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Synopsis Many insects encounter locomotory difficulties in walking up sand inclines. This is masterfully exploited by
some species for building traps from which prey are rarely able to escape, as the antlion and its deadly pit. The aim of
this work is to tear apart the relative roles of granular material properties and slope steepness on the insect leg kine-
matics, gait patterns, and locomotory stability. For this, we used factorial manipulative experiments with different
granular media inclines and the ant Aphaenogaster subterranea. Our results show that its locomotion is similar on
granular and solid media, while for granular inclined slopes we observe a loss of stability followed by a gait pattern
transition from tripod to metachronal. This implies that neither the discrete nature nor the roughness properties of sand
alone are sufficient to explain the struggling of ants on sandy slopes: the interaction between sand properties and slope is
key. We define an abnormality index that allows us to quantify the locomotory difficulties of insects walking up a
granular incline. The probability of its occurrence reveals the local slipping of the granular media as a consequence of the
pressure exerted by the ant’s legs. Our findings can be extended to other models presenting locomotory difficulties for
insects, such as slippery walls of urns of pitcher plants. How small arthropods walking on granular and brittle materials
solve their unique stability trade-off will require a thorough understanding of the transfer of energy from leg to substrate
at the particle level.

Introduction the problem of insect locomotion in difficult ground

Through millions of years of evolution, insects have
succeeded at conquering the whole earth, from the
equator to the polar regions (Edwards 1987; Glover
et al. 2010). They are therefore constrained to move
on a large diversity of media to survive. For example,
many arthropods such as mites, aphids, or ladybirds
that walk on plant leaves (Eigenbrode et al. 2009)
have to deal with complex and unpredictable leaf
oscillations, deformations, and rotations due to
wind (Shao et al. 2012). Some predators also exploit
the use of different kind of surfaces specifically
designed to promote locomotive difficulties for
pray. Two remarkable examples of these deadly tech-
niques are the slippery peristome of carnivorous
plants (Bohn and Federle 2004) as well as the sticky
strings in spider webs (Hansell 2005).

Legged locomotion encompasses thus a large va-
riety of environments. Recent studies have addressed

environments, such as, for example, the way cock-
roaches move within grass, logs, and fungi (Li et al.
2015; Jayaram and Full 2016). Nonetheless, insect
walking in and on soils has been poorly studied de-
spite the fact that this habitat is heavily populated by
a whole range of arthropod groups, and since a long
time (Weihmann et al. 2015). Soils are highly het-
erogeneous media which can vary greatly in cohe-
sion, particle size, amount of colloids, etc. Among
the different types of soils, granular materials like
sand are of particular interest due to their presence
in a large variety of environments like deserts, dunes,
arid regions, sea shores, or river banks. All of the
latter are ecosystems inhabited by a high diversity
of insects, which have adapted their locomotive pat-
terns in order to enhance their mobility. Such is the
case of Cataglyphis ants or Pachysoma beetles that
efficiently walk on dunes and sandy flat land
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(Smolka et al. 2013). Some ants even build conical
sand structures at the entrance of their nest and walk
normally on their slope (Franks et al. 2004; Tofilski
and Ratnieks 2005).

At the same time, some predators, as for example
antlions, exploit the physical properties of granular
media in order to catch prey. The way antlions cap-
ture their prey has been the focus of many general
observational works since over a century (see
Humeau et al. 2015 and references therein) but
only a handful manipulative works on the physics
of the pit have been conducted (Lucas 1982; Botz
et al. 2003). Antlion pits consist of a cone dug in
the sand; the larva sits at the bottom, waiting for the
prey to fall down. The pit is built with a slope very
close to a critical angle, which defines the steepest
slope not leading to an avalanche (Fertin and Casas
2006; Forterre and Pouliquen 2008). These studies
have shown that a pit functions best when the
sand is dry, the slope is steep and the sand grains
are of small size (in the range of 100-500 um).

However, the physics of the surface characteristics
of sand slopes impeding insects to move up and out
of the pit is still unknown. A recent study (Crassous
et al. 2017) has shown that the friction solid coeffi-
cient in sandy slopes near the avalanche angle is
pressure dependent. While heavy objects tend to
generate footprint-like deformations which stabilize
them on the slopes, light objects do not disturb the
sandy surfaces and remain also stable. However, for
intermediate weights, the surface deformations lead
to a sliding phase with loss of stability. Could this
explain the fact that some insects escape without
difficulty while others do struggle a lot? The explo-
ration of this new hypothesis appears to be crucial to
the understanding of the physical mechanisms of lo-
comotory inability of insects to escape out of a sand
pit, and more generally to move up a sand slope. In
fact, despite the many studies on antlions and their
prey, we have no information on several relevant
parameters for their interaction, such as the prey
leg kinematics, the compaction of sand in the pit,
and the degree of humidity of the sand (see for ex-
ample, Bocquet et al. 1998). In order to provide an
appropriate basis for explaining the physics of the
locomotory difficulties of insects in antlion pits,
and more generally on sand slopes, more controlled
and manipulative experiments including precise
descriptions of the granular media and insect move-
ments are required.

In the first part of this work we compare, by
means of high-speed video recordings, the locomo-
tion of the ant Aphaenogaster subterranea walking in
seven different conditions: solid or granular media,

A. Humeau et al.

flat or inclined, smooth or rough surfaces, and in the
antlion pit. We focused on this ant species as a bi-
ological model because ants are the main taxon iden-
tified among antlion prey, accounting for between
35% and 70% of all diets (see Humeau et al.
2015). This species is also known to be the archetype
of an average ant which gets trapped in the antlion
pit. In this first part of the manuscript, we show that
neither the slope, nor the granular medium effects
alone can explain the observed changes in the ants
gait and kinematics. This results lead to the second
part of this work, in which we study the interaction
between granular media properties and plane incli-
nation. In order to explore the interaction between
granular media and slope, we vary the inclination of
the plane and study the locomotion of the ants
around the angle of avalanche, the threshold at
which a granular material transits from a solid into
a fluid phase. Such phase change occurs at a precise
angle value for a given particle geometry, thus re-
quiring a series of highly controlled experiments.

Materials and methods
Experiments with natural sand
Biological material

Workers of the woodland ant A. subterranea
(Latreille 1798) (Hymenoptera: Formicidae) were
obtained from two colonies located in the
Grandmont Parc in Tours (France, 47.354° N,
0.704° E). The mean weight of the collected individ-
uals used throughout the experiments was
1.74 = 0.4 mg, with a typical length varying between
3 and 4.7mm. We collected second and third-instar
larvae of antlion Euroleon nostras (Geoffroy 1795)
(Neuroptera: Myrmeleontidae) from the same site
and maintained them in the laboratory.

Experimental design

Experiments were designed in order to vary: (i) the
type of substrate, solid, or granular, (ii) the slope,
flat, or inclined, and (iii) the roughness, smooth, or
rough (Table 1). A treatment refers to a complete or
partial combination of the three variables. For exam-
ple, there were four inclined treatments irrespective
of substrate and roughness, and two solid-flat treat-
ments irrespective of roughness. By definition, there
was no granular-smooth treatment, neither flat nor
inclined. The six tested treatments (T1-T6) represent
all possible entries of the design matrix. The pit built
by an antlion (T7) represents an additional treat-
ment used to compare our artificial experiments
with natural conditions. The experiments were con-
ducted in a 337x 164x321 mm terrarium. We used
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Ants walking up slippery slopes

Table 1 Experimental set-up and film properties for the seven
treatments

ID Treatment N Film duration (min)
T1 Solid—flat-smooth 11 2.19 [0.85-4.25]
T2 Solid—inclined—smooth 12 2.05 [1.11-4.84]
T3 Solid—flat-rough 10 1.33 [0.63-2.67]
T4 Solid—inclined—rough 12 1.60 [0.72-4.77]
T5 Granular—flat-rough 1 1.14 [0.80-1.78]
Té Granular—inclined—rough 9 10.29 [2.58-18.24]
T7 Pit 11 11.85 [1.60-18.24]

The values shown are the mean [minimum — maximum]. N is the
number of used ants. The duration of films in the two granular in-
clined treatments was longer than in the other five treatments be-
cause ants walked with difficulty, thereby staying longer in the
camera’s field.

a glass plate for the solid—smooth treatments (T1
and T2). The solid-rough treatments (T3 and T4)
were constructed by gluing Fontainebleau sand (of
typical grain size between 100 and 315um) to the
glass plate. We therefore assume that there were no
loose grains. The same Fontainebleau sand was used
for the granular treatments (T5-T7). For these, sand
was poured into the terrarium to a depth of about
6cm with a funnel. To ensure that the preparation
was flat but not compacted, the funnel was moved
around the entire surface of the terrarium while
pouring. In the granular-inclined treatment (T6),
the whole terrarium was inclined to produce an ar-
tificial granular slope, up to an angle just below the
avalanche threshold. The antlion pits used in T7
measured between 39 and 65mm in diameter at
the outer rim at surface level and 10 and 18 mm in
depth. The mean slope angles (measured with re-
spect to the horizontal) in the inclined treatments
were 36.1° for the solid-inclined smooth treatment
(T2), 36.3° for the solid-inclined-rough treatment
(T4), 28.5° for the granular—inclined-rough (T6),
and 28.6 = 1.4° (only treatment for which the s.e.
is >0.1) for the pit (T7). This pit angle is small
compared with other works where angles of ~37°
(Fertin and Casas 2006, 2007) were measured. We
have however no good explanations for this
difference.

Films

We placed between 10 and 20 ants in the terrarium
on the day of capture and allowed them to move
freely. Each filmed ant was removed, killed, and
weighed to the nearest 0.1 mg (Table 1). For the
pit treatment (T7), we transferred an antlion larva
to the terrarium at least 1 day before filming. Ants
and antlions were used only once. The camera, a

Phantom V9.1 with a Sigma 50mm F 2.8 DG
Macro, was positioned perpendicular to the horizon-
tal plane and filmed from above, at 100 frames/s.
The image definition was 1632x 1200 pixels. The
image encompassed the pit in the pit treatment.

Data acquisition

The positions of the ant and its tarsi were estimated
for each frame with the Image] software. The posi-
tion of the ant was represented by the centroid of its
body, i.e., the ant without its legs and antennae
(Fig. 1E). The body was selected by a semi-
automatic method applied to all or parts of each
film, with the same set of values (a detailed descrip-
tion of the method can be found in Appendix A.1).
The positions of the tarsi were identified by eye, by
defining the center of a circle fitting the extremity of
a tarsus. This method gave a more accurate estima-
tion of the position of the tarsi than the selection of
a single point. These points were used in all analyses
that required the recording of the position of legs.
The extent of a leg in contact with sand is highly
variable; it is at least the tip of the tarsus and never
more than the entire tarsus. All measurements were
adjusted by means of the spatial calibration pre-
sented in Appendix A.2.

Data analysis

In the inclined treatments (T2, T4, T6, T7), we kept
only ants which walked mainly in the upward direc-
tion. An ant was considered walking upward for pos-
itive differences between the ending and starting
positions in the y direction. Ant movements were
analyzed in two reference frames, the world and the
body frames (Holmes et al. 2006). The “world frame”
was fixed for each film and its origin was defined at
bottom left corner of the image. The “body frame”
was defined in order to follow the ant’s movements.
Its origin was taken to be the centroid of the ant’s
body. The origin of the body frame had therefore
different positions in the world frame over time.

In the world frame, we compared the speed of the
ants between treatments, as an approximation for the
ease of movement. The instantaneous speed of an
ant at time f was estimated from the total displace-
ment of the ant’s centroid between times ¢ — 1 and
t+ 1, corresponding to a 0.02s interval. Leg move-
ments in the world frame were analyzed by measur-
ing five complementary variables: stride period, duty
factor, stride length, swing length, and slip length, as
shown in Fig. 1A. A leg can be at any moment in a
“stance state” or in a “swing state.” These states are
instantaneous descriptors. The stance state is defined
by the leg making contact with the surface of the
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Fig. 1 Definition of the variables for the leg kinematics and gait patterns and examples for the factorial design experiments (A—C) and
the glass beads experiments (D-F). A) Definition of the five leg variables on the factorial design experiments. Stride length, repre-
sented by the black continuous line on image 3, is the distance traveled between two consecutive contact events with the surface
(images 1 and 3). Slip length, represented by the red dotted line on image 3, is the distance traveled between the beginning of a stance
phase and the beginning of the next swing phase (images 1 and 2). It is non-null only when the ants are slipping backwards. Swing
length, represented by the blue dashed line on image 3, is the distance traveled between the beginning of a swing phase and the
beginning of the next stance phase (images 2 and 3). B, C) Examples of locomotory patterns in the solid—flat-smooth (B) and pit (C)
treatments. The time is in abscissa and the two examples have the same duration. The legs in stance and swing phases are in white and
black, respectively. The right (R1-R3, from anterior to posterior) and left (L1-L3) legs are shown from bottom to top. The chosen ants
are located nearest to the center of their corresponding treatment in the principal component analysis in Fig. 2B. They correspond to
Supplementary Movies S1 and S2 (see the Supplementary Material). D) Set-up used for measuring the ant’s trajectories on an inclined
plane at angle 0. E) Zoom on a part of one picture. The light pinked zone is the ant body as extracted from image analysis. The green
cross is the body center, the red arrow is the oriented (from body to head) direction of the body, and the blue arrow is the direction
versus of the smoothed velocity. Angles o and f§ define, respectively, the velocity and body axis inclinations with respect to the upward
direction. F) The green curve is an example of a trajectory with some pictures of the ant added.

medium. The leg is otherwise considered to be in the
swing state. The slip length is a synonym of a “stance
length” (the contact point of the leg with the sub-
strate varies as the leg slips). It has a positive value
only in the case the leg is slipping, and is null oth-
erwise. The state of each leg, in the swing or stance
phase, was determined by eye, frame-by-frame. A leg

stride is defined as the succession of a stance and a
swing phases. The length of stride is the distance
traveled by a leg during a stride. Finally, the duty
factor is the percentage of a stride composed of the
stance phase.

To easily compare the treatments, we used one
value for each ant and each variable, and use the
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Table 2 Ant kinematics in the world frame for the seven treatments

Length (mm)

No. Treatment Speed (mml/s) Period (s) Duty factor (%) Stride Swing Stance
1. Solid—flat-smooth (sfs) 19.9+124 0.22+0.03 66+1 3.7*0.1 3.4*0.1 0.2+0.1
2. Solid—inclined-smooth (sis) 19.2+19 0.22+0.03 69+1 3.5%0.1 3.2%+0.1 0.2*0.0
3. Solid—flat-rough (sfr) 25.6+24 0.160.01 63+1 3.7+0.1 3.4+0.1 0.2+0.0
4. Solid—inclined—rough (sir) 265*+24 0.16+0.02 62*1 3.4x0.1 3.1£0.1 0.3+0.0
5. Granular—flat-rough (gfr) 22.7x1.1 0.16x0.01 69+1 3.7+0.1 3.3+0.1 0.4x0.0
6. Granular—inclined-rough (gir) 5711 0.47+0.08 801 1.9+0.2 2.0%0.1 0.7%0.1
7. Pit 6.5£1.0 0.39+0.04 801 1.5%0.2 2.0+0.1 1.3%0.1

The values are means=*standard errors.

estimated mean of the data (Table 2). This choice
implied that each ant had the same weight in the
analyses, independently of the duration of the film.
For each variable, we therefore fitted a probability
density function (pdf) for each ant, pooling the
data for the six legs. We fitted different distributions
by moment-matching estimation, using the “fitdist”
function of the “fitdistrplus” package in the R envi-
ronment (Delignette-Muller and Dutang 2015; R
core Team 2018). A single pdf was eventually chosen
for each variable, on the basis of graphical explora-
tions of the fits and the results of Kolmogorov—
Smirnov tests. For the variables speed, period, stride
length, swing length, and slip length, we tested nor-
mal, log-normal, and gamma distributions. The log-
normal distribution was the best for the variable pe-
riod, whereas the gamma distribution was the best
for speed, stride length, swing length, and slip length.
For the duty factor (a proportion), we tested normal
and beta distributions and found that the beta dis-
tribution was the best.

In the body frame, we only analyzed the leg tra-
jectories in the antero-posterior axis, reducing the
movement to one dimension for simplicity. We fo-
cused on this axis because it represents the axis of
forward and backward movements. The axis was de-
fined positive toward the head (Fig. 1E). The begin-
ning of the stance was used as the beginning of the
stride. Each stride was firstly normalized by its du-
ration, and then, for each ant, all normalized strides
were grouped by a local smoothing regression
(“loess” function in R, with default parameters), sep-
arately for front, middle, and hind legs. Then, the
extension was computed on the basis of the extreme
positions of legs during a stride. The extension of a
leg during a stride was then compared between the
different treatments.

We also analyzed the inter-leg locomotory pat-
terns, that is the relationships between the states of
legs, thereafter named “gait” (for an example on

different gait patterns see Fig. 1B, C). We grouped
gaits by counting the number of legs in contact with
the ground. The relative importance of the different
gaits observed in each treatment was estimated as the
average ratio of time spent performing a given gait
with respect to the total duration of each
experiment.

We finally estimated the surface of sand in move-
ment under a leg during the stance phase in the pit
treatment (T7). We estimated this value once per ant
for one stance of a middle leg for which the front
and hind legs did not interfere with the sand move-
ments caused by the middle leg only. This pair of
legs was chosen because the body often obscured
sand movement caused by the front legs and because
the hind legs were the least mobile. We counted the
numbers of grains that moved over the longest (in
vertical plane) and the widest (in horizontal plane)
distances, leading to a rectangle of moving grains.
This measure overestimates the actual number of
grains that moved because the real surface is more
like an ellipse than a rectangle.

Experiments with model sand (glass beads)

While the first series of experiments was filmed at a
short distance in order to make visual recognition of
individual sand grains feasible and to have precise
estimation of leg kinematics, the second series of
experiments was filmed from a much larger distance
and focused on global aspects of locomotion in the
world frame.

Biological material

For the glass bead experiments we used workers of
the woodland ant A. subterranea (Latreille 1798)
(Hymenoptera: Formicidae), coming from five colo-
nies located on the campus of Beaulieu in Rennes
(France, 48°6' N 1°38 W). Ants were used for
experiments the same day of their capture.
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Experimental design

The set-up of the second series of experiments is
presented in Fig. 1D. In these experiments we used
glass beads with three different mean diameters
d=500, 250, and 180 um with a typical polydisper-
sity (variation with respect to the mean diameter
value) for each size of £20%. First, a bed of glass
beads was prepared by pouring the granular material
into a box (length=22cm, width=14cm,
height =5cm). A layer of glass beads was previously
glued on the bottom and on the sides of the box to
prevent the slippage of the granular material. The
granular surface was then leveled. The solid packing
fraction obtained with this preparation is the
“critical state” volume fraction, which is 0.60 for
quasi-monodisperse beads (Gravish et al. 2014).
The box was slowly inclined-up to an angle 0.
Once the inclined surface is ready, an ant was gently
put at the center of the surface. The ants trajectories
on the inclined surface were filmed by means of a
Photron SA3VM2 camera with a Nikon 50 mm F1.8
DAF lens at 125 frames/s and a 1024x 1024 pixel
resolution. Films were stopped as soon as the ant
disappeared from the field of the camera. For one
inclination and one bead diameter d, between 7 and
12 ants are recorded with one trajectory per ant
(Fig. 1D). After five or six trajectories, the avalanche
angle was measured. Each experimental condition
(inclination + bead diameter) was repeated twice.
During experiments the room hygrometry was kept
between 40% and 45% and we checked that no sys-
tematic variations of the avalanche angle occurred
from day to day.

Data acquisition and analysis

Depending on the granulometry and on the inclina-
tion, ants exhibit more or less difficulty to move. In
order to quantify this apparent difficulty, we intro-
duce an abnormality index which is determined
through the analysis of the position and orientation
of the ants during locomotion. The position of the
ant [x(f), y(t)] was represented by the center of its
body (green cross in Fig. 1E), while the orientation
was determined by the angle f, which describes the
tilt of the main axis of the body (with positive di-
rection toward the head, see Fig. 1E) with respect to
the vertical direction. We also defined an angle o =
arctan(dy,/dx;) that measures the inclination of ve-
locity with respect to the vertical direction (blue ar-
row in Fig. 1E). The image treatment used to
estimate the positions and orientations is described
in Appendix A.l.

A. Humeau et al.

The difference of angles o — f§ represents the non-
coaxiality of the two directions. Because of the cir-
cularity of the angle, we compute this difference as
f(p—a) with f(x) = |((x+ n)mod2n) — x|. This
definition of the difference is such that f(0) =0 <
f(x) < f(n) ==n. For a trajectory where velocity
and body axis are uncorrelated, the average of
the disorder parameter is < f(f —a)>=n/2,
where < - > represents the average value on the
trajectory. We define a “walk abnormality index”
for an inclination and a bead diameter d as:

= Zlifiziz J:f(ﬁ(t) —oa(f))w(a(t))dt. (1)

The summation over i designates a summation
over all the trajectories for a given inclination 0
and grain size d, and #; is the duration of the ith
trajectory. The function w(a) is a positive weighting
function which is maximum around o =&, i.e.,
when the ant’s velocity is in the down direction,
and zero otherwise. We wused w(a)=1/d0 if
T—00/2 < a < m+0a/2, and w(a) =0 else-
where. This weighting highlights the part of the tra-
jectory where the ants slide down in the
computation of non-coaxiality. We used oo = /2
in the following. Changing the values of the smooth-
ing time 7, used for the trajectory interpolation (see
Appendix A.1) and of da does not modify the trends
of the variation of I with respect to d and 6.

Identification of falls

The probability to fall was determined by studying
the trajectory of ants on the y-axis. For each ant, its
position was first smoothed out using non-weighted
moving averaging on 13 images (0.1s) to decrease
noise. Then, the first derivative was used (i.e,
speed). We identified falls as local minima on the
y-axis of the trajectories. A fall had to last at least
0.5s to be considered as such. This threshold corre-
sponds to the mean gait period observed in the
granular-inclined treatments (see 2), which means
that if a downward trajectory lasts longer than the
typical gate period, the ant is considered to be falling
down the slope. Using these criteria falls were iden-
tified semi-automatically by trajectory analysis and
then verified visually on the film.

Results

In the first series of experiments with natural sand,
the two granular-inclined treatments (T6 and T7)
gave similar results for the six variables studied:
speed, stride period, duty factor, stride length, swing
length, and slip length considered in the world
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frame. The five non-(granular-inclined) treatments
(T1-T5) also gave similar results among themselves.
The two granular-inclined treatments (T6 and T7)
gave results different from those for the other five
treatments (Tables 1 and 3, Fig. 2B, and
Supplementary Movies S1 and S2). Ants moved three
to four times slower in the two granular-inclined
treatments (T6 and T7) than in the other five treat-
ments. In the non-(granular-inclined) treatments
(T1-T5), the legs moved almost exclusively during
the swing phase, while during the stance phase leg
movements were negligible. By contrast, backward
leg movements during the stance phase in the two
granular-inclined treatments (T6 and T7) were be-
tween two and four times more than in the other
five treatments. As legs moved in opposite directions
during the stance and swing phases, the resulting
stride length was shorter than the swing length
when considered in the world frame (Fig. 2A). In
the body frame, the legs also extended less in the
two granular-inclined treatments (T6 and T7) than
in the other five treatments (Fig. 3). The difference
between the two granular-inclined treatments (T6
and T7) and the other five treatments were con-
firmed in the body frame, but was of smaller ampli-
tude than in the world frame. In terms of inter-leg
locomotory patterns, ants mainly walked with a tri-
pod gait in the five non-(granular-inclined) treat-
ments. By contrast, they mainly walked with a
metachronal gait (i.e., one leg in the air, instead of
three) in the two granular-inclined treatments (T6
and T7) (Fig. 4A). The surface of stability is there-
fore considerably increased on granular slopes
(Fig. 4B). Generally, increasing the number of legs
in contact increases the stability surface, irrespective
of the terrain (Fig. 4C). An overview taking into
account the frequency of transitions between gait
patterns and their occurrence shows that granular
slopes are very different from other conditions: sev-
eral gait patterns occur frequently, instead of only
once, and ants change gait pattern frequently, lead-
ing to a striking increase of locomotory complexity
(Fig. 5).

Concerning the analysis of the second series of
experiments with model sand, Fig. 6 shows the meas-
ures of the two angles o and f§ as a function of time
for two different ants. Figure 6A corresponds to a
walk on a flat surface 6=0 with d=250 um. We
first observe that o ~ f during the walk. This indi-
cates that the body velocity is oriented along the
body axis. We also observe some oscillations of the
orientation. The peak to peak amplitudes are typi-
cally ~0.5rad which corresponds to oscillations of
*15° at a frequency ~1Hz. The situation is

Table 3 Comparison tests between treatments

No. T2 (sfs) T3 (sfr) T4 (sir) T5 (gfr) Té (gir) T7
T1 (sfs) &Period Speed Period  All All
Duty Period  Stance
Duty
T2 (sis) Speed Speed Speed All Al
Duty Period  Stance
Duty
T3 (sfr) Swing Duty All All
Stance
T4 (sir) Duty
Stance  All All
T5 (gfr) All All
Té (gir) Stance

We applied Mann—-Whitney U-tests for each locomotion variable to
compare two treatments. The names are those of the variables that
are statistically different at the 0.05 threshold.

strikingly different for an ant moving on an inclined
surface with d=250 um (Fig. 6B). Firstly, the body
oscillations are no longer visible on f, and secondly,
the orientation of the ant velocity appears very fluc-
tuating, and uncorrelated to the body orientation.
This corresponds to an ant’s locomotion where the
velocity direction does not coincide with body axis
anymore. The difference of angles o — f represents
the non-coaxiality of the two directions. This differ-
ence is very low in the case depicted in Fig. 6A
corresponding to the walk on a smooth horizontal
surface. In contrast, for inclined surfaces, Fig. 6B
shows that this difference may be important. The
walk abnormality index is presented in Fig. 7 for
the three granulometries, and for different values of
the distance to the avalanche A6 = 0, — 6. We ob-
serve that the index increases as the slope approaches
the avalanche angle. This indicates that the coaxiality
between the body axis and the velocity of the ant
diminishes. This shows that our newly designed walk
abnormality index is a reasonable definition of the
difficulty to walk.

Discussion

Ant locomotion on sandy slopes is different from all
other treatments

The first series of experiments shows that the loco-
motion of the ant A. subterranea in the pit and on
the (artificial-granular-slope) was similar and stood
out as different from all the other treatments. The
differences between some of the locomotion param-
eters (such as the leg extension) were larger when
measured in the world frame. These results were
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Fig. 2 Leg kinematics and distance traveled in the world frame. A) Distance traveled by legs during a stride (black, left), a stance phase
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of all ants for the corresponding treatment. Two points are outside the window. B) Principal component analysis of leg kinematics in
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also confirmed in the body frame; however, differ-
ences between treatments were smaller. The angle of
the two granular-inclined treatments differed from
the other inclined treatments by being 8° less steep.
This difference implies that the outcome for identical
slopes would be even more pronounced than ob-
served. The difficulty of walking in the two
granular-inclined treatments translated into a change
in the gait pattern, from the classical tripod gait to a
metachronal gait. Each leg also spent more time on
the surface, with a smaller stride amplitude. These
changes are in agreement with the locomotion gen-
erally observed with a reduction in speed, on all
kinds of substrates (Wilson 1966; Kram et al. 1997;
Tofilski and Ratnieks 2005; Holmes et al. 2006;
Bernadou and Fourcassié 2008; Seidl and Wehner
2008; Khuong et al. 2013; Reinhardt and Blickhan
2014). Ants may hold legs on to the surface for

longer periods of time in the granular-inclined con-
ditions to ensure stability and to avoid falling be-
cause of unpredictable reactions of the medium
(Ting et al. 1994; Seidl and Wehner 2008;
Voloshina et al. 2013). Also, the disappearance of
lateral body oscillations in the two granular-
inclined treatments can be interpreted as an attempt
to increase stability. This kind of behavior at low
speeds has been studied before in the theoretical
modeling of the locomotion of cockroaches in hor-
izontal and inclined planes (Schmitt et al. 2002;
Schmitt and Bonnono 2009).

The most important result is the backward leg
movements during the stance phase observed in
the two granular-inclined treatments, leading to slip-
ping. Indeed, it is an atypical locomotion pattern
observed generally on slippery surfaces (Epstein and
Graham 1983; Brady et al. 2000; You et al. 2001;
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Seidl and Wehner 2008). Slipping is the inability to
maintain limb contact stability and is due to low
frictional forces between leg and ground (Clark and
Higham 2011). How does slipping come about on a
granular medium? Slope, without the interaction
with sand, had no effect on the locomotion of A.
subterranea, either in terms of body speed, leg vari-
ables, or gait. Our results are thus consistent with
previous work observing little impact of slope on

insect locomotion in general (Wohlgemuth et al.
2002; Lipp et al. 2005; Goldman et al. 2006; Seidl
and Wehner 2008; Weihmann and Blickhan 2009;
Holt and Askew 2012). Slope alone is thus not suf-
ficient to explain the struggling of ants on sandy
slopes. Furthermore, the locomotion of A. subterra-
nea was similar on smooth and rough surfaces sim-
ulated by glued sand grains, a result again consistent
with previous work observing easy locomotion both
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on smooth and on rough surfaces (see for example,
Walker [1993], Dai et al. [2002], Goldman et al.
[2006], Bernadou and Fourcassié [2008], and
Labonte and Federle [2015] for changes in speed
and sinuosity). Finally, the locomotion of A. subter-
ranea was similar on granular—flat and solid media.
Our results thus show that neither the granular na-
ture nor the roughness properties of sand alone are
sufficient to explain the struggling of ants on sandy
slopes: the interaction between the sand properties
and the slope is key.

We cannot explain the backward leg movements
observed in the pit and on a sandy slope by specific
friction properties of the granular material. Indeed,
we would in that case expect an effect of roughness
too, namely a difference between the solid—in-
clined—smooth treatment and the two inclined—
rough treatments, solid and granular. Such differ-
ence was not observed. Instead, backward move-
ments of legs seem to be related to localized
movements of sand just under the leg, as if each
leg was positioned on an localized treadmill. We
recently established a theory which explains the ob-
served localized behavior (Crassous et al. 2017), us-
ing inert objects of known properties and friction

coefficients sliding down an inclined sand slope as a
further way to control the experimental conditions.
Briefly, sliding occurs around a precise value of the
pressure exerted by the object on the substrate, and
the estimated value for A. subterranea is close to it.
No erosion occurs at smaller pressures, so the sand
acts then as a solid substrate. At higher pressures,
the object produces a frontal bulge which stops it
after a small displacement. Our results obtained in
the second set of experiments using glass beads
confirm the latter. The abnormality index plot pre-
sented in Fig. 7 is strikingly similar to the sliding
probability plot for inert objects on sandy slopes
shown in Figure 3a in Crassous et al. (2017).
Indeed, the abnormality index puts into evidence
the local slipping of the granular media as a con-
sequence of the pressure exerted by the ant’s legs.
The presence of a more important tangential com-
ponent of the stress makes locomotion on slope
different from locomotion on flat surfaces. This un-
derstanding opens new venues for relating the pres-
sure exerted on a substrate by insects and their
locomotion. This mechanism is operating in the
antlion’s pit and maybe in other contexts, as de-
scribed next.
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Restricted conditions for slipping

The second series of experiments shows that, near to
the avalanche threshold, ants display a strong walk
abnormality index, do slide considerably, but do not
create avalanches. This observation is in agreement
with the expected result that inclinations of a surface
make the ant’s walk more difficult, as described ear-
lier, confirming the results of Botz et al. (2003). The
second observation is that the index depends on the
bead’s size. This shows that the locomotion of insects
on sand cannot be understood only in term of differ-
ences between actual and avalanche angles, and that
there is some finite size effects in the physics of the
locomotion which need to be considered. Finally, the
most difficult walk is observed for an intermediate
granulometry, i.e., the size effect is not trivial
Although we considered locomotion on an inclined
surface near avalanche angle, we systematically ob-
served that the perturbation which is created by the
ant stays very local. We therefore confirm and qual-
ify the results of Botz et al. (2003) who observed that
avalanches do not cause the ant loss of stability.
However, we do not confirm that ants produce av-
alanche by their falling. In general, the size of the
perturbed area on the granular surface is small com-
pared with the entire experimental surface. Sand
movements are in fact of small extent, the disturbed
area being often as wide as long, and of ca. 10 grains
each side. So, at the scale of the granular box, there
is no variation of the slope of the granular material.
In other words, the difficulty to move does not seem
related to the occurrence of macroscopic avalanches,
but only to the ability of the material to flow in
response to additional stress.

Falls are the second most frequent failure mode of
stability, after sliding. Falls usually were side-way
rolling over or stalling, and stop after one or a cou-
ple of loops. This is another difference with the
results of Botz et al. (2003), who report that ants
fall down the entire slope. However, this discrepancy
maybe explained by the difference in weight between
the ants used in both works. Botz et al. (2003) ob-
served falls through the entire slope for ants of the
species Camponotus with mean weight ~4.5mg,
while in our experiments the ants mean weight is
~1.74. The number of falls we observed was strongly
function of the length of recording and therefore
somewhat difficult to put into perspective. We ob-
served 60 falls for 131 ants and a total recording
time of over 30 min. The rate of falling is therefore
one per 30s, which is also about the time an ant
needs to escape from an antlion pit (Humeau et al.
2015).

A. Humeau et al.

Implications for animal and plant traps

The interaction between the granular properties of
the sand and the slope of the pit creates the proper
conditions for slipping of struggling prey, of a nar-
row range of sizes, and hence weights, in antlion pits
(Humeau et al. 2015). Large prey do escape out of
the pit without walking difficulties by creating a rim
at each step; the footprints remain visible after the
prey left the pit (Crassous et al. 2017). Our experi-
ments confirm therefore earlier measurements on
slopes of antlion pits (Fertin and Casas 2006) show-
ing that building a pit at a slope near the avalanche
threshold is key, as it greatly increases the range of
prey sizes which do struggle moving up the pit and
hence the capture rate. Our findings have generality
beyond the antlion pits. The nearest mechanical
trapping system analogous to the antlion pit might
be the urn of pitchers plants that use slippery surfa-
ces to capture insects, especially in the genus
Nepenthes (Riedel et al. 2003; Gaume et al. 2004).
They use a surprising diversity of mechanisms to
create slippery conditions (Bonhomme et al. 2011;
Gaume et al. 2016) in order to orient the prey to-
ward the deadly part of the plant (see for example,
Gorb and Gorb 2009). Epicuticular wax crystals can
decrease adhesion by contaminating tarsi of the prey
(Gaume et al. 2004, 2002; Gorb et al. 2014). Short
video sequences of the ant Polyrhachis pruinosa try-
ing to move up the waxy N. hemsleyana urns (video
courtesy L. Gaume) display a locomotory pattern
very similar to the one-swing gait described in our
study: the hind legs are dragged, the mid-legs do all
the work, and the front legs are searching for an-
choring points. Hind legs dragging is a pattern which
is interpreted as enhancing stability (Weihmann
et al. 2015). The switch of functional roles of legs
from pushing to pulling is also a typical character-
istics of locomotion on inclines (Goldman et al.
2006; Schmitt and Bonnono 2009). In the case of
granular inclines, local slipping may play an essential
role in the locomotory pattern transitions. Recent
studies have shown the importance of load mecha-
nisms in the leg coordination of insects (Dallmann
et al. 2017; Dirr et al. 2018; Weihmann 2018). The
sudden loss of traction due to the gliding of grains
can generate a reduction of leg loading, and so trig-
gering a gait transition.

Our results also shed light on other situations
where sliding might occur, and where stability is
certainly at risk. Some ants build conical sand
structure at the entrance of their nest and they
walk normally on their slope, including when the
slope is the slope of avalanches or the angle of
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repose (Franks et al. 2004; Tofilski and Ratnieks
2005; Robinson et al. 2008). This is a puzzling
behavior. One possible explanation was given
above, related to the mismatch between the pres-
sure of legs and the size of a grain. Two studies on
different ant species and locations report the di-
ameter of the sand particles: over 1mm in both
cases (Robinson et al. 2008; Tofilski and Ratnieks
2008). This is a very large value for a sand grain,
about one order of magnitude larger than what we
used, for ants which are not larger. Alternatively,
the explanations lie rather with the substrate.
Indeed, ants might rather have transported a pellet
of cohesive grains, either due to buccal fluids and
colloidal substances, or because these nests are of-
ten excavated after heavy rains, when excavation is
possible (Tofilski and Ratnieks 2005). In such case,
the cohesive forces might stabilize the heap and
enable ants to move up the nest slopes without
difficulties (note that larger ants seem to have dif-
ficulties [Tofilski and Ratnieks 2005]). The prop-
erties of the granular structures may also depend
on the preparation’s history. This is the case for
sand pile built by ants (Tofilski and Ratnieks
2005), where grains are deposited near the bottom
of the heap, and may stop or roll down. The build-
ing method and the fluctuations of the rolling ac-
tivity are reminiscent of the sandpile building
method used for physical models of self-organized
criticality (Held et al. 1990). We lack more com-
prehensive descriptions of leg kinematics for strug-
gling insects on different surfaces to deepen the
analogy with our work, beyond the recurrent ob-
servation of an increase tendency of ants to gain
stability by increasing the number of legs in con-
tact with the slippery substrate.

Conclusions

Our results pinpoint toward generic trade-offs small
insects face when striving for stability on unstable
terrain (Weihmann et al. 2015). The number of
legs in contact can be increased to promote their
stability, by increasing the overall surface of contact.
This is what is observed on ants and also on larger
animals and efficient robots (Ritzmann et al. 2004; Li
et al. 2009; Marvi et al. 2014). Alternatively, the
number of legs in contact with the substrate can
be decreased, in order to increase the weight sup-
ported by each leg and hence the penetrating ability,
thereby creating a rim (Mazouchova et al. 2010). The
first strategy decreases the pressure exerted on the
substrate by each leg, and might lead to sliding.
The second strategy implies a small number of legs
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in contact with the substrate, and this might lead to
a loss of stability and stumbling. Creating a rim for a
light species is difficult and the trade-off therefore
specific to light, small animals. Large animals and
robots face a different trade-off as the second strat-
egy leads to fluidization, and hence a sinking in of
the animal or robot (Li et al. 2009). In these trade-
offs, the pressure exerted on the substrate is key, and
thus is the body weight and its distribution among
legs. According to our recordings, a struggling ant
foot is in contact with about one, at most 10, sand
grains at each step. How static and dynamic body
stabilities are managed by small insects walking on
rugged terrain (Li et al. 2015; Weihmann et al. 2015)
will thus require a thorough understanding of the
transfer of energy from leg to sand, at the grain level.
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Appendix 1

A.1 Position and orientation estimation

We describe here the algorithm for the estimation of the
ants’ position and orientation. It is an automation on R (R
Core Team 2013) of the principles using in the sand exper-
iment (see the section “Data acquisition”). The set of three
values (contrast, median filter, and binary threshold) were
visually determined for ~2% of the 621,496 images and
automatically determined for others. The algorithm used
to choose the set of values has been independently applied
on each ant. First we apply a manual step: 10 images (the
first, the last, and eight with regular span) were manually
selected with visual determination of the set of values (con-
trast, median filter, and binary threshold). A firstautomatic
step is then applied: all sets of values were applied on all
images non-previously selected. We chose one set of values
for each frame based on the surface of the selection and on
the mean surface of the ants manually selected. We finally
determined if this set fitted well enough the ant or not. We
considered the selection as satisfying if the area of the se-
lection was within the range area of manually selected ants.
In the second manual step we manually selected the five
worse non-satisfying images. In the second automatic step
we applied the automatic step with the new set of values.
Other manual and automatic steps were executed until all
images were properly selected.

Subsequent to image analysis data is processed as fol-
lows: First, we remove some experimental noise on the
ant’s position (x(t), y(t)). For this, the functions x(#) and

A. Humeau et al.

y(t) are approximated for every t by a smoothed
position (x(t), y5(¢)). Therefore, we have interpolated
x(#) and y(¢) with two second order interpolation polyno-
mials of second degree. Interpolation is done between
times t — 7, and t + 7, with a smoothing time 7, = 0.1
s. Let vs(¢) = (dx,/dt, dy,/dt) the smoothed velocity.

A.2 Spatial calibration

The data were transformed from the horizontal plane to the
two-dimensional plane of locomotion, and from pixels to
millimeters. A grid of black squares (0.25 % 0.03 mm?)
printed on white paper was placed on the surface of the
medium. It was glued to a flat surface before being placed
on the surface of the medium, except for the pit, in which it
was manually curved to fit the pit. The coordinates of the
centers of the squares were selected as described for the
coordinates of the ant’s body, but without the median filter
(see the section “Data acquisition”). The mean distance
between the centers of two neighboring squares
(1.00 = 0.03 mm) was between 43 and 91 pixels/mm,
depending on the film. Image resolution thus varied be-
tween 11 and 23 pixels/mm. In inclined treatments (T2, T4,
T6, T7), the distance between the surface and the camera
varied, resulting in a variation of resolution around the
mean. We thus applied a position-dependent correction.
For each film, the standard deviation of the distance pro-
vided information about data accuracy. This accuracy was
systematically better than 0.10 mm, the diameter of the
smallest sand grain.
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