
Multiscale tarsal adhesion kinematics of freely-walking dock beetles

Sophie Marie Gernay,1, 2 Simon Labousse,1 Pierre Lambert,2 Philippe Compère,3 and Tristan Gilet1, ∗

1Microfluidics Lab,
Department of Aerospace and Mechanical Engineering,

University of Liège, B-4000 Liège, Belgium
2TIPs,

Université Libre de Bruxelles
3Laboratoire de Morphologie Fonctionnelle et Evolutive,

University of Liège, B-4000 Liège, Belgium

In this experimental study, living dock beetles are observed during their free upside-down walk on
a smooth horizontal substrate. Their weight is balanced by the adhesion of hairy structures present
on their tarsomeres. The motions involved in the attachment and detachment of these structures
were characterised by simultaneously imaging the beetle from the side at the body scale, and from
the top at the scale of a single tarsal chain. The observed multiscale three-dimensional kinematics
of the tarsi is qualitatively described, then quantified by image processing and physically modelled.
A strong asymmetry is systematically observed between attachment and detachment kinematics,
both in terms of timing and directionality.
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1. INTRODUCTION

Many hexapod species have the ability to walk on a
wide variety of surfaces. As a consequence, they have
been incredibly successful at colonising terrestrial habi-
tats. Some plants that are victim of phytophagous insects
have developed slippery surfaces as a counterpart in the
evolutionary arms race [1, 2]. Hexapod terrestrial loco-
motion and attachment have been investigated for more
than 150 years [3]. Early experiments with freely walk-
ing beetles on various substrates revealed that the main
contributors to adhesion were Van der Waals forces and
capillary forces from the pad secretion [4].

Hexapod adhesion mechanisms are not only interest-
ing for the development of reusable bio-inspired adhe-
sives [5–8]. They also are a promising answer to a cur-
rent challenge in microrobotics: with conventional pre-
hension (tweezers, vacuum), it is hard to pick and place
objects smaller than 100 µm without being impaired
by Van der Waals forces [9, 10]. The reversible adhe-
sion of hexapods does not seem to suffer from this size
limit. Many hexapods possess tarsomeres (tarsal seg-
ments) covered with slender adhesive structures called
tenent (adhesive) setae (hairs), of a diameter of the or-
der of a few micrometers only.

In this work, the dock beetle Gastrophysa viridula De
Geer (Coleoptera, Chrysomelidae) was used as a model
species. The adhesion mechanism of this beetle has been
the subject of many studies in the last fifteen years (e.g.,
[11]). Standardised rearing procedures have been re-
ported, with the aim of ensuring that individuals are at
the same development stage [12, 13]. The beetles possess
five tarsal segments (tarsomeres t1-t5, proximal to dis-
tal, respectively). The distal segment t5 bears the claws.
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The fourth tarsomere t4 is hidden. Tarsomeres t1-t3 are
ventrally covered with adhesive pads composed of tenent
setae. We further call them proximal, middle and distal
adhesive pad, respectively (figure 1). During locomo-
tion, the setae not only have to adhere well on many dif-
ferent substrates but they must also detach quickly and
effortlessly. Usually, only the tip of each seta touches
the substrate. More exactly, the adhesion is mediated by
some liquid on the seta tips; a part of it is left as foot-
prints [14]. The composition of this liquid seems to be
derived from cuticular lipids [15]. There are three main
different shapes of seta tips: spatulate [16], discoidal and
pointed [17]. They have different mechanical properties:
discoidal tips are stiffer, and they provide significantly
more adhesion than other tips [17, 18]. Discoidal tips are
found only in males. They can provide strong attach-
ment to the female elytra during copulation [17]. Dock
beetles are very well adapted to locomotion onto their
main source of food: dock leafs [19, 20].

FIG. 1. Scanning Electron Microscope image of the ven-
tral tarsus of a male dock beetle Gastrophysa viridula. The
tarsus (foot) consists of 5 tarsomeres (t1-t5). The 5th tar-
somere bears claws. Tarsomeres t1-t3 are ventrally covered
with tenent setae, and further called proximal, middle and
distal adhesive pads. The scale bar is 200 µm.

Adhesive structures have evolved independently mul-
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tiple times within hexapods. The observed convergent
evolution of many species towards this strategy of fibril-
lar adhesion (e.g. earwigs, beetles and flies) strongly sug-
gests a function-driven evolution [21]. It therefore rep-
resents a relevant source of inspiration for microrobotic
pick-and-place, which faces similar requirements in terms
of speed and robustness to various substrates.

The excellent performance of walking hexapods is due
to the fact that they move their elaborated adhesive pads
with the appropriate kinematics at the scale of the leg.
Mechanosensitive tarsal sensilla are often present on tar-
someres [22, 23]. By constrast, the muscles that activate
the claws (through tendons) are located in the tibia [24],
so there is no muscular control at the scale of individual
setae. Beetles and flies do not usually have any antag-
onist muscle to the flexor muscle [24, 25]. As a conse-
quence, they can only lift their claw by contracting this
flexor muscle, or move the entire tarsus at once. While
many studies were dedicated to quantifying the geometry
and mechanical behaviour of the pads subjected to forced
kinematics [17, 18, 26–29], the description of free-walk
kinematics remained mostly qualitative [25, 26]. More-
over, only hypotheses could be made on the motions re-
sponsible for generating the required adhesion then can-
celling it a fraction of second later.

A universal gait was observed for most adult hexapods,
which consists in the cycle "HR-FL-MR-HL-FR-ML",
where F, M and H correspond to front, mid- and hind
legs, while L and R identify left and right legs, respec-
tively [30, 31]. This gait reduces the net turning-moment
of the body, so the hexapod can walk in a straight line
[30]. The sequence seems independent of the inclination
of the substrate on which the hexapod walks [32]. Only
the overlap of stance phases is more important during
upside-down walking [32], which should increase the total
average adhesion force. Insects with a large safety factor
(attachment force over body weight) can move three legs
at a time – (FR, ML, HR) vs. (FL, MR, HL) – when
upside-down, as in a classical tripod gait [33]. Others
prefer a more continuous sequence, where maximum two
legs swing at a time so the insect continuously benefits
from the adhesion of at least four legs [30].

The detailed motion of the pulvilli (hairy adhesive pads
at the base of the claw) of both flies Calliphora vicina
Rob.-Des. and Musca domestica L. (Diptera, Calliphori-
dae and Muscidae, respectively) was observed with high
speed microscopy imaging [25]. Flies were free to walk
inside a tube, whose orientation was varied. These obser-
vations revealed a systematic proximad movement of the
tarsomeres at the beginning of the stance phase. Also,
four detachment scenarios were observed (with percent-
age of occurrence in brackets, for 129 events):

1. Twisting (40%): The leg is rotated by up to 90o
in the plane parallel to the substrate, before it is
pulled proximally.

2. Lifting (27%): The leg is lifted from the proximal
side, which causes the claw to be passively pressed

to the substrate. The setae are then progressively
peeled in the distad direction.

3. Pulling (24%): The leg is pulled proximally until it
detaches. This motion probably requires a larger
force, and it possibly happens only when the fly is
stressed. The proximal pad detaches first.

4. Shifting (9%): The leg is briefly pushed distally,
which compresses the pulvilli. The median pad de-
taches first.

Unfortunately, this first investigation of fly tarsomere
kinematics [25] did not include any quantification of the
motion, and scale bars were not reported. Moreover,
among hexapods the pulvilli are specific to a limited num-
ber of species, including flies (Diptera) and some true
bugs (Heteroptera, e.g. Pentatomidae, Miridae, Thau-
mastocoridae) [34]. So it is unclear if the corresponding
kinematics is shared by other hexapods without pulvilli.

The ventral pads on the first to third tarsomere of dock
beetles seem to serve different functions, as it was shown
for males freely walking up and down on a smooth ver-
tical surface [26]. Previous studies showed that, on the
one hand, the distal pad experiences stronger and longer
contact than others when adhesion is required (e.g., on
forelegs when climbing up, or on hindlegs when climbing
down). It is the first to attach and the last to detach.
On the other hand, the proximal pad is fully used when
the legs are in compression (e.g., forelegs when climb-
ing down). Measurements of the force resulting from the
compression of the pads (displacement of about 20µm
towards the substrate) revealed that proximal pads are
significantly stiffer than distal pads, which would help
them to avoid buckling [26].

The forces experienced by the pads are also strongly
dependent on their direction of motion [14, 26]. Exper-
iments with constrained living dock beetles showed that
pads forced to slide over 10 mm at a speed of 500 µm
s−1 generate significantly more shear force when pulled
in the proximad direction than when pushed in the distad
direction [14]. However, such distance and speed are far
from the usual motions experienced by the pads of freely
walking dock beetles. A similar force asymmetry between
pulling and pushing was observed for cockroaches [35]
and spiders [36].

The extent to which the walk kinematics of hexapods
is controlled by neuronal feedback is still largely un-
known [37]. Neuronal feedback was observed at the
timescale of 200 ms for male cockroaches Blaberus dis-
coidalis L. running on a substrate of roughness similar
to their body scale [38]. The measured interburst inter-
val was about 100 ms, which suggests that any motion
at a smaller timescale cannot be attributed to neuronal
control. Sponberg and Full [38] concluded that mechani-
cal feedback plays a dominant role in self-stabilizing the
insect locomotion. It could originate from the intrinsic
viscoelasticity of the musculoskeletal structures.

This work aims at providing a detailed and quanti-
tative kinematic study of the terrestrial locomotion of
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dock beetles G. viridula. The beetles are freely walking
upside-down on a horizontal, flat smooth surface. Syn-
chronised views of the beetle motion are captured, each
focusing on a different length scale, from the leg down to
the individual setae. Each motion is quantified by image
processing: the gait and leg kinematics, the peeling of the
pads, the motion of the claws, and the peeling of individ-
ual setae. Our discussion of these motions will be guided
by the hypothesis that every motion at a timescale less
than 100 ms cannot be controlled in real-time by neu-
ronal feedback, so that it should result from passive me-
chanical considerations only. Data from different views
are correlated in order to identify motions occurring in
concert. Our findings are regularly compared to previous
work, especially on flies [25] in order to identify conver-
gent features between flies and beetles. The appearance
of such features in two species that have evolved indepen-
dently would then suggest that these features are well-
adapted to a given function, here terrestrial locomotion
and attachment. Results are finally discussed with the
aim of providing relevant advice to the design of future
biomimetic devices based on hairy capillary adhesion.

2. EXPERIMENTAL SETUP

We studied 20 males of the dock beetle Gastrophysa
viridula from our laboratory colony. Rearing was per-
formed along the procedure described in Voigt et al. [12].
The temperature was kept between 20oC and 25oC, and
the colony was subjected to daylight. Only adults of
approximately the same age were selected for the ex-
periments. Males were chosen because they possess the
three different shapes of seta tips (spatulate, discoidal
and pointed) thanks to which they adhere remarkably
well on smooth surfaces [20]. The individuals were not
distinguished. So in the subsequent statistical analysis,
no distinction is made between repeated experiments on a
single individual and experiments on distinct individuals.
Significant statistical correlations observed while pooling
all experiments would potentially be even stronger if a
distinction of individuals was made.

The beetles were observed walking upside down from
two points of views. A macroscopic side view of the walk-
ing beetle was captured at 60 frames per second with
a Nikon 1 V3 camera, a macro lens (AF-S DX Micro
Nikkor 85mm) and backlighting. The numerical resolu-
tion, evaluated on each movie, is of the order of 8 µm per
pixel. Simultaneously, one leg was imaged from the top
with a high speed camera (Phantom Miro 110) at 1600
frames per second, through a transmission microscope
(Zeiss Axio Scope A1) with a 10x objective. The numer-
ical resolution is 1.22 µm per pixel. In order to synchro-
nise both recordings, the output signal of the high speed
camera (top view) triggered the external light source of
the side view. During each experiment, the beetle was
first deposited, head up, at the center of a clean micro-
scope slide (soda-lime glass, ISO 8037/1, Carl Roth). It

was then gently turned upside down and placed in the
field of view. The beetle was then free to walk. In or-
der to keep it walking in the vertical focal plane of the
side view, the lateral parts of the glass slide were covered
with a superhydrophobic coating (Tegotop R©210, Evonik
Industries, and Antispread E2/200, Dr. Tillwich GmbH)
which strongly limited adhesion and discouraged explo-
ration outside the focal plane. To apply this coating lo-
cally, the central part of the glass slide was first masked
with a slightly adhesive tape that did not leave any ap-
parent glue residue once removed.

3. RESULTS AND DISCUSSION

A. Gait and leg kinematics in vertical planes

Our kinematic investigation started at the scale of the
beetle, i.e. a few millimetres. The beetle was observed
in a vertical plane from the side. We define the carte-
sian coordinate system (x, y, z) oriented along the beetle
body, where x is the horizontal longitudinal axis (from
posterior to anterior, i.e. increasing during a motion for-
ward), y is the horizontal lateral axis (from its right to
its left), and z is the vertical axis (perpendicular to the
substrate, from ventral to dorsal, i.e. downwards here).

FIG. 2. Macroscopic side view (x, z) of a male dock beetle
walking upside down a glass substrate. Legs are numbered
with two letters: the first differentiates forelegs (F), midlegs
(M) and hindlegs (H); the second indicates left (L) or right
(R). Left legs are here in focus, while right legs are out of
focus. The scale bar is 1 mm. The corresponding movie is
available in the Supplementary Material.

In some videos of interest, the beetle walked at approx-
imately constant speed in the direction perpendicular to
the camera (sagittal view). Each leg could then be distin-
guished and identified (figure 2) in the (x, z)-plane: e.g.
left legs stayed in focus while right legs were out of focus.
The gait could then be properly analysed (figure 3).

We first measured the swing duration tsw (when the leg
is separated from the substrate), as well as the contact
position x of each leg during the stance phase (figure 3a).
Left and right legs moved alternately. At t = 0.8 s, the
gait converged to a regular sequence HR & FL, MR, HL
& FR, ML already described by Hughes [30]. Each front
leg swung at approximately the same time as the opposite
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FIG. 3. Gait pattern. The dash-dot vertical line indicates the
beginning of the regular gait. (a) The position x of each leg
is represented as a function of time (solid lines for left legs,
dotted lines for right legs). Blue (resp. red) lines correspond
to the stance (resp. swing) phase. The thick magenta line
is the central position of the body. (b) Number of legs NL

in contact with the substrate (stance phase). (c) Vertical
distance z, oriented downwards, from the substrate to the
lowest point of the elytra.

hind leg. This is confirmed by the bar plot in figure 3b
that represents the number of legsNL in stance at a given
time. It oscillated between 4 and 6 so the insect swung
maximum two legs at a time. Steps were not regular,
they varied in both duration and distance, but they were
all of the same order of magnitude. The swing duration
is tsw ' 0.13 s, which is about 1/6th of the gait sequence
(cycle frequency 1.3 Hz). It is also the same order of mag-
nitude as the neuronal response time measured for cock-
roaches [38]. The legs moved forward by ∆x ' 1.5 mm at
each step on average, so the mean speed of each leg was
about ∆x/tsw ∼ 12 mm s−1. The dimensionless Froude
number Fr is used in terrestrial locomotion analysis as
the ratio between inertial forces (e.g. centripetal) result-
ing from leg motion and the weight of the animal. It
is defined as Fr = L/(gt2sw), where L is the leg length
and g is the gravity acceleration. The transition from
walking-like gaits to running-like gaits typically occurs
when Fr ∼ 1 [39]. Since L ∼ 2 mm, Fr ∼ 0.01 � 1.
Therefore, the gait was clearly in a walking-like regime:
inertial forces resulting from leg motion were negligible in
comparison to the leg weight. Consequently, the weight
of the beetle and the reaction forces from the substrate
had to almost balance at all time.

We also measured the displacement of the upper line
of the closed beetle elytra which, in first approximation,
is the same as the motion of the centre of mass of the
beetle. The average horizontal walking speed on ceiling
is approximately 1.7 mm s−1 (figure 3), which is indeed

about 1/6th of the average leg speed. When the gait was
stabilised (t > 0.8 s) the beetle body moved cyclically up
and down with amplitude and frequency of about 100 µm
and 2.5 Hz respectively (figure 3c). This corresponds to
twice the cycle frequency. The body was the lowest when
two legs swung at a time.

The swing time tsw and corresponding advance of
the leg ∆x in the x-direction were recorded more sys-
tematically on side views (x, z), for 176 leg swings –
not all of them during stabilised walking (Data avail-
able in the Supplementary Material). The swing time
is tsw = 0.15[0.13,0.18] s, where 0.15 denotes the median
value, and the numbers in bracket correspond to the first
and third quartiles (this notation is used throughout this
paper). It is twice as much as the swing time of the
blow fly C. vicina [25], though this latter was observed
walking right-side-up on a horizontal substrate. The cor-
responding travelled distance is ∆x = 0.54[0.37,0.91] mm
and the leg speed is 4.2[2.2,6.4] mm s−1, which is three
times smaller than for the sustained gait of figure 3. The
variability from one step to another is much larger in
terms of distance travelled ∆x than in terms of swing
time. The maximum observed distance ∆x ' 2 mm is of
the order of the leg length. No pronounced differentiation
between fore-, mid- and hind-legs is observed (ANOVA
F2,172 = 1.81, p = 0.17).

When bored of being in the limelight, the beetle had
the ability to detach its 6 legs in less than 17 ms, and to
fall (figure 4). Right after detachment, most of the claws
were still in contact with the substrate, which suggests
that they were here used as the fulcrum of a lever to
initiate detachment.

FIG. 4. Macroscopic side view of a male dock beetle. (a)
The beetle is firmly attached with its 6 legs in contact with
the substrate. (b) 17 ms after, all six legs detached from the
substrate and the beetle was then in free fall. The scale bar
is 1 mm.

The rotation of the leg is better seen in the (y, z)-
plane, i.e. when the posterior-anterior axis of the bee-
tle ex was parallel to the axis of the camera (transverse
view). An example of swing kinematics of the left hindleg
(HL) is shown in Figure 5. It is a non-trivial combina-
tion of translation and rotation, which is often asymmet-
ric in time: here, the motion away from the substrate
was about twice slower than the subsequent motion to-
wards the substrate. A similar observation was made
for blow flies C. vicina [25]. Their swing phase ended
with a slight pull of the leg in the proximad direction
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(a) (b)

FIG. 5. (a) Detachment and (b) attachment kinematics of
the left hindleg in the (y, z)-plane (seen from behind the bee-
tle). The colour sequence [black, green, blue, magenta, red],
reversed in (b), represents successive positions every 17ms.
The large notched arrow indicates the direction of leg mo-
tion. The scale bar is 1 mm.

once the substrate had been touched. The claw posi-
tion [y(t), z(t)] and leg orientation θ(t) were tracked on
six similar movies (Data available in the Supplementary
Material). The maximum vertical distance from the slide
to the claw zM = max(z) = 1.1[0.7,1.9] mm varies signif-
icantly from one step to another. The horizontal speed
ẏ = 4.2[1.4,5.5] mm s−1 is one order of magnitude lower
than the maximum vertical speed |żM | = 28[10,140] mm
s−1. The average vertical acceleration is z̈ ' −0.64m s−2.
The swing time can be approximated as tsw ∼ 4zM/żM =
0.12[0.11,0.13] s, consistently with other estimations here
above.

B. Pad sequence

We also analysed the sequence in which the three pads
(distal, middle and proximal) of a leg get attached to and
detached from the substrate. For attachment (resp. de-
tachment), we define tD as the first (resp. the last) time
at which at least 15µm2 of the distal pad were attached.
Times tM and tP are defined similarly for the middle and
proximal pads. The difference between these times tD,
tM and tP is represented in Figure 6. On the one hand,
several different attachment sequences were observed: ei-
ther pad can be first to attach, as long as the middle pad
is not the last. This is in contrast to previous reports
that the distal pad should always be first to attach [26].
On the other hand, detachment is more selective: the
most likely sequence is by far P-M-D, so the proximal
pad detaches first, then the middle pad then the distal
pad (as observed in [26]). Only in one occurrence could
the middle pad detach much before the other two.

C. Area of contact

High-speed microscopy imaging provide a wealth of
quantitative information on the horizontal motion of the
legs (top, frontal view - figure 7). We recorded and pro-
cessed videos of 17 attachment and 23 detachment events.
In order to describe the corresponding kinematics quanti-
tatively, we define local coordinates (X,Y ) based on the
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FIG. 6. Plot of the pad sequence, represented by the difference
between the time of attachment (resp. detachment) of each
pad: tD for the distal padD, tM for the middle padM , and tP
for the proximal pad P . Blue (resp. red) symbols correspond
to attachment (resp. detachment). Symbol shapes indicate
tarsomeres of which leg are considered: / = foreleg, • = mid-
leg, . = hind-leg. For example, the symbol J on the right side
of zone P-M-D means that in the corresponding experiment on
a foreleg, the proximal pad detached first, then the middle and
finally the distal. The proximity to the x-axis indicates that
the distal pad detached a few milliseconds after the middle
pad.

stance position of the leg (Figs. 7–8). The Y -axis eY is
oriented along the symmetry axis of the claw, from prox-
imal to distal. The X-axis eX is oriented at 90o from eY ,
clockwise in microscope pictures, so eX = eZ × eY . For
any vector b, we define the directional cosines:

ΨX(b) =
b · eX
|b|

, ΨY (b) =
b · eY
|b|

(1)

During the stance phase, individual seta tips did usu-
ally experience sufficient adhesion to instantly stop mov-
ing as soon as they touched the substrate. Nevertheless,
in 32% of the cases they slid over a distance comparable
to the pad size before they fully adhered to the substrate.
This sliding is revealed in red through image superposi-
tion, as illustrated in figure 9. When sliding was con-
sidered absent, setae were not seen to move significantly
before the preparation of the next detachment.

We first measured the maximum number of seta tips
Nc ' 263[228,355] in contact for each leg, and the corre-
sponding contact area Sc ' 5400[3700,8400] µm2 during
the stance phase (figure 7-left – Data available in the
Supplementary Material). The portion of contact is on
average distributed in the proximal pad (21%), the mid-
dle pad (12%) and the distal pad (66%). The adhesion
force that individual spatula-shaped seta tips can gener-
ate is estimated to be 0.6 µN [17], so the total force that
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FIG. 7. Detachment of a ventral FR tarsus (top view). Time
is indicated with respect to the time at which the last seta
detaches. Both the scale bar and the (X,Y ) axes are 100 µm
long. (a) Stance phase: setae in contact with the substrate
are highlighted in red (number of distinct seta tips Nc, surface
area of these tips Sc). (b - c) The bounding box surrounds
setae in contact for the distal pad. The associated velocity is
vpd.

FIG. 8. Sign convention. Body coordinates (x, y) and leg
coordinates (X,Y ). Each leg belongs to one tripod (A) or (B).
The scale bar is 1 mm. In the subsequent analysis, rotations
of the claws around a vertical axis are considered positive
when seen counterclockwise in the microscope top view (red
arrow).

FIG. 9. Presence or absence of sliding (top view of ventral
tarsi). For attachment (resp. detachment), the final (resp.
initial) position of the setae appears in black. The red lines
correspond to setae sliding during contact with the substrate.
The scale bar is 100 µm. (a) Attachment without sliding (for
at least 0.4 s) of a ML tarsus. (b) Attachment with proxi-
mad sliding (in 0.44 s) of a HR tarsus. (c) Detachment with
proximad sliding (in 22 ms) of a FL tarsus. (d) Detachment
without sliding (for at least 20 ms) of a ML tarsus.

could be generated is of the order of 158 µN for each leg
and almost 1 mN for the six legs in full contact. This
force outbalances the weight of the insect (10.8 mg for
the average male dock beetle [26]) by a factor of nine. It
could even be larger, as 6 legs in simultaneous contact
would yield more adhesion than six times the adhesion
of one single leg in contact. This fact was observed for
spiders, which also rely on hairy pads for adhesion [28].
In any case, inertial forces, which should be considered in
addition to the weight, are here negligible since Fr � 1.

We also tracked the time evolution of the contact area
S(t), during both attachment and detachment. We de-
fine the attachment time ta (resp. detachment time td) as
3/2 of the minimum time that it took for S(t) to increase
(resp. decrease) by 2/3 of Sc, all pads being considered
together (figure 10). Quartiles are reported in Table I,
and the influence of sliding is assessed through a two-
sample t-test. The attachment time is approximately
ta ∼ 150 ms. The influence of sliding seems negligible
(p = 0.7), but the test has a very low statistical power
(0.07), owing to the small number of samples. By con-
trast, the detachment time is one order of magnitude
smaller, and it strongly increases with sliding, with sta-
tistical significance (p = 0.05, power 0.84).

For the distal pad, we also recorded the increase (resp.
decrease) of the bounding box surrounding the seta tips
in contact during attachment (resp. detachment), as il-
lustrated in figure 7(middle and right). We then define
the peeling velocity vpa (resp. vpd) as the average of
the velocity of each side of the box (left, right, proximad
and distad), each being counted positive if in the eX or
eY direction: vpa/d = (Vleft + Vright)eX + (Vproximad +
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FIG. 10. Surface area S(t) of the seta tips in contact with
the substrate during attachment of a mid-leg, normalised by
the surface area Sc at the end of attachment (maximal area
during the stance phase). The dash-dot lines represent the
increase of 2/3 in a time 2/3ta. The solid line corresponds
to the early-time approximation by the exponential growth of
Eq.(5).

TABLE I. Attachment time ta (resp. detachment time td)
of the tarsal segments and corresponding peeling speed vpa

(resp. vpd), quantified by its magnitude and its directional
cosine ΨY . The main numbers correspond to median values,
while the numbers in brackets represent the first and third
quartiles. The p-value corresponds to a two-sample t-test on
the influence of sliding. The corresponding statistical power
is given in the last column (for a significance level of 0.05).
Data are available in the Supplementary Material.

Static Sliding t-test
Sample # 13 4 p power
ta [ms] 150[100,210] 97[86,190] 0.70 0.07

|vpa| [mm s−1] 1.1[0.7,3.8] 5.4[2,7.2] 0.96 0.05
ΨY (vpa) −0.6[−0.9,0.1] 0.1[−0.7,0.8] 0.34 0.17
Sample 14 9 p power
td [ms] 7.5[4.7,14] 23[8.4,60] 0.05 0.84

|vpd| [mm s−1] 29[9.4,60] 34[11,68] 1.00 0.05
ΨY (vpd) 0.8[0,1] −0.1[−0.6,0.7] 0.17 0.28

Vdistad)eY . As seen in Table I, the magnitude of the
peeling speed is one order of magnitude larger during
detachment than during attachment. In the static case
(without sliding), the average peeling speed multiplied
by the attachment/detachment time always yields a peel-
ing distance of the order of 200µm, which approximately
corresponds to the length of the distal pad. This length
gets increased by the sliding distance, of the order of 300
to 600 µm. The peeling direction is more often proxi-
mad during attachment (ΨY (vpa) < 0) and distad dur-
ing detachment (ΨY (vpd) > 0). This latter observation

is consistent with the dominant pad sequence P-M-D
of detachment. Sliding does not seem to influence the
peeling speed (although the power of the test is again
weak), but it does make directionality less systematic
(ΨY (vpa/d) ∼ 0 on average).

D. Claw motion in the horizontal plane

The claw remained entirely in the field of view in 7
attachment and 7 detachment high-speed movies. The
kinematics of this solid body can be described by the mo-
tion of the segment joining both claw tips. The segment
is characterised by the position of its mid-point R(t) and
by its orientation φ(t), counted positive if counterclock-
wise in microscope pictures. Only the rotation of the claw
in the (x, y) horizontal plane could be properly analysed.
The side view does not allow for a systematic quantifica-
tion of rotations in a vertical plane. The origin of time
t = 0 corresponds to when the first seta attaches to (resp.
the last seta detaches from) the substrate. The position
R is set to zero (origin of the axes eX and eY ) at that
time.

1. Attachment

A typical attachment sequence is shown in figure 11,
and the corresponding evolution of R is represented in
figure 12. As seen from the claws, the leg strongly decel-
erated as soon as the very first setae made contact with
the substrate (t = 0). Then (t > 0), the leg was pulled
in the proximad direction over a few tens of micrometers
and the claw position R converged to Ra. This pulling
after contact has already been observed for dock beetles
[14], and very similarly for blow flies (C. vicina) [25] and
geckos [40]. Pulling on the tarsomeres could help bring-
ing individual seta tips into intimate contact with the
substrate, and it could then introduce a shear load on
the setae [33].

We identified the claw motion on 7 attachment movies
(table II). Right before attachment (t→ 0−), we approx-
imated the motion by:

R(t) = Ṙ0at φ(t) = φ̇0at+ φ0a. (2)

The horizontal claw speed at approach |Ṙ0a| is around
15 mm s−1 without significant influence of sliding. The
approach direction is slightly proximad (ΨY (Ṙ0a) < 0),
especially when sliding is observed. The corresponding
angular speed |φ̇0a| is about 19 rad s−1, and it is less
when sliding is present. This approach kinematics, if ap-
proximately maintained during half of the swing (tsw/2),
would correspond to an average travelled distance of
0.7 mm and an average rotation angle of 70o (without
sliding), which are both consistent with our measure-
ments from the side view.

The first few setae that touched the substrate gener-
ated a strong deceleration of the leg, both parallel and
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FIG. 11. Top view of the attachment of the ventral tarsus of a male left mid-leg. The time of each frame is indicated in the
lower left corner; time t = 0 corresponds to the first setae touching the substrate (circled in blue). Axes (X,Y ) are of length
100 µm, and centred on the position of the claw at time t = 0. The position and orientation of the claw are measured with
R(t) and φ(t) respectively. The final position (resp. orientation) is Ra (resp. φa). The corresponding movie is available in the
Supplementary Material.

t [ms]
-10 0 10 20 30 40 50 60 70 80

R
·
e
X
,
R

·
e
Y
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m
]
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-0.04

-0.02

0

0.02

0.04

0.06

Ra · eY

Ra · eX

FIG. 12. Claw kinematics during attachment: Approach (red)
and proximad pull right after touching (blue). Triangles (O)
represent R(t) · eX while squares (�) represent R(t) · eY .The
crossed symbols correspond to the snapshots of figure 11. The
thick lines correspond to Equations(2) and (6). The hori-
zontal dotted lines indicate the magnitude of the X and Y
components of Ra. The vertical dashed line is t = 0.

normal to the substrate. In Figure 11, the deceleration
was not mediated by the impact of the claw. Indeed,
claw tips were not in focus so the claw did not touch
the substrate yet (by opposition to the claw in figure 7).
Would these first few setae crush under the impact of
the leg on the substrate? The spring constant of the
seta stalk was measured to be about 0.3 N m−1 for each
spatula-shaped tips [17], which corresponds to 0.6 N m−1

for the two setae in contact at t = 0. The mass of the
tarsal segments is estimated to m ∼ 4 × 10−8kg (equiv-
alent of a box of 1 × 0.2 × 0.2 mm3 with a density of
1 g/cm3). If this mass compresses these two first se-
tae, it behaves as a mass-spring system of natural fre-
quency ω '

√
0.6/4× 10−8 ∼ 4 × 103 rad s−1. If the

leg initially approaches the substrate at a normal speed
|żM | ' 28 mm s−1, the setae are then pressed on the sub-
strate by a distance of the order of |żM |/ω ∼ 5µm. This
value is one order of magnitude smaller than the seta
length, so the setae should bend without being crushed.

After initial contact (t > 0), the motion of the claw
should be driven by a muscular force Fa from the leg,
which could only experience significant variations at the
timescale of a few hundred milliseconds (i.e. the neuronal
response time, or equivalently the swing time). The pro-
gressive slow-down of the claw suggests that the muscu-
lar force is opposed by an increasing friction force from
the setae. It is here assumed proportional to the con-
tact area S(t). The proportionality factor, i.e. the shear
stress σ(t), is empirically modelled as

σ(t) = σ0 + α|Ṙ(t)| (3)

where σ0 and α are constants, and it is assumed collinear
with Ṙ(t) at all time. Many phenomena could participate
to this shear stress, including a solid/solid friction force,
a lubrication force in the thin layer and wedge of liquid,
a surface tension force from contact lines [18], or even
some non-newtonian rheology. Their determination and
modelling is left to future work.

The deceleration seen in figure 12 is of the order of
60 µm in 40 ms, so 37 mm s−2. It corresponds to an
inertial force on the tarsal mass m of the order of 1.5 nN,
which is two orders of magnitude below the adhesion
force exerted by one single seta. Consequently, inertial
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forces can again be safely neglected and the force balance
yields:

|Fa| = S(t)
[
σ0 + α|Ṙ(t)|

]
(4)

As soon as S(t) reaches Sa = |Fa|/σ0, the claw stops
(|Ṙ(t)| = 0).

The full claw deceleration occurs at a timescale (60 ms
in figure 12) significantly smaller than the attachment
time ta. Consequently, only the early part of the curve
S(t) in figure 10 has to be taken into account for Eq. (4).
It can be approximated by an increasing exponential:

S(t) ' Sae
η(t/τa−1) (5)

where τa is the characteristic time of claw deceleration
and η = ln [Sa/S(0)] is a dimensionless factor that corre-
sponds to the amplification of contact area between t = 0
and t = τa. The time evolution of R(t) is obtained by
combining Eqs.(4-5) and integrating over time:

|R(t)| = σ0τa
α

[
eη − eη(t/τa−1)

η
− t

τa

]
= |Ra|

eη − eη(1−t/τa) − ηt/τa
eη − 1− η

(6)

where

|Ra| = |R(τa)| = σ0τa
α

eη − 1− η
η

(7)

is the distance over which the claw slides during attach-
ment (t > 0).

Parameters |Ra|, τa, η and Sa are obtained by fit-
ting simultaneously equations (5) and (6) on experimen-
tal curves S(t) and R(t) of the 7 attachment movies
(Figs. 10 and 12). The obtained quartiles are given in
table II. The claw motion during attachment is always
proximad (ΨY (Ra) < 0), so the dock beetle pulls on its
leg. The pulling timescale τa and length scale |Ra| are
about 36 ms and 58 µm, respectively. The dimension-
less factor η ' 2.6 is almost constant in all experiments.
The minimum contact area Sa necessary to stop the claw
is 1.8 × 10−3 mm2, which is about 33% of the average
area at maximum contact Sc. The initial surface area
S(0) is then approximately Sae

−η ∼ 133 (µm)2, which
corresponds to about 6 setae. The initial pulling speed

d|R|
dt

]
t=0

=
|Ra|
τa

η(eη − 1)

eη − 1− η
' 5.3mm s−1

(without sliding) is significantly smaller than the ap-
proach speed |Ṙ0a|. The deceleration from |Ṙ0a| to
|Ra|/τa always occurs in less then 1.25 ms, so it is at
least 8 m s−2. Only the pulling length |Ra| significantly
increases with the presence of sliding. Data are not suf-
ficient to statistically confirm the independence of other
parameters to sliding (power < 0.7).

From the definition of |Ra|, we obtain σ0/α ∼ 0.4 mm
s−1. Experiments by Bullock et al [26] showed that the

adhesion force is strongly dependent on the shear load
applied by the legs. In these previous experiments, male
and female beetles were immobilised, then one of their
leg was pressed on the substrate and pulled proximally
at a speed of 500 µm s−1 (so about 10 times slower than
what the beetles would do in free walking). The time
evolution of the shear force has been reported for a fe-
male beetle; it was measured to increase to 10.8 mN in
1.5 mm. A similar maximum friction force was observed
for males in that study, though the corresponding time
evolution was not reported. A pull of only 58 µm could
proportionally generate a shear force of 0.42 mN, which
is of the same order of magnitude as the adhesion force
estimated here above from the contact area Sc. The cor-
responding muscular force would then be about 140 µN
if only Sa is in contact, which would yield a shear stress
σ ∼ 78 kPa. Since the pulling speed is imposed in [26],
we can infer α ∼ 870 MPa s m−1 and σ0 ∼ 35 kPa.

TABLE II. Claw kinematics during attachment (median val-
ues). The numbers in brackets represent quantiles 25% and
75%. Variables are defined in the main text and correspond to
equations (2), (5) and (6). The p-value corresponds to a two-
sample t-test on the influence of sliding. The corresponding
statistical power is given in the last column (for a significance
level of 0.05). Data are available in the Supplementary Ma-
terial.

Static Sliding t-test
Sample # 5 2 p power

t
<

0 |Ṙ0a| [mm s−1] 15[3.7,17] 11 0.99 0.05
ΨY (Ṙ0a) −0.3[−0.5,−0.1] -0.8 0.21 0.20

|φ̇0a| [rad s−1] 19[15,26] 6.3 0.19 0.20

t
≥

0 |Ra| [µm] 58[52,76] 160 0.05 0.99
ΨY (Ra) −0.9[−1.0,−0.8] -0.7 0.21 0.69
τa [ms] 36[29,61] 52 0.59 0.07
η 2.6[2.2,2.9] 2.2 0.55 0.11

Sa [×10−3 mm2] 1.8[1.2,2.9] 2.2 0.98 0.05

2. Detachment

A typical detachment sequence is shown in Figure 13.
The distal pad peeled in the distad direction. At the same
time, a slight rotation of the claws is visible in this hori-
zontal projection, which certainly corresponds to a more
complex three-dimensional twist of the claws. Twisting
and lifting were already identified as the two main sce-
narios of detachment of fly pads [25]. A combination of
both is seen in most of our recordings of dock beetles.
Pulling and shifting were also observed in a very few oc-
currences. As soon as the very last setae detached, the
claw experienced a strong and sudden acceleration that
made it move by as much as a hundred micrometers in
the first millisecond (speed of about 100 mm s−1). Then
the claw decelerated and its motion converged to a con-
stant velocity, close to the leg speed (∼ 20 mm s−1). This
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FIG. 13. Top view of the detachment of the ventral tarsus of a male right mid-leg. Time of each frame in the bottom left
corner; time t = 0 corresponds to the last setae detaching from the substrate. Axes (X,Y ) are of length 100 µm, and centred
on the position of the claw at time t = 0. The corresponding movie is available in the Supplementary Material.

strong deceleration certainly resulted from the relaxation
of some elastic structures in the tarsal chain (tarsal seg-
ments, joints) that were loaded during the stance phase,
as already suggested for flies [25].
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FIG. 14. Claw kinematics during detachment: Preparation
(blue) and elastic recovery right after detachment (red). Tri-
angles (O) represent R(t) · eX while squares (�) represent
R(t) · eY . The crossed symbols correspond to the snapshots
of figure 13. The thick lines correspond to Eqs.(8–13). The
horizontal dotted lines indicate the magnitude of the X and
Y components of Rd (elastic deformation of the tarsal chain).
The vertical dashed line is t = 0. The dash-dotted lines corre-
spond to the leg motion. The schematic illustrates the Kelvin-
Voigt model of the leg and tarsal segments. (Inset) Angular
position φ(t). The solid line corresponds to Eq.(8).

We quantified this motion on the 7 detachment movies
(table III). During the progressive detachment of the

setae (t ∈ [−5, 0]ms), the claw motion is approximated
by:

R(t) = Ṙ0dt φ(t) = φ̇0dt+ φ0d (8)

The claw speed |Ṙ0d| and angular speed |φ̇0d| right be-
fore detachment (t → 0−) are about 3.3 mm s−1 and
11 rad s−1 respectively. This initial motion of the claw
is often distad, i.e. ΨY (Ṙ0d) > 0. It corresponds to a
translation of about 25 µm and a rotation of 0.08 rad
during the detachment time td ∼ 7.5 ms (table I). There
is no significant influence of sliding for t < 0.

We fitted the motion after detachment of the last se-
tae (t ≥ 0) with a Kelvin-Voigt model of the tarsal seg-
ments (spring and dashpot in parallel, as schematised in
figure 14). In this model, the leg starts moving at con-
stant velocity vd at some undetermined negative time.
In comparison, the claw remains relatively fixed at posi-
tion R ∼ 0 because of its adhesion. So the tarsal chain is
progressively deformed, i.e. the spring is loaded. At time
t = 0, when the last setae detach from the substrate, the
adhesion force disappears, so the pad is suddenly submit-
ted to the viscoelastic restoring force only. The elastic
deformation of the tarsal chain at time t = 0 is called Rd.
If the claw had followed the leg motion from the begin-
ning, it would have been at position Rd +vdt. The New-
ton’s law for the claw and distal-most tarsal segments
(beyond the spring/dashpot) is then expressed as:

mR̈ + β(Ṙ− vd) + k(R−Rd − vdt) = 0 (9)

where m, β and k are the effective mass, damping fac-
tor and stiffness of the tarsal chain, respectively. These
latter parameters are hard to estimate, as it is still un-
clear which part of the leg or tarsal chain is the main
contributor to compliance. Oscillations were never ob-
served in any of the seven quantified detachment kine-
matics (similar to figure 14), which suggests that this me-
chanical system is overdamped. Moreover, since a very
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strong acceleration is systematically observed at t = 0,
the claw velocity prior detachment (t < 0) can be set to
zero in first approximation. In other words, we assume
that |Ṙ0d| � |vd|. The solution of Eq. (9) that starts
from R(0) = 0, and Ṙ = 0 is:

R(t) = Rd + vdt+
(vd + Rd

τ+
)e−t/τ− − (vd + Rd

τ−
)e−t/τ+

1
τ−
− 1

τ+

(10)
where

1

τ±
=

β

2m

(
1∓

√
1− 1

ζ2

)
, ζ =

β

2
√
km

(11)

Our recordings (similar to figure 14) allow for the de-
termination of the longest timescale τ+ that corresponds
to the deceleration, but they do not have sufficient time
resolution to properly estimate either the short accelera-
tion timescale τ− or the damping factor ζ. To assess the
influence of these parameters, we define

F±(ζ) = ζ2
(

1∓
√

1− 1

ζ2

)
(12)

so τ± = β/(2kF±). The function F+ monotonically
decreases from F+(1) = 1 to F+(∞) = 0.5. Since
F+(2) = 0.54 already, we can assume in first approxi-
mation that F+ ' 0.5 as soon as ζ > 2. In this limit,
τ+ ' β/k and τ− ' τ+/(4ζ

2)� τ+. At the deceleration
timescale, the position then becomes

R(t) ' Rd

(
1− e−t/τ+

)
+ vdt (13)

in the limit where |vd|τ+ � 4ζ2|Rd|.
This equation is adjusted on experimental data (pa-

rameters Rd, vd and τ+), and average values of the
corresponding parameters are summarised in Table III.
The elastic deformation |Rd| is of the order of 48 µm,
which is comparable to the seta length. The direction of
this deformation is preferentially distad on average, since
ΨY (Rd) > 0, and so is the initial motion of the leg. This
latter is in accordance with the distad detachment peel-
ing of the setae. Without sliding, the speed of the leg
|vd| is about 15 mm s−1, consistently with our side-view
observations, and it has no preferential direction along Y.
It doubles when sliding is present. Other measurements
do not seem to significantly vary with sliding. The decel-
eration timescale τ+ is less than 3 ms. Furthermore, right
before detachment of the last setae, the adhesion force is
balanced by the elastic force provided by the leg defor-
mation. Therefore, the force exerted by the last setae is
proportional to the initial acceleration of the claw:

ad =
k

m
Rd +

β

m
vd =

ζ2

τ2+F
2
+

(Rd + 2τ+F+vd) (14)

according to equations (11-12). Since ζ is unknown, it
is hard to estimate this acceleration. Nevertheless, we

can infer a lower bound to ad by considering ζ = 2. The
minimum acceleration then becomes

ad '
16

τ2+
(Rd + τ+vd) (15)

Parameters of Table III yield an acceleration of at least
460 m s−2, with a similar contribution from both Rd

and τ+vd. It is applied to the three distal most tarsal
segments, which mass is of the order of 4×10−8 kg. The
corresponding force, about 20 µN, is indeed the same
as the adhesion force expected from a small number of
individual setae.

TABLE III. Detachment - claw kinematics (median values).
The numbers in brackets represent quantiles 25% and 75%.
Variables are defined in the main text and correspond to mea-
surements and equations (8) and (13). The p-value corre-
sponds to a two-sample t-test on the influence of sliding. The
corresponding statistical power is given in the last column
(for a significance level of 0.05). Data are available in the
Supplementary Material.

Static Sliding t-test
Sample 5 2 p power

t
→

0
− |Ṙ0d| [mm s−1] 3.3[2,5] 3 0.67 0.06

ΨY (Ṙ0d) 0.7[−0.5,0.9] -0.3 0.46 0.09
|φ̇0d| [rad s−1] 11[4.7,27] 10 0.64 0.07

t
≥

0

|Rd| [µm] 48[33,180] 110 0.84 0.05
ΨY (Rd) 0.5[−0.2,0.7] 0.0 0.55 0.08

|vd| [mm s−1] 15[11,20] 28 0.02 0.65
ΨY (vd) −0.1[−0.6,0.7] 0.5 0.42 0.1
τ+ [ms] 2.3[1.1,3.1] 1.0 0.25 0.17

E. Correlation between claw and body motions

The synchronisation of a side view at the body scale
and a top view at the pad scale allowed for the identifica-
tion of correlations between the corresponding motions of
the leg and the claw. Of particular interest are first the
X -variables that imply some motion in the local direction
X, i.e. along the posterior-anterior axis x in the body
frame. They comprise the X-directional cosine ΨX(b) of
any vector b, and a twist variable Φa = φ̇0a/|φ̇0a| (resp.
Φd = φ̇0d/|φ̇0d|) that represents the direction of claw ro-
tation at the end of the swing phase (resp. end of the
stance phase). This variable is equal to 1 if the rotation
is counterclockwise (in the microscope view), and to -1
otherwise (figure 8). In order to correlate these claw vari-
ables to the leg motion in the body frame (as observed
from the macroscopic side view), we define two local leg
variables:

• Ξ = 1 if a right leg moves forward or if a left leg
moves backwards in the body frame (i.e. swings
towards negative X in the leg frame), and Ξ = −1
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otherwise (swing in the positive X-direction, in the
leg frame);

• χ = 1 if a leg from the first tripod A = {FL, MR,
HL} moves forward or if a leg of the second tripod
B = {FR, ML, HR} moves backwards, and χ = −1
otherwise.

To summarise, for attachment, we consider a set of
six X-variables {Ξ, χ,Φa,ΨX(Ṙ0a),ΨX(Ra),ΨX(vpa)}.
The last four represent the twist direction and
the X-component of the approach motion, of the
pull after contact and of the peeling speed respec-
tively. For detachment, we consider the similar set
{Ξ, χ,Φd,ΨX(vd),ΨX(Rd),ΨX(vpd)}.

For each pair (i, j) of these variables, we calculated
the Pearson’s correlation coefficient cij ∈ [−1, 1]. We
then proceeded to a principal component analysis (PCA)
in order to identify subsets of correlated variables. In
PCA, the correlation matrix cij is diagonalised. Each
eigenvalue corresponds to the variance of the data in the
direction of the associated eigenvector. We aim for the
largest eigenvalue, that explains the largest part of the
variance. The corresponding eigenvector then indicates
the combination of variables that explains most of the
observed variations. PCA results are given in table IV.
Variables Ξ and χ are complementary and uncorrelated
by definition, so we never consider both of them at the
same time.

TABLE IV. PCA on direction variables, for attachment and
detachment. The first line indicates the percentage of vari-
ance in the principal direction (i.e. the maximum eigenvalue
of the correlation matrix, normalised by the number of vari-
ables). The following lines give the weight of each variable
to this direction (i.e. the components of the corresponding
eigenvector).

% variance 64 63 71

A
tt
ac
hm

en
t Ξ -0.4 – –

χ – 0.4 –
Φa 0.5 0.5 0.5

ΨX(Ṙ0a) -0.4 - 0.4 -0.4
ΨX(Ra) -0.5 -0.5 -0.5

ΨX(vpa)} -0.5 -0.4 -0.5
% variance 50 66 62

D
et
ac
hm

en
t Ξ -0.2 – –

χ – -0.5 –
Φd 0.5 0.4 0.6

ΨX(vd) 0.5 0.3 0.4
ΨX(Rd) 0.6 0.5 0.6
ΨX(vpd) -0.4 -0.4 -0.4

For attachment, considering either leg variable (Ξ or
χ) yields the same percentage of variance (63% vs 64%)
in the principal direction, which suggests that the claw
motion is independent of the leg considered. Without
any leg variable, 71% of the variance is in a direction
where {Φa} is opposed to {ΨX(vpa),ΨX(Ṙ0a),ΨX(Ra)}.

It means that the approach velocity Ṙ0a, the pulling after
attachment Ra, the peeling velocity vpa are in the nega-
tive X-direction when the approach rotation is counter-
clockwise (Φa > 0) in the microscope view. A schematics
of this mean trend is seen in figure 15, which also includes
results on the distad/proximad direction given by ΨY (·).

For detachment, the maximum of variance in the prin-
cipal direction (66%) is obtained when the leg variable
χ is included, so the detachment kinematics seems to
depend on which tripod is considered. The principal di-
rection suggests that the elastic deformation Rd and the
leg speed vd are opposite to the peeling velocity vpd,
and they are in the positive X-direction when the ini-
tial twist is counterclockwise (Φd > 0). Moreover, when
a leg of tripod A (resp. B) moves forward, the peeling
velocity is in the direction of positive X (resp. negative
X). According to figure 8, it means that mid-legs peel
and detach in the same direction as their swing motion,
while fore- and hind-legs detach in the direction opposite
to the swing (figure 15).

Attachment Detachment F/H legs Detachment M legs 

Leg motion Leg motion 

Peeling 

Approach 

Pull 

Leg motion 

Peeling 

Initial twist 

Elastic 
load 

Peeling 

Initial twist 

Elastic 
load 

FIG. 15. Kinematic trend (top view of the ventral tarsus),
based on correlations. For attachment, the scenario corre-
sponds to any leg moving in any direction. For detachment,
the scenario depends on which leg does move in which direc-
tion. Red arrows represent the proximad pull after contact
during attachment Ra and the elastic load during detach-
ment Rd. The green arrows represent the approach before
attachment (R0a and Φa) and the leg twist and velocity dur-
ing detachment (vd and Φd). The orange arrows indicate the
peeling velocities vpa and vpd.

A similar PCA could be done for the magnitude of each
variable (Table V). For attachment, we consider the set
of variables {|Ṙ0a|, |φ̇0a|, |Ra|, τa, η, Sa, |vpa|, ta, Sc, ς},
where the variable ς = 1 if the leg slides and ς = 0 if
it does not. Considering all the variables together yields
only 43% of the variance in the principal direction (first
eigenvector), while 23% is left to the second eigenvec-
tor. The first eigenvector is dominated by the opposition
{|Ṙ0a|} vs. {η, Sa, |vpa|, Sc}. It indicates that slower ap-
proach (small |Ṙ0a|) and faster peeling (large |vpa|) yield
a larger contact area (η, Sa and Sc large). The second
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TABLE V. PCA on direction variables, for attachment and
detachment. The first line indicates the percentage of vari-
ance in the principal direction (i.e. the maximum eigenvalue
of the correlation matrix, normalised by the number of vari-
ables). The following lines give the weight of each variable
to this direction (i.e. the components of the corresponding
eigenvector). The third and fourth columns represent the two
first eigenvectors (i.e. two largest eigenvalues) associated to
the full set of variables. The fifth and sixth columns represent
the principal eigenvector for different subsets of variables.

% variance 43 23 72 70

A
tt
ac
hm

en
t

|Ṙ0a| -0.4 -0.2 -0.4 –
|φ̇0a| -0.1 -0.6 – -0.5
|Ra| -0.3 0.4 – 0.6
τa -0.2 -0.2 – –
η 0.4 0.2 0.4 –
Sa 0.4 0.0 0.5 –
|vpa| 0.4 0.3 0.4 –
ta -0.1 -0.2 – –
Sc 0.4 0.0 0.4 –
ς -0.1 0.5 – 0.6

% variance 30 27 63 49

D
et
ac
hm

en
t

|φ̇0d| -0.2 -0.4 – -0.4
|vd| 0.5 -0.1 0.6 –
|Rd| 0.0 0.4 – 0.4
τ+ -0.4 0.1 -0.5 –
|vpd| -0.1 0.5 – 0.6
td 0.4 0.0 0.3 –
Sc 0.3 0.4 – 0.4
ς 0.6 0.0 0.6 –
Λ 0.1 -0.4 – -0.4

eigenvector sheds light on another opposition {|φ̇0a|} vs.
{|Ra|, ς}. It suggests that the rotation of the claw paral-
lel to the substrate during the approach helps the attach-
ment by decreasing both the likelihood of sliding and the
pulling distance. These oppositions are confirmed by per-
forming PCA on each subset of variables independently:
more than 70% of the variance is then in the principal
direction.

For detachment, we consider
{|φ̇0d|, |vd|, |Rd|, τ+, |vpd|, td, Sc, ς,Λ}. The latter
variable Λ ∈ [0, 1] indicates the possible presence of a
liquid residue (figure 16), observed in about 2/3 of the
movies. It represents the proportion of contact area
Sc which is still covered with a liquid residue after
full separation. Again, considering these nine variables
together considerably spreads the variance: 30% along
the first eigenvector, and 27% along the second. The
first vector corresponds to the opposition {|vd|, td, ς}
vs. {τ+}, which indicates that if the leg moves faster,
sliding is more likely, it increases the peeling time, but
after detachment the claw catches the leg faster. The
second vector yields the opposition {|Rd|, |vpd|, Sc} vs.
{|φ̇0d|,Λ}. It suggests that a stronger attachment (high
Sc) reduces the twist speed but increases the peeling
speed, which then induces a larger elastic loading of

the tarsal chain (high |Rd|), and somehow results in
decreased liquid footprints. This latter observation is to
be compared with the previous study of Bullock et al.
[14], which showed that both adhesion and shear stress
increase with a forced depletion of the liquid. If the
elastic load is somehow proportional to the shear stress,
then a high load would mean that the amount of liquid
in the capillary bridge is small, and so will the footprint
be.

FIG. 16. (a, c) Top view of the ventral aspect of a distal
pad in contact with a glass plate. (b, d) Top view of the glass
plate after separation of the pad. In (b), there is no significant
liquid residue. In (d), a liquid residue is left by almost every
seta that was in contact in (c). The scale bar is 100 µm.

F. Kinematics of individual seta tips

FIG. 17. Automated recognition of spatulate/discoidal
(green) vs. pointed (blue) seta tips, based on shape parame-
ters. Objects in red are discarded because their surface area
is not in the appropriate range for a single fully-attached seta
tip. The scale bar is 100 µm.

Finally, we measured the peeling time ti of each indi-
vidual seta tip. Similarly to ta and td (figure 10), ti is
here defined as 3/2 the time required to increase the sur-
face area of the seta tip in contact with the substrate by
2/3 of its maximum value (fully attached). We restricted
these measurements to the experiments with no signifi-
cant sliding. Seta tips were identified by shape recogni-
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tion (figure 17). They are considered as pointed tips if the
eccentricity is higher than 0.85, or as spatulate/discoidal
tips otherwise. The distinction between spatulate and
discoidal is almost impossible by automated image pro-
cessing, owing to the limited resolution of the image. So
spatulate and discoidal tips are pooled in this analysis.
Their distinction will be further discussed below. For
the recognition to be successful, seta tips need to be well
separated from each other. The contact area of each
pointed (resp. spatulate/discoidal) tip is 24[19,34]µm2

(resp. 21[18,28]µm2). So objects for which the maximal
surface area is outside the range [15, 50] µm2 are rejected
because most likely they are either tips in partial con-
tact or merged tips. The peeling time ti is represented
in Figure 18 for each pad, tip type and for attachment
vs. detachment. The peeling time is first geometrically
averaged over all the setae of a given tip shape on one
video, then the statistical distribution of this average in
between videos is shown as a box plot.
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FIG. 18. Box plot of the peeling time ti of individual seta
tips. The peeling time is first geometrically averaged over se-
tae from one video. The box and thick line then correspond to
the quartiles and median of this averaged time over different
videos. Whiskers correspond to quantiles 10% and 90%. The
two lines of numbers refer to the sample size: the top line rep-
resents the number of videos, and the bottom line represents
the total number of setae of given shape in all the videos. At-
tachments (resp. detachments) are represented in blue (resp.
red). Pad (Proximal P, Middle M, Distal D) and tip (spat-
ulate/discoidal s, pointed p) are indicated in abscissa. Blue
and red dashed lines correspond to ta and td respectively.
(Inset) Histogram of ti for spatulate/discoidal tips during the
attachment of a single distal pad. Data are available in the
Supplementary Material.

Again, detachment is generally about one order of mag-
nitude faster than attachment, especially for the distal
pad. The time to peel one seta tip is relatively compara-
ble to the time required to peel the entire pads (ta and
td, defined in section 3C). It suggests that the total at-

tached surface area of the leg varies at the same pace as
the area of individual seta tips. We can illustrate this
further with the case of distal spatulate/discoidal setae,
for which a contact length of about 5 µm is detached
in about 4 ms. This yields a peeling speed of 1.25 mm
s−1 at the tip scale, which is about 20 times less than the
peeling speed of the pad |vpd|. This latter speed is calcu-
lated on the bounding box, which does not take into ac-
count the decrease in contact area of each tip (until they
completely disappear). When the pad peels, the peeling
front (bounding box) takes only a fraction of millisecond
to travel the size of one seta tip, as already observed by
Bullock et al. [14]. It suggests that during detachment
seta tips first decrease their individual contact area (be-
fore pad peeling), and then they decrease their number
(during pad peeling). The same applies to the attach-
ment phase: the peeling speed of individual setae (5 µm
in 80 ms, so about 63 µm s−1) is much smaller than the
peeling speed of the pad (1.1 mm s−1).

Discoidal and spatulate tips were shown to have
markedly different mechanical properties [17], although
they are similar in diameter. In particular, discoidal tips
are about 4 times stiffer than spatulate tips, and the ad-
hesion force that they generate varies sharply with the
position of the peeling line [18]. Consequently, their at-
tachment time is expected to be smaller than the one of
spatulate tips. The histogram of ti for spatulate and dis-
coidal tips from a single video of distal pad attachment
is shown in the inset of Figure 18. Although the num-
bers of discoidal and spatulate tips are relatively similar
on the distal pad of male dock beetles [17], the resulting
distribution of peeling times does not appear bimodal.
From these data, it is therefore hard to conclude about
any possible difference of peeling time between spatulate
and discoidal tips.

4. SUMMARY AND CONCLUSION

Our quantitative description of the walk kinematics
of a dock beetle has revealed a multitude of motions at
various scales: the observed phenomena span at least
two orders of magnitude in time (from 2 ms to 200 ms),
space (from 6 µm to 600 µm) and speed (from 60 µm
s−1 to 30 mm s−1). A synthesis of all these motions is
presented in Figure 19. Our results are now summarised
and discussed all together, and conclusions are drawn.

First, the free walk of a dock beetle upside-down on
a smooth surface happens at a Froude number much
smaller than unity. It means that at the body scale,
inertial forces are negligible compared to weight and ad-
hesion, which are therefore balancing each other at all
time. We have also checked that inertia is negligible for
other motions at smaller scale, except for the elastic re-
covery during detachment. The gait analysis revealed
that the beetle may modulate its adhesion by tuning the
overlap of successive swing phases. The safety factor of
9 suggests that the beetle can easily afford either partial
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FIG. 19. Synthesis of length and time scales for each motion.
(•) Leg swing, (�) approach at speed |Ṙ0a|, (�) proximad
pull at speed |Ra|/τa, (F) attachment peeling at speed |vpa|,
(N) attachment of distal spatulate setae, (N) detachment of
distal spatulate setae, (F) detachment peeling at speed |vpd|,
(�) detachment preparation at speed |Ṙ0d|, (�) viscoelastic
relaxation at speed |Rd|/τ+, and (�) leg speed after detach-
ment vd. Error bars correspond to the interquartile range.
The top dash-dotted line (resp. middle and bottom) repre-
sents a Capillary number Ca = 0.1 (resp. Ca = 0.01 and
Ca = 0.0004).

contact or additional load.
The observed swing speed roughly corresponds to the

ratio of the leg length and the hypothetical neuronal re-
sponse time. It is relatively fast (20 mm s−1), and so
is the approach to the substrate. The leg only deceler-
ates once in contact, through the bending and shear of
the setae. The latter are sized sufficiently stiff to sur-
vive the impact; they only bend by about 1/10th of their
length. A few seta tips already generate sufficient fric-
tion to strongly decelerate the leg, and a few tens of them
can completely stop its motion tangential to the sub-
strate. This deceleration is already much faster than the
timescale (∼ 100 ms) at which the beetle can possibly
modulate the muscular force applied to its leg. Then, all
the remaining setae are progressively brought into con-
tact, usually from the most distal to the most proximal.
This peeling motion is likely induced by a rotation of the
pad in a vertical plane, at a timescale more comparable
to the neuronal time. The pull between the first contact
and complete stop is of the order of the seta length, and it
is generally proximad. It may help bringing the first seta
tips into intimate contact with the substrate, at the con-
dition that these setae are initially curved distally. This
seems in opposition with many SEM pictures of beetle
setae available in the literature (e.g. [18, 26]), and al-
ready with the early light visualisations of Gillett et al.
[41]. However, a closer comparison of SEM pictures (of

dead beetles) and Interference Reflexion Microscopy pic-
tures (of living beetles) in [18] clearly shows that in SEM
pictures spatulate setae are curved proximally as a result
of drying artefact after death. So the intrinsic curvature
of hydrated setae is indeed distad, and the proximad pull
favours intimate contact.

Setae are detached by peeling, both at the pad and at
the seta scale. This peeling is mostly in the distad di-
rection and it results from a three-dimensional rotation
of the tarsal segments, with often a significant rotation
component in the plane of the substrate (called twist here
above). The claw may serve as the fulcrum of a lever, al-
though it is not always needed. The radius of curvature
at its tip is about the size of a seta tip and it is not cov-
ered with liquid, so it does not generate any significant
adhesion on a smooth and rigid substrate. At every scale,
detachment is surprisingly one order of magnitude faster
than attachment. Our results indicate that the faster the
peeling, the less liquid is left on the substrate. Detaching
fast may therefore be a strategy to minimise the amount
of precious liquid left as footprints on the substrate. The
break-up of a liquid bridge between two parallel plates
separated from each other has received significant atten-
tion, even recently [42–44]. The distribution of residual
liquid between both plates is influenced by the contact
angle of each when the Capillary number

Ca =
µV

γ
(16)

is smaller than 0.01, where V is the characteristic speed,
µ the viscosity of the adhesive liquid (here about 100 cP
[45]), and γ its surface tension (here about 0.02 N m−1

[18]). For Ca > 10−2 (i.e. here V > 2 mm s−1), the liquid
gets evenly distributed between the plates [46]. As seen in
Figure 19, all the motions involved in detachment have
a corresponding Ca > 10−2, which suggests that they
are dominated by viscous shear. This certainly helps the
beetle saving its adhesive liquid even on wetting surfaces.
Moreover, the detachment of seta tips involves asymmet-
ric geometry and kinematics, by far more complicated
than the normal separation of two parallel plates, and
possibly in favour of minimised footprints. This amount
of liquid residues on the substrate is also negatively cor-
related to the strength of the elastic loading of the leg be-
fore detachment, which considerably increases the speed
right after detachment. Finally, the peeling speed is much
larger at the pad scale than at the seta scale, which sug-
gests that seta tips decrease their contact area before de-
creasing their number in contact. Since their detachment
originates from the peeling rotation of the pad (which is
considered as a solid body), setae are elastically loaded
during this peeling, which should again increase the Ca
at which liquid bridges break up. On the other hand,
attachment is significantly slower and Ca < 10−2, so the
seta tips deform and come in close contact with the sub-
strate mostly in response to surface tension loads [18].

So both attachment and detachment kinematics seem
to be designed such that the adhesive liquid bridge is sub-
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jected to an appropriate balance of viscous and capillary
forces. Several of these motions have been similarly ob-
served (although not quantitatively described yet) in flies
[25] among others. This convergent evolution towards
similar adhesive structures, tarsal kinematics in locomo-
tion and involved attachment and detachment processes
suggests that the corresponding technical solution is par-
ticularly optimal for terrestrial locomotion at the insect
scale. We hope that it will therefore be a valuable source
of both inspiration and design guidelines for future mi-
crorobotic pick-and-place systems based on capillary ad-
hesion.
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