














3927Mechanics of gastropod locomotion

along the foot, reaching a maximum value near the center of the
animal (x/L0.5; Fig.12B,E,H). This symmetric pattern was typically
observed in animals with a relatively high crawling speed
(>3mms–1).

Note that in all cases the starting and ending velocities of the
waves were identical and approximately equal to the crawling speed
of the animal (wave speed/animal speed1). The wave speed at

locations very near both ends of the animals could not be measured
owing to difficulties in identifying the exact location of the waves
when they were very close to the rim (see Fig.1). As a result, the
measured normalized wave velocity shown in the figures (Fig.11
and Fig.12G–I) was not exactly one. Nevertheless, the speed of the
wave should match that of the rim as there is no discontinuity in
the ventral foot surface, so the normalized wave speed was expected
to start off and end at unity (at x/L0 and x/L1).

Although three distinct wave propagation patterns were observed,
constant wave acceleration along the animal (Fig.11 and column
1, Fig.12) was clearly the most prevalent pedal wave pattern, as it
was observed in >60% of the total number of individual animals
tested. The statistical distribution of the wave-speed patterns in small
garden slugs and banana slugs is shown in Fig.13. This figure
contains data from 22 garden slugs and six banana slugs in 41 and
12 steady-speed crawling trials, respectively. No more than three
trials from each animal were included in this analysis and the number
of wave propagation patterns observed in multiple trials of an
individual animal was normalized by the total number of trials
conducted in that individual.

Vertical displacements of the foot
Vertical displacements of the foot were measured during the passage
of muscular contractions and relaxations. Fig.14 shows the time
evolution of the vertical displacements between two locations on
the foot corresponding to the blue and red lines shown in Fig.5.
The periodicity of the vertical displacements was ~0.5s, which
corresponded well to the pedal wave periodicity obtained by visual
inspection of the time-lapse image sequence (0.56s).

The calibration performed after the experiment yielded a
calibration factor of 67mpixel–1. Based on measurements of the
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Fig.11. The propagation speed of pedal waves in garden slugs and
banana slugs varied substantially as the waves propagated along the
animal. Wave speeds along the foot of banana slugs (black triangles) and
small garden slugs (blue circles) are represented as a function of the
distance from the tail of the animal, x, normalized by animal length, L
(banana slugs: N8 runs, 4 animals; garden slugs: N25 runs, 15 animals).
Data are presented as means ± s.d.
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Fig.12. Representative patterns of wave
propagation in garden slugs. (A–C) Time
evolution of the displacement of the waves
(dotted lines) compared with the overall
displacement of the centroid of the animal
(solid black lines), (D–F) wavelength variation
along the animal’s foot represented as the
distance from the tail normalized by the
length of the animal, x/L (means ± s.d.) and
(G–I) wave speed along the animal’s foot
normalized by the speed of the crawling and
represented as a function of x/L (means ±
s.d.). Three wave-progression patterns were
identified: (1) acceleration of pedal waves
(A,D,G), (2) symmetric acceleration and
deceleration (B,E,H) and (3) constant wave
speed along the animal (C,F,I). Each column
represents data collected from an individual
garden slug.
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oscillations in the distance between the locations of maximum
brightness, we concluded that the vertical displacement of the
animal’s foot was ~70m (�1pixel). The sign of such displacement
can also be determined by joint examination of the displacement vs
time curve (Fig.14) and time-lapse images. Experiments performed
for different animals yielded similar displacement values, with
vertical displacements up to 80m.

Dynamics
Substrate deformation caused by a moving gastropod reflected the
regional variations in the ventral surface movement (Fig.15).
During steady locomotion, the muscular foot of the animal pushed
the substrate backwards in each of the interwave regions (blue
regions in Fig.15). By contrast, the animal pulled the substrate
forwards beneath its tail and head (yellow regions in Fig.15). This
deformation pattern was observed consistently in both garden slugs
and snails (Fig.16A,B). Interestingly, the magnitude of substrate
deformation was modulated by the distance between the pedal
waves, reaching maximum levels beneath the stationary interwaves
and minimum levels beneath the waves. Each pedal interwave
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produced backward-directed stresses along the direction of motion
whereas forward-directed stresses were imposed on the substrate
underneath the regions occupied by the rim, the pedal waves and
the anterior and posterior ends of the animal (Fig.16C,D). The spatial
organization of longitudinal stresses on the ventral foot surface is
depicted in Fig.17A. By invoking Newton’s third law, we expect
that similar stresses were exerted along the opposite direction on
the animal’s foot. As a result, the foot surface experienced a forward
push on the stationary interwaves and a backward drag on the
forward-moving waves and rim.

The horizontal stresses perpendicular to the direction of motion
formed a train of paired patterns of opposite signs (Fig.16E,F). These
stress patterns appeared in the regions of the substrate underneath
the interwaves, indicating that these areas were pushed inwards
toward the centerline of the animal in addition to being pushed
backwards along the direction of motion. Although the substrate
deformation reached positive peaks beneath the head and tail of the
animal, it always remained negative beneath the waves and
interwaves. This spatial organization is depicted in Fig.17B.

Overall, the horizontal stress distribution along the direction of
motion (Fig.18) exhibited periodic patterns similar to that of the
deformation (Fig.15), with periodic positive (forward) peaks beneath
the waves and negative (backward) peaks in the interwaves. The
maximum stress magnitude beneath the interwaves was significantly
higher than that in the wave and rim regions. The ratios between
the maximum stress magnitudes beneath the interwave regions and
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Fig.13. Percentage distribution of the three wave propagation patterns
shown in Fig.9. Data are from 22 garden slugs and six banana slugs in 41
and 12 steady-speed crawling trials, respectively. In both species,
acceleration of pedal waves occurred in >60% of the runs.
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Fig.14. Relative vertical displacement of the foot between the locations
corresponding to the blue and red lines shown in Fig. 5.

Fig.15. Deformation generated by a moving garden snail on the surface of
the substrate in the animal’s direction of motion (longitudinal). (A)Two-
dimensional contour map of the longitudinal deformation as a function of
the longitudinal (x) and transversal (y) spatial coordinates. Red, the animal
is deforming the gel towards the right of the panel underneath the head
and tail; blue, the animal is deforming the gel towards the left of the panel
under the interwaves. (B)Longitudinal deformation along the centerline of
the ventral foot (ucenterline) as a function of x. In both panels, the origin of
the coordinate system is located at the intersection between the centerline
of the ventral foot and the head of the animal. The black undulating pattern
and the black horizontal line have been included to indicate the position of
the waves and interwaves relative to the peaks and valleys of the
deformation field.
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the wave regions were 2.39±0.297 and 2.35±0.52 for garden snails
(N7 runs, 3 animals) and slugs (N3 runs, 2 animals), respectively.

The net propulsive force generated by the pedal waves of an animal
in steady-speed motion considered here was offset by the viscous
shear forces of the rim and waves, which can be calculated by
integrating the stress beneath the interwaves. In spite of the complex
stress patterns generated beneath the animal’s ventral foot surface,
the net forward force was found to balance the sum of the backward
shear forces produced by the forward-moving waves and the rim. The
calculated propulsive forces were normalized by the weight of the
animal in order to compare the propulsive forces for animals of
different weight. For garden snails, there was a trend of increasing
normalized propulsive force with increasing crawling speed (Fig.19),
although this trend was not statistically significant (P0.32). For the
garden slug, however, there was no clear correlation between

normalized propulsive force and crawling speed, possibly owing to
the limited spatial resolution of our stress measurements in this case.
Because the width-to-length ratio of a garden slug’s foot is smaller
than that of a garden snail, the fine-scale details of the slug’s stress
distributions could not be captured as precisely as the garden snail’s,
resulting in less accurate, resultant propulsive forces.

DISCUSSION
The ventral surface of a locomoting terrestrial gastropod is
characterized by a train of alternating pedal wave and interwave
regions that propagates from tail to head. The interwaves are
stationary with respect to the ground whereas the waves move faster
than the animal. The wave train is surrounded by a continuous rim
that moves at the velocity of the animal (Fig.1). Overall, the motion
of the ventral surface observed in this study was in agreement with

Fig.16. Spatial distribution of the propulsive stresses generated by two terrestrial gastropods while crawling on a gelatin substrate. The data in the left
column are from a garden slug and the data in the right column are from a garden snail. (A,B)Contour maps of substrate deformation in the animal’s
direction of motion. (C,D)Contour maps of horizontal stresses in the direction of motion. These stresses were normalized with the normal stresses caused
by the animal’s weight (estimated to be spatially uniform and equal to the ratio of the animal weight to the area of the foot). (E,F)Contour maps of horizontal
stresses in the direction perpendicular to the motion. (G,H)Brightness images showing the ventral foot of each animal and the marker beads used to
measure the propulsive stresses. In both images, the animals were crawling from the left to the right.
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previous studies (Crozier and Pilz, 1924; Denny, 1981; Jones, 1973;
Lissmann, 1945a; Lissmann, 1945b; Parker, 1911). However, close
examination of our high-resolution measurements revealed that the
spatiotemporal organization of both pedal waves and interwaves is
more complex than had been previously assumed. The waves are
not symmetric (Fig.9), nor do they move at a constant speed
(Fig.11). Previous studies considered that pedal waves are
symmetric and that both their length and propagation velocity are
constant. Consistent with the premise of constant pedal wave
properties, Denny also assumed that there is no pressure build-up
between consecutive waves (Denny, 1981). It appears that recent
mathematical models on the propulsion mechanics of adhesive
crawlers have relied on most of these assumptions (Chan et al., 2005;
Lauga and Hosoi, 2006).

Our measurements of the motion of speckles on the surface of
the ventral foot revealed asymmetric displacement pulses during
the passage of each wave. Furthermore, the waves themselves were
found to deform and accelerate as they progressed from the posterior
to the anterior end of small garden slugs and banana slugs. Among
the different wave-propagation patterns that were observed, steady
wave acceleration (lengthening of the wavelength) followed by
abrupt deceleration (shortening of the wavelength) was clearly
predominant. Our traction measurements clearly showed that the
variable speed of the pedal waves modulated the magnitude of the
stresses under each wave. The pedal wave asymmetry and
acceleration we observed are two potential contributors to the
locomotion of terrestrial gastropods that have not been considered
previously and warrant exploration in future modeling efforts. In
fact, the observation that steady wave acceleration was present in
two species that differ widely in size, such as garden slugs and
banana slugs, suggests that this pattern is mechanically relevant to
the locomotion of the animal.

Two-dimensional substrate deformation and stresses generated
by the ventral foot surface elucidated the mechanical role of the
pedal waves in pedal force generation. A net forward force was
generated beneath each stationary interwave, where the animal
pressed its foot against the substrate and pulled it backwards
(Fig.16). The sum of the propulsive forces generated under the

J. Lai and others

interwaves was shown to balance the sliding friction caused by the
forward-moving waves and the continued translation of the rim, head
and tail of the animal. Moreover, the magnitude of the horizontal
stresses along the direction of motion was considerably higher under
the interwaves than under the waves. This result is consistent with
the rheological properties of the mucus measured by Denny for A.
columbianus (Denny, 1980a). Denny’s measurements showed that,
when the shear stress acting on the mucus exceeds the yield stress,
it starts flowing and the stress required to maintain a given strain
rate drops to approximately half the yield stress. Furthermore, it
should be pointed out that the stress-strain rate curve of the mucus
is monotonically increasing; thus, if the foot is flat and the wave
does not lift, one would expect the stresses under the fast-moving
pedal wave to exceed those under the slower rim.

The fact that the magnitude of the shear stresses underneath the
pedal wave was comparable with that under the rim supported the
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Fig.17. Sketch of the spatial organization of the horizontal stresses exerted
by terrestrial gastropods on a substrate. (A)Stresses in the direction of
motion (plan view). (B)Stresses in the direction normal to motion (plan
view). (C)Side view of the animal. Vwave, speed of the pedal waves.
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Fig.18. Horizontal stresses generated by the animals shown in Figs12 and
16 along their direction of motion, measured along the centerline of their
ventral feet (tcenterline) and represented as a function of the distance to their
heads. (A)Garden slug in panels A, C and E of Fig.12; (B) garden snail in
panels B, D and F of Fig.16. Stresses were normalized by the vertical
stresses produced by the animal’s weight in order to allow comparison
between animals. Stress oscillated from positive to negative peaks along
the animal, indicating regions of waves and interwaves, respectively. In
both animals, the stress magnitudes of the interwave regions (negative
peaks) were significantly higher than those of the pedal wave regions
(positive peaks). Dot–dash lines indicate the baseline, zero stress level.
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observation that the foot was lifted under the pedal waves. The
measured depth of the concavity of the pedal wave was small
compared with the length of the wave (�70m versus 5mm in
garden snails), which would explain why several authors were unable
to measure these small vertical displacements. However, this depth
was nearly an order of magnitude larger than the value reported by
Denny and Gosline (Denny, 1981; Denny and Gosline, 1980) for
the mucus thickness under the interwaves, 10–20m, which makes
it plausible that pedal wave lifting plays a role in the locomotion.

The tangential stresses perpendicular to the direction of motion
also exhibited an interesting pattern, with coupled stresses of
opposite signs appearing in the interwave regions (Fig.16E,F). It is
possible that they were caused by the inward muscle contractions
of the rim. Nevertheless, the role of this inward contraction in the
generation of thrust remains unclear. We can only speculate that
terrestrial gastropods might use these inward contractions to
modulate substrate adhesion at the interwaves through the finite yield
stress of the mucus.

It is worth mentioning that the magnitude of the horizontal stresses
along the direction of motion generated by the pedal waves and
interwaves was nearly one order of magnitude larger than the vertical
stresses generated by the weight of the animal (Fig.16C,D). This
result has two implications. The first is that the errors introduced
by the assumption of zero vertical stresses are negligible (see
Appendix 2 for more details). The second is that terrestrial
gastropods should be able to move up or down slopes by
implementing pedal wave patterns similar to those reported here for
translocation over flat surfaces. In fact, Denny showed that the
frequency of the pedal waves was conserved when A. columbianus
crawled vertically, either upwards or downwards, although the
magnitude of the forces was higher for slugs crawling upwards
(Denny, 1984).

It has been generally agreed that the overall crawling speed of a
terrestrial gastropod correlates positively with the speed of the pedal
waves (Crozier and Pilz, 1924; Denny, 1981; Jones, 1973; Jones,
1975). In particular, Jones reported that the overall crawling speed
of a given animal is modulated solely by wave frequency (Jones,

1975). He also suggested that faster-moving species generally have
more pedal waves on the ventral surface at all times than slower-
moving species. We investigated the wave speed and frequency in
relation to the overall crawling speed during steady locomotion in
garden slugs. Consistent with previous studies, we found that the
crawling speed increased with pedal wave frequency. Furthermore,
we found a positive correlation between crawling speeds and mean
wavelength, implying that the number of pedal waves present on
the ventral surface of a given terrestrial gastropod decreased as the
animal moved faster. Therefore, although longer animals generally
have more pedal waves, the number of waves in a given animal
decreased as it increased its crawling speed. From a mechanics point
of view, a longer distance between pedal waves leads to a growth
in the area ratio occupied by the interwaves, which could contribute
to the higher propulsive force required for faster locomotion. The
net propulsive forces generated by the interwaves were found to
increase linearly with the animal’s crawling speed, although this
relationship was not statistically significant, possibly owing to the
limited range of crawling speeds recorded.

There is little doubt that the rheological properties of pedal mucus
are important for the locomotion of terrestrial gastropods. Strong
experimental evidence supports the hypothesis that the viscoelastic
nature of this mucus leads to the generation of asymmetric shear
forces under the foot with a net forward component that propels the
animal forwards (Denny, 1981; Denny and Gosline, 1980).
Furthermore, a recent mathematical model has confirmed that the
non-Newtonian nature of the pedal mucus can result in the generation
of a net propulsive force when the waves are not lifted from the
substrate (Lauga and Hosoi, 2006). Although Lauga and Hosoi
clearly showed how the animal might take advantage of the
rheological properties of the mucus, the mechanism they proposed
relies on lubrication theory, thereby implying the existence of
pressure gradients in the mucus along the pedal wave (Chan et al.,
2005). However, our experiments (supplementary material Movies
2 and 3) showed that slugs were able to propel themselves over a
mesh of very thin (<0.5mm) parallel threads separated at a distance
greater than the pedal wavelength without changing their pedal wave
pattern or their frequency, which suggests that pressure variations
beneath the foot are not essential to propulsion. Notice that a
mechanism of stick-and-release, similar to the one used in
caterpillars, is consistent with the yield-stress rheology of the mucus
described by Denny (1980b). This mechanism would explain the
ability of the animal to move on rugged, uneven terrain without
forming a lubricating layer and is compatible with the measurements
of shear stresses acting on the substrate discussed in this paper.

APPENDIX 1
Estimation of inertial effects in the calculation of pedal

stresses
The pedal stresses produced by the animal on the surface of the
gelatin substrate were determined by solving the equation of static
equilibrium of the substrate. However, the passage of pedal waves
along the animal’s ventral foot surface led to rapid temporal
accelerations of the substrate (10–4ms–2), which suggested that
inertial effects might be important in the calculation of pedal stresses.
Therefore, an order-of-magnitude analysis was performed to
estimate inertial effects. The local form of the equation of motion
for a body subjected to external load is:

� · T + rB  rü, (A1)

where T is the stress tensor, r is the mass density per unit volume,
B is the body force per unit mass and ü is the acceleration. Because
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force/animal weight) and crawling speed of the animal. Open squares
represent data from garden snails (N7 runs, 3 animals) and filled circles
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of increasing normalized traction force with increase in crawling speed was
observed in snails, this trend was not statistically significant (P0.32). For
garden slugs, there was no clear correlation between normalized traction
force and crawling speed, possibly owing to the limited spatial resolution.
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the gelatin substrate can be treated as a linear elastic isotropic body,
we can use Hooke’s constitutive relationship between stress and
strain to arrive at the Navier equation, which, in the absence of body
force (B0), is written as:

(L + G) � (� · u) + G�2u  rü, (A2)

where L and G are Lamé elastic parameters and u is the displacement
vector. Based on our deformation measurements and the elastic
properties of the gelatin substrate, an order-of-magnitude analysis
can be performed to estimate the importance of the inertial term,
rü. For this purpose, we approximate Eqn A2 along the direction
of the propagation of the pedal wave:

where  is the wavelength of the pedal waves (distance between
two consecutive waves),  is their frequency and u is a typical value
of the deformation of the substrate under each wave. To make a
conservative estimate, we consider only the direction of wave
propagation because changes in deformation rate occur most rapidly
along this direction. A conservative estimate of the ratio between
the inertial forces of the substrate (right-hand side of Eqn A3) and
the elastic stresses (left-hand side of Eqn A3) is calculated using
the following equation:

where FI is the inertial force, E is the elastic stress and c is the
speed of the pedal waves. In our experiments, r�103kgm–3,
G�103Nm–3 and c�10.2ms–1. We can then estimate that the
stresses due to inertial effects are typically 104 times smaller than
the elastic stresses related to spatial deformation. As a result, the
inertial effects were negligible and the elastostatic equation can be
used to accurately calculate the pedal stresses exerted by the
migrating gastropods on the substrate.

APPENDIX 2
Estimation of the effect of the weight of the animal on the

measured pedal stresses
In this study, we obtained measurements of the whole spatial
distribution of the propulsive and friction forces under the foot of
moving gastropods. For this purpose, we placed the animals on an
elastic gelatin substrate that was embedded with marker beads. As
they moved, the propulsive and friction stresses produced by the
animal deformed the substrate. We determined the horizontal
deformation field at a constant depth of the substrate by measuring
the displacement of the marker beads relative to their resting
position. The two-dimensional shear stress field on the surface of
the substrate was then calculated by solving the equation of static
elastic equilibrium using Fourier expansions in the two horizontal
directions, as described in del Alamo et al. (del Alamo et al., 2007).

The problem resulting from Fourier expansion of the elastostatic
equation is an ordinary second-order equation involving three
variables (the Fourier coefficients of the three components of the
deformation field). This equation requires six boundary conditions
to be specified at arbitrary vertical positions. It is straightforward
to set three of these conditions by imposing zero deformations at
the bottom of the substrate, where it is in contact with a rigid surface.
Imposing the measured horizontal deformations on the measurement
plane sets two more conditions. However, owing to the impossibility
of measuring vertical deformations on the measurement plane within
the current experimental facility, we could not set the sixth boundary

(Λ + G )
u

λ2
+ G

u

λ2
≈ ρuω 2  , (A3)

FI

τ E

=
ρ
G

(λω )2 =
ρ
G

c2  ,  (A4)
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condition using experimental measurements. Instead, we assumed
that the normal vertical stresses on the surface of the substrate are
equal to zero and used this assumption as a boundary condition.

Because the weight of the animal is supported by the substrate,
the assumption of zero normal stresses on the surface of the substrate
is not accurate in the region under the foot of the animal. If the
Poisson ratio of the substrate is different than zero, the normal
stresses generated by the weight of the animal cause horizontal
displacements, which will be erroneously interpreted as coming from
horizontal shear stresses by our force calculation method. To
estimate the errors introduced by the assumption of zero normal
stresses, we decomposed the real horizontal stresses as the sum of
two contributions:

  (u,v,0) + (0,0,W), (A5)

where (u,v,0) are the horizontal shear stresses caused by the
measured horizontal deformations under zero normal stresses,
(0,0,W) are the horizontal shear stresses caused by a distribution
of non-zero normal stresses such that the horizontal deformation on
the measurement plane is zero and v is the horizontal deformation
in the direction perpendicular to animal motion. Note that (u,v,0)

Fig. A1. Estimation of the error introduced in the traction force
measurements by neglecting the weight of the animal. (A)Two-dimensional
map of the synthetic weight distribution used in this estimation. The animal
is moving from left to right. (B)Error in the horizontal shear stress
distribution along the direction of motion of the animal for the synthetic
weight distribution shown in A. Note that the upper and lower bounds of the
color map have been decreased compared with panel A. (C)Error in the
horizontal shear stress distribution normal to the direction of motion of the
animal for the synthetic weight distribution in panel A. Note that the upper
and lower bounds of the color map have been decreased compared with
panel A. y/L and x/L, longitudinal and transverse distance to the animal’s
centroid, respectively, normalized by the length of the animal.
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are the stresses obtained by our force measurement method, implying
that (0,0,W) is the error of the method. Therefore, we can estimate
the error associated by neglecting the weight of the animal by
calculating for a distribution of W that represents the normal stresses
caused by the weight.

We have calculated the synthetic distribution of normal stresses
(Fig.A1A). The weight distribution is set equal to –1 under the
interwaves and the rim, –0.5 under the waves and zero on the surface
of the substrate that is not in contact with the animal. The synthetic
animal has four waves and is moving from left to right. This
distribution was smoothed out with a box window of size 0.03L in
order to avoid Gibbs error in the calculations. The errors in the
horizontal shear stresses are shown in Fig.A1A,C. Note that the upper
and lower limits of the color maps in these two figures have been
decreased compared with Fig.A1A to yield a clear visualization. The
order of magnitude of these errors is equal to the Poisson ratio, which
is �0.3 for the substrates used in this study. By comparing the error
distributions in Fig.A1B with the propulsive force measurements in
Fig.16C,D, and the error distributions in Fig.A1C with the
measurements in Fig.16E,F, we can conclude that these errors do not
modify the results for two reasons. First, the magnitude of the errors
shown here are lower than the measured stresses by more than a factor
of 2 and, for the stresses along the direction of motion, by up to a
factor of 10. Second, the stress patterns observed in Fig.16 differ
qualitatively from the patterns in Fig.A1. In particular, the stresses
in the direction perpendicular to motion pull inward towards the
centerline of the animal whereas the error tractions push outward.
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