleas and froghoppers, for example, may reach heights
of more than 100 times their body length using legs
(Burrows 2006; Sutton et al. 2011), Animals that rely
on legs to jump face the challenge of not being able to
perform the jumping motion if one of their limbs is in-
jured. Click beetles, springtails, and fruit fly larvae have
evolved jumping mechanisms that do not rely on legs.
Springtails use a springing organ (the manubrium) at

the extremity of the abdomen. The eversion and exten-
sion of this jumping adaptation in a snapping manner
launches the animal into the air (Brackenbury and Hunt
1993). Fruit fly larvae use their entire body to jump.
From an initial folded body position, mouth hooked
onto the tail, fruit flies store elastic energy by bulging
body segments. The animal is launched into the air
through the elastic recoil of the entire body structure
(Maitland 1992). Click beetles (Coleoptera: Elateridae)
have also evolved a body folding mechanism that en-
ables them to be airborne. From a supine position and
when the body is unconstrainted (Fig. 1B), a unique
morphological adaptation, the thoracic hinge, enables
the jumping motion. The thoracic hinge links the bee-
tle’s two major body units, the head and prothorax,
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Fig. 1 A. Four click beetle species used in this study. From left to right: Alaus oculatus, one of the largest species studied, Parallelosthetus
attenuatus, Ampedus nigricollis, and Aeolus melillus. The body can be divided into two major units, the head and prothorax and the meso-,
metathorax, and abdomen. (B) Jump of a P. attenuatus specimen recorded as part of this study. From a supine position, click beetles can
generate a jump that does not involve legs.

and meso-, metathorax, and abdomen (Fig. 1A) and al-
lows for rapid body folding and unfolding movements
(Evans 1972).

Click beetles initiate the jump from a supine posi-
tion by folding their bodies around the hinge. They
maintain a braced position and store elastic energy in
a distributed spring system, partially contained in the
hinge (Bolmin et al. 2021). After a couple of millisec-
onds, the energy is suddenly released and the body un-
folds through a quick rotation of the head and prothorax
around the hinge. This fast rotation accelerates the ani-
mal’s center of mass (COM) upwards, and the beetle is
launched into the air (Fig. 1B) (Evans 1972; Bolmin et al.
2019). While airborne, the beetle somersaults (Fig. 1B)
before landing on its ventral or dorsal side. In all prior
work, authors have assumed that click beetles follow an
airborne ballistic trajectory to describe and model the
jump (Evans 1972; Ribak and Weihs 2011; Ribak et al.
2012; Ribak et al. 2013). However, this assumption has
not yet been tested. Testing this assumption is critical to
identify the forces that govern the airborne phase of the
click beetle jump. Ballistic motion relies on the assump-
tion that only gravity acts on the body. Other forces,
such as drag, are neglected. In a bio-inspired design
framework, understanding the core physics of the jump
is essential to create accurate analogies and guide the de-
sign of click beetle-inspired robots (Hashemi Farzaneh
2020).

Prior studies focused on relatively small species.
Evans studied species of body length varying from 4 to
12 mm, and Ribak considered species that were about
20 mm (Evans 1972; Ribak and Weihs 2011; Ribak et
al. 2012). Kaschek’s 1984 study encompassed a larger
number of species, with a body length ranging from
7 to 24 mm (Hashemi Farzaneh 2020). In this paper,
we augment the range of species considered, with the
body length varying from 7 to 37 mm. This large size
range enables us to investigate how jumping perfor-
mance scales with increasing mass. Statistical models

are developed to quantify how the major body units
(head and prothorax and meso-, metathorax, and ab-
domen) scale across the mass range and test the ballis-
tics motion assumption.

Materials & methods
Collection and identification

Thirty-eight click beetle specimens were collected in
Champaign, Piatt, and Vermillion Counties in Illinois;
Barry County in Michigan; and Allen County in Ohio
from private property with the permission of the prop-
erty owners or from permanent research sites owned
by the University of Illinois at Urbana-Champaign with
permission from the University’s Committee of Natural
Areas. Two sets of live beetles were collected during the
summers of 2017 and 2018. The first set was collected
from April to July 2017, and the second from May to
August 2018. The specimens were manually collected
by excavating wood debris, on live trees at fluorescent
lights, or by using modified black cross-vane panel traps
(AlphaScents, Portland, OR, USA), coated with the
fluoropolymer dispersion Fluon® PTFE (AGC Chemi-
cals Americas, Inc., Exton, PA, USA) to improve trap-
ping efficiency (Kaschek 1984). Polyethylene sachets
(press-seal bags, Bagette model 14772, 10 × 15 cm,
0.05 mm thick, Cousin Corp., Largo, FL, USA) loaded
with 100 mL of 90% ethanol lures were used to collect
the specimens in 2017. In 2018, an experimental lure
provided by Dr. Jocelyn G. Millar (Dept. of Entomology,
University of California at Riverside) was used (Graham
2010).

The live beetles were kept until filmed in plastic con-
tainers with bark and soil. The animals were fed sugar
and water ad libitum using a 1.5 mL microcentrifuge
tube (Denville Scientific, Holliston, MA, USA) filled
with 10% sucrose solution capped with a cotton ball.
The animals were identified to genus and species when
possible following (Roache 1960; Ramberg 1979; Lin
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Fig. 2 Variation of the live mass (LM) and body lengths with the dry mass. (A) The LM for all specimens is about three times the dry mass.
B–D. Allometric growth models describing the variation of the three body lengths of interest, L1, L2, and L, show that the body scales
isometrically with increasing mass. All parameters are statistically significant, and the models explain well the variance in the data
(R2 = 95% and 96%).

1997; Johnson 2003; and Evans 2014). Voucher spec-
imens were deposited in the Illinois Natural History
Survey Insects Collection, Prairie Research Institute,
the University of Illinois at Urbana-Champaign, Cham-
paign, IL, USA (Dmitriev 2015).

Morphological measurements

The live mass (LM) of the live animals collected in
2018 was measured after filming using a Fisher Sci-
entific Scale (Waltham, MA, USA) scale, with a sen-
sitivity of 1mg. The dry mass (DM) of all specimens
(2017 and 2018) was measured by desiccation using an
oven (Chicago Surgical & Electrical Co. 300, formerly
at Chicago, IL, USA) at 28C for approximately 10 days.
The DM was measured every 2 days until stabilization.
The LM of the specimens collected in 2017 was not
recorded.

For most specimens, the body length (L) was deter-
mined by adding the length of the head and prothorax
(L1) to the length of the meso-, metathorax, and ab-
domen (L2) (Fig. 1A). L1 and L2 were measured from
the base to the apex using Mitutoyo Absolute calipers
(Kawasaki, Japan). The body length could not be mea-
sured for 3 specimens out of 38 due to damage to part
of the body. Regression models (see Fig. 2), were used
to estimate the body length for these three specimens.
For one specimen, the DM was not measured and was
estimated based on the LM of the individual (speci-
men #31 in Supplementary Appendix A). Supplemen-

tary Appendix A shows all measurements and recon-
structed morphological data set.

Motion capture and kinematics

The jumping motion of each individual was filmed
at 20,000 fps using a Photron FASTCAM SA-Z cam-
era (San Diego, CA, USA) at the Beckman Institute
(UIUC). The animals jumped from a delrin plate in a
custom white box. The set-up was illuminated using two
LED Lights (SugarCUBE™ LED Illuminators, Edmunds
Optics Inc., Barrington, NJ). The exposure time was
1/20,664 s and the resolution 1024 × 1024. Each animal
was filmed 2–4 days within a 7-day period. A minimum
of five jumps per individual per day were recorded. The
exact number of jumps collected for each individual
is detailed in Supplementary Appendix A. Most ani-
mals jumped with no external stimuli when placed in
the supine position. However, some animals tended to
“play dead” when manipulated and placed in the supine
position. These specimens were stimulated to jump by
lightly touching their abdomen with tweezers. We made
sure that the tweezers did not contact the body not to
interfere with the jump at all times. Video recordings
were analyzed using ProAnalyst (Xcitex, Woburn, MA,
USA). The animals were placed perpendicular to the
camera providing a side view during most of the jump.
The origin of the reference frame was placed at the ini-
tial position of the center of mass (COM, braced po-
sition before take-off). The COM position was deter-
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mined by tracing and tracking the contour of the body
for each frame. Assuming an equal distribution of mass,
the COM was approximated as the geometrical center
of the contour of the body. The position of the COM
data was filtered using a median filter and a fourth-order
low-pass Butterworth filter in Matlab R2019a (Math-
works, Natick, MA). From the COM position data, four
kinematics parameters were calculated: (1) the velocity
at take-off VTO through numerical differentiation of the
position data; (2) the angle at take-off α from the COM
position data; (3) the maximal acceleration Acc through
numerical differentiation of the calculated velocity data;
and (4) the maximal jump height h from the position
data. Take-off was defined as the instant when the peak
velocity was reached, which happened about 0.1–0.2 ms
after the animal was observed to leave the ground in the
video recordings. The maximum jump height h was de-
fined as the maximum elevation of the COM. The values
reported in the Results section are the mean maximum
jump height for each individual. The take-off angle was
measured at take-off as α = arctan( yTO

xTO
) , where (xTO,

yTO) is the position of the COM at take-off. The max-
imal acceleration Acc was reached in about 0.1–0.3 ms
before take-off. The relative jump height was defined as
h/L and calculated for each individual from the mean
of the jump height and the reconstructed body length
data.

Mathematical models and statistics
Statistics and regression models

The mean and standard deviation of all kinematic pa-
rameters (h, VTO, α, Acc) were calculated using Matlab.
In this study, we assumed that the clicking mechanism
was very similar for all species, per (Bolmin et al. 2019).
The mean values of all the jumps for each specimen
were used to run regression models using NLREG (Ver-
sion 6.5,1998, P.H. Sherrod, Nashville, TN, USA). For
all regression models, the reconstructed data of the DM
and the length were used (see Supplementary Appendix
A). An allometric growth model was used to model the
increase of length (L, L1, and L2) as a function of mass.
Linear regressions were used to model h, VTO, α, and
Acc as a function of increasing mass. Two nonlinear de-
cay models were considered to model the decrease of the
relative jump height with increasing mass: (1) a power
decay model, and (2) an exponential power decay. The
power decay model was developed based on allometric
scaling results and the assumption that the airborne tra-
jectory followed ballistics motion. The exponential de-
cay model was developed to describe the abrupt “drop”
of the relative jump height for small masses.

For each model fit, the proportion of variance ex-
plained (R2), and the probability of obtaining the esti-

mated parameter value if the actual parameter is zero,
“Prob(t),” parameter in NLReg) were reported. High
values of Prob(t) indicate that the parameter has a high
probability of being zero. The adjusted R2 value was not
considered in this study because of the small number
of parameters of each model fit (one, two, or three; the
values reported in NLReg for R2 and adjusted R2 were
very similar). For each model, the residuals were plotted
in NLReg (plots not shown) to verify that the residuals
were relatively small and did not follow a clear distribu-
tion pattern.

Ballistics motion equation

Assuming that only gravity acts on the beetle body dur-
ing the jump, then the ballistics motion equation (Equa-
tion 1) allows for the prediction of the maximum jump
height from the velocity at take-off and the take-off an-
gle only. We considered the gravitational constant g to
be 9.81 m/s2.

h = V 2
TOsin (α)

2g
. (1)

From Equation (1), assuming that the velocity at
take-off VTO and the take-off angle α are known, the
maximum jump height h can be predicted. The pre-
dicted maximum jump height was compared to the
measured maximum jump height to estimate the bal-
listics motion assumption error.

Results
Morphometric scaling

For all specimens, the body length L varied from 7.3 to
37.1 mm, the head and prothorax length L1 from 2.4 to
4.4 mm, and meso-, metathorax, and abdomen L2 from
4.4 to 24.4 mm. The DM varied from 3.7 to 469.8 mg,
and the LM from 9.5 to 1406.8 mg. The LM varied lin-
early with the DM (see Fig. 2A), with a slope of 2.94
[R2 = 99%, P(t) = 0.00001].

Fig. 2D shows that L grows allometrically with in-
creasing body mass. The parameters of the allomet-
ric equation used to describe the length increase with
increasing body mass are statistically significant [P(t)
= 0.00001], and the model explains the variance well
(R2 = 95%). The growth constant (power exponent) is
estimated to be 0.34. This supports that the body mass
scales with the length cubed. Allometric models also de-
scribe the increase of L1 and L2 with increasing body
mass, as shown in Figs. 2B and C.

Jumping kinematics

Fig. 3 shows the mean values of the jump height (A),
take-off angle (B), the velocity at take-off (C), and max
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Fig. 3 Linear model fits for the (A) jump height, (B) take-off angle, (C) the velocity at take-off, and (D) max acceleration with increasing
body mass. The kinematic parameters can be considered constant across the mass range, indicating that mass is not a predictor of these
parameters for the specimen considered.

Fig. 4 Relative jump height as a function of increasing mass for all 38 specimens studied. A power decay model (solid line) and an
exponential decay model (dashed line) are fitted to describe the decrease of the relative jump height with increasing mass. Both models
can be used to describe the overall decay but do not account for the variation in the data.

acceleration (D) measured across the mass range for all
38 specimens. While variations across jumps for each
specimen were observed, no pattern was identified dur-
ing one filming session or across days to explain each
individual’s variation in the jump behavior (see Supple-
mentary Appendix B).

Across individuals, the mean jump height h varies be-
tween 18.5 and 124.2 mm, the velocity at take-off VTO
varies between 0.6 and 1.7 m/s, the take-off angle α be-
tween 77.4 and 88.9 degrees, and the maximum acceler-
ation Acc between 101.6 and 289.9 m/s2. Linear regres-
sions show that h, VTO, α, and Acc are constant across
the mass range, that is, mass is not a predictor of the

kinematic parameters considered (Fig. 3). For each lin-
ear regression, the slope is negligible (order of magni-
tude: 10–2–10–5), and the probability of the slope to be
zero is very high (82, 78, 68, and 70%, respectively).
The proportion of variance explained R2 is close to 0,
which indicates that these linear models do not capture
the variation in the data. Thus, linear regression models
only capture the overall trend.

The relative jump height h/L decays from 10.6 to 1.5
as a function of increasing mass per Fig. 4. The two
nonlinear decay models (power decay in black and ex-
ponential decay in dashed blue in Fig. 4) describe the
overall decay well as the model parameters are statis-
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tically significant. However, the variation in the data is
well captured by either model, as R2 = 40.6 and 39.0%,
respectively.

Discussion
It is commonly assumed in biomechanics that mass
scales with body length cubed. The allometric growth
models developed for L, L1, and L2 (see Fig. 2) show that
the body lengths increase with increasing mass follow-
ing a power function with an exponent of approximately
one-third (0.34, 0.40, and 0.32, respectively). Thus, for
the specimens considered in this study, this assumption
holds. The goodness of fit of each model can be used as
a metric to define which length measurement is the best
indicator of body mass. Based on the data used for this
study, the allometric models fit for L, L1, and L2 explain
the variation in the data in similar ways. Both of these
metrics can estimate body mass from length measure-
ments for click beetles. Morphometric scaling laws can
also help evaluate the mass of specimens that have been
partially damaged during an experimental campaign or
in storage. When collecting experimental data, conserv-
ing dried specimens can be challenging. Care needs to
be put into cleaning the specimens to avoid mold and
other insects from degrading the beetles, and cautious
handling is required not to break the very brittle dried
bodies. When samples are damaged, having models to
estimate morphological parameters is essential to re-
construct complete data sets. The parameters evaluated
in Fig. 2 can be used to estimate the LM of specimens
from collections or that were partially damaged. The
linear correlation between LM and DM across the click
beetle species indicates that the DM is about one-third
of the live (wet) mass. The morphological scaling laws
in Fig. 2 are also critical to infer how organs and mus-
cles scale with increasing body length. Muscle scaling
is of particular interest when studying the jump of click
beetles and other insects. From a small data set relat-
ing muscle volume to body length (e.g. from CT-scans),
the force generated to initiate the jump can be estimated
for broad range of species. Such estimates may help in-
form the design of click beetle-inspired prototypes by
providing initial actuation requirements for muscle-like
motors.

The kinematic data set measured in this study enables
us to test whether the click beetle jump follows ballis-
tics motion, that is, to test the assumption that gravity
is the only force acting on the insect during the jump.
The kinematic parameters measured in Fig. 3 are coher-
ent with the jumping data reported in the literature for
small click beetles (L = 4–20 mm) (Evans 1972; Ribak
and Weihs 2011; Ribak et al. 2012; Hashemi Farzaneh
2020). As the maximum jump height h can be consid-

ered constant across the mass range (Fig. 3), a first nec-
essary condition for the ballistics equation to hold is
for the right-hand side of Equation (1) to also be con-
stant. The analysis of the kinematics parameters showed
that the velocity at take-off VTO and the take-off angle
α are indeed constant with increasing mass. Ballistics
motion may thus be assumed. We can test the ballistics
motion assumption using two methods. First, assuming
that Equation (1) holds, the relative jump height should
decrease following a power decay model with increas-
ing mass. As h is constant and L ∼ m0.3, then we ex-
pect h/L ∼ β/m0.3, with β is a constant. Fig. 4 shows
that β can be estimated at 0.34, supporting this first in-
junction. Second, we may calculate the maximum jump
height using Equation (1), assuming that the velocity
at take-off VTO and the take-off angle α are known for
each specimen and compare the estimated value and
the measured (“true”) jump height. The error is shown
in Supplementary Appendix C. For 68% of the speci-
mens, the maximum jump is predicted by Equation
(1) with less than a 15% error. For 27 out of 28 speci-
mens, the maximum jump is predicted with less than a
20% error, supporting that the ballistics motion equa-
tion describes well the airborne trajectory of the jump.
An airborne ballistic trajectory indicates that gravity is
the only significant force acting on the beetle body dur-
ing the airborne stage. Thus, other forces acting on the
body, such as drag, can be neglected. For the one speci-
men studied (Lacon marmoratus), estimating the maxi-
mum jump height per Equation (1) yields an error of
41%. For this specific specimen, the ballistics motion
equation cannot be used to predict the airborne trajec-
tory. As it the only specimen of L. marmoratus studied,
it is unclear if it is an outlier or if this species has differ-
ent airborne physics.

While our data support the ballistics motion assump-
tion, the variation in the data is not well explained by the
first model developed in Fig. 4 (power decay model), es-
pecially when considering the abrupt decay for small in-
dividuals (DM < 80 mg). The exponential decay model
describes the abrupt decay for small individuals slightly
better. An exponential decay model suggests that the
relative jump height reaches an asymptote as the mass
increases. However, as the current data doesn’t include
many large individuals, the model cannot capture the
behavior of large mass and is suited to test this hypoth-
esis. To refine both models describing the relative jump
height decay, a larger number of large animals (DM >

80 mg) should be considered. Other models could be
developed to describe the relative jump height decay,
such as biphasic models, to better describe the data
variation. Biphasic models would suggest that airborne
physics are mass-dependent. A larger data set would be
needed to identify such mass-dependent transitions.
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This study expands the available data set on the jump-
ing performance of click beetles and includes species
commonly found in the American Midwest (prior data
sets focused on species found in Europe and Israel
(Evans 1972; Kaschek 1984; Ribak and Weihs 2011;
Ribak et al. 2012). Our findings are similar to prior
work conducted by a subset of the authors (Bolmin et al.
2017), and found in the literature (Evans 1972; Kaschek
1984; Ribak and Weihs 2011; Ribak et al. 2012). These
similarities speak of the quality of the data sets collected
in the collected in the 1970s and the 1980s and suggest
that the various data sets may be combined in future
studies to include a large number of species and indi-
viduals. This augmented data set is of great interest to
current and future efforts to guide the design of click-
beetle inspired robotic platform.

In this study, we record and quantify the morphol-
ogy and the jumping performance of a large number of
click beetle species of various sizes. We investigate how
the body scales with increasing mass and establish scal-
ing laws that can be used to reconstruct data sets and
estimate morphological parameters in museum speci-
mens. The statistical models used to describe jumping
performance show that the jumping parameters con-
sidered (jump height, take-off angle, velocity at take-
off, and maximum acceleration) are constant across the
mass range. Hence, for the specimen considered, mass is
not a predictor of the kinematics. Furthermore, we show
that the COM follows ballistics motion during the air-
borne stage. Hence gravity is the dominant force acting
on the beetles while airborne, regardless of body size.
The velocity at take-off and the take-off angle are the
only parameters affecting jumping performance. This
work tests this assumption at the core of literature mod-
eling the click beetle jump and provides a framework for
studying insect jumping performance.
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