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Abstract
Caterpillars are the larval stage of Lepidoptera, which consists of butterflies and
moths. Caterpillars were often seen as hydrostats, but recently researchers have
realized that caterpillars do not function as such. Reasons are their body plan, lack of a
fixed volume and the use of their substrate to transmit forces. These new insights have
changed how we think about movement in caterpillars and are discussed in the first
chapter of this dissertation, which aims to give an overview of the current state of
knowledge on caterpillar locomotion.
Chapter two discusses climbing. The movements of the caterpillar when climbing and
during horizontal locomotion are indistinguishable. The similarities can be explained by
1) the caterpillar’s strong grip to the substrate, which it uses regardless of orientation,
2) the fact that it is a relatively small animal and smaller animals tend to be less
influenced by gravity due to their high locomotion costs and 3) the caterpillar’s slow
movement.
Chapter three also looks at locomotion, but focuses on the use of sensory information
to alter the normal stepping pattern. When stepping on a small obstacle, information
used to adjust the movement of the leg originates from body segments anterior to that
leg. In addition, information collected by the sensory hairs on the proleg is used to
fine-tune the movement mid swing.
Chapter four focuses on the response of the caterpillar to noxious stimuli. In this
defense behavior the caterpillar rapidly moves its mandibles toward the stimulation
site. The accuracy with which the caterpillar does this, is lower when responding to
stimuli applied to dorsal and anterior locations on the abdomen. An explanation can be
found in the caterpillar’s limited ability to move its body into a tight curve and the lack
of circular muscles.
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Chapter five summarizes the findings and discusses them in the light of the recent
discovery of the movement of the gut during locomotion. The paper discussing this
discovery can be found in the appendix as well as a short description of the change in
morphology when developing from a hatchling into a fifth instar caterpillar.
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Chapter One – Locomotion in caterpillars
To be submitted to ‘Biological Reviews’ as
“Locomotion in caterpillars”
Authors: L.I. van Griethuijsen and B.A. Trimmer

Abstract
Most species of caterpillar move around by inching or crawling. Inching has not been
studied much, but crawling has been the subject of several studies. Early papers
describe caterpillar crawling as legged peristalsis, but more recent work has shown
that caterpillars use a tension-based mechanism that helps them to exploit arboreal
niches. Caterpillars are not obligate hydrostats but instead use their strong grip to the
substrate to transmit forces, in effect using their environment as a skeleton. In
addition, the gut which accounts for a substantial part of the caterpillar’s weight,
moves independently of the body wall during locomotion and contributes to the
crawling dynamics. Work loop analysis of caterpillar muscles shows that they act both
as actuators and energy dissipaters during crawling. Because caterpillar tissues are
pseudo-elastic, and locomotion involves large body deformations, moving is
energetically inefficient but by having a soft body caterpillars are able to grow quickly
and safely access remote food sources.

Keywords
Caterpillar, locomotion, kinematics, dynamics, soft-bodied, Manduca sexta
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Introduction, consequences of being a soft-bodied larva
The insect order Lepidoptera (Linnaeus, 1758) consists of some of the most diverse and
widespread insect species which can be so numerous that they can dominate many
forest and field environments. Caterpillars are Lepidopteran larval stages and most are
entirely herbivorous, living their entire growing stage in, on, and around the stems and
leaves of their host plants. In addition to providing food, the host plant can provide
shelter, camouflage and even chemical defenses for the caterpillar. This close
dependence means that caterpillars must move effectively and reliably in branched,
complex, three dimensional structures: most cannot afford to fall or fail to reach
edible plant structures. Despite their environmental and agricultural importance,
caterpillar locomotion has not been widely studied or described systematically.
However, recent work in the areas of biomechanics, tissue characterization,
videography and motor patterning has revealed new insights into the mechanisms of
movement control in these soft-bodied animals. This review provides a systematic
description of these findings and discusses some of the specialized adaptations of
caterpillar locomotion which can be quite different from adult insects and other soft
bodied creatures.
Being a larva has consequences for locomotion. First, reproduction does not take place
in this stage, so reproduction and the behaviors involved are not direct evolutionary
drivers for the morphology and locomotion capabilities of the caterpillar. Second, the
size of the adult, which does have an effect on fitness, is determined by the size of the
larvae before pupating (Stamp and Casey, 1993). Because a large size generally leads
to a higher fitness as an adult, it is important for the larva to maximize size. In short,
locomotion in caterpillars is not needed for finding a partner and mostly needed to find
food sources. The distance covered to find food can differ dramatically for different
species. Caterpillars like Manduca sexta (Linnaeus, 1763) hatch on their food as the
female moth places her eggs on the host plant and move very little during the larval
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stage (Bernays and Woods, 2000). Other caterpillars travel to their food sources such as
the tent caterpillar (several species in the genus Malacosoma (Hübner, 1820)). During
the night these caterpillars reside in tents spun of silk and move to feeding grounds
early in the morning. Because Lepidoptera need to do most of their growing during the
larval stage, caterpillars may grow several orders of magnitude from hatchling to
prepupa. During this growth caterpillars molt several times, each stage between molts
is called an instar. Between molts the soft cuticle of caterpillars can stretch
extensively. This stretch is made possible by the properties of the cuticle. The only
hard cuticle is found on the mandibles, the thoracic legs, the crochets (hooks) at the
tip of prolegs and the head capsule (see Fig. 1). Third, this overall body softness has
serious consequences for locomotion. Because muscles are connected to the body wall,
their activation can deform the body without necessarily leading to movement related
to locomotion. This is a very energy-inefficient way to move around. It has been found
that gypsy moth caterpillars use 4.5 times more energy to move around than what
would be expected for an animal of similar size but with a rigid skeleton (Casey, 1991).
On the other hand, as mentioned previously, Lepidoptera mainly need to grow during
this life stage. With the exception of the carnivorous caterpillars from Hawaii
(Montgomery, 1982;Montgomery, 1983), all caterpillars are herbivores. Because plant
material is low in nitrogen, and nitrogen is needed for growth, caterpillars probably eat
more food than they need in terms of energy content (Slansky Jr and Feeny, 1977).
Therefore, as a general rule, access to calories is not a limiting factor and energetic
efficiency is unlikely to be a strong evolutionary driving force for caterpillar
locomotion.
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Fig. 1. A) The anatomy of the larval Manduca sexta (5th instar). Caterpillars generally have this
body plan but the number of prolegs can vary per species. The body is soft except for the head
capsule, mandibles, thoracic legs and the crochets on the tips of prolegs. B) Schematic cross
section of the caterpillar on a dowel. COM = Center of mass

Variations in locomotion in caterpillars
Caterpillars have a soft cylindrical body, with 3 pairs of stiff jointed thoracic legs and 2
to 5 pairs of soft leg-like structures on the abdomen called prolegs (see Fig 1).
However, caterpillars can differ dramatically in their body shape and size so there are
different strategies for normal forward locomotion. The strategies that are best known
are inching and crawling with some species using both or even combinations of these
basic modes (Lin, 2011). The overall body shape is probably a major factor in the
adoption of a particular strategy. For example the relative dimensions of the body
diameter and length, (aspect ratio) is clearly a factor. Inching, in which the posterior
legs are moved towards the anterior legs while the middle body segments form a loop,
is seen more often in smaller and thinner caterpillars. Anterior-grade stepping or
crawling is seen in larger and thicker caterpillars.
Thinner caterpillars can be forced to use an anterograde stepping motion by limiting
how far from the substrate they can lift their bodies (Lin, 2011). However, inchworms
using anterograde stepping motions are much slower than when using their normal
inching gait. There are no reports of successfully forcing larger, thicker caterpillars to
use an inching form of locomotion. Larger caterpillars might mechanically not able to
use an inching mode.
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Several other types of locomotion are used by caterpillars but these are mainly escape
strategies and not their default mode of travel. When the caterpillar of Pleuroptya
ruralis (Scopoli, 1763) is startled, it can jump up, form a Q shape and roll down an
incline (Brackenbury, 1997). Other escape strategies are backwards crawling
(Brackenbury, 1999), and for smaller caterpillars, dropping from a leaf and climbing
back up using lifelines (Brackenbury, 1996).
Although these escape behaviors are fascinating forms of locomotion, it is not typical
of the majority of caterpillars and only a small part of this paper will focus on them. A
slightly larger part will discuss inching but the majority will focus on crawling, which is
the mode of caterpillar locomotion that is described most extensively in the scientific
literature.
Inching
The mode of locomotion that is most often seen in smaller and slender caterpillars is
inching. An inching caterpillar effectively uses the thoracic legs and the prolegs at the
posterior part of the body as anchors. Forward motion is produced as these anchors are
moved forward in succession. When the posterior anchor is moved forward, the middle
of the body is lifted away from the substrate and the body of the caterpillar resembles
a Ω (omega). Next, the caterpillar releases the front grip and stretches the body. This
second phase is a cantilever which requires that the body can be made relatively stiff
(Lin and Trimmer, 2010a) so that the head can be extended forward. This is probably
one of the reasons why inching in not seen in larger caterpillars because stiffening
would require disproportionately large increases in body pressure (Lin et al., 2011).
Another limitation is that inching requires the body to be lifted away from the
substrate. This raises the center of mass (COM) and leads to increased rotation around
the attachment points and an increased risk of tipping sideways due to small non-axial
forces. Compared to crawling, inching therefore requires more grip while at the same
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time decreasing the number of contact points. Although the caterpillars grip is already
strong, the shifted COM could limit what substrates can carry the caterpillar.
Rolling, tread climbing, backward locomotion and galloping
Several other forms of caterpillar locomotion other than inching and crawling have
been described. All are strategies that are used for a short period of time and are (part
of) an escape response. For example, at least 13 species use silk threads as lifelines,
which let the caterpillar climb back up after a drop from a leaf when threatened
(Sugiura and Yamazaki, 2006). This requires a very different type of locomotion than
the anterior-grade wave of steps seen in crawling. Only the thoracic legs are used to
haul the body back up. At least one species uses an anterior-grade wave of steps but
most caterpillars observed in the field alternate left and right thoracic legs. The body
is swung from left to right actively to aid in climbing (Brackenbury, 1996).
In anterior-grade stepping, speed seems to be limited by the need for stability.
Because of the location of the prolegs under the body, and the relatively elevated
center of mass, caterpillars run the risk of rolling sideways. For that reason a high duty
factor, (the proportion of legs attached to the substrate) is desirable. Brackenbury
realized that if legs and body segments cannot be lifted faster, then decreasing the
timing between crawls becomes the only strategy to increase speed but this comes at
the cost of increased instability due to a lower duty factor, i.e. fewer legs attached to
the substrate. In two species, Pleuroptya ruralis (Scopoli, 1763) (mother-of-pearl moth)
and Cacoecimorpha pronubana (Hübner, 1799) (carnation tortrix), he saw fast
backward locomotion that was the reverse of forward locomotion (Brackenbury, 1999).
Strong stimulation of the caterpillar on the anterior side resulted initially in reverse
galloping, which has a lower duty factor than crawling, and eventually a rolling
behavior, where the animal curls into a wheel and rolls (Brackenbury,
1997;Brackenbury, 1999). These forms of locomotion are relatively much faster, with
rolling being up to 40 times faster than forward locomotion. Some species, such as
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Cucullia verbasci (Linnaeus, 1758) (mullein moth), can also increase the speed of
forward locomotion by decreasing the duty factor. Effectively these animals go from an
anterograde wave to form of locomotion that resembles inching locomotion. Although
the first proleg lifted from the substrate is still TP, next the body arches those
segments without prolegs, (A1-3) and proleg A3-A4, A5 and A6 are lifted in a
posterograde wave (Brackenbury, 1999).
Crawling
In anterior- grade locomotion, or crawling, a wave of steps are initiated at the
posterior part of the animal. Both legs of each pair are lifted at the same time. The
prolegs do not shorten during the swing phase of the step; instead the body is lifting
the entire segment up.
Crawling is perhaps the most extensively studied form of locomotion in caterpillars,
and will be described in detail in further sections of this article.

Historical models of caterpillar locomotion
Although there were earlier attempts to understand caterpillar tonus and neuroanatomy (Holst, 1934;Kopec, 1919) the first detailed description of caterpillar crawling
was made by Barth using purely observational methods (Barth, 1937). He attempted to
combine detailed anatomical descriptions of internal muscle arrangements with the
complex body motions of crawling and formulated a model based on peristalsis. In his
view, each body segment was activated in turn with antagonistic interactions between
dorsal and ventral muscles in adjacent segments. The small tergopleural muscles,
which run vertically and are positioned next to the spiracles, were thought to lift the
body segment during the proleg swing phase. Barth’s model of caterpillar crawling
remains present in many insect textbooks (Chapman, 1998;Douglas, 1986;Hughes,
1964;Wigglesworth, 1950). More recent work has clearly shown that these segment by
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segment waves of muscle activation are not so distinct and there is no evidence for
dorsal-ventral antagonism or tergopleural lifting (Simon et al., 2010a;Trimmer and
Issberner, 2007).
In fact, our current understanding of caterpillar crawling was first described in the
little known booklet called "the caterpillar and the butterfly", published in 1963 by the
Smithsonian institution and written by R.E. Snodgrass who was a research associate at
this institution at the time. Snodgrass was the first to realize that, in contrast to most
other terrestrial animals, the (pro)legs were actually not pushing the body forward.
Instead caterpillars use the prolegs mostly as gripping devices and to support the body
weight during stance. Snodgrass was also the first to realize that caterpillar locomotion
cannot be described as the peristalsis-like movement seen in earthworms and he
highlighted the crucial role of muscle activity in pulling segments forward (Snodgrass,
1961). However Snodgrass did not discuss the role of hydrostatics and his insights were
not based on quantitative kinematics or measurements of forces.

Recent findings in caterpillar locomotion
Detailed description of crawling in Manduca sexta
Caterpillar locomotion has mostly been studied in the tobacco hornworm, Manduca
sexta, which is the larval stage of the sphingid tobacco hawkmoth. The hornworms are
bright green, covered with relatively small (sensory) hairs and grow to a large size,
weighing as much as 8 g at the fifth instar. Manduca sexta can sequester and secrete
nicotine and other alkaloids (Morris, 1983a;Morris, 1983b;Morris, 1983c;Morris,
1984;Murray et al., 1994) and is usually found on Solanaceae (Juss.) plant species such
as tomato and tobacco that use these compounds to deter herbivores (Self et al.,
1964). One of the reasons that Manduca are relatively well studied is their ability to
live on artificial diet (Bell and Joachim, 1978). Colonies are relatively easy to keep and
10

several labs have kept colonies for decades. The caterpillar has been studied not just
for its ability to live on nicotine-rich food sources, but also as a model for endocrine
signaling, programmed cell death and nervous system remodeling. The massive changes
that accompany metamorphosis include the rewiring of neurons to muscles, so the
muscles and their innervations have been described in detail (Levine and Truman,
1982;Levine and Truman, 1985;Taylor and Truman, 1974;Weeks and Truman, 1984)
which is helpful for studying Manduca locomotion.
A detailed study of caterpillar crawling using videography by Trimmer and Issberner
provides a good starting point to discuss crawling (Trimmer and Issberner, 2007).
Caterpillars lift both prolegs on a single body segment simultaneously. During crawling,
waves of steps start at the terminal segment and end at the thoracic legs. One such
wave of steps is called a ‘crawl’. Each leg goes through two phases during each crawl,
the swingphase (also called ‘step’) during which the leg is moved forward, and the
stance phase during which the leg is in contact with the ground or substrate. The
stepping motions of caterpillars are similar to those seen in vertebrates. In both cases
the body moves forward during swing phase. During the stance phase the body
segments appear to pivot around the attachment points (Trimmer and Issberner, 2007).
Within the crawl steps overlap; the proleg in A6 lifts off before TP has finished its step.
Generally speaking, when a crawl travels through the body, 2 or 3 pairs of legs are
lifted simultaneously. This is true in Manduca sexta, but it has also been seen in
Pleuroptya ruralis (Brackenbury, 1999;van Griethuijsen and Trimmer, 2009). The
timing between crawls can be altered to slow down or speed up, as is the case when
Manduca climbs (van Griethuijsen and Trimmer, 2009). The timing between steps does
not change much. Other parameters looked at, are proleg lift and proleg shortening. As
mentioned before, the proleg barely shortens during locomotion, instead the body is
being lifted (Belanger and Trimmer, 2000;Trimmer and Issberner, 2007).
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It takes Manduca a little more than 3 seconds to cover a centimeter (Trimmer and
Issberner, 2007;van Griethuijsen and Trimmer, 2009). Compared to other caterpillars
Manduca crawls slowly; Brackenbury reported 0.62 to 1.02 cm/s for 4 species of
caterpillar (Brackenbury, 1999). Joos reported 0.37 cm/s to 2.35 cm/s for Malacosoma
americanum (Fabricius, 1793) (Eastern tent caterpillar) depending on the temperature
(Joos, 1992). Oddly, the faster caterpillars are also much smaller (about 2.5 cm) than
the 5th instar Manduca (about 5 cm), while for most animals the general trend is that
larger animals use a higher speed.
Models of soft-bodied locomotion
Classic hydrostats and muscular hydrostats
Locomotion in caterpillars has long been compared to that of hydrostats, such as
earthworms, or muscular hydrostats, such as octopuses. Hydrostats are animals without
a hard skeleton that have a fluid-filled cavity surrounded by muscles. Because fluids do
not change volume when pressurized (to the levels seen in physiology), forces produced
by muscles can be transmitted to other body regions and to the substrate through the
fluid filled cavity. Constant volume fluid systems can also produce lever-like mechanics
by exchanging forces and displacements in linked cavities of different sizes (the
principle employed by hydraulic lifts). It is tempting to assume that all soft animals
actively use pressure in this way to extend their body and limbs but caterpillars seem
far less dependent on hydrostatics (see next section). Muscular hydrostats are a
subclass of the hydrostats. In muscular hydrostats, there is not a larger fluid-filled
cavity; instead the muscles themselves can transmit forces because muscles consist of
fluid-filled cells that have constant volume and can be pressurized when the muscle is
activated. In caterpillars however, the body is not packed with muscles so they do not
function as a muscular hydrostat.
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Use of pressure in Manduca locomotion
Before discussing pressure and its role in locomotion, it is important to describe the
properties of the cuticle, how it stretches and folds, as these properties influence what
happens to the body when a change in pressure occurs. The descriptions of the folding
of the cuticle are of Manduca sexta caterpillars specifically, but the same principles
apply to other species of caterpillars. Manduca’s cuticle has several folds that run
circular around the body and divide each body segment into 8 annuli or rings. Those
folds function more as wrinkles: the cuticle is visible at all time, but this is the location
at which the cuticle buckles when it is compressed (longitudinally). At the posterior
end of each body segment is a true fold; when the animal is in rest, part of the cuticle
is folded inwards. Large muscles (the dorsal and ventral internal muscles) attach at this
fold and help to pull the cuticle inwards. When the body segment stretches during
locomotion or casting (searching) behaviors, the fold disappears (Trimmer and
Issberner, 2007). There are no folds running longitudinally, except for those that allow
buckling of the skin when the prolegs are shortened. There are no known behaviors
that drastically change the circumference of the animal, although, in Manduca some
flattening of the ventral surface can be seen during casting behavior. Not only the folds
and wrinkles play a role in how the tissues respond to pressure, the mechanical
properties of the cuticle also play a role. The stresses corresponding to the same
stretch of a piece of cuticle are larger when that piece of cuticle was oriented
circumferentially in the caterpillar’s body (Lin et al., 2009). A possible explanation for
the different response can be found in the cuticle’s structure: in Calpodes ethlius
(Stoll, 1782) there are microscopic pleats in the cuticle that unfold more easily
longitudinally than circumferentially as the caterpillar grows (Carter and Locke,
1993).This difference in response of the cuticle to stress is needed because, under
uniform pressure conditions, hoop stress (circumferential tensile stress) is twice as big
as the axial stress (longitudinal tensile stress). Without this difference, the caterpillar
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would not grow uniformly between molts, but instead mostly increase in circumference
(Carter and Locke, 1993).
Although they have a fluid-filled cavity (the haemocoel) and muscles on the inner
surface of the body wall, caterpillar muscles are located in the haemocoel along with
fat bodies, the gut and trachea (breathing tubes). The air-filled trachea are relatively
stiff and corrugated to prevent them from collapsing during normal movements but
they can collapse as has been observed in Pterostichus stygicus (Say, 1823) beetles
(Socha et al., 2008). In addition, the trachea are in direct contact with the air outside
the animal through an opening in the cuticle called a spiracle. Spiracles are located on
either side of almost every body segment. Spiracles can be opened or closed to
regulate gas exchange and to avoid water loss. Because air is compressible and can also
be lost from the spiracles the caterpillar haemocoel is not necessarily a constant
volume. This can easily be demonstrated by “exercising” caterpillars under water.
After a short while air bubbles form at the spiracles and they expand and contract with
body movements (H.T. Lin, unpublished observations). The relatively large volume of
air in Manduca makes it harder to control movements by pressurization alone. This
problem is complicated by the decreasing effectiveness of pressure-stiffening as
animals grow larger (Lin et al., 2011). Finally, it is clear that the internal fluids of
Manduca are in constant motion (Simon et al., 2010b) and despite the relatively open
haemocoel, the body is not iso-barometric (Mezoff et al., 2004). These factors make it
unlikely that caterpillars use a hydrostatic skeleton in the same way that earthworms
do but pressure and hydraulics can still be important mechanical components in
caterpillar locomotion.
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Kinematics and dynamics studies
A surprising finding: movement of the gut
Although the body wall and muscles are the most obvious mechanical components of
caterpillar locomotion, most of the body mass consists of gut and other internal tissues.
Movements of these tissues must affect locomotion but they are difficult to visualize in
intact animals. One approach is to image soft tissues with high energy X-rays. By
maintaining a crawling caterpillar on a treadmill in a synchrotron sourced X-ray beam it
has been possible to visualize the movements of trachea attached to the gut.
Surprisingly the midgut was found to move an entire full body segment forward before
the surrounding body wall began to move. It is not clear if the gut is being pushed
forward by the terminal segments or being pulled forward by the head and thorax
(Simon et al., 2010b). This phenomenon was seen in 5th instar Manduca sexta
caterpillars, which are relatively large. However Manduca hatchlings also show this
phenomenon (Simon et al., 2010b) and movements of the gut during locomotion have
also been observed through the translucent cuticle of the Brazilian skipper (Calpodes
ethlius) (B.A.Trimmer, unpublished observations). This suggests that ‘viscerallocomotory pistoning’ is a wide-spread phenomenon in caterpillars that could change
the center of mass (COM) during the stance phase of locomotion movements. The
movement of the gut might be an integrative part of locomotion or it could be a
strategy to make sure that the movements of locomotion (anterograde) do not
interfere with the movement of the contents of the gut (posterograde) (Chapman,
1998;Simon et al., 2010b).
Effects of body orientation
Caterpillars crawling on a horizontal surface and caterpillars that climb have
movements that look very similar, while gravity is pulling from different angles in these
two situations. Detailed kinematic studies confirmed that the movements are indeed
very similar. In fact, none of the parameters tested could be used to differentiate
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horizontal from vertical crawling (van Griethuijsen and Trimmer, 2009). Statistically
significant differences were found in the distance covered by a step and timing
between crawls (together resulting in a lower crawling speed). The actual differences
were very small compared to the variability of the data, and not believed to be
biologically relevant to the caterpillar as caterpillars generally do not rely on speed of
locomotion to escape predators or find food sources. The similarities in locomotion can
be explained by the strong grip of the prolegs, which is used regardless of the
orientation of the body. Another explanation can be found in the fact that locomotion
is relatively costly for small animals when expressed in mass/ distance, which makes
the extra energy needed to lift the body relatively small (Taylor et al., 1972). Because
caterpillars are very inefficient energy-wise because of their soft body (Casey, 1991),
the extra energy that goes into lifting the body is negligible.
Movement of the thoracic legs
Caterpillars have 3 pairs of thoracic legs and several pairs of prolegs. The majority of
the studies on caterpillar crawling have focused on the prolegs, because they have a
stronger gripping system, the crawl initiates posteriorly and most of the crawl cycle
occurs in the abdomen. Also, when the thoracic legs in the larva are removed or
constrained, locomotion seems little hindered (Kopec, 1919). The thoracic legs are very
different from the prolegs because they eventually turn into the legs of the adult, and
during caterpillar stage they are already articulated and have an exoskeleton. The
movements of the thoracic legs in the caterpillar are smaller and less standardized
than those of the prolegs. Like the prolegs, both thoracic legs on one body segment are
lifted at the same time, and the wave of steps moves from posterior to anterior. The
thoracic legs occasionally make extra steps (extra-step crawling) (Johnston and Levine,
1996b), and it has been suggested that they (together with the mandibles and
antennae) probe the substrate. Interestingly, these extra steps are not seen in late
fifth instar caterpillars crawling on a flat surface (Johnston and Levine, 1996b). The
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late 5th instar, also called the wandering stage, is when the caterpillars actively search
for a pupating site. If extra steps are used to examine the substrate, they would be
expected in this stage.
Because the thoracic legs persist into the adult stage, the locomotion patterns of these
legs were compared for the two stages. The thoracic legs do change dramatically
during metaphorphosis; the adult leg is much longer and thinner than the larval leg.
The most pronounced difference is in the femur, which points downward in the larva,
but upward in the adult. The motor neurons to the muscles in the thoracic legs persist
from the larval to the adult stage (Kent and Levine, 1988). In the adult the thoracic
legs use a very different stepping pattern. A tripod gait is seen in many insects and this
is a very stable gait for a 6-legged animal. In a tripod gait, the most posterior and
anterior leg on one side of the animal are in stance phase with the middle leg on the
other side of the animal, this alternates with a stance phase in the other 3 legs.
However the Manduca moth does not display a tripod gate and there were no patterns
of intersegmental coordination detected. (Johnston and Levine, 1996b).
Movement of the prolegs
Prolegs are only found on the abdominal segments and always in bilaterally
symmetrical pairs. Not all abdominal segments have prolegs, and the number of prolegs
can vary greatly between species. Generally speaking, more pairs of prolegs are seen in
caterpillars that crawl than in caterpillars that inch. The proleg is divided into three
pseudo segments: the planta, the coxa and the subcoxa (Mezoff et al., 2004). The
planta is located at the tip of the proleg, its cuticle is softer and can be drawn in,
including the 2 rows of hook-like structures called crochets, that are located on the
planta in most caterpillar species. The coxa runs from the edge of the planta to the
first fold which is the attachment point for a muscle. The subcoxa runs to the next fold
(Mezoff et al., 2004). The anatomy of the prolegs on the terminal segment is somewhat
different from the prolegs on the other abdominal segments. The planta on TP
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(“terminal prolegs” although “TP” is also used to describe the entire body segment)
functions the same way as the other prolegs. TP itself, at least in Manduca, cannot be
shortened as much as other prolegs. However the entire segment can be lifted from the
substrate which allows the TP to pivot much more that the other prolegs (Trimmer and
Issberner, 2007).
Detailed kinematic studies of the prolegs in Manduca sexta have shown that during
locomotion the legs do not shorten much. There are two major muscles that are
capable of shortening the proleg; APRM (accessory planta retractor muscle) and PPRM
(principal planta retractor muscle). PPRM runs from near the spiracle to the tip of the
planta. APRM runs from near the spiracle to half way the proleg. The length of these
retractors can be monitored by tracking beads attached to the muscle origin and
insertion points on the cuticle while simultaneously recording with fine
electromyographic (EMG) wires provides information about their electrical activity.
Slightly before the stance phase of the step, both muscles lengthen. Presumably
because the crochets are still in contact with the substrate, but the body segment has
started to lift, effectively stretching the leg. Next PPRM is activated, which results in
the crochets unhooking and the leg (and muscles APRM and PPRM) returning to resting
length (Belanger and Trimmer, 2000). PPRM, which is activated shortly before the
caterpillar takes a step, is believed to rotate the crochets outward and away from the
substrate to which the proleg is attached (Hinton, 1955). APRM can shorten the proleg
too, and is also active during locomotion (Belanger and Trimmer, 2000). Musculature
similar to that of Manduca was found in the prolegs of the larva of the Small cabbage
white (Pieris rapae Linnaeus, 1758)(Tsujimura, 1983) and the Chinese oak silkmoth
(Antheraea pernyi Guer.) (Cox, 1989).
It is important to note that the 'default state' of the proleg is extended and crochets
rotated towards the midline. Surprisingly, there are no muscles that appear to be in
the right location to actively extend the proleg. Extension appears to be achieved by
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baseline internal pressure. Increases in haemolymph pressure do not seem to be
necessary for proleg extension. In fact, Mezoff and colleagues showed that the pressure
in nearby body segments often decreases during leg extension (Mezoff et al., 2004).
The key factor in proleg extension seems to be relaxation of PPRM and APRM. This
conclusion is supported by observations of anaesthetized caterpillars which always lay
with the prolegs fully extended. Other muscles, in particular the ventral internal
lateral muscles, co-contract with PPRM during the proleg retraction reflex when
triggered by stimulating the medial hairs. Ablation studies show that these ventral
internal lateral muscles are not needed for proleg retraction or adduction. It is thought
that the muscles contribute to stiffening the ventral body wall during proleg
movements (Mezoff et al., 2004).
In addition to their role in proleg movements during locomotion, both PPRM and APRM
are essential for the proleg retraction reflex in response to sensory hair stimulation.
Several rows of long and stiff hairs (the planta hairs, PHs) are found on the lateral
distal edge of the proleg, very close to the planta. Each hair is innervated by a sensory
neuron that monitors movement and displacement with some directional selectivity.
The projections of the PH sensory neurons have been mapped into the segmental
ganglia where some of them form direct monosynaptic connections to the
motorneurons (PPR and APR) controlling PPRM and APRM (Weeks and Jacobs, 1987).
When the hairs are moved the planta withdraws first through the activation of PPRM,
and when stimuli are strong, APRM is also activated and the leg fully retracts (Weeks
and Jacobs, 1987). The proleg shortening reflex is context dependent. Animals hanging
upside down retract and re-extend their prolegs faster than animals that are upright
(Belanger et al., 2000).
During crawling most of the proleg lifting is done by the body segment rather than by
proleg retraction. However, when the PHs are stimulated during the swing phase of a
crawl the leg can be shortened through increased activation of the retractors (Belanger
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et al., 2000). This is an example of an assistance reflex to help the proleg step over
obstacles and it has been demonstrated that this reflex can adjust the normal planta
trajectory during a single step (van Griethuijsen and Trimmer, 2010). Remarkably,
caterpillars can also adjust their proleg kinematics in anticipation of an obstacle. It
appears that tactile information from anterior body segments is used to help increase
the proleg or body segment lift velocity so that the proleg is more likely to land on top
of a small obstacle (van Griethuijsen and Trimmer, 2010).
The importance of gripping
Caterpillars use the strong grip of their crochets regardless or orientation. A strong grip
makes it easier to hold on to a plant moved by wind and makes it more difficult to be
removed from that plant by a large predator such as a bird. From a biomechanical
point of view the positioning of the prolegs make it important to have a strong grip.
The legs are located underneath the body, with the center of mass (peak of pyramid,
fig 1) located relatively high above the legs, so the base of the pyramid (both prolegs)
is relatively narrow. This is mechanically unstable when the caterpillar is crawling on
top of the substrate and without a strong grip, the caterpillar would roll to its side with
the lightest of perturbations (Brackenbury, 1999). Furthermore, caterpillars such as
Manduca need a strong grip to support their considerable mass when they are on the
underside of leaves, which is their typical orientation (about 78% of caterpillars in field
studies were on the underside of a leaf) (Madden and Chamberlin, 1945).
Ground reaction forces
A model that is often used to describe locomotion in legged animals with rigid
skeletons is the inverted pendulum model. In this model, movement of legs during the
stance phase of a stride is described as a mass swinging around a pivot point attached
to the ground. The connection between the pivot and mass can be a fixed-length strut
or, in a modified model, a spring-loaded rod (spring-loaded inverted pendulum, SLIP).
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These models produce reasonably good and general descriptions of exchange of forces
in legged locomotion.
The caterpillar seems to be an exception because the prolegs do not push forward and
upwards but instead act as structural supports and also grip to produce drag. This
effect can be seen in the ground reaction forces measured normal to the substrate and
along the direction of travel (fore-aft). As a wave of muscle activation progresses
forward the prolegs delay their release and resist for-aft movements thereby
generating tension in the body, drag on the substrate, and a slight stretching of the
proleg. The caterpillar is in effect putting the substrate under compression to pull its
posterior segments forward using anterior prolegs and the thoracic legs as anchors (Lin
and Trimmer, 2010b). Because the caterpillar relies on the stiffness of the substrate
instead of hydrostatic pressure it can be described as an environmental skeleton.
Additional evidence comes from a behavioral observation; caterpillars have difficulty
climbing on soft rope which buckles under compression (Lin and Trimmer, 2010a). It is
unlikely that the caterpillar always uses this strategy for all movement. For example,
during searching behavior almost half of the body is lifted from the substrate and this
motion must require stiffening through muscle activation and increased internal
pressure. For the most part, by remaining relatively soft a caterpillar can conform to
its substrate and remain stable and cryptic.
Neuronal control of locomotion
Description of the nervous system and sensory systems
As is common for insects, the nerve cord in caterpillars such as Manduca is located
ventrally in the body. Each body segment contains a ganglion and the ganglia are
connected by the nerve cord like pearls on a string. Some ganglia are fused, such as
those in the two terminal body segments and those near the head.
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Each ganglion has a ventral branch on each lateral side that is located posteriorly on
the ganglion and that leads further to the ventral part of the body and sends signals to
the muscles in the ventral side on the animal as well as to muscles in the (pro)leg. The
dorsal branch is located more anteriorly on the ganglion and runs between the muscles
on the ventral part of the animal before branching further and connecting to the dorsal
muscles. Sub branches are described in detail and many of them are named (See Fig.
2). These branches also contain the dendrites of sensory neurons in the periphery.
Each body segment contains about 70 muscles, most of them receiving instructions
from just one, occasionally 2 motor neurons. The muscles of Manduca are not
innervated by fast and slow motor neurons, such as SETi and FEti in locusts nor do they
receive inhibitory input. Most muscles are named and several consist of a number of
muscles fibers. The number of fibers can vary among individual Manduca and among
different body segments (C. Metallo, unpublished observations). In addition, many of
the cell bodies of these neurons are identified in the ganglion.
There are several sources of sensory information that lead directly to the ganglia in
each body segment. First, there are direction sensitive hairs that cover the body.
Several of the hairs are identified and named, and their projections are known, such as
the planta hairs (PHs), lateral hairs (LHs), and medial hairs (MH) (Peterson and Weeks,
1988). Second, there is another sensory system called the multidendritic complex
(MDC) (Grueber and Truman, 1999a;Grueber and Truman, 1999b;Grueber et al., 2001).
The MDC consists of neurons distributed throughout the cuticle that respond to
deformation and possibly to temperature and other noxious stimuli. There are 3 types
of neurons in the MDC and they respond to different stimuli. It has been suggested that
one of the types of neurons functions as a proprioceptor; providing the central nervous
system with information about the position, orientation and posture of the body. There
is no direct evidence that the MDC has a role in locomotion. However, it is likely that it
functions as a source of sensory information in the defensive strike behavior that has
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been studied in Manduca (van Griethuijsen et al., 2012). A third sensory system is the
stretch receptor organ (SRO), which is a modified muscle fiber that monitors (change
in) length (Simon and Trimmer, 2009). There are 3 pairs of SRO in each body segment
of Manduca, and has also been suggested to be a proprioceptor. However, ablation
studies showed that the SRO does not seem to be necessary for locomotion (Simon and
Trimmer, 2009).
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Fig. 2. A) A ganglion as seen in the abdominal segments of Manduca sexta caterpillars, the
branches of the left ventral branch is drawn. From (Trimmer and Weeks, 1993). B) A ganglion as
seen in Hyalophora cecropia, which is similar to that of Manduca, exept for the nerve protruding
from the ganglion before splitting into the dorsal and the ventral branch. From (Beckel, 1955).

Central Pattern Generators in Manduca sexta
CPG's or central pattern generators consist of a cluster of interneurons and motor
neurons that can produce a rhythmic pattern of activation via the motor neurons. Once
switched on, the motor pattern can be produced in the absence of sensory information.
CPG's are found for many rhythmic behaviors. CPG's for locomotion are often found for
each body segment in elongate animals. Activation of the CPG is time phased between
the body segments. Changing the phase can result in a gait change or even a different
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type of locomotion (crawling to swinging in the salamander) (Delvolvé et al., 1997). When
studying locomotion CPG's one can use a 'fictive' approach, in case of our caterpillar:
fictive crawling. When studying fictive behavior, the nervous system (or part of it
containing the neurons in the CPG) is dissected out of the body and stimulated
electrically or with the use of pharmaceuticals to start the CPG. The signals sent
towards the now absent muscles, or even the activity of individual cells, can be
measured. A CPG for locomotion in Manduca has been identified and studied using
pilocarpine which stimulates the muscarinic ACh receptors (Johnston and Levine,
1996a). The stimulation could be stopped using atropine (a muscarinic receptor
antagonist). The output was compared to activity patterns of those muscles in intact
animals; the rhythms produced by the isolated nerve cord were symmetrical, like in
locomotion: both legs on one segment are lifted at the same time. Dorsal muscles were
stimulated before ventral ones in both the isolated nerve cord and in locomotion.
Activation patterns traveled from posterior to anterior through the thoracic segments
as seen in locomotion of the intact animal. However the CPG rhythm was slower than
the traveling wave in locomotion.
Muscular control of locomotion
EMG studies
Much of what is known about the patterns of muscle activation during locomotion and
related behaviors in caterpillars comes from EMG recordings using bipolar nichrome
electrodes. Before being inserted through a small puncture hole in the caterpillar’s
cuticle, the bipolar recording wires are typically dipped in fluorescent powder so the
recording location can be verified in a post-recording dissection. The wires are inserted
< 1mm deep and held in place by superglue or Vetbond. Caterpillars have 2 layers of
muscles: a layer of oblique muscles right under the cuticle and below this a layer of
longitudinal muscles. To target the longitudinal muscles, the wires can be inserted a
bit further. Bipolar electrodes are generally placed near attachment points of muscles
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to minimize motion artifacts in the EMGs because at these locations the muscles move
less relative to the wire when contracting. A silver grounding wire inserted into the
horn of the caterpillar is used to ground the preparation. EMGs are used to determine
the onset, stop and duration of muscle activity.
With the use of EMG it was demonstrated that ventral and dorsal muscles are active
simultaneously, which is in contrast to the models of caterpillar locomotion that are in
many of the textbooks (Simon et al., 2010a). It was also demonstrated that the
shortening and lengthening patterns seen in the proleg muscles during locomotion do
not translate directly to activation or relaxation of the muscles (Belanger and Trimmer,
2000).
The nichrome bipolar wires have the limitation that they are much stiffer than the
tissues of the caterpillar. This can result in tissue damage during the recording but also
to movement of the wire relative to the muscle, which lowers the signal to noise ratio.
Recently, a flexible multi-electrode array was developed (Metallo et al., 2010).
Because of its flexibility this electrode array provides EMGs with less motion artifact
than nichrome wires. The array has several recording sites which makes it possible to
match motor activities to individual muscles (Metallo et al., 2010). This was not
possible with the nichrome wires used previously. Studies to record the activities of
individual muscles during locomotion are currently in progress.
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Fig.·3. (A) Length (broken trace)
and instantaneous spike
frequency (ISF; solid trace) of the
third abdominal segment ventral
interior lateral muscle during
horizontal crawling. The ISF
represents the frequency of
excitatory junction potential
events as characterized by EMGs
of stimulated muscles obtained
from in vitro preparations. (B)
Differentiated voltage from
which the ISF values in A were
obtained. From (Woods et al.,
2008)
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Work-loop studies
The strain and stimulus cycling experienced by an individual muscle during crawling can
be captured by synchronized kinematic and EMG recordings (See Fig 3). Muscle length
during locomotion was calculated from video, tracking small fluorescent beads glued to
the indentations in the cuticle that correspond to the muscle attachment points. EMG
data is recorded with bipolar wires as described previously. Muscles can be removed
from the body and subjected to in vivo strain cycles using a lever-arm ergometer while
receiving electrical stimuli via the intact motor neuron of the same duration and
frequency as recorded from the EMG in the intact animal. This was done for the ventral
interior longitudinal muscle (VIL), a large locomotory muscle that can be dissected out
relatively quickly. VIL contraction occurs as the muscle shortens, but the muscle
typically experiences its highest stress as it is being re-lengthened (See Fig. 4A) (Woods
et al., 2008). The function of the muscle during crawling is made clearer by plotting
muscle force or stress as a function of length for a complete strain cycle. In such a
“work loop” plot, the muscle is performing work when the direction of the loop
(representing elapsed time) is counterclockwise, with the muscle under greater stress
during shortening than during lengthening (See Fig. 4B). The area within such a loop
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represents work performed (acting like an activator). In the case of VIL, the muscle
performs positive work while at its shorter lengths. As the muscle returns to its initial
resting length, however, muscle stress is actually greater during lengthening than
during shortening, resulting in a clockwise loop representing work dissipated (See Fig.
4B) (acting like a damper, the muscle resists being stretched) (Woods et al., 2008).
While it may seem counterintuitive that a large locomotory muscle produces net
negative work, the explanation may lie in the use of the environmental skeleton
discussed earlier and the need to put the substrate in compression.
Fig.4. (A) Time course of force and
length of a 4.6·mm third abdominal
segment ventral interior lateral
muscle subjected to a simplified
concensus crawling strain cycle and
stimulus. The muscle is shortened
by 28% in 0.95·s and re-lengthened
in 0.87·s. Time course of force
development by the same muscle
preparation under tetanic stimulus
is shown in C. (B) Work loop during
the crawling cycle in A. The loop
does not close during strain cycling,
but force returns to nearly starting
values during a time interval
representative of that seen
between strain cycles in Fig.3A (C)
Time course of force development
by the ventral interior lateral
muscle (VIL) under tetanic stimulus
at resting length. An example is
shown of a typical force response
to a 30·V, 20·Hz stimulus train for
2·s, beginning at 1·s in the figure.
Peak stress of 138.6±74.2·kPa
(mean ± s.d.) was reached in
2.22±1.33·s (N=19); individual
muscle preparations reached 80% of
their peak force in 0.56±0.24·s.
From Woods et al, 2008
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Towards a new model of caterpillar crawling
Barth had proposed a theoretical model of how caterpillar crawling could be
accomplished (Barth, 1937). His model included activation of dorsal and ventral
muscles anti-phasically, creating a peristaltic wave that drives the body forward.
Newer studies however have demonstrated that dorsal and ventral muscles are coactivated (Simon et al., 2010a). Muscles used in caterpillar crawling can function as
activators or as dampers (Woods et al., 2008). In addition, activation of motor neurons
driving major muscles overlaps in more than 4 body segments (while swing phase occurs
in 2 to 4 body segments simultaneously) (Simon et al., 2010a). These findings are in
agreement with a tension based model of crawling or the use of an environmental
skeleton. Additional evidence for the environmental skeleton comes from the ground
reaction forces measured in Manduca (Lin and Trimmer, 2010a;Lin and Trimmer,
2010b). In addition the gut moves forward in the middle segments while these are still
in contact with the substrate. This visceral-locomotory pistoning could play an active
role in caterpillar crawling (Simon et al., 2010b). Crawling is a very robust movement
and barely changes when the caterpillars goes from horizontal to vertical locomotion
(van Griethuijsen and Trimmer, 2009). This phenomenon can be explained by the
strong grip which is used regardless of the orientation of the body. The movements of
the caterpillar are regulated by a CPG (Johnston and Levine, 1996a;Johnston et al.,
1999), although direct evidence in intact animals is lacking.
The findings summed up above draw a very different and much more complex picture
of caterpillar crawling than the original models of legged peristaltis. With this new
knowledge it is difficult to describe caterpillar crawling in a succinct way. One reason
is that, although the new findings are all relevant for locomotion, it is not clear to
what extent. Future research into caterpillar crawling could answer this question.
Additionally, this paper on caterpillar locomotion has a strong focus on crawling
behavior, while many of the smaller caterpillar species exhibit inching as their
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preferred mode of locomotion. Inching remains an understudied phenomenon even
though it raises interesting questions about biomechanics and scaling.

Conclusions
1. Caterpillars use different locomotion strategies of which crawling and inching
are the most prominent. Crawling has been studied in detail but inching is not.
2. Caterpillar crawling was originally modeled as a type of hydrostatic
locomotion, however several lines of evidence suggest that caterpillars do not
function as classic hydrostats:
a. Caterpillars do not have a fixed volume.
b. The body plan of the caterpillar is not similar to that of a hydrostat or
a muscular hydrostat.
c. Pressure measurements do not show the clean peaks in pressure as
seen in true hydrostats.
3. Manduca crawling consists of crawls, which is a series of steps starting at the
posterior end of the body and traveling to the first pair of thoracic legs.
a. Crawls can overlap; multiple traveling waves of steps existat the same
time.
b. The stepping movement of the prolegs overlaps; in each traveling wave
2-3 adjacent legs are lifted simultaneously.
c. To increase speed in normal forward locomotion, the time between
crawls is reduced, but the timing of the steps remains similar.
4. In the middle sections of the Manduca caterpillar, the gut moves independently
from the surrounding tissues during locomotion. This phenomenon seems wide
spread and might be a locomotion strategy.
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5. The timing of the movements of the prolegs themselves and relative to each
other are barely influenced by the orientation of the caterpillar’s body relative
to gravity.
6. The thoracic legs display a less coordinated stepping pattern than the prolegs
and it has been suggested that they probe the substrate.
7. The prolegs play an important role in Manduca crawling.
a. Prolegs have a strong gripping system and are the major anchors for
the caterpillar.
b. The prolegs do not shorten much during crawling; instead the body
segment is lifted.
c. The prolegs display a withdrawal reflex; this reflex is context
dependent and functions as an assistance reflex during locomotion.
8. Research on ground reaction forces during crawling has demonstrated that the
Manduca caterpillar actively puts the substrate under tension. This way the
substrate on which the caterpillar is located functions as an environmental
skeleton. The discovery that muscles in multiple body segments are activated
at the same time, is in line with this model.
9. Manduca crawling is regulated by a CPG, and fictive crawling can be initiated in
preparations of the nerve cord.
10. The muscles and several motor neurons have been identified in Manduca.
a. Each muscle receives input from one, sometimes two, neurons.
b. Because the caterpillar is soft-bodied, muscle length is not related to
muscle activation.
c. Approximate muscle length can be measured from kinematics studies.
d. Muscle activation can be measured using EMG techniques although it
remains difficult to distinguish between signals from different muscles.
e. Dorsal and ventral muscles are co-activated.
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f.

Work loop studies have revealed that the VIL muscle in Manduca
functions as an activator during some parts of the stride, while
functioning as a damper during other parts of the stride.

11. A new model of caterpillar crawling includes:
a. The movement of the gut during locomotion.
b. The use of the substrate as a medium to transmit muscle forces.
c. The use of muscles as activators and as dampers.
d. The use of the same basic movements regardless of orientation of the
body thanks to the strong gripping system of the prolegs and the CPG.
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Chapter Two – Climbing caterpillar kinematics

Originally published in 2009 in The Journal of Experimental Biology
(212, pages 1455-1462) as:
Kinematics of horizontal and vertical caterpillar crawling
Authors: Linnea I. van Griethuijsen and Barry A. Trimmer

Summary
Unlike horizontal crawling, vertical crawling involves two counteracting forces*: torque
rotating the body around its center of mass and gravity resisting forward movement.
The influence of these forces on kinematics has been examined in the soft-bodied
larval stage of Manduca sexta. We found that crawling and climbing are accomplished
using the same movements, with both segment timing and proleg lift indistinguishable
in horizontal and vertical locomotion. Minor differences were detected in stride length
and in the delay between crawls, which led to a lower crawling speed in the vertical
orientation. Although these differences were statistically significant, they were much
smaller than the variation in kinematic parameters between animals. The ability of
Manduca to crawl and climb using the same movements is best explained by Manduca’s
relatively small size, slow speed and strong, controlled, passive grip made possible by
its proleg/crochets.
Key words: kinematics, Manduca sexta, soft-bodied, caterpillar, vertical locomotion,
climbing, crawling.
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Introduction
Animals as diverse as geckos, lemurs, frogs, woodpeckers, leopards and insects use
climbing to find food or shelter or to avoid predation. Some are mainly ground dwellers
whereas others are arboreal and spend their life in trees or plants. In both cases
climbing is an important mode of locomotion. Climbing can range from locomotion on a
slope to vertical ascending or descending. To distinguish climbing from horizontal
locomotion, Hunt and colleagues suggested defining climbing as a descent or ascent at
an angle of ≥ 45 deg. (Hunt et al., 1996). Many strategies for climbing are used; most
involve attachment to substrates by an interlocking grip using claws, by strong bonds
between the animal and its substrate using adhesives or suction or by using a friction
grip, which combines the previously mentioned strategies (Cartmill, 1985). Vertical
climbing brings an extra challenge in the form of pitch back or torque, pulling the
upper body away from the substrate and pushing the lower part against the substrate.
The magnitudes of these forces depend on the distance of the center of mass (COM)
from the substrate and the mass itself (see Fig. 1A). To minimize torque a climbing
animal should keep its COM close to the substrate.
Some animals adapt their locomotion when ascending; the squirrel and other larger
animals wrap their front legs around the substrate for easier pulling while folding their
hind legs underneath their body for easier pushing (Cartmill, 1985). Other animals such
as snakes keep their COM close to a vertical substrate by circling and folding their body
around it (Astley and Jayne, 2007).
In addition to the system used for gripping, size is an important factor in climbing.
Larger animals must find strong structures to support themselves. The heaviest
arboreal animals known are orangutans, which can weigh up to 90 kg (Kay, 1974).
Climbing also brings the risk of falling, which is more damaging for larger animals
whose bones are relatively weaker with a smaller safety factor (Biewener, 1982).
Another aspect is the cost of climbing, which scales differently than that of horizontal
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locomotion. Smaller animals moving horizontally use more energy per unit mass than
larger animals, yet the additional costs of climbing are constant per unit mass. The
additional costs of climbing are therefore proportionally smaller in smaller animals
(Taylor et al., 1972). From an energetics standpoint the locomotion of small animals
should be less affected by orientation. This has been seen in desert ants (Cataglyphis
fortis) and wood ants (Formica pratensis) whose walking kinematics were, after
correcting for speed, only little affected by slope (Seidl and Wehner, 2008). The same
is true for gecko species, Gekko gecko and Eublepharis macularius (both weighing
about 50 g), although the climbing performance of the ground-dwelling species (E.
macularius) was limited in speed (Zaaf et al., 2001). However, the stride length and
swing duration of the hindlimb in heavier iguana lizards (Dipsosaurus dorsalis about 60
g) were found to change when moving from horizontal to a 30 deg. slope (Jayne and
Irschick, 1999).
All of these examples involve animals with stiff, articulated skeletons with easily
quantifiable kinematics. Soft-bodied animals such as caterpillars are also excellent
climbers whose motions during climbing closely resemble those in other orientations.
Manduca sexta (Linnaeus 1763) initiates crawling with the tip of its abdomen, the
terminal prolegs (TP) and continues with an anterior grade wave of steps with its
remaining four pairs of prolegs (see Fig.1B–D). The three pairs of thoracic legs also
undergo an anterior grade wave of steps; however, these movements are less
consistent than those of the prolegs (Johnston and Levine, 1996). In addition, the
prolegs have a strong gripping system and they contribute more to locomotion than the
thoracic legs. During crawling, muscles are activated to ‘unhook’ the prolegs. The
prolegs are then lifted (not shortened) and carried forward by waves of segmental
contractions (Belanger and Trimmer, 2000; Trimmer and Issberner, 2007). This might
have implications for locomotion in the vertical orientation as the COM is moved
further away from the substrate. Furthermore, the location of the COM is likely to vary
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during locomotion even when measured in relation to the body. There are no septa
dividing body segments, so body fluids and tissues can be displaced along the anterior–
posterior axis. For instance, the gut does not move in tandem with the moving body
segments during locomotion (M. A. Simon and B.A.T., unpublished data). During
locomotion some body segments stretch while others do not and, as body segments do
not have a fixed volume as seen in earthworms, this drastically complicates locating
the COM along the body axis. Although the COM might change relative to the body
when the caterpillar is moving, during rest in a horizontal orientation the COM is
located between A3 (abdominal segment three) and A4 (abdominal segment four).
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Fig 1 (A) Forces acting on Manduca sexta in a vertical position. The caterpillar has to counteract
its weight (=mg: mass times gravitational acceleration) by moving upward as well as avoid
turning (torque) by pulling its body towards the substrate with the legs above the centre of mass
(COM) and pushing it away with those legs below the COM. The COM is estimated to be located
between segment A3 (abdominal segment three) and A4 (abdominal segment four). As the
thoracic legs are believed to contribute little to gripping the substrate, the mg x/y vector on the
upper body is expected to be located posterior to the thoracic legs. (B) A full crawl starts with
the TP (terminal prolegs) lifting away from the substrate. Each proleg is lifted and placed
forward. The proleg on abdominal segment three (A3p) touching down is defined as the end of
the crawl. In this individual, a crawl lasted 2.8 s. Midswing indicates the time point at which the
velocity of a proleg along the substrate is maximal. The swing phase of a proleg overlaps with
the swing phase of its predecessor and its successor. (C) The swing phase for the proleg on
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abdominal segment A6 (A6p), starting with the start of the swing phase and ending with the start
of the stance phase. (D) Anatomy of a second day fifth-instar of the Manduca sexta larva.

Given these marked differences from other climbing animals, it is interesting to
compare the kinematics of upright horizontal and upward vertical crawling. Our
hypothesis is that M. sexta larvae should minimize torque during vertical climbing by
adjusting their kinematics. Minimizing torque can prevent bending of the body and also
minimizes the forces with which a caterpillar needs to pull its upper body towards the
substrate and push its lower body away from the substrate.

Materials and methods
Animals
Both male and female larval Manduca sexta (2.048 ± 0.139 g for 20 out of 25 animals)
were used in this experiment. The animals were reared on an artificial diet in an
incubator with a 17 h:7 h L:D cycle at 27°C (Bell and Joachim, 1978). Animals used for
experiments were in their second day of the fifth-instar. Data were collected from 25
animals.
Preparation
Before data collection, the M. sexta were anesthetized on ice for 30–60 min and five
168μm diameter fluorescent beads (Duke Scientific, Palo Alto, CA, USA) were attached
to the cuticle using Elmer’s rubber cement (Elmer’s Products, Columbus, OH, USA).
Beads were attached to the tip of each left proleg, above the planta, as well as on the
left TP (see Fig. 1B–D). The animals were placed on wooden dowels (0.78 cm in
diameter) and given time to fully recover from the anaesthesia. The same substrate
was used in the experiments.
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Experiment
The crawling substrate was illuminated by an ultraviolet lamp (Model B, 100 W, long
wavelength; Blak-Ray, Upland, CA, USA). Crawling behaviour was captured on a digital
camera (Canon ZR10, Canon USA, Lake Success, NY, USA) with a Hoya green (X1) filter
(Edmund Optics, Barrington, NJ, USA) at 29.97 frames s-1, transferred to a computer
using an IEEE 1394 multimedia connection and recorded through Video Wave
Professional 7 software (Roxio, Santa Clara, CA, USA). All the crawling used in this
analysis was in a straight line without lateral movements hence a second camera was
not essential. Both the crawling substrate and the camera were mounted to a frame
that could be rotated to study both horizontal and vertical upward crawling while
keeping the camera position (and aspect ratio) fixed relative to the caterpillar.
Data analysis
Using APAS software (Ariel Performance Analysis System, v. 1.0, Ariel Dynamics, San
Diego, CA, USA) video recordings were cropped, making sure that for each animal at
least five crawls (five waves of steps, each proleg lifted five times in total) were visible
both in vertical and horizontal orientations. The positions of the beads were tracked
relative to a fixed point in space and the workspace was calibrated using a custombuilt marker frame. The position, displacement and velocity of the beads were
calculated off-line using a 2-D direct linear transform. Further analysis was done in
Sigmaplot 2000 v. 6.10 (SPSS Inc., Chicago, IL, USA). The following parameters were
calculated.
Proleg lift
To isolate and combine data for proleg lift during individual steps, the times of
successive peaks in forward velocity were determined from smoothed data (Loess,
sampling proportion, 0.1; polynomial degree, 1) using Data View (v. 4.7, W. J. Heitler,
University of St Andrews, Scotland). The displacement of A3p (proleg on abdominal
segment three), A4p (proleg on abdominal segment four), A5p (proleg on abdominal
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segment five), A6p (proleg on abdominal segment six) and TP in the y-plane
(perpendicular to the wooden dowels in both orientations) was determined after
subtracting systematic changes in baseline position [lowess-filtered baseline with
smoothing parameter of 0.8 (Porges and Bohrer, 1990)]. The timing of the peaks in
forward velocity was used to align displacement data for successive steps in each
segment and to calculate mean displacement perpendicular to the substrate (proleg
lift) for each segment over several steps. The maximum proleg lift in the mean step
was determined from a Weibull curve fit (see Fig. 2C). Differences in caterpillar sizes
are corrected for by paired statistical analysis.
Swing duration
When a leg is in stance phase, its point of contact with the substrate should have a
velocity of zero. Velocity along the substrate was used to calculate the duration of
swing. For each animal, the mean velocity over a step was calculated using three to
seven steps per animal per orientation as described above. This mean step was then
used to determine the timing of the start and the stop of the swing phase from a
Weibull curve fit. Start and stop were measured at 10% of the maximum velocity for
each proleg and used to calculated swing duration (see Fig. 1C; Fig. 2D).
Stride length
A stride for each proleg consists of swing and stance phases. Hence, the distance
moved during the swing phase is the stride length. Stride length was calculated by
determining the time between successive peaks in proleg velocity and measuring how
much the leg had moved along the substrate during that time. This was calculated for
A3p as the stride length should be similar for all prolegs. The mean stride length per
animal was calculated for each orientation (see Fig. 2A).
Crawling speed and stride frequency
Crawling speeds were calculated for each stride and averaged for each animal in each
orientation. Stride frequency was calculated from the timing of proleg velocity peaks
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(see Fig. 2B).
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Fig. 2. Data for A3p (prolegs on abdominal segment three) in one individual caterpillar in the
horizontal orientation. (A) Velocity of A3p in the x-plane and displacement of A3p in the y-plane
versus distance moved along the substrate. The timing of the maximum in velocity was used to
calculate stride length. (B) Velocity of A3p in the x-plane and displacement of A3p in the y-plane
versus time. The timing of the maximum velocity was used to calculate the duration of stride.
(C) The displacement of A3p away from the substrate over several steps (thin gray lines) was
averaged (thick dark gray line) and smoothed (black line). Proleg lift is the maximum lift of the
smoothed curve. (D) The velocity of A3p along the substrate over several steps (thin green lines)
was averaged (thick dark green line) and smoothed (black line). The duration of the swing was
calculated at 10% of the maximum velocity.
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Timing within crawl, duration of crawl and total duration of swing
A crawl is a wave of steps, beginning with the onset of swing in TP and ending with the
onset of stance in A3p. Crawls can overlap in time. Therefore, a stride or cycle (e.g.
start of swing of TP to next start of swing of TP) is not appropriate for comparing the
timing of prolegs relative to each other; a new stride can start before a crawl is
finished and there is considerable variation among animals in the timing between
crawls. The coordination of proleg movements relative to each other was calculated
from the times between peaks in the velocities of successive prolegs in a crawl. In
combination with data about the duration of the swing phases, the total duration of
crawl was calculated (see Fig. 1B). To find differences in the timing of the prolegs (and
to compensate for speed differences), the time points were expressed as a percentage
of the entire crawl; the onset of swing phase in TP was defined as 0% and the onset of
stance phase of A3 at the end of the wave of steps was defined as 100%. The beginning
of swing, the timing of the peak of velocity and the beginning of stance phase were
then compared for the horizontal and vertical orientations. These data were also used
to calculate the duration of swing for each proleg relative to the duration of the crawl.
Durations of swing (as a percentage of the duration of the crawl) for all five prolegs
were summed and compared for horizontal and vertical crawling.
Timing between crawls
To standardize for different crawling speeds, swing and stance timing for each proleg
were normalized to the time taken to complete a stride (see Fig. 2B). The peak of
velocity in TP was considered 0% and the peak of velocity in TP in the next crawl was
considered 100%. The timing of peak velocity of A3p was then expressed as a
percentage of the stride duration.
Statistical analysis
Stride length, crawling speed, timing between crawls, stride frequency, duration of
crawl and total duration of swing in the horizontal and vertical orientation were
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compared using paired ttests in SPSS (v. 16.0.1, SPSS Inc.). Proleg lift, swing duration
and timing within crawls were tested using repeated-measures MANOVAs in JMP (v.
5.0.1.2, SAS Institute, Cary, NC, USA). Descriptive statistics are indicated in means ±
standard error (± s.e.m.).
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Fig. 3. A comparison of proleg lift for each proleg during horizontal and vertical crawling. The
maximum proleg lift distance away from the substrate is shown for prolegs A3p (prolegs on
abdominal segment three) to TP (terminal prolegs) (A–E) for caterpillars crawling horizontally
(points at the left) or vertically (points on the right). Each line joins data points for an individual
caterpillar. The boxplots show quartile 1 (Q1), median and quartile 3 (Q3) for all caterpillars
(N=25). Outliers, indicated by dots, are 1.5 interquartile range or more removed from Q1 or Q3.
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Results
There were no significant differences in the distance the caterpillars lifted their
prolegs away from the substrate when comparing horizontal upright and vertical
upward locomotion (F=0.2354 d.f.=4, 192 P=0.918). Fig.3 shows the pairwise
comparison for each proleg. Proleg lift can be higher or lower in individual caterpillars
crawling vertically; however, there is no trend. There were also no significant
differences in the durations of the swing phase for each proleg (F=0.5117 d.f.=4, 192,
P=0.727), the duration of a crawl (t=1.460, d.f.=24, P=0.1572) and the timing of the
beginning of swing, midswing and beginning of stance within a crawl (F=1.0194 d.f.=12,
576, P=0.429). In other words, the crawling pattern looks very similar as is illustrated in
Fig. 4. There was no difference in total duration of swing during a crawl (t=0.859,
d.f.=24, P=0.3987).
The caterpillars covered significantly more distance per stride in the horizontal
orientation (0.852 ± 0.022 cm) than in the vertical orientation (0.801 ± 0.020 cm)
(t=2.918, d.f.=24, P=0.0075). As Fig.5 shows this difference is small compared with the
variation between animals. The caterpillars’ stride frequencies were higher in the
horizontal orientation (21.34 ± 1.50 stridesmin–1) than in the vertical orientation (17.31
± 1.36 stridesmin–1) (t=3.064, d.f.=24, P=0.0053). The timing of A3p swing in one stride
(midswing TP to midswing TP) was significantly later in the horizontal (54.66 ± 1.49%)
than in the vertical orientation (49.44 ± 1.47%) (t=3.486, d.f.=24, P=0.0019) (Fig. 6).
This increase in time between crawls and, together with the larger distance covered
per crawl, contributed to slower crawling in the vertical orientation (0.241 ± 0.021cms–
1

) compared with the horizontal orientation (0.310 ± 0.024cms–1) (t=3.165, d.f.=24,

P=0.0042). An overview of the parameters tested, descriptive statistics and the results
of comparing horizontal and vertical locomotion can be found in Table 1.
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Fig. 4. Timing of swing, midswing and stance of each proleg within a crawl. Onset of swing in TP
(terminal prolegs) is considered to be 0% and onset of stance in A3p (prolegs on abdominal
segment three) is considered to be 100%. For each proleg, the relative timing of (from left to
right) the beginning of swing, midswing and beginning of stance were calculated and displayed as
boxplots [quartile 1 (Q1), median and quartile 3 (Q3) for all caterpillars (N=25, 3–7 crawls
averaged for each animal)]. Outliers indicated by dark gray triangles for the start of swing, light
gray dots for midswing and black triangles for the start of stance, are 1.5 interquartile range or
more removed from Q1 or Q3. Swing duration is indicated by the blue (horizontal crawl) and red
(vertical crawl) boxes. A4p, prolegs on abdominal segment four; A5p, prolegs on abdominal
segment five; A6p, prolegs on abdominal segment six.

Discussion
The environment and workspace of Manduca
Manduca caterpillars are extremely effective climbers. They hatch directly on their
food source and move around to reach new leaves as they devour those that are
closest. They do not need to move quickly [except during the strike reflex (Walters et
al., 2001)] and mostly remain hidden by holding onto the stem or reaching to eat from
the underside edges of leaves. They can crawl from branch to branch by lifting their
anterior portions away from the substrate and casting back and forth until they contact
a new surface and then by bridging gaps that can be almost an entire body length.
During the later part of the fifth-instar, the larvae begin ‘wandering’ behavior in which
they climb down the plant to the ground and move considerable distance away before
burrowing to begin pupation.
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Fig. 5. Stride length (distance covered
per crawl = distance covered per swing
phase) as measured for A3p (prolegs
on abdominal segment three) in
caterpillars crawling horizontally
(points at the left) or vertically (points
on the right). Each line joins data
points for an individual caterpillar.
The boxplots show quartile 1 (Q1),
median and quartile 3 (Q3) for all
caterpillars (N=25). Outliers, indicated
by closed dots, are 1.5 interquartile
range or more removed from Q1 or Q3.
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For most animals living in three-dimensional complex environments, gravity would be
expected to be an important force and indeed most animals have special gravitysensing organs. In larger mammals, these are the semi-circular canals that can sense
orientation and head acceleration. For M. sexta no special gravity sensors have been
reported but behavioral evidence suggests that they do sense gravity, perhaps through
proprioreception. First, on the substrate we used for testing, the caterpillars tended to
circle around the dowel in the vertical orientation but would stay on top of the dowel
in the horizontal orientation. Circling a vertical substrate keeps the COM close to the
substrate, which can be advantageous when climbing on bending twigs. Similar
behavior is seen in climbing snakes (Astley and Jayne, 2007). Second, if the planta hairs
are touched during locomotion the caterpillar withdraws that proleg; reattachment to
the substrate occurs faster in animals hanging upside down than in animals on top of a
dowel (Belanger et al., 2000)
Crawling is robust for climbing
When an animal climbs upward there are two effects of gravity that are not present in
horizontal crawling: (1) a backwards force that resists forward motion and (2) torque
pulling and pushing different body parts in the plane of the substrate. Both forces* are
strongly influenced by the weight of the animal (see Fig. 1). Although M. sexta
caterpillars appear to sense gravity, their kinematics differ very little between
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crawling upright horizontally and ascending vertically. Even for kinematic parameters
that were significantly different in each orientation the differences were extremely
small compared with those between different animals. No combination of
measurements can be used to determine if an animal is crawling horizontally or
climbing.
Similarly small differences in kinematics have been found in other animals within
Manduca’s weight range. For example, when the effect of speed was removed, running
cockroaches (<1 g) had the same stride frequency and contact time running
horizontally or on inclined surfaces (Full and Tullis, 1990; Goldman et al., 2006).
Geckos (~2 g) also have similar kinematics when running horizontally and vertically
(Autumn et al., 2006).
Torque considerations generally demand that the body is kept close to the substrate
during climbing but proleg lift was unaffected in Manduca. Similarly, proleg swing
duration and the relative timing of the proleg movements within a crawl were
independent of orientation. These results however cannot exclude the possibility of the
timing and sequence of muscle activation within a crawl in horizontal locomotion being
different from those of a climbing caterpillar. Also, the level of activation might be
altered in order to keep the kinematics the same [as observed in climbing cockroaches
(Watson et al., 2002)] but this remains to be confirmed by simultaneous
electromyography. In addition, ground reaction forces (GRF) can be different while
kinematics are the same (Jindrich and Full, 1999). GRF measurements could give more
insight in the location and magnitude of forces acting on a climbing caterpillar. There
is a wide variation in each kinematic parameter, yet these parameters change little
between the horizontal and vertical orientation. This indicates that the caterpillars’
mode of locomotion is relatively insensitive to the orientation the animal is in.
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Fig. 6. Timing of midswing of A3p (prolegs on abdominal segment three) within one stride of TP
(terminal prolegs). Midswing TP was considered to be 0% and the next midswing of TP was
considered to be 100%. The timing the midswing of A3p is displayed as a boxplot [quartile 1 (Q1),
median and quartile 3 (Q3) for all caterpillars (N=25, 2–7 crawls averaged for each animal)].
Outliers, indicated by closed dots, are 1.5 interquartile range or more removed from Q1 or Q3.
Horizontal crawl is indicated in blue, vertical crawl is indicated in red.

Effects of climbing on movements
Clearly, the need to lift the body during climbing has some consequences for
locomotion even in smaller animals. Locusts (Schistocerca gregaria ~2g) have similar
leg swing duration in horizontal, vertical and upside down locomotion. However, the
time between one flexor burst and the next is much longer when climbing, resulting in
slower locomotion (Duch and Pfluger, 1995). Manduca also climbed more slowly (on
average) than they crawled horizontally. This was the consequence of two changes: (1)
each crawl covered less distance (94% of that covered in the horizontal orientation)
and (2) the delay between crawls was longer (~10%). These differences are extremely
small and are unlikely to have a major effect on normal survival or growth. Manduca
sexta caterpillars are cryptic and do not rely on speed for survival from predators nor
do they compete with other species for most of their native food sources (Kingsolver
and Woods, 1997; Ojeda-Avila et al., 2003). Furthermore, vertical climbing costs for
small animals are only a small component of the total costs of locomotion (Taylor et
al., 1972) and therefore are not a major factor in the kinematics. For soft-bodied
animals, the cost of transport is already relatively high and for caterpillars it is 4.5
times higher than that predicted for animals with similar masses with stiff skeletons
(Casey, 1991). Presumably energy is spent on tissue movements along and within the
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body that do not directly result in locomotion (Casey, 1991). Because caterpillars crawl
slowly (0.241–0.310cms–1 on average in the present study), and forward momentum is
small and episodic, there is no sustained acceleration and the effect of gravity is
therefore minimized during vertical climbing. Another reason for the high costs of
caterpillar locomotion is that muscles and body wall have low resilience, dissipating a
large proportion of mechanical work (40–60%) during cycles of strain (Dorfmann et al.,
2008; Dorfmann et al., 2007; Lin et al., 2008; Woods et al., 2008). This inability to
store elastic energy makes caterpillar locomotion less efficient.
Adaptations of Manduca for movement in complex branched structures
Although the small size and slow speed of Manduca are important factors in its climbing
ability, perhaps the most important contribution is made by the strong gripping system
(the prolegs). Each proleg consists of an extendable pouch on the ventral hemisegment
with a fleshy lobe (the planta) at its tip (Barbier, 1985; Snodgrass, 1961). There is a
row of hooks (crochets) on the planta that can be deployed to engage with
irregularities on the substrate at the start of stance phase. The gripping force may far
exceed other forces acting on the body during crawling and attempts to pull a
caterpillar off a rough substrate can result in the crochets tearing out of the planta
rather than release from the surface. The gripping system is used regardless of the
orientation the caterpillar is in.
The passive state of the prolegs is in the adducted position with the crochets extended
by tonic body pressure and body wall elasticity (Mezoff et al., 2004). Release is
achieved by unhooking the crochets and retracting the prolegs by active muscle
contraction (Belanger and Trimmer, 2000; Belanger et al., 2000; Mezoff et al., 2004).
As the gripping system is equally strong in horizontal and vertical orientation, the
hooking and unhooking activities do not lead to differences in the kinematics. It has
been argued that a strong gripping system in climbing can be seen as the animal
creating a non-vertical surface for itself, like climbing a ladder (Cartmill, 1985). The
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interlocking grip on the substrate prevents an ascending or descending caterpillar from
rotating backwards or sideways due to torque. The strong gripping system in
caterpillars also serves another function: lateral stability. Unlike sprawled legs,
caterpillar prolegs on each segment are located relatively close to each other. A strong
gripping system is necessary to avoid rolling sideways when crawling horizontally. As
Brackenbury argues, this phenomenon also leads to a high duty factor, which limits the
crawling speed (Brackenbury, 1999).

List of abbreviations
A3 abdominal segment 3
A4 abdominal segment 4
A3p prolegs on abdominal segment 3
A4p prolegs on abdominal segment 4
A5p prolegs on abdominal segment 5
A6p prolegs on abdominal segment 6
COM center of mass deg. degree(s)
g gravitational acceleration
GRF ground reaction forces
m mass
s.e.m. standard error or the mean
TP terminal prolegs

Acknowledgments
We would like to thank Faith Hester for collecting data for some animals. This research
was funded by NSF grant IOS-0718537

53

Table 1. (A) Descriptive statistics and outcome of repeated-measures MANOVA (both between
and within groups) of proleg lift, duration swing and timing within crawl(B) Descriptive statistics
and outcome of two-sided paired t-tests of stride length, crawling speed, timing between crawls
(proportional to a stride), stride frequency, duration of crawl and total duration of swing (sum of
duration of swingphase proportional to a stride for each proleg)
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*Note: As discussed at the thesis defense on March 7th 2012, torque is an effect of
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Chapter Three – Obstacle negotiation in
caterpillar locomotion
Originally published in 2010 in The Journal of Comparative Physiology A,
Neuroethology, Sensory, Neural, and Behavioral Physiology (196, pages 397–406) as:
Caterpillar crawling over irregular terrain: anticipation and local sensing.
Authors: Linnea I. van Griethuijsen and Barry A. Trimmer

Abstract
Animal locomotion is produced by co-coordinated patterns of motor activity that are
generally organized by central pattern generators and modified by sensory feedback.
Animals with remote sensing can anticipate obstacles and make adjustments in their
gait to accommodate them. It is largely unknown how animals that rely on touch might
use such information to adjust their gait. One possibility is immediate (reflexive)
change in motor activity. Elongated animals, however, might modulate movements by
passing information from anterior to posterior segments. Using the caterpillar Manduca
sexta we examined the movements of the most anterior abdominal prolegs as they
approached an obstacle. The first pair of prolegs anticipated the obstacle by lifting
more quickly in the earliest part of the swing phase: the caterpillar had information
about the obstacle at proleg lift-off. Sometimes the prolegs corrected their trajectory
mid-step. Removal of sensory hairs on the stepping leg did not affect the early
anticipatory movements, but did change the distance at which the mid-step corrections
occurred. We conclude that anterior sensory information can be passed backwards and
used to modulate an ongoing crawl. The local sensory hairs on each body segment can
then fine-tune movements of the prolegs as they approach an obstacle.
Keywords Manduca sexta · Caterpillar · Obstacle · Irregular terrain · Sensory feedback
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Introduction
Animals are generally very good at changing their movements to negotiate the complex
three-dimensional world around them (Ritzmann et al., 2004). Most can make momentto-moment adjustments to motor programs and also plan new paths by anticipating
interactions between their own movements and potential obstacles. Some
compensation for unpredictable terrain can be achieved by mechanical means. A
running cockroach for example exploits the inertial and damping forces of its body and
limbs to clamber over uneven surfaces; this is a fast and effective mechanism that
minimizes the need for (relatively) slow neural feedback (Dudek and Full, 2006;Full et
al., 1998;Jindrich and Full, 2002;Ting et al., 1994). However, in most situations sensory
feedback is an important component of movement adaptation.
Short-range sensing of objects relies on mechanosensors. These can extend beyond the
bulk of the body in the form of antennae (Harley et al., 2009), whiskers (Hartmann,
2009), or sensory hairs, or they can be touch sensors within the body wall or skin, such
as Pacinian corpuscles and campaniform sensors. Environmental contact forces can also
be detected indirectly by internal proprioceptors, such as muscle spindles and stretch
receptors (Simon and Trimmer, 2009). In invertebrates, mechanosensory feedback is
usually integrated into motor control at a local level (Büschges, 2005), although clearly
this information about the animals surroundings can also be used by the brain to alter
behavior (Ridgel and Ritzmann, 2005;Ridgel et al., 2007;Ritzmann et al., 2005;Watson
et al., 2002a;Watson et al., 2002b). Detection of obstacles beyond the range of
mechanosensors requires remote sensing, such as vision (for example in cats (McVea
and Pearson, 2007)) or active sensing systems, such as echolocation and
electroreception (Nelson and MacIver, 2006). The integration of such information into a
three-dimensional framework relative to the animals own body is computationally more
challenging than local sensing and it is generally supported by the development of
specialized brain structures (e.g., optic lobes). Highly cephalized animals have
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developed similar structures to integrate mechanosensing throughout the body with the
other sensory modalities.
Our present understanding of sensory–motor integration in locomotion is largely based
on the study of animals with stiff articulated skeletons. Limbs and joints make tracking
movements relatively straightforward and it is possible to estimate forces,
displacements and velocities of body parts during locomotion. These same factors make
it possible to predict some of the sensory feedback that will be incorporated into a
motor program (for very comprehensive examples see (Bässler and Büschges,
1998;Büschges, 2005;Büschges et al., 2008;Hess and Büschges, 1999;Pearson et al.,
2006))
Much less is known about sensory control of locomotion in soft-bodied animals. Because
soft animals undergo large deformations and have more degrees of freedom the
relationship between sensory feedback and motor output is potentially more complex.
One of the best studied sensory– motor systems in a soft animal is the leech touchbending reflex (Baca et al., 2005;Lewis and Kristan, 1998b;Lewis and Kristan,
1998b;Lewis and Kristan, 1998c;Thomson and Kristan, 2006). By exploiting the leech’s
segmented, modular body and the accessibility of both sensory and motor neurons in
the central nervous system, it has been possible to map population vectors in
mechanosensor spike counts to leech bend direction (Lewis and Kristan, 1998a).
Presumably this can be extrapolated to understanding the contribution of sensory input
to locomotion and other behaviors (Friesen and Kristan, 2007).
Similarly attractive model organisms are soft-bodied terrestrial invertebrates. Most
studies have concentrated on earthworms and mollusks, looking at sensory modulation
of motor patterns (Mizutani et al., 2004) or reflex responses (Moore, 1979) rather than
the role of feedback on locomotion. More recently the caterpillar of the hawkmoth
Manduca sexta has emerged as a useful organism for studying soft-bodied locomotion.
These larvae are excellent climbers with gripping limbs (thoracic legs and abdominal
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prolegs, Fig. 1a) and intricate segmented musculature (Snodgrass, 1961). The internal
stretch receptor organs do not seem to play a role in locomotion (Simon and Trimmer,
2009) and a plexus of multidendritic neurons in the body wall (Grueber and Truman,
1999) is thought to be proprioceptive or nociceptive (Grueber et al., 2001). Manduca
do not have image forming eyes and presumably get most information about their
environment through sensory hairs which cover the body.
Particularly prominent are sensory hairs on and around the prolegs, including the hairs
at the tip (planta hairs, 30– 50 per proleg, 500–800 µm long in fifth instars (Weeks and
Jacobs, 1987)) and hairs on the lateral, ventrolateral and medial surfaces (Peterson
and Weeks, 1988). Stimulation of just one planta hair can lead to proleg retraction by
specific muscles that are activated through mono- and poly-synaptic pathway (Trimmer
and Weeks, 1991;Weeks and Jacobs, 1987). This reflex is context dependent (Belanger
and Trimmer, 2000;Belanger et al., 2000) and it can be affected by experience (Weeks
and Wood, 1996;Wiel and Weeks, 1996;Wood et al., 1997). Although the reflex is easy
to evoke in restrained animals lying on their back, it is strongly inhibited during the
stance phase of a crawl and becomes an assistance reflex if evoked during the swing
phase (Belanger et al., 2000).
The goal of this study was to see whether Manduca can adjust its movements to
negotiate small obstacles and to see how such adjustments are made during normal
straight-line crawling. The results suggest that Manduca uses sensory hairs on the
proleg to correct movements around encountered objects. In addition, kinematic
changes in the earliest part of the proleg swing phase, before the proleg encounters an
object, show that anterior sensory information is used to anticipate obstacles in the
path.
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Materials and methods
Experimental arrangement
Videos of crawling caterpillars were recorded with two cameras (Canon ZR10, Canon
USA, Lake Success, NY, USA) equipped with Hoya green (X1) filters (Edmund Optics,
Barrington, NJ, USA), transferred to a computer using an IEEE 1394 multimedia
connection and recorded with APAS software (Ariel Performance Analysis System, v.
1.0, Ariel Dynamics, San Diego, CA, USA) at a frame rate of 29.97 s -1. The crawling
substrate was a wooden dowel (0.78 cm in diameter) with a wooden obstacle part way
along. The obstacle was effectively a raised part of the dowel surface 0.9 mm high
(slightly less than the lift of a normal step; van Griethuijsen and Trimmer, 2009) and
7.5 mm long (approximately the length of a typical step) in the axis of the crawl (Fig.
1b). Fluorescent beads [168 µm diameter (Duke Scientific, Palo Alto, CA, USA)] marked
the axial position and dimensions of the obstacle. The crawling substrate was
illuminated by a row of 33 ultraviolet led lights (Ledtronics Inc., Torrance, CA, USA)
shielded by a metal strip so that they did not directly shine into the cameras. In
addition a green led light was illuminated briefly (18 ms) during each recording so that
the video frames from the two cameras could be synchronized.
Animals
The caterpillars used in these experiments were Manduca sexta larvae in their second
day of the fifth instar. The larvae were reared in a 27°C colony on artificial diet and a
17–7 h light/dark schedule (Bell and Joachim, 1978). Both males and females were
randomly chosen, their weights ranged from 1.50–2.42 g. The caterpillars were put in a
clear plastic container (32 x 23.5 x 10 cm) 24 h before the experiment to give them
space to move. On the day of the experiment they were anesthetized on ice, weighted
and markers [168 µm diameter fluorescent beads (Duke Scientific, Palo Alto, CA, USA)]
were attached using Elmer’s Stix All glue (Elmer’s Products, Columbus, OH, USA).
Markers were placed on the tip of the proleg of A3 (abdominal segment 3), the
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attachment point of APRM (Accessory Planta Retractor Muscle) posterior of the spiracle
(Fig. 1c). This study focused on segment A3, the first proleg-bearing segment, because
abdominal segments in front of it are not mechanically influenced by the obstacle. For
studies on the role of local touch, sensory hairs were removed from the A3 proleg and
ventral surface. The animals were given enough time to fully recover from the
anesthetics before video recordings were made.
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Fig. 1 Overview substrate and obstacle parameters and caterpillar anatomy. a Overview of
Manduca sexta anatomy. All measurements were done on the proleg of body segment A3 (A3p)
and the Accessory Planta Retractor Muscle (APRM) in this segment. b Dimensions of the obstacle
used in these studies. c Location of markers on the 3rd abdominal body segment of the
caterpillar. The distance between the tip of the proleg and the marker next to the spiracle is the
length of the APRM. d Caterpillar on crawling substrate and XYZ orientation. e Sideview of a
proleg, in the ‘short hair’ experiments the planta hairs were shortened. Figure from (Peterson
and Weeks 1988). f Ventral view of a body segment. In the ‘short hair’ experiments the medial
hairs and ventral midline hairs were shortened. Figure from (Peterson and Weeks 1988)

Experiments with intact animals
Recordings were made for a total of 5 animals for as long as the caterpillars crawled
spontaneously and for as long as the markers were attached. Between recordings the
animals were gently picked up by the horn/terminal segment and placed at the
beginning of the dowel. Trails in which the animal gripped the edge of the obstacle or
those in which the animal deviated from the top surface of the dowel were excluded
from the analysis. The videos from the two cameras were synchronized and 5-s clips of
A3 segment movements leading to an obstacle step were analyzed. Randomly chosen 5
second video clips of normal steps (those without an imminent obstacle) were taken
from the same crawl sequence, mostly before the animal went over the obstacle. The
animal was not touching the obstacle at all during a normal step. A total of 45 crawl
sequences were analyzed (11 each from three animals and 5 and 7 sequences for the
remaining 2).
Experiments with short hair animals
To assess the feedback role of local sensory hairs, we cut the planta hairs, medial hairs
and ventral midline hairs on body segment A3 as close to the skin as possible with
micro scissors (Fig. 1e, f) in 3 animals. This reduced the length of the hairs to 0.1 mm
or less. Sensory hairs have a neuron that registers movement at the base of the hair,
cutting the hair does not damage the sensory neuron, but it does limit its physical
range. The sensory neuron is direction sensitive and, in the case of the planta hairs,
responds most when the hair is moved anterior, lateral or posterior and less when
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moved toward the crochets (Weeks and Jacobs, 1987). Kinematic recording and
analysis were carried out as previously described on a total of 58 step sequences (22,
16 and 20 for each of three animals). Data for the change in length of APRM were
analyzed for two animals (38 steps) because a marker was partially obscured by a fold
in the cuticle during locomotion in the third animal.
Calibration and digitization of videos
Videos were synchronized and cropped in Virtual Dub (A. Lee.,
http://www.virtualdub.org). The three-dimensional positions of markers were tracked
from the two camera views using Direct Linear Transform software (Hedrick, 2008) and
MATLAB (R2009a; The Math Works Inc., Natick, MA, USA) and video images of a custommade calibration frame collected for each trial. Movement along the direction of the
crawl (horizontal or axial line) was designated the x axis and vertical movements
perpendicular to this (normal to the substrate) were designated the y-axis (Fig. 1d).
Lateral movements during straight-line crawling are very small and are not reported
here, they are, however, included in calculating those parameters of which the
direction is not indicated.
Locomotion parameters
Velocity was calculated as the distance travelled between video frames, divided by the
time between these frames. The maximum proleg y-velocity (i.e., peak lift rate), total
lift, the duration of a step, length change of retractor muscles and the total threedimensional proleg path length (trajectory) were calculated for each step. For videos
in which the A3 proleg stepped onto the obstacle the point at which the swing phase
started was measured relative to the obstacle. In several of these videos, the normally
smooth trajectory of the proleg was seen to ‘hesitate’ with a double peak in lift rate.
For those videos, the distance of the proleg from the obstacle at the start of second
increase in lift rate was calculated. Calculations were made in Microsoft Excel and
Sigmaplot 2000 v. 6.10 (SPSS Inc., Chicago, IL, USA).
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Fig. 2 Timing of events during an obstacle step with an adjustment. Adjustments were seen in a
subset of steps and were most frequently observed when the proleg was relatively far from the
obstacle at the start of the swing phase. a Screen shots taken at the start of the swing phase (t =
1.15), the adjustment (t = 1.55) and the end of the swing phase (t = 2.40). The distance from the
obstacle at the start of the swing phase is indicated on the first screen shot with a white line.
The velocity in x direction (parallel to the dowel). The increase of the x velocity is the start of
the swing phase. When the x velocity dropped below 0, this was counted as the stop of the swing
phase. Lift rate The maximum lift rate was the height of the peak, or that of the first peak if
there was a double peak. This example contains a double peak (hesitation step).The second peak
indicates an adjustment by the caterpillar: it starts lifting the leg faster again. b The distance
from the obstacle at which the caterpillars made an adjustment (y axis) was much influenced by
the distance at which the swing phase started (x axis). Short hair animals adjusted their
movement closer to the obstacle
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The maximum lift rate was calculated from a smoothed plot of the proleg velocity
(Loess, sampling proportion, 0.1; polynomial degree, 1) using Data View (v. 6.3.2, W. J.
Heitler, University of St Andrews, Scotland). When steps contained multiple peaks, the
first peak was used for analysis. The position of the leg (relative to the obstacle) at the
start of a swing was measured by identifying the nearest preceding point at which the
velocity was zero or lower. When there were multiple peaks, the initiation of the
secondary increase in lift rate was defined as the time of the minimum velocity
between the two peaks (Fig. 2). This time point was used to calculate the distance
from the obstacle. Maximum lift was calculated by fitting a 5-parameter Weibul curve
to the raw y displacement data of each peak, the maximum lift was reported as one of
the parameters.
The beginning and end of swing phase was calculated from the proleg velocity in the x
direction. Although this should be zero when in stance, and positive during proleg
swing, there was always a small amount of jitter in the baseline velocity. Therefore,
the smoothed velocity profile for each step was isolated from other steps by selecting a
time window centered on the peak x velocity. This profile was fitted to a 5-parameter
Weibull curve and the start and end of the swing were defined as the intersection of
this curve with 10% of the maximum velocity in the x-axis. The proleg trajectory was
calculated as the cumulative threedimensional displacement during a swing.
During normal crawling the lengths of the retractor muscles (principle and accessory
planta retractors) increase before the step and decrease during the step (Belanger and
Trimmer, 2000). The shorting of the leg is small compared to the distance the leg is
lifted. Most lifting is done by the body. The length of APRM was calculated as the
difference in three-dimensional position between the tip of the proleg (the muscle
insertion) and the attachment point (muscle origin) close to the spiracle. The position
data were smoothed against time (Loess, sampling proportion, 0.1; polynomial degree,
1). The decrease in length during the step was calculated.
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Statistical analysis
Mixed linear models were used as those allow for a variety of within-subject covariance
error structures and they are suitable for different number of repeats per animal and
unequal sample sizes. Comparisons between repeated obstacle and normal steps within
a video were done using a repeated measures mixed model treatment using compound
symmetry covariance to account for within-subject correlation. A simpler repeated
measure mixed model treatment of animal heterogeneity was explored with a random
effects model specification to compare intact and ‘short hair’ animals.
In some of the comparisons of animals stepping on obstacles the total distance from
the obstacle at the beginning of the step was added as a covariate; maximum lift rate,
3D trajectory and distance from obstacle at adjustment. The validity of adding the
covariate was checked by comparing the Akaike’s Information Criterion (AIC) for the
model with and without the covariate; the covariate was only used when it led to a
lower AIC.
All statistical tests were done in SPSS (v. 16.0.1, SPSS Inc.) using the REML approach.

Results
In a normal step, each proleg swings upward and forward before lowering to touch
down on the substrate. The velocity along the direction of travel (the axial velocity) is
zero in stance phase. During the swing phase the axial velocity increases strongly
during the first half of the step then decreases back to zero before stance starts. The
axial velocity profile is virtually the same for steps in which the caterpillar steps on the
obstacle.
When stepping on the obstacle the velocity in the y direction (or lift rate) starts at zero
in stance phase. At the beginning of the step, lift rate increases as the proleg is lifted
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faster and faster, slowing down and reversing to zero at the point where the proleg is
furthest from the substrate. As the proleg is lowered during the second half of each
step the lift rate dips below zero reaching a peak minimum representing the highest
rate of lowering before returning to zero at the end of the swing phase. When the
caterpillar steps on top of the obstacle, the area under the proleg lift rate curve (i.e.,
the lift height) is larger than in a normal step. When approaching the obstacle the
proleg does not need to be lowered as much, hence the area above the curve for the
second part of the step is smaller than in a normal step. A subset of the data of
obstacle steps showed a second peak in lift rate, which can be seen in the positive part
of the lift profile (Fig. 2a).
Stepping and obstacle avoidance
Manduca crawled across the obstacle with no major changes in the intersegmental
stepping pattern and they did not pause or otherwise alter their behavior. The obstacle
was designed so that it did not interfere with the movements of segments that lack
legs. In both intact and short hair animals the A3 proleg was lifted and placed on top of
the obstacle with no change in the step duration (Fig. 4a), trajectory distance (Fig. 4b)
or overall 3D velocity compared to a normal step. (Step duration. intact animals: mixed
model, df = 1,7.765, F = 0.011, p = 0.911, short hair animals: mixed model, df =
1,4.028, F = 0.157, p = 0.712), (Trajectory distance. intact animals: mixed model, df =
1,7.500, F = 0.014, p = 0.908, short hair animals: mixed model, df = 1,4.097, F = 0.112,
p = 0.755), (Overall 3D velocity intact animals: mixed model, df = 1,7.797, F = 0.003, p
= 0.957, short hair animals: mixed model, df = 1,4.028, F = 0.020, p = 0.895).
However, when stepping onto an obstacle the proleg could not descend to the original
substrate so the prominent negative lift rate peak seen in normal steps was reduced or
absent in obstacle steps (Fig. 2). Although the most common lift rate profile consisted
of a single positive peak, steps would occasionally have a second lift phase creating a
double peak profile (Fig. 2). This was more likely to occur when step initiation was
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further away from the obstacle (Fig. 3a, c). Such ‘hesitation’ steps were also seen in
similar percentages of normal steps but those second peaks were generally less
pronounced and more plateau like than the second peaks seen in the profile of obstacle
steps.
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Fig. 3 The maximum velocity in the y direction (or peak lift rate) varies depending on the
distance of the proleg from the obstacle at lift-off. This is true for intact animals (a) as well as
for animals of which the planta hairs, medial hairs and ventral midline hairs have been shortened
(c). When the proleg is relatively far from the obstacle at lift-off, there was sometimes a second
peak in lift rate. These steps are indicated with a circle. Each animal is indicated with different
color grayscales. These are also used in figures b and d. In figures b and d, each line represents
the peak lift rate for a step on top of an obstacle and a normal step from the same video. In both
intact and short hair animals, the peak lift rate is dramatically lower in the normal step.
Although the leg needs to be lifted higher in when there is an obstacle, a caterpillar does not
necessarily need to change the rate at which it lifts its prolegs
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One of the most striking differences was seen in the peak lift rate which was
significantly higher when the animal stepped on top of an obstacle versus a normal step
(intact animals: mixed model, df = 1,7.873, F = 23.918, p < 0.001, short hair animals:
df = 1,4.005, F = 51.115, p = 0.002) (Fig. 3b). This change occurred in the initial part of
the swing phase before the proleg encountered the obstacle and can be described as an
anticipatory movement. The subset of steps that demonstrated a double peak were
generally located far from the obstacle when the proleg lifted off, at these distances
the proleg would not be in touch with the obstacle at the beginning of the step.
Generally this subset showed a lower peak lift rate compared to the average of the
entire set. The peak lift rate of the subset was still significantly higher than that of the
normal steps taken from the same videos (subset intact animals (17 out of 45 steps
analyzed): mixed model, df = 1,8.763, F = 7.485, p < 0.024, subset short hair animals
(14 out of 58 steps analyzed): df = 1,3.706, F = 30.193, p = 0.007).
APRM shortens more when intact animals step on top the obstacle (intact animals:
mixed model, df = 1,8.567, F = 5.497 p = 0.045; Fig. 4c). This difference is not
significantly different in the short hair animals (short hair animals: mixed model, df =
1,1.961, F = 16.471, p = 0.057), the latter comparison was made from a smaller set
because one of the markers in the third animal was not visible. In both intact and short
hair animals A3p was lifted higher when stepping on the obstacle compared to a normal
step (intact animals: mixed model, df = 1,8.263, F = 146.037, p < 0.001, short hair
animals: df = 1,3.905, F = 41.300, p = 0.003).
Effect of shortening sensory hairs
To explore the possible role of proleg sensory hairs on obstacle detection, the planta
hairs, medial hairs and ventral midline hairs on body segment A3 were cut short. This
did not change the duration of steps, the overall 3D velocity, how high the leg was
lifted, or the change in retractor muscle length. (Duration of steps, for obstacle step:
mixed model, df = 1,5.621, F = 1.041, p = 0.350; for normal step: mixed model, df =
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1,5.536, F = 0.272, p = 0.622), (Overall 3D velocity, for obstacle step: mixed model, df
= 1,5.770, F = 3.706, p = 0.104; for normal step: mixed model, df = 1,5.615, F = 3.157,
p = 0.129), (Proleg lift, for obstacle step: mixed model, df = 1,5.842, F = 1.334, P =
0.293; for normal step: mixed model, df = 1,6.139, F = 0.035, p = 0.858) (Change in
APRM length, subset of data, for obstacle step: mixed model, df = 1,4.536, F = 0.167, p
= 0.701; for normal step: mixed model, df = 1,4.654, F = 0.903, p = 0.389).
Furthermore, the velocity in the y direction, although still significantly greater in
obstacle steps compared to normal steps (Fig. 3d), was not affected by cutting the
sensory hairs (for obstacle step: mixed model, distance from obstacle as covariate, df =
1,5.308, F = 2.692, p = 0.158; for normal step: model, df = 1,5.649, F = 0.041, p =
0.847). This suggests that the initial lift rate of proleg A3 was not influenced by the
sensory hairs on segment A3.
Cutting the hairs did alter several other aspects of the proleg movements. The
trajectory was significantly longer in animal with short hairs, both for the step on top
of the obstacle (mixed model, distance from obstacle as covariate, df = 1,5.260, F =
11.744, p = 0.017) as for the normal step (mixed model, df = 1,5.142, F = 8.777, p =
0.030) (Fig. 4b). Another effect of cutting the hairs was that the second lift phase of
hesitation steps started significantly closer to the obstacle compared with intact
animals (mixed model, subset, covariate df = 1,5.430, F = 7.027, p = 0.042) suggesting
that the information from the hairs contributes to these local adjustments. The
distance from the obstacle at which the adjustment takes place is much influenced by
the distance from the obstacle at which the proleg lifts off (Fig. 2b).
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Fig. 4 The duration (a),
trajectory length (or distance
moved by the tip of the proleg)
(b) and change in APRM length
(c), for 5 intact and 3 short hair
animals. The change in APRM
could only be calculated for 2
short hair animals. Each
grayscale is a different animal.
The even colored bars represent
steps on top of the obstacle.
The checkered bars represent
normal steps. The error bars
indicate the standard error of
the mean. There is a statistical
difference in trajectory between
the short hair animals and the
intact animals for both the
obstacle and normal steps.
APRM shortens significantly
more when intact animals step
on top of the obstacle
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Discussion
From the increase in peak lift rate, which takes place in the first quarter of the step,
we conclude that the caterpillar has information about the upcoming obstacle at the
beginning of the step. This parameter increases dramatically from ±0.11 cm/s in a
normal step to ±0.26 cm/s when the animal steps on top of the obstacle. For the
caterpillar to step on the obstacle it obviously needs to lift its legs higher, but to do
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this it does not necessarily need to lift its leg faster: it could potentially lift its proleg
at the same rate but for a longer time. The caterpillar does lift its leg higher; from
±0.06 cm during a normal step to ±0.11 when stepping on an obstacle.
The next question would be where the information about the obstacle comes from. The
information could be gathered locally from the same proleg or body segment, or from
more anterior segments of the body that have already contacted the obstacle. Our data
strongly suggests that local sensing alone cannot account for the change in lift rate. In
particular, the subset of steps that had two peaks in lift rate (hesitation steps)
originated about 0.75 cm from the obstacle, this distance is about the same distance
that a caterpillar would normally cover in a step (van Griethuijsen and Trimmer, 2009).
For these steps we are certain that neither the proleg, nor the sensory hairs on that
proleg are in touch with the obstacle (Fig. 3). Because these are hesitation steps it is
clear that the animal does not initially lift the proleg high enough to clear the obstacle
but that it does lift it faster than in a normal step.
We suggest that Manduca changes its proleg lift rate because the obstacle has been
detected but that it does not have enough information about the location of the object
to accurately place the proleg.
The fact that we see an increase in peak lift rate even in the subset with hesitation
steps indicates that information about the obstacle is passed along the different body
segments. Potential sources of information about the obstacle are the ventral midline
hairs in segment A2. The central projections of these neurons include posterior tracts
that enter the A3 ganglion (Peterson and Weeks, 1988) and could influence the
stepping behavior of A3p. Other more distant sources of sensory information about
irregularities in terrain could be sensory hairs on anterior body segments including the
smaller sensory hairs that cover the lateral and dorsal sides of the animal (Levine and
Truman, 1985), the thoracic legs which have many sensory organs (Kent and Griffin,
1990), or the mouthparts which often palpate the surface during a crawl. Other
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examples of known intersegmental communication in Manduca include coordinated
motor patterns and synaptic drive along the length of the nerve cord during fictive
crawling (Johnston et al., 1999), neurons that extend from the brain through the
terminal ganglion and are involved in ecdysis (Hewes and Truman, 1991) and
interneurons controlling the gin trap reflex in pupa (Bate, 1973a;Bate, 1973b;Bate,
1973c;Waldrop and Levine, 1992). Although it is possible that more distinct sensors are
used for correcting the gait when there is an obstacle in the caterpillars path, this
information would need to be stored at least for several seconds before it results in a
change in motor output. Further studies are needed to localize the origin of
information about the obstacle.
It appears that the sensory information gathered by the planta hairs, medial hairs
and/or ventral midline hairs on A3 are used for fine tuning the stepping motion of A3p.
In the hesitation steps for instance, the animal makes an adjustment half way through
the step using information from local hairs: cutting the sensory hairs, shifts this
adjustment closer to the obstacle (Fig. 2b). By cutting the sensory hairs, the physical
range of the sensory modality is changed. Changing the physical range of sensory
modalities has also been shown to have an effect on cockroaches negotiating obstacles.
Cockroaches can use vision to correct locomotion (Harley et al., 2009;Sponberg and
Full, 2008;Watson et al., 2002b), but when the eyes are covered and the antennae
shortened the choice to climb over or under an obstacle was made much closer to the
object (Harley et al., 2009). Other animals that use touch to negotiate obstacles are
scorpions that detect obstacles by sensory hairs on their pedipalps (Schneider,
2002;von Twickel, 2004). Stick insects are also able to climb over gaps (Blaesing and
Cruse, 2004), a task that has similar challenges to obstacle avoidance because it
requires deviation from the normal locomotor program and sensory feedback to alter
the locomotion movements properly.
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The sensory hairs on the prolegs could be involved in monitoring how much the leg has
moved. The ‘short hair’ experiments were done with different animals, but when
statistically correcting for animal effects, the 3D trajectory of the step increased
significantly when the sensory hairs were cut. This was true for normal steps and for
steps on the obstacle: both showed an increase from ±0.70 in intact animals to ±0.88
cm in short hair animals. The duration of steps was very variable and it did not change
significantly when stepping on an obstacle and was not influenced by cutting the hairs.
The velocity was generally very similar between normal steps and steps on top of the
obstacle (for example in intact animals both normal step and obstacle step have an
average (calculated using animal averages) of 0.60 ± 0.16 cm/s (average ± standard
error of the mean).
Finally it was found that APRM shortens during locomotion. In intact animals this
change in length was bigger when stepping on top of the obstacle. The same was seen
in short hair animals, but the difference was not statistically significant (p = 0.057).
Although the muscle shortens (in 3D) this does not translate directly to proleg lift
(movement in y direction). Principle planta retractor muscle (PPRM) is activated and
shortens the proleg in the proleg lift reflex, APRM however is only activated with
stronger stimuli and when the proleg fully contracts (Weeks and Jacobs, 1987). It is
unclear from our studies if the increase in shortening of APRM also means activation of
the muscle. Electromyography studies could clarify this. The proleg lift reflex is
suppressed during stance phase, but not during the swing phase (Belanger et al., 2000)
and the reflex could potentially play a role when the caterpillar crawls over an
irregular substrate.
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Abbreviations
A3 Abdominal segment 3
A3p Proleg on A3
APRM Accessory planta retractor muscle
PPRM Principle planta retractor muscle
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Abstract
Aimed movements require that an animal accurately locates the target and correctly
reaches that location. One such behavior is the defensive strike seen in Manduca sexta
larva. These caterpillars respond to noxious mechanical stimuli applied to their
abdomen with a strike of the mandibles towards the location of the stimulus. The
accuracy with which the first strike movement reaches the stimulus site depends on
the location of the stimulus. Reponses to dorsal stimuli are less accurate than those to
ventral stimuli and the mandibles generally land ventral to the stimulus site. Responses
to stimuli applied to anterior abdominal segments are less accurate than to those
applied to more posterior segments and the mandibles generally land posterior to the
stimulus site. A trade-off between duration of the strike and radial accuracy is only
seen in the anterior stimulus location (body segment A4).The lower accuracy of the
responses to ventral and dorsal stimuli can be explained by the morphology of the
animal; to reach these areas the caterpillar needs to move its body into a tight curve.
Still, the accuracy is not spot-on in locations that the animal has shown it can reach,
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which suggest that consistently aiming more ventral and posterior of the stimulation
site might be a defense strategy.

Introduction
Caterpillars, the larvae of butterflies and moths, have diverse defense mechanisms to
cope with their many enemies. When developing from hatchling to pupa, they need to
avoid being eaten by birds, mammals and other insects and avoid being parasitized by
wasps and flies. Generally speaking there are three categories of first line defense
mechanisms: 1) toxicity and/or warning signals to discourage attack as seen in the
Spicebush Swallowtail caterpillar (Papilio Troilus, Linnaeus) that mimics a snake (Van
Zandt Brower, 1958), 2) camouflage without crypsis by mimicking plant structures such
as sticks (De Ruiter, 1952) or other inedible objects (Skelhorn et al., 2010), and 3)
cryptic behavior by hiding under leaves and in leaf rolls as seen in the Brazilian Skipper
(Calpodes ethlius, Stoll). When this first line of defense fails, there is a second line of
defense consisting of sudden, startling, movements. One of these behaviors is the
strike response in which the animal rapidly swings its head and thorax toward the
abdomen. More exotic behaviors include rolling downhill as seen in larvae of the
mother-of-pearl moth (Pleuroptya ruralis, Scopoli) (Brackenbury, 1997) and whistling
noises by pushing air through the spiracles in the North American walnut sphinx
(Amorpha juglandis, Smith) (Bura et al., 2011)).
This paper focuses on the strike behavior, its range, precision and speed. The strike
behavior was described first by Frings in several caterpillar species (Frings, 1945) and
studied in more detail in the tobacco hornworm (Manduca sexta, Linnaeus), the larva
of a large sphinx moth (Walters et al., 1996;Walters et al., 2001). When the caterpillar
is pinched or poked in the posterior abdominal body segments, it will move its head
towards the location of the pinch. When pinched in the more anterior abdominal body
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segments and thorax, the animal moves away from the stimulus (Walters et al., 2001).
There is much variety in the strike behaviors, often the animal strikes several times
after a single stimulus. These behaviors are seen more often after repeated stimuli.
Another behavior seen after multiple stimuli is thrashing; the animal rapidly moves its
head from side to side (Walters et al., 2001).
Although the strike behavior seems simple, there are several reasons why producing
this behavior is not straight-forward. First, caterpillars are soft-bodied animals, which
means that they have a large field of motion: they are able to twist and turn into
angles that are not possible for animals with a rigid skeleton. However, soft-bodied
animals also have structural limitations that restrict certain movements. For example,
although Manduca sexta can curl ventrally into a ring with no need for external
attachments, it cannot bend itself into a tight dorsal curve unless it has appropriate
anterior and posterior anchors (see results section). The caterpillar’s muscles are
arranged as longitudinal and oblique blocks but lacking circumferential musculature as
seen in earthworms (Peterson, 1912), which might explain why caterpillars cannot bend
this way.
A second reason why controlling the strike behavior might be difficult is that there are
no known proprioreceptive sensors that can be used to guide the body position. The
response properties of the stretch receptor organs (SROs) located close to the cuticle in
each body segment are not very useful for fast, precise signaling of local stretch, nor
does SRO ablation affect the caterpillar’s locomotion (Simon and Trimmer, 2009).
Other mechanosensors, such as the alpha type cells of the multidendritic complex that
tiles the inner cuticle, have been proposed to be proprioceptive but there is no direct
evidence for this suggestion in Manduca (Grueber et al., 2001). A related complex of
neurons has been identified in both the larvae and the adult Drosophila melanogaster
(Grueber et al., 2002;Shimono et al., 2009). A subset of the neurons in this complex in
Drosophila (Class 1) has been assigned a proprioceptive role based on the location they
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target in the neuropil (Grueber et al., 2007). Other classes of neurons in this complex
have sensing functions. In the larval stage of the fruitfly, the class IV neurons are
necessary to evoke the rolling behavior that these larva use to escape parasitoid wasps
(Hwang et al., 2007). Thirdly, proprioception and the control of movements are further
complicated by the body plan of caterpillars. Caterpillars have distinctive body
segments, but internally these segments are not separated by septa as seen in
earthworms. The caterpillar has an open hemacoel through which the gut can freely
move during locomotion (Simon et al., 2010). The caterpillar’s body does not
necessarily function as a hydrostat because with spiracles that can open it does not
have a fixed volume (Lin et al., 2011). Additional evidence for this comes from
pressure measurements in crawling caterpillars: increases in pressure were complex,
with large peaks corresponding to large movements (Mezoff et al., 2004). In fact, the
pressure changes inconsistently with the smallest motions, which makes it difficult to
establish a baseline (Lin et al., 2011). This is in stark contrast to the clear pressure
changes seen in earthworm, which is a true hydrostat (Quillin, 1998).
It is not clear if the strike behavior in caterpillars is a general defense or is directed at
a particular enemy. In a previous description of the behavior two functional roles were
suggested; 1) the movement could be used to startle predating birds or to cause the
bird to release the caterpillar after picking it from a plant, 2) the movement could be
used to remove parasitoid insects (Walters et al., 2001). When striking, Manduca opens
its mandibles and scrapes the stimulus site, often repeatedly. This could be used to
remove parasitoid wasps (Cotesia congregata, Say) (Gilmore, 1938) or parasitoid flies
(Winthemia manducae, Sabrosky & DeLoach) that lay eggs in the caterpillar’s body
cavity (DeLoach and Rabb, 1971;DeLoach and Rabb, 1972).
Precision of the strike might be important for the ability of the caterpillar to remove a
parasitoid wasp. The caterpillar’s body needs to curve to various degrees for the
mandibles to reach locations on the body. Our hypothesis is that the precision of strikes
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at a point stimulus varies along the body, with lower accuracy for anterior and dorsal
stimulus locations. We also predict that there is a trade-off between speed and
precision with slower strikes being more precise, as predicted by Fitts’ Law (Fitts,
1954). Our study has three main goals: 1) to make an inventory of the range of
behaviors seen after a noxious stimulation, 2) to determine the precision with which
the head reaches the stimulation site and how this varies with different locations on
the body and, 3) to measure the speed of the strike behavior.

Figure 1
A) Experimental setup, the
caterpillar was placed on the
horizontal rod, facing the
mirror. The mirror and rod
could be turned left and right
so that the caterpillar’s side
was in view. Stimuli were
administered on both sides
and pooled per category. B)
View from the camera used in
this study. The caterpillar was
marked using a waterproof ink
to help identify the location of
stimulus and strike. C)
Anatomy of Manduca sexta
caterpillar, the abdominal
body segments relevant for
this study are marked A3-A7
(Abdominal segment 3 to 7)
and TP (Terminal Proleg). D)
Cross section schematic of the
caterpillar on a dowel. The
radial categories are indicated
on this cross section: dorsal, 6
categories from dorsal to
spiracle, 3 categories from
spiracle to edge of proleg,
proleg, up to 5 mm below
proleg (on dowel), 5 mm or
more below proleg (on dowel).
These categories are the same
for both the stimulus and the
strike.
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E) Schematic of the radial stimulus sites (black circles) and longitudinal stimulus sites (grey
circles). For the radial accuracy tests there were 4 stimulus sites on A4 and 4 stimulus sites on
TP. For the longitudinal accuracy tests there were 2 stimulus sites per body segment (A3-A7 and
TP), these were located slightly above the spiracle. Although these locations were the stimulus
sites by design, the actual stimulation sites were recorded from still images and used in the
analyses. Some of the actual stimulation sites were slightly different from the intended ones. See
figure 2 for actual stimulation sites. F) Schematic explaining the difference between accuracy
and precision. For high accuracy, the mean location of the dark dots is near the open circle. For
high precision the dark dots are clustered close together.

Materials and methods
Animals
Experiments were done on Manduca caterpillars from a colony at Tufts University,
Medford, MA, USA. The caterpillars were raised on an artificial diet and on a 17hr light/
7 hour dark cycle (Bell and Joachim, 1978). On the day of recording the caterpillars,
both male and female, were in their third day of the fifth instar. The caterpillars
weighed 1.776 +/- 0.325 gram (mean +/- standard deviation) and were about 47 mm in
length (43.6 mm +/- 6.6 mm, mean +/- standard deviation). In total 4 caterpillars were
used for recordings. To aid in the visibility of the different locations on the animal’s
body, 2nd day fifth instars were marked using black ultrafine Sharpie pen (Sanford,
L.P., Oak Brook, Il, USA) after anesthetizing for at least 20 minutes on ice. The
caterpillars were allowed to recover from the handling and anesthesia for a full day
before starting the experiments.
Experimental setup
Video recordings were made using a Casio Ex-F1 HD camera at 59.94 frames a second
(Casio, Shibuya, Tokyo, Japan). The Manduca sexta caterpillars were placed on a short
wooden dowel (66 mm in length, 8mm diameter) facing a mirror at 45 degrees (Figure
1a,b). The dowel was covered in graphing paper so strikes landing on the dowel could
be categorized. The camera was placed behind the animal so the caterpillar’s dorsal
side could be seen in the mirror. The dowel was turned 22 degrees to one side or the
other so that the stimulus location was in view.
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Experimental design
Stimuli were applied only to body segments posterior of abdominal segment 2 (A2)
because more anterior stimuli generally lead to avoidance behavior rather than strikes
(Walters et al., 2001). To map strike precision the caterpillar’s body was mapped as a
grid system based on anatomy. This allowed animals of different sizes to be compared
and also corrected for differences in posture such as degrees of stretch along the body
or between individuals. The same grid system was used to describe both the stimulus
site and the site of strike. The animals were marked with several horizontal lines
(dorsal midline, lateral midline at the spiracles, a line between the dorsal midline and
the lateral midline and a line above the prolegs) as visual guide for the radial
categories. The animal was divided in 13 radial categories, starting on top with the
dorsal midline (0) and then 3 categories between each horizontal 'sharpie' line (1-3, 46, 7-9). A strike on the proleg was categorized as 10, below the proleg (on the wooden
dowel) was marked as 11 while low strikes on the dowel, more than 0.5 cm below the
proleg, were marked as category 12. Stimuli were applied to both left and right sides
of the caterpillar, but because caterpillars are symmetrical the results of left and right
sides were pooled. There were 23 lateral categories, 4 for each body segment A3-A7
and 3 categories for the Terminal Proleg (TP). Each body segment has 7 skin folds
dividing the segment into 8 annuli. Each lateral category contained 2 annuli. The
anatomy of the caterpillar did not allow drawing guidelines as done for the radial
categories because the circular folds may obscure these guidelines. The TP proleg was
divided into 3 lateral categories: From A6 to the dorsal horn, from the horn to the edge
of the anal flap and the terminal prolegs which are located under or behind the anal
flap depending on how much the caterpillar has rotated these legs (Figure 1, c-e).
The stimuli were applied with blunt fiber-reinforced plastic pipette filler (0.35 mm
outer diameter, World Precision Instruments, Inc., Sarasota, FL, USA). Because this
tube is flexible it produces a constant maximal force of 0.108 N when bending. The
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duration of each stimulus was measured from the video and averaged 0.39 +/- 0.192
seconds (mean +/- standard deviation). Each animal received stimuli at 20 locations on
their body: eight locations were used to determine radial precision in A4 (anterior) and
TP (posterior). The other 12 locations were used to determine longitudinal precision; 2
per body segment and all distributed slightly above the spiracle. The sequence of these
20 stimuli was randomized using a random number generator (random.org) for each
trial because of sensitization to stimuli (Walters et al., 2001). Stimuli to the left and
right sides were also randomized, except for stimuli on the dorsal midline. If the
animal did not respond to the first few stimuli at a particular location, this location
was stimulated again at the end of the trial. When a caterpillar did not return the
anterior part of its body to the starting position, it was gently pushed back onto the
dowel before receiving another stimulus. Each animal was used for 1 trial only. Strikes
were omitted when the caterpillar came in contact with the pipette filler. Trials with
strikes to fewer than 16 different stimuli were omitted.
The strike site was defined as the location where the mandibles first touched the
cuticle. To determine the precision of the strikes, still images of the stimulus and the
first contact of the mandibles with the cuticles were taken from the video using video
software (VirtualDub, (http://www.virtualdub.org/ by A. Lee). Both the radial and
longitudinal positions of the stimulus and strike locations were recorded. The number
of frames from the beginning of the stimulus, end of the stimulus, beginning of strike
and first contact between mandible and cuticle allowed for calculation of the duration
of the stimulus and the duration of the strike. Because timing was based on video with
a frame rate of 59.94 fps, the time measurements are in 0.01668 s increments.
Strike behavior changes slightly over time as the caterpillar becomes sensitized to the
stimulus. For this reason we recorded the number of stimuli and strikes so these
numbers could serve as covariables in the statistical analysis. Other variables recorded
were: presence of additional strikes after a single stimulus, sex and weight of the
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caterpillar. In addition, behaviors before and after the strike were noted: position of
the head (curled under body or not), pulling the head in the ipsilateral direction before
striking and thrashing (rapidly moving head from side to side, no contact of the
mandibles with the cuticle). Any other notable behavior was recorded and described.
Statistical analysis
The body plan of the caterpillar can be described as a pressurized cylinder. When a
pressurized cylinder is bent into a tight curve the body wall undergoes extreme
deformation by stretching on the outside surface and compressing on the inside,
potentially leading to buckling (Lin et al., 2011). Because this effect is more extreme
for small radius curves we expected posterior and ventral strikes to be more precise
than dorsal and anterior strikes. Strike responses were expressed as the number of
radial or longitudinal categories (see ‘experimental design’) between the stimulus
location and the location at which the mandibles would first touch the cuticle. Lower
precision for dorsal and anterior stimuli would mean that the strike response would
show higher variance when compared to the data from more ventral and posterior
stimulus locations.
In other words, when plotting the strike response data against their stimulation sites,
also numbered categories, on the x-axis, we expected to see a funnel shape with data
points clustered tightly for posterior and ventral stimulation sites. However this was
not the case (see Fig. 2 and 3) so we decided to test for accuracy (see Fig. 1F for a
definition of precision versus accuracy). Accuracy was tested using a Mixed Model
Regression, which tests the slope of the data points (in figure 2 and 3) against the
expected slope (no difference between stimulus and strike locations: gray dotted line
in figures 2 and 3). Our tests were done on 4 different animals; to control for
differences among animals, animal identification number was included as a random
variable in each model. In addition, previous research reported sensitization after
repeat stimuli (Walters et al., 2001), so the number of received stimuli before each
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strike was included as a covariate. Three tests were done for accuracy: longitudinal
data, radial data for A4, and radial data for TP. For each test we plotted the residuals
to look for non-random patterns.
We originally expected a trade-off between the duration of the movement and the
precision of the strike. This trade-off has been seen in human reaching movements and
is explained by noise in sensory feedback and motor commands, which increases for
faster movements (see Fitts’ Law (Fitts, 1954;Guigon et al., 2008)). We used duration
of the movement instead of speed because it is difficult to measure the distance that
the head moves during a strike and we think the time between the start of the
movement and when the mandibles touch the cuticle, is biologically more relevant
than the speed. We did note that the caterpillar slowed down near the end of the
strike, but have not quantified this. Because plots of the data showed no differences in
precision among strike sites (see above), we instead tested for duration of the
movement versus accuracy; we hypothesized that there would be a trade-off between
accuracy and duration of the movement. We used a Mixed Model regression with
animal identification number as a random variable. Because accuracy is influenced by
the location of the stimulus, this was also included as a covariate. Three tests were
done; longitudinal data and radial data for A4 and TP. Analyses were run using SAS
(version 9.2, SAS Institute Inc, Cary, NC, USA).
To test for an increase in accuracy between first and second strikes, we compared the
number of categories between stimulus location and first contact of the mandibles for
the first and second strike, using a mixed model approach in SPSS (version 17.0, IBM,
Armonk, NY, USA). Comparisons were made for longitudinal accuracy and radial
accuracy. The data for A4 and TP in the radial dataset were combined because of the
small sample size.
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Figure 2
Radial accuracy plotted versus the radial stimulus site in body segment A4 (Abdominal segment
4, n=16) and body segment TP (Terminal proleg, n=13). Overlapping data points were staggered
for display purposes. Radial accuracy is defined as the number of radial categories between the
stimulus site and the strike site. A strike at the same radial category as the stimulus has a strike
accuracy of 0. Strikes that landed ventral of the stimulus site have a negative value. Strikes that
landed dorsal of the stimulus site would have had a positive value, but no such strikes were
observed. Ventral stimuli elicited radially more accurate strikes than dorsal stimuli in both A4
and TP.

Results
There was a considerable variation seen in the responses to stimuli. Defensive
behaviors that we observed in our caterpillars include; 1) a single strike, often followed
by searching or grooming behavior (locally scraping the mandibles over the cuticle from
posterior to anterior), 2) strikes towards the abdomen that were preceded by a
movement to the ipsilateral side placing the body into a curve, 3) multiple strikes
following a single stimulus with searching or grooming behavior near the stimulation
site, 4) thrashing, which includes violent alternating left and right movements. These
behaviors have been mentioned before (Frings, 1945;Walters et al., 2001), but we also
saw a novel response we describe as a barrel roll. The barrel roll was only seen when a
persistent stimulus was applied to the dorsal mid-line of one of the more posterior
body segments. After the start of the stimulus, the caterpillar moved toward the
posterior body segment either left or right and then switched sides without bringing
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the body back to its starting position (see supplemental video). The barrel roll was not
seen without the stimulus object pressing against the cuticle, suggesting that this was
needed, perhaps mechanically, for the animal to make the movement. Another novel
movement we observed was throwing. Throwing occurred when the caterpillar found
the stimulus object during search and subsequently grasped it with its mandibles or
wrapped the anterior body around it. The caterpillar then made a fast, forceful
movement with the head and thorax back to the rest position as if trying to throw the
stimulus object from its body.
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Figure 3.
Longitudinal accuracy plotted versus the stimulus site in body segment (n=35). Longitudinal
accuracy is defined as the number of longitudinal categories between the stimulus site and the
strike site. A strike at the same longitudinal category as the stimulus has a strike accuracy of 0.
Strikes that landed posterior of the stimulus site have a negative value. Strikes that landed
anterior of the stimulus site have a positive value. More posterior stimuli elicited longitudinally
more accurate strikes than more anterior stimuli. Overlapping data points were staggered for
display purposes.

To look at how accurately the caterpillar can reach a stimulus location, we focused on
single strikes and the first strike in those instances where there were multiple strikes.
We expressed the accuracy as the number of radial or longitudinal categories on the
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body (see fig 1E) between stimulus location and the location where the mandibles first
touched the body. Longitudinal accuracy of the strike was lower when the caterpillars
responded to a more anterior stimulus (df = 1, 29, F = 35.68, p< 0.0001). The number
of stimuli the caterpillars had received previously significantly improved the accuracy
of their strike (df = 1, 29, F = 4.98, p = 0.03). No pattern could be seen in the residual
plots, which suggests there is no difference in variance and that precision is uniform
along the range of longitudinal stimulus locations.
Radial accuracy of the strike was lower when the animals responded to more dorsal
stimuli. This was both the case for stimuli applied to body segment A4 (df = 1, 10, F =
6.02, p = 0.03) and body segment TP (df = 1, 7, F = 248.49, p< 0.0001). No pattern
could be seen in the residual plots, which suggests there is no difference in variance
and that precision is uniform along the range of radial stimulus locations. Interestingly,
the number of stimuli previously received had no effect on the radial accuracy of the
strike. This was true both in A4 (df = 1, 10, F = 0.01, p = 0.92) and TP (df = 1, 7, F =
0.00, p = 0.95). This is in contrast with the data for longitudinal accuracy.

93

F i g u r e

4 . 4

S c h e m a t i c

o f

s t i m u l a t i o n

s i t e

a n d

s t r i k e

s i t e

Figure 4.
A) Schematic of stimulation site and strike site on the caterpillars skin when testing radial
accuracy in bodysegment A4 (Abdominal segment 4, n=16) and bodysegment TP (Terminal proleg,
n=13). Black dots indicate the stimulus sites; open dots indicate the location the skin where the
mandibles first touch the cuticle (strike site). Strikes consistently landed ventral of the
stimulation site and in most cases posterior of the stimulation site. B) Schematic of stimulation
site and strike site on the caterpillar’s skin when testing longitudinal accuracy (n=35). Black dots
indicate the stimulus sites; open dots indicate the location the skin where the mandibles first
touch the cuticle (strike site). Strikes consistently landed ventral of the stimulation site and in
most cases posterior of the stimulation site.

We hypothesized a trade-off between the duration of the movement and its accuracy
for each of the 3 datasets (longitudinal accuracy, radial accuracy in A4 and TP). As can
be seen from Fig. 5A, the duration of the movement appears to negatively influence
the accuracy of the strike for the radial data in TP (triangles), which is opposite to our
prediction. However, the change in radial accuracy in TP cannot be explained by the
duration of the strike (TP: df = 1, 7 F= 0.21 p = 0.66). The radial accuracy in A4
(circles) does show a trade-off between duration and accuracy (A4: df = 1, 10, F =
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10.66, p = 0.01). No trend is visible for the longitudinal data (df = 1, 29, F = 0.79 p =
0.38). In all cases there is an effect from the location of the stimulus on the duration
of the strike (A4: df = 1, 10, F = 22.82, p = 0.01, TP: df = 1, 7 F= 175.59, p <0.0001,
longitudinal data: df = 1, 29, F = 30.36 p < 0.0001).
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Figure 5
A) Duration of the strike movement (from first movement of head until the mandibles touch the
skin) versus the radial accuracy. Data from stimuli at A4 are indicated with circles, data from
stimuli at TP are indicated with squares. The darker the color of the circle or square, the more
dorsal the stimulus was applied. Strikes with a longer duration tend to be those that have lower
accuracy and follow a more dorsal stimulus. B) Duration of the strike movement versus the
longitudinal accuracy. The darker the color of the circle, the more anterior the stimulus was
applied.

Single stimuli were followed by multiple strikes in about 1/3 of the responses analyzed
(22 out of 64). After the first strike, the animal would move towards the rest position,
but before reaching it, initiate another strike. These second strikes did not significantly
change in longitudinal accuracy (df = 1, 0.1 F= 11.06 p= 0.74, 11 second strikes). On
average, the second strike landed about one category posterior to the first strike.
Radial accuracy (11 second strikes) increased, but not significantly (df = 1, 5.368 F=
3.616 p= 0.112) On average, those strikes landed 2 categories more dorsal than in the
first strike. In a small number of trails the caterpillars responded with a third (7 out of
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64), fourth (3 out of 64) and even fifth strike (2 out of 64). Because there were very
few examples of more than 2 strikes we did not include them in our analysis.

Discussion
Manduca sexta caterpillars have a diverse set of behaviors when responding to noxious
stimuli applied to the abdominal body segments. The 'basic' behavior is a strike in
which the caterpillar rapidly turns its head toward the stimulus site. This behavior has
many variations including repeated strikes ipsilateral and contralateral as well as
interactions with the stimulus applicant and continued scraping of the skin with the
mandibles.
Manduca sexta caterpillars do not reach all areas on their body equally well during the
strike behavior. Radial accuracy is significantly lower when caterpillars respond to
stimuli that are more dorsal (Fig. 2). Longitudinal accuracy is significantly lower when
caterpillars respond to stimuli that are more anterior (Fig. 3). In general, strikes landed
consistently more ventral and posterior to the site of the stimulus (Fig. 4).
As predicted slower strikes were more accurate (Fig. 5), but only for radial accuracy
and only A4. These strikes were responses to more anterior stimuli and we suspect that
the trade-off reflects a mechanical or muscular limitation related to the tight curving
of the body when responding to stimuli in A4. Second strikes following a single stimulus
were not more accurate than the first response.
Range of behaviors
Although this paper focuses on the first strike and its accuracy, the behavior displayed
can be quite variable and includes multiple strikes and curving of the body before
striking. In addition, the caterpillar sometimes ‘grooms’ the stimulus site by opening
and closing the mandibles while scraping them over the cuticle. This scraping is almost
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exclusively done by moving the head from posterior to anterior, which may explain why
the strike lands posterior of the stimulus. We found that the second strikes are radially
closer to the stimulus site than the first strikes. Because the caterpillar does not return
to the rest position before starting a second strike, there might be a biomechanical
reason (less momentum) for the increased radial accuracy in the second strike.
Radial accuracy
Radial accuracy is lower when responding to more dorsal stimuli; this was true when
tested in A4 and TP. We suspect a limitation in anatomy can explain this phenomenon,
perhaps in the layout of the muscles. When responding to a stimulus the caterpillar
does not always follow the shortest route. For example, to reach a stimulus on the
dorsal midline in A4, the caterpillar does not do a back bend. Instead it lifts its head
and thoracic legs off the substrate and then strikes either left or right, curving the
thoracic segments upward. A direct backbend is presumably more difficult to execute
because it requires the dorsal muscles to stretch the large ventral muscles. Manduca
can bend itself into this shape but it usually does so by gripping a dorsal substrate to
provide bending leverage. Another reason might be that the caterpillar’s goal is not to
just get the head near the stimulation site, but the mandibles in particular. As the
mandible are located ventrally, a backbend would require even more curvature of the
body than bending the body left or right.
This ventral bias in strike location was also seen in the tests of radial accuracy where
all the strikes (n=17 for A4, n=13 for TP) landed ventral to the stimulus site. In many
cases the animal touched the substrate at the end of the strike. It is possible that this
reflects the effects of gravity when the head and thorax are cantilevered away from
the substrate. Under natural conditions Manduca are found hanging underneath leaves
in 78% of cases (Madden and Chamberlin, 1945); we have not tested strike accuracy
with the caterpillar in other starting orientations.
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Longitudinal accuracy
Strikes were more accurate longitudinally when the stimulus was applied to more
posterior body segments. Again we suspect this is related to the increased difficulty
and larger forces needed to curve the body around a small radius. Perhaps more
behaviorally interesting is that few of the strikes in our dataset (5 out of 35 strikes for
longitudinal accuracy) were located anterior to the stimulus. It is possible that striking
posterior to the stimulus is intrinsically beneficial; a parasitoid wasp at the strike
location could still be hit by other body parts and even removed by the anterograde
scraping movements that often follow a strike. We also observed that the longitudinal
accuracy (but not radial accuracy) improved as the stimulus number increased. This
difference probably reflects the spatial resolution of our procedure (there were only 12
radial segments defined compared to 23 longitudinal categories) which could mask any
history dependency of radial accuracy. There is no evidence for a difference in
absolute spatial accuracy in orthogonal planes. Although the increased accuracy with
repeated stimuli could represent a form of spatio-temporal integration (“learning” the
location by successive estimations), it could also arise from a progressive decrease in
mechanical performance.
Accuracy versus precision
The strikes are less accurate when the caterpillar responds to stimuli that are more
dorsal or anterior. Because of the mechanical limitations mentioned earlier we
expected a decrease in precision for these areas. However, mechanical limitations are
not the only explanation because the caterpillar can reach most locations on its body
but strikes are made with a posterior-ventral offset. For example strikes can land near
the spiracles in A5 and A6 when responding to stimuli to dorsal locations in A4, but fall
posterior and ventral when stimuli are applied near the A5 and A6 spiracles themselves
(see Fig 4). One possible explanation for these offsets and changes in strike accuracy
could be variations in the accuracy in mechanosensory information (touch and
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proprioception) along the body. This can be examined by measuring the sensory fields
of the mechanosensors by directly recoding their spike activity.
Duration of the strike movement and accuracy
We predicted that accuracy would decline with increased strike speed (i.e., shorter
strike duration). This relationship was only observed for radial accuracy in A4. For TP it
appears that slower strikes are instead less accurate, however this effect was not
significant and probably much influenced by one observation that had a relatively long
duration. The duration of strikes can be explained by the stimulation site for radial
accuracy in A4 and TP and longitudinal accuracy according to our statistical tests.
However, judging from our graphs, the influence that the stimulation site has
(represented by the color of the data points in Fig. 5) on the duration does not seem to
be very large and might not be biologically relevant.
Aimed movements in other animals
The strike behavior in caterpillars has strong parallels with aimed movements studied
in other animals, in particular with scratching movements in locust (Matheson, 1997),
frogs (Giszter et al., 1989), turtles(Mortin et al., 1985) and cats (Deliagina et al.,
1975). In all cases the animal needs to identify the location of the stimulus on the body
(sensory and proprioceptive information) and navigate the scratching limb towards this
location (motor commands and proprioceptive information). The caterpillar however
moves a relatively large part of its body towards the stimulus location. In addition, to
our knowledge there are no studies describing movements aiming for a location on the
body in soft-bodied animals. In the caterpillar we see an offset between the stimulus
location and the location where the mandibles land, and the size of the offset is
dependent on the location of the stimulus. None of the studies mentioned above
reports an off-set between the stimulus location and the location where the limb
scratches. Like the caterpillars, the species mentioned above also show repeated
movements towards the stimulation site, but because the scratching is done with a
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limb, the repetition is often done by only moving the most distal part of the limb and
therefore not directly comparable to the movement that caterpillar makes with its
head.
Manduca sexta’s enemies and the relevance of the strike reflex
Although mechanical and sensory constraints may explain some of the features of the
strike, the behavior overall is probably determined by its primary role, defending
against natural enemies. Manduca sexta's main enemies as a caterpillar are wasps and
birds.
Rab noted that 6-10% of caterpillars in a tobacco field were killed by Polistes fuscatus,
a paper wasp 15-20 mm in size (Rabb, 1950;Rabb, 1953). First instar caterpillars were
eaten at site, 2nd or 3rd instars were sometimes partially brought back to the wasp
nest. At times P. fuscatus would kill larger caterpillars by critically wounding them; in
those cases the dead caterpillar was only partially eaten. 2nd and 3rd instar Manduca
are also attacked by parasitoid wasps of which the most prevalent is braconid wasp
Cotesia congregatus. These 3 mm wasps inject eggs into the caterpillars. There is some
variation in how long it takes the wasps to lay eggs, according to Fulton, Beckage and
Riddiford it takes 2-3 s to complete oviposition (Beckage and Riddiford, 1978;Fulton,
1940)however Gilmore lists 20-30 s, but this includes multiple oviposition attemps
(Gilmore, 1938). Nonetheless, the shorter the duration of oviposition, the fewer eggs
are injected. A quick removal of the parasitoid wasp thus increases the survival
chances of the caterpillar.
The C. congregatus could increase its success rate by injecting the eggs mainly in the
more anterior body segments. However, C. congregatus does not seem to have a
preference for more anterior or posterior segments, although attempted oviposition in
more anterior segments do seem to be more successful (C.I. Miles, personal
communication, January 13, 2012). Gilmore however, mentions that oviposition "was
principally within the posterior segments of the host” (Gilmore, 1938). We found that
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accuracy was higher when a caterpillar received a stimulus in the posterior segments,
if Gilmores finding is correct, this higher accuracy would result in many wasps being
removed by the caterpillar. Indeed, Gilmore does note that "attempted oviposition in
the anterior portion of the host frequently resulted in the parasite being brushed off or
killed before the act was completed"(Gilmore, 1938). This is opposite of what one
would expect based on our findings, although we observed the caterpillar hitting the
anterior part of its body against the substrate during thrashing, which could serve to
dislodge a wasp. Oviposition by C. congregatus takes place when caterpillars are in
their 2 or 3rd instar, but oviposition can also occur in the larger 4th and even the first
few hours of the fifth instar, the later fifth instars cuticle is too thick to be penetrated
for oviposition (Beckage and Riddiford, 1978). Our observations were made in the 3rd
day of the fifth instar, however we have no reason to believe that the caterpillars
behavior has dramatically changed in those few hours. In addition, there are also
parasitoids that oviposit in Manduca sexta in the fifth instar, such as the tachniod fly
Winthemia manducae (DeLoach and Rabb, 1971). This fly lays eggs specifically in the
fifth instar so it adults hatch when the caterpillar has buried itself in the soil and has
turned into a pupa.
Future directions
Although our studies indicate the caterpillars strike accuracy varies depending on the
location of a stimulus on its body, it remains difficult to draw any conclusions about
the consequences of this variation on the caterpillars ability to ward off predators and
parasites. Some early studies give us some idea of Manduca’s enemies in unsprayed
tobacco fields and how many of the Manduca caterpillars are lost at each
stage(Lawson, 1959). Although it is clear that this behavior could limit the success rate
of parasitoid wasps or larger enemies like birds (Walters et al., 2001), we don't know
how many losses are prevented due to the striking behavior and how this varies with
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attacks aimed at anterior or posterior segments. If enemies do have a preference, how
much of that is influenced by the red horn on the caterpillars abdomen?
Additionally, a final strike position ventral and posterior the site of stimulation doesn’t
necessarily mean that the caterpillar missed its target. Any ecologically relevant target
will be three-dimensional, and so the caterpillar would presumably make contact with
the target before it would contact its own body wall. In fact, because the caterpillar
appears to slow down before the end of the strike, it may be better to overshoot the
source of stimulation to increase the impact of the strike on the target. Kinematics
studies of the movement could be used to follow the entire trajectory path and
corresponding velocities.
While Manduca uses the strike behavior for defense, there is a similar behavior seen in
the carnivorous caterpillars of Hawaii (Montgomery, 1982;Montgomery, 1983). These
caterpillars catch and eat flies. To catch flies, these caterpillars imitate twigs: holding
the substrate with several of the most posterior body segments and lifting the rest of
the body away from the substrate. When a fly touches the posterior body segments,
the caterpillar turns around and grabs the fly with its thoracic legs and mandibles, a
movement very similar to Manduca’s strike behavior. More research into this hunting
behavior might give an idea of how widespread the strike behavior is in Lepidoptera.
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Chapter five – General discussion
The research chapters in this thesis (chapters 2, 3 and 4) describe studies of caterpillar
locomotion while climbing and negotiating obstacles as well as defensive responses to
noxious stimuli. The findings discussed in these chapters are all responses to diverse
mechano-sensory inputs; gravity, touch and noxious stimuli. Although all effort was
taken to ensure the stimuli are relevant to caterpillars in the field, the focus of these
studies is not on the stimulus, but on how caterpillars respond to, and use, this sensory
information and how these responses are influenced by the morphology of this softbodied animal.

On climbing caterpillars
From field studies we know that several species of caterpillar move to feeding grounds
during the day, which requires navigation in a branched world and movement in
different planes. The species central to our studies, Manduca sexta, moves less but is
known to change location. The stimuli used in the study on climbing caterpillars,
described in chapter 2, are the changes in gravity and in torque that caterpillars
encounter when climbing as compared to locomotion in a horizontal plane.
Although it is unknown how caterpillars sense gravity, several lines of behavioral
evidence suggest that they do sense orientation relative to the ground. These include
the tendency to circle the substrate when climbing, and the faster re-positioning of the
prolegs after a withdrawal reflex when the caterpillar is upside-down. There are no
dedicated structures in the caterpillar known for sensing gravity. It is possible that they
can derive information on body orientation relative to the ground from other sensory
modalities.
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The detailed analysis of the kinematics of locomotion revealed that horizontal
locomotion and climbing in caterpillars are very similar. There were no differences in
the timing of steps and how much the prolegs were lifted. The caterpillars climbed a
bit slower, but this is unlikely to be biologically relevant as caterpillars rarely rely on
their velocity for survival.
It is difficult to interpret the caterpillar’s responses without taking the size and body
plan of the animals into account. There is a scaling effect which explains why smaller
animals in general are better climbers: the smaller an animal, the higher the energetic
cost of locomotion when expressed as grams moved per distance. The extra cost of
lifting the body when climbing (potential energy), does not scale. If regarding the cost
of climbing as the cost of locomotion + the cost of lifting the body, then the latter is
relatively smaller in smaller animals. In other words, the orientation of the body
relative to the direction in which gravity is pulling, is of less importance to smaller
animals.
Gravity and its influence on (the center of) mass are important in models of horizontal
animal locomotion such as the SLIP model. These models however are based on
locomotion with articulated legs and storage of energy in tendons and ligaments.
Because the caterpillar is soft, these models do not apply. In addition, locomotion is
relatively slow in caterpillars, making it unlikely that caterpillars cycle potential
energy as can be done in legs that are swung forward.

On obstacle negotiation.
As most caterpillars are herbivores living on plants, they are likely to encounter
irregularities in their crawling substrate such as trichomes and leaf veins. When a
caterpillar encounters an irregularity it will be predominately sensed by touch, as
caterpillars have very limited visual capabilities. Caterpillars have multiple ways to
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sense touch. They use the antennae on the head, but also a multitude of sensory hairs
on the thoracic legs, the prolegs and the rest of the body. The sensory hairs are
direction sensitive and vary in length depending on the location on the body.
When encountering an obstacle, the earliest touch-derived information about this
obstacle will originate from the antennae/head and, when the caterpillar crawls over
the obstacle, from body segments posterior to the head. Thus, for a proleg on the
abdominal body segment 3, the information about the obstacle originates anterior of
this proleg and / or from the hairs on the proleg itself. If the obstacle is small enough
to not be touched by hairs on the ventral surface of the body segments without
prolegs, this information might even originate from the thoracic legs. In order to adjust
the stepping motion of the prolegs correctly, the caterpillar must not only keep this
information 'in mind' during several crawl cycles, it also needs to have a sophisticated
level of proprioception to anticipate the location of the obstacle after several steps.
Anticipation of an obstacle can be measured using the peak in proleg lift velocity. This
peak in upward velocity occurs early in the step, making it a suitable parameter to
indicate anticipation. The peak in lift velocity is higher when the caterpillar steps on
an obstacle, i.e. the legs are lifted faster to accommodate the extra lifting that the
legs need to do to step on the obstacle. When the leg was still far from the obstacle
when the step started, and the sensory hairs were not touching the obstacle at that
point, the peak velocity was higher than in a normal step, indicating that information
about the obstacle was present and that this information originated anterior of the
prolegs. As the information originates anterior of the prolegs, information about the
obstacle must be contained and used in combination with proprioceptive information.
Steps originating far from the obstacle showed an additional peak in lift velocity. This
second peak is a response to new information about the obstacle and occurs closer to
the obstacle if the planta hairs on the stepping legs are removed. This indicates that
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the sensory hairs on local prolegs provide information which is used to fine-tune the
movement of the prolegs.
The body plan of the caterpillar strongly influences the way it uses information about
irregular terrain. An obstacle will be encountered by many of the prolegs because of
the caterpillar’s elongated body. Information gathered by anterior parts of the body
needs to be integrated with proprioceptive information. There are no sensors in the
caterpillar’s cuticle or muscles that seem to have a clear proprioceptive role in
locomotion, so it is not clear how this information is used.

On strike defense behavior
Larval Lepidoptera have 2 types of enemies in the field; other animals that eat them
and parasitoids such as wasps and flies that inject eggs into the caterpillars body. One
of the defense strategies used by caterpillars is the strike response, which is a fast
movement of the head towards a noxious stimulus on the abdomen. Noxious stimuli,
such as a poke with a small blunt object, are sensed by the multidendritic complex
which is a group of neurons that tiles the body wall with sensory fields.
There are no studies suggesting that the ability of the caterpillar to sense a noxious
stimulus varies along the body although this possibility cannot be excluded. The strike
accuracy however, does vary with the stimulus site. The mandibles landed consistently
posterior and ventral of the stimulus site. The distance in radial categories between
the stimulus site and the strike site is larger for dorsal than for ventral stimuli. The
distance in longitudinal categories between the stimulus and the strike sites is larger
for more anterior than for posterior stimulus locations.
An explanation can be found in the body plan of the caterpillar. To reach stimulus
locations on body segment A3 the caterpillar must make a tight curve, which is more
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difficult to achieve than the curvature needed to reach the terminal prolegs. To make
a tight curve, the muscles on the inside of the curve must shorten much while the
muscles and cuticle on the outside of the curve are stretched. When bringing the
mandibles to the terminal segment, the muscles on the inside of the curve have to
shorten less, and the muscles and cuticle on the outside of the curve are stretched to a
lesser extent than in the tight curve described above. Responding to dorsal stimuli
poses a similar problem. The caterpillar tends to curve mostly left or right and in the
same plane. To reach the dorsal midline, the caterpillar moves left or right and lifts its
head and thoracic segments. The lay-out of the musculature does not seem to allow for
a 'back-bend'.

The importance of Manduca sexta's morphology on behavioral
responses.
The way Manduca responds to the mechano-sensory stimuli described earlier (altered
angle of gravity, sensory information about obstacles and noxious stimuli), is highly
influenced by the caterpillars morphology. Being soft allows the caterpillar to grow
extensively between molts and to move its body with many degrees of freedom,
however there are limits to its range of movement. For example, curving the body in a
tight curve and at an angle towards the dorsal midline, is problematic for a caterpillar
because it limits its ability to respond to noxious stimuli at that location of the body. In
addition, the caterpillar does not seem to be able to do a 'backbend' or barrel roll
without assistance.
Being soft also means that caterpillars are not energy-efficient crawlers, because
activation of muscles does not only lead to forward motion of the body but also to
deformation of the tissues. It is this inefficiency that helps explain why their climbing
looks so similar to horizontal crawling. Small animals have inefficient locomotion to
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begin with (when expressed in mass moved per distance), which makes the energetic
cost of lifting the body relatively small. As caterpillar locomotion is even less efficient
compared to that of animals of similar size and mass, the cost of lifting the body
becomes negligibly small. Other aspects of the caterpillar’s morphology that help
explain the observed similarities between their vertical and horizontal patterns of
locomotion are the grip and the position of the prolegs. The crochets on the tips of the
prolegs provide a strong grip. Because the prolegs are positioned relatively close to
each other, which increases the risk of rolling over, the grip is used regardless of
orientation. This allows the caterpillar to use the same gait when crawling horizontally
or in other orientations.
The influence of the caterpillar’s morphology on the way it negotiates obstacles, stems
from the fact that the animal has a long body and the same obstacle will be
encountered by several pairs of (pro)legs and during several crawls. This requires that
the caterpillar has a sense of where the obstacle is relative to the body and how this
location changes as the caterpillar moves (proprioception). As it is unclear how
caterpillars collect proprioceptive information during locomotion and how sophisticated
it is, it could be possible that these animals rely purely on local, within body segment,
information. However the study described in chapter 3 shows that sensory information
originates from body segments anterior to the legs that step on the obstacle.
Information about the obstacle is thus shared between body segments and used in
combination with proprioception to adjust the stepping movement of the proleg.

Consequences of the movement of the gut during locomotion on
earlier findings
It was discovered that the gut of Manduca moves relative to the surrounding tissues
during locomotion, which was published in 2010 (Simon et al. see Appendix 1). The
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entire gut is either pulled forward by the head or pushed forward by the terminal
prolegs, while the prolegs of other abdominal segments are in stance phase. This
phenomenon was observed in caterpillars crawling horizontally, and it is not clear if
the gut moves to the same extent when the caterpillar climbs. It does however provide
an explanation on why the caterpillar crawls slower when climbing upward. There is a
pause between crawls and it is possible that during this pause the gut is moved
forward. In Simon’s paper it was suggested that the gut is moved forward by TP,
because of the methods used to calculate the timing between crawls (the peak in
forward velocity in TP counted as the start of the crawl), at least part of the
movement of the gut could have taken place during this pause. This pause is longer
when the caterpillar is climbing than when it crawls horizontally and having to move
the gut, about a third of the caterpillar’s body weight, upwards could provide an
explanation as to why this pause is longer.
When caterpillars crawl, the prolegs are not shortened much, instead the body segment
is lifted upward. Judging from the findings in Simon’s paper, the extent to which the
body segment is lifted during the swing phase, does not hinder the return of the gut to
the start position relative to the proleg. It is not clear if a larger lift of a single body
segment during locomotion would hinder the gut’s movement. Stepping on an obstacle
could increase the lift of parts of the body, but this was not tracked in the study on
obstacle negotiation. The proleg was shortened more during the swing phase, but there
is no evidence of the caterpillar using a crouched posture to limit body curvature in the
segment resting on the obstacle during stance. On the other hand, the obstacle might
be simply too small to hinder the movement of the gut, or using a crouched posture is
not going to be that beneficial because the prolegs are relatively short.
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Concluding remarks
The behavioral responses to mechano-sensory information as described in the
preceding chapters are all examples of situations in which the caterpillar’s morphology
plays an important role. The fact that the caterpillar is a soft-bodied animal affects
how efficiently it crawls, explains the caterpillar’s large field of motion, and
complicates proprioception. The absence of circular musculature limits the
caterpillar’s ability to make movements like backbends and the caterpillar’s long body
and anterior-grade locomotion ensure that obstacles need to be negotiated among
several pairs of prolegs and during several crawls. Although morphology is very
important, co-ordination requires the use of sensory information and commands from
the central nervous system to the muscles.
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Appendix 1 – The movement of the caterpillar
gut during locomotion
Originally published in 2010 in Current Biology (Volume 20, Issue 16, 1458-1463,) as:
Visceral-Locomotory Pistoning in Crawling Caterpillars
Authors: Michael A. Simon, William A. Woods, Jr., Yevgeniy V. Serebrenik, Sharotka M.
Simon, Linnea I. van Griethuijsen, John J. Socha, Wah-Keat Lee and Barry A. Trimmer

Summary
Animals with an open coelom do not fully constrain internal tissues(Clark and Clark,
1964;Snodgrass, 1935;Wigglesworth, 1972), and changes in tissue or organ position
during body movements cannot be readily discerned from outside of the body. This
complicates modeling of soft-bodied locomotion, because it obscures potentially
important changes in the center of mass as a result of internal tissue movements
(Bramble and Carrier, 1983;Bramble and Jenkins, 1993). We used phase-contrast
synchrotron X-ray imaging (Betz et al., 2007;Greenlee et al., 2009;Socha et al.,
2007;Westneat et al., 2003;Westneat et al., 2008) and transmission light microscopy to
directly visualize internal soft-tissue movements in freely crawling caterpillars. Here
we report a novel visceral-locomotory piston in crawling Manduca sexta larvae, in
which the gut slides forward in advance of surrounding tissues. The initiation of gut
sliding is synchronous with the start of the terminal prolegs’ swing phase, suggesting
that the animal’s center of mass advances forward during the midabdominal prolegs’
stance phase and is therefore decoupled from visible translations of the body. Based on
synchrotron X-ray data and transmission light microscopy results, we present evidence
for a two-body mechanical system with a nonlinear elastic gut that changes size and
translates between the anterior and posterior of the animal. The proposed two-body
i

system—the container and the contained— is unlike any form of legged locomotion
previously reported and represents a new feature in our emerging understanding of
crawling.

Results and Discussion
We used synchrotron X-rays generated by the Advanced Photon Source at Argonne
National Laboratory in a phasecontrast configuration (Betz et al., 2007;Greenlee et al.,
2009;Socha et al., 2007;Westneat et al., 2003;Westneat et al., 2008) to visualize
internal tissue movements in crawling hawkmoth caterpillars (Manduca sexta, Figure
1A; see also Movie S1 available online). The most prominent internal features were
tracheae, gas-filled tubes that supply all tissues in the body with oxygen and vent
carbon dioxide to the exterior via spiracular openings in the body wall (Figure 1A).
Tracheae appeared most clearly in X-rays because of the large difference in density at
the air-to-tissue interface and the edge-enhancement effects of phasecontrast imaging
(Socha et al., 2007), making them reliable internal marker(Figures 1B and 1C). Many
tracheae connect to muscles that insert into the body wall, whereas others connect
directly to the gut (Figure S1). This arrangement of trachea has also been noted in
caterpillars of other species with a comparatively transparent body wall (Caveney,
1998;Cockerell, 1892;King, 1880). By simultaneously tracking these different trachea,
we could determine the timing of movements of internal tissues during crawling.
We quantified the relative timing of gut, body wall, and proleg movements during
individual crawls using synchronized X-ray and visible light videos (Movie S2). Each
crawl began with a step by the terminal prolegs (TP) (Figure 1A), followed by an
anterograde wave of overlapping contractions and abdominal proleg steps in successive
segments (Movie S1) (Mezoff et al., 2004;Trimmer and Issberner, 2007). Remarkably, at
the start of each crawl, the gut in midbody segments moved in advance of the body
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wall and prior to the proleg swing phases. This can be seen in the sixth abdominal
segment (A6), where the gut-associated tracheae moved out of phase with the A6
proleg and body wall (Figure 1D). This difference was even more pronounced in the
more anterior fourth abdominal segment (A4), where the delay between gut procession
and body wall movement was as long as 1 s in a 4 s crawl cycle (Figure 1E). Thus, the
midgut typically advanced an entire step forward before the body wall caught up with
the gut at the start of the next abdominal proleg stance phase. Because the visiblelight videos included the entire body of the animal, we were able to determine that
these locally decoupled gut movements were synchronous with movements of the
terminal segment (Figures 1D and 1E).
To confirm these results throughout the entire gut and to better establish the source of
these gut movements, we used transmission light microscopy to analyze gut movements
in Manduca hatchlings, which are translucent and crawl similarly to later instars (Figure
2A). By tracking internal or external markers relative to reference points at each end
of the animal (Figure 2B), we could correlate their movements to those of the gut and
body wall (e.g., Figures 2C and 2D, respectively). The movement profiles of the
internal and external markers differed significantly (Table 1). Internal marker
movements throughout the body correlated positively with those of the TP and head
(Rayleigh’s test for uniformity: correlation with head movements, B = 31.89° ± 2.87°, n
= 19, R = 18.59, p < 0.0005; correlation with TP movements, B = 19.94° ± 3.81°, n = 19,
R = 18.30, p < 0.0005). In contrast, external body wall movements did not correlate
positively with those of the terminal prolegs and even correlated negatively with
terminal proleg movements during TP stance phase, because the crawl wave propelling
the external markers moved faster than either reference point (Table 1).
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Figure 1. The Gut Moves out of
Phase with the Surrounding Body
Wall and Prolegs but Moves
Simultaneously with Forward
Movement of the Terminal
Prolegs
(A) Major external and internal
features of Manduca sexta. The
body is divided into the head
(H), three thoracic segments
(T1–T3), seven midbody
abdominal segments (A1–A7),
and the most posterior, terminal
segment (TS). Segments A3–A6
each have a pair of prolegs. TS
is specialized compared to the
other abdominal segments, with
different musculature and its
own terminal (or anal) prolegs
(TP). Most X-ray imaging was
carried out on the prolegs and
segments labeled A3 though TS.
The boxed region is shown in the
contrast-enhanced X-ray image
in (B). See also Movie S1 for an
example of animal crawling. (B)
This image of a region of the
fourth abdominal segment of a
fifth-instar larva was taken from
a video sequence during
crawling. The prominent tubular
structures are tracheae. Also
visible are folds in the body wall
and experimentally applied
contrast agents such as
microspheres (injected into the
hemocoel) and opaque ink
(applied to the outside body
wall). See also Figure S1.
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(C) The inset shows a region of the X-ray image after frame averaging to reveal tracheal
locations more clearly. For video processing details, see the Supplemental Experimental
Procedures. (D and E) Gut movements from the perspective of the sixth abdominal segment (A6,
D) and the fourth abdominal segment (A4, E). The axial velocity of the gut, terminal proleg, and
local body segments (A6 and A4, respectively) were tracked throughout a crawl. Gut movements
are shown as a heavy red line, and those of the terminal proleg are shown as a black line. The
local body wall velocity is traced as a gray line. The gut consistently moved forward at the start
of a crawl cycle, concomitantly with terminal proleg movement but out of phase with the local
body wall and proleg movement. Gaps in gut velocity tracking were due to the occasional
disappearance of tracking points. See also Movie S2 for an example of X-ray imaging.
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Although correlations of gut markers with the reference points were positive, they
were not constant throughout the body but were instead position dependent (Figure
2E). Generally, posterior gut markers correlated more strongly with terminal proleg
movements than did anterior gut markers (linear regression, ß’ = 232.5°/body length
(BL), R2 = 0.378, F17,1 = 10.335, p = 0.005), and anterior gut markers correlated more
strongly with head movements than did more posterior gut markers (linear regression,
ß’ = 24.7°/BL, R2 = 0.381, F17,1=10.447, p < 0.005). These correlations indicate that the
gut was differentially displaced throughout the body, effectively shortening and
lengthening throughout the duration of each crawl cycle.
This is, to our knowledge, the first report of an animal locomotory system with
decoupled viscera. Although internal tissue movements caused by locomotion have
been identified in many organisms, including mammals and birds (Boggs and Frappell,
2000;Bramble and Carrier, 1983;Carrier, 1987), the unusual phenomenon of viscerallocomotory pistoning that we describe here is not generated by cyclic inertial forces
from the locomotion itself, as in previous reports. In fact, most caterpillars move so
slowly that they can stop and restart during any part of their crawl cycle without major
changes in the subsequent kinematics (i.e., they are quasistatic) (Lin and Trimmer,
2010;Trimmer and Issberner, 2007). Rather, the unique phenomenon of gut sliding is
made possible by the convergence of several factors: (1) Manduca sexta crawl axially,
such that longitudinal movement of organs is in the direction of motion, (2) Manduca
sexta are not septate or otherwise divided into separate compartments, so fluid and
tissues can be displaced from one body segment to another, and (3) caterpillars are
highly deformable and lack an axial skeleton. In animals with a stiff skeleton, organ
movement can be constrained by anchoring soft tissues directly or indirectly to nearby
rigid structures. In contrast, the larval gut is a tube—functionally divided into a crop,
midgut, and hindgut—suspended between the mouth and rectum (Snodgrass, 1935). The
midgut of a continuously feeding caterpillar is typically full, with the crop acting as a
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Figure 2. Gut Movements in
Crawling First-Instar Manduca
sexta, as Measured by
Transmission Light Microscopy
(A) First-instar Manduca sexta
first-day hatchlings were placed
on a microscope slide cover
printed with regularly spaced
black dots and allowed to crawl
freely. Points on the interior
(black arrowhead) and exterior
(white arrowhead) of the
animal’s body were tracked using
kinematic software (see
Supplemental Experimental
Procedures). (B) In this
representative example, marker
movements were regressed
against TP movements (circles)
and head movements (triangles)
throughout the entire crawl or
during each of the TP swing
(black markers) and stance (gray
markers) phases. Linear
regression results for separate
swing and stance phase analysis
are shown here as dashed lines.
(C) The aggregated regression
coefficients (transformed to the
circular variable B; see
Supplemental Experimental
Procedures for details) were
tested for dispersion by
Rayleigh’s R [40]. Representative
example of internal markers
during TP swing phase, n = 19.
(D) Like (C), but with external
markers during TP swing phase, n
= 19. All aggregated results and
statistical analyses are
summarized in Table 1
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(E)Correlation of hatchling gut movement with movement of head and terminal prolegs is bodyposition dependent. Correlation was determined by regressing gut marker displacement
throughout the duration of a crawl against that of a reference point, either the TP or the head
(See Body-Position Dependence in the Supplemental Experimental Procedures). Heavy horizontal
lines emphasize correlation values of 0° (no interaction) and 45° (perfect positive correlation).
Each circle represents one gut marker tracked throughout a single crawl: filled circles show
correlation with the head, and empty circles show correlation with the terminal prolegs. n = 19
markers in 10 animals.
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temporary storage area for food matter before digestion in the midgut. Therefore, the
full crop and midgut represent a mostly solid mass that is relatively free to slide,
shorten, and lengthen axially.
The movements of the hatchling gut are correlated with those of the anterior and
posterior parts of the animal rather than the body wall, validating X-ray evidence for a
gut decoupled from the body wall. Additionally, the position dependence of marker
correlation offers a clue to the mechanical properties of this system. Because points
within the gut move at different rates relative to each other, we hypothesize that the
gut behaves mechanically as a nonlinear elastic structure that translates, shortens, and
lengthens within the confines of the body, moved by forces exerted from the anterior
and posterior ends of the animal. In light of the presence and timing of these gut
movements, we propose a new mechanism for crawling in Manduca sexta (Figure 3A).
The gut can be described as a cylindrical, nonlinear elastic mass that extends from the
terminal segment to the head. The caterpillar body wall and musculature constitute a
soft shell around the gut, the cuticle resembling a woven tube (Carter and Locke,
1993;Lin et al., 2009) and the musculature resembling a complicated, repeating series
of primarily longitudinal and oblique muscles (Barth, 1937;Eaton, 1988;Levine and
Truman, 1985). Within the crawling caterpillar’s body wall, the gut shortens and slides
forward during the terminal proleg swing phase, resulting in a shift forward of the
animal’s center of mass (CoM). The combined mass of the gut and terminal segment
constitutes a large proportion of the animal’s total mass—the full midgut alone
represents one-third of a new fifth-instar larva’s total mass—so this CoM shift is
substantially greater than would be expected from external observation. Because the
terminal proleg swing phase is advanced relative to the midabdominal segments, this
movement by the CoM occurs before the rest of the body is shifted forward, an
important distinction from general biomechanical templates (such as the SLIP model
(Full and Koditschek, 1999)) applicable to legged locomotion in a variety of animals
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(Dickinson et al., 2000;Full and Tu, 1991). Rather, these results support a template in
which a deformable gut is non-elastically connected to the front and back of the
animal and effectively disconnected from much of the remaining propulsive
musculature (Figure 3B). This caterpillar is a two-body system—the container and the
contained— in which propulsion of the internal tissues is decoupled from grip and
propulsion of the body wall (Lin and Trimmer, 2010;Simon et al., 2010), contributing to
the considerable freedom of movement observed in these soft-bodied crawlers.
Our discovery that the caterpillar midgut moves between body segments during
crawling prompts a new question: Is this visceral pistoning merely a by-product of the
forces generated during crawling, or does it also confer an evolutionary advantage to
the caterpillar? Previous research on inertial visceral movements in running vertebrates
suggested a respiratory advantage to synchronizing breathing and tissue movements
(Bramble and Carrier, 1983;Bramble and Jenkins, 1993). Animals demonstrating such
timing are not limited in locomotory performance by restricted respiratory function
during vigorous activity, as are many reptiles (Carrier, 1987). In addition, arm swinging
by walking humans, a repeated motion coupled through elastic linkages (i.e., the trunk
and shoulders), increases stability by dampening torso and head rotation (Pontzer et
al., 2009), stimulates locomotory activity through recruitment of lower-limb motor
units (Ferris et al., 2006), and reduces the overall metabolic cost of walking
(Umberger, 2008). A similar advantage may be conferred to the caterpillar by gut
sliding. Because the larval stage of Manduca is focused on eating and growing, its body
should be structured to permit rapid growth and uninterrupted digestion. By freeing
the gut from local perturbations caused by the locomotory compressive wave of
crawling, visceral-locomotory pistoning may facilitate a wider expression of movements
and behaviors while minimizing mechanical impacts on the digestive system (for
example, anterograde crawling waves interacting or interfering with the retrograde
peristalsis of digestion (Chapman, 1998)).
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Table 1
Interactions are expressed as degrees of correlation between internal marks and either the
terminal prolegs (TP) or the head, where a correlation of 0° = no interaction and 45° = perfect
positive correlation (see Aggregating Sample Interactions in the Supplemental Experimental
Procedures), with relative motion determined throughout the entire step or during just the TP
swing or stance phases. Mean degree of correlation is expressed with 95% confidence intervals
(CI), and significance of the mean is tested using Rayleigh’s R (Zar, 1996). Internal and external
points are compared separately using the Watson-Williams test for two circular samples to
demonstrate differences in interaction with the body. df denotes degrees of freedom.
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Regardless of whether an evolutionary advantage exists, the presence of gut sliding
during crawling means that the material properties of the gut, and especially its
elasticity and response to compressive and tensile forces, may be important features of
caterpillar biomechanics and control of locomotion. The presence of these gut
movements in hatchlings and large fifth-instar larvae suggests that size is not limiting
for visceral-locomotory pistoning. We predict that this mechanism is applicable to
caterpillars with different body morphologies (Nagy and Grbic, 1999;Scott et al.,
2010;Wagner, 2005) and that similar internal tissue movements may be present in other
soft-bodied organisms with an open coelem, such as the leech and some oligochaetes
(Fretter and Graham, 1976), but not in highly muscularized structures, such as the
elephant trunk or human tongue (Kier and Smith, 1985). These findings also have
significance beyond animal locomotion, because they are already contributing to the
design and development of deployable, maneuverable, and orientation-independent
soft material robots (Trimmer, 2008). Given the ubiquity of studies on the
biomechanics of the skeleton and of soft tissues anchored to it in research on
mammalian (and, more specifically, human) gait and posture, these findings may
ix

prompt a reexamination of the potential role of soft tissues in the biomechanical
performance of animals with stiff skeletons.

Experimental Procedures
Animals
Larvae of the tobacco hornworm Manduca sexta (Lepidoptera: Sphingidae, L.) from a
colony at Tufts University were raised in a 17 hr:7 hr light:dark cycle at 27°C on an
artificial diet (Bell and Joachim, 1978).
Synchrotron X-Ray Visualization
Caterpillars at all developmental stages were transported by commercial jet to
Argonne National Laboratory. The X-ray source was the Advanced Photon Source,
beamline 32-ID-C, at Argonne National Laboratory, as described previously (Socha et
al., 2007;Westneat et al., 2003). A scintillator positioned 80 cm behind the crawling
caterpillars converted X-rays to visible light, which was imaged onto a Cohu 2700
camera via a Mitutoyo 23 microscope objective and tube lens. X-ray video data were
recorded on miniDV digital tape with an image size of 720 x 480 pixels in 8-bit
monochrome at 29.97 frames per second, and video data from standard cameras were
recorded on site on recordable DVDs in MPEG-2 format at 29.97 frames per second.
Video processing was performed using VirtualDub video editing software
(http://www.virtualdub.org/ by A. Lee). Because of poor visual contrast in digitized
recordings, we enhanced all X-ray videos with a windowed histogram equalizer filter
(http://www.neuron2.net/ by D. Graft). Only scenes of continuous, straight-line
crawling by fifth-instar larvae were used for kinematic and temporal analysis.
Representative crawls were analyzed using kinematic software, either with Ariel
Performance Analysis System (Ariel Dynamics) or DLTdv3 (T.L. Hedrick, University of
North Carolina at Chapel Hill) (Hedrick, 2008).
x

Hatchling Analysis
Male and female first-day hatchlings selected for translucence crawled on a glass
microscope slide and glass coverslip printed with regularly spaced dots. Images were
magnified by dissection microscope, recorded by video camera, and then captured to
computer. Videos were screened for bouts of straight-line crawling. Individual crawls
that were at neither the beginning nor the end of a bout of crawling were randomly
chosen for further analysis.
Hatchling movements were digitized using DLTdv3 (Hedrick, 2008). For each crawl, at
least one but no more than three internal points contrasting with the transmitted light
were identified within the body and tracked. At least one but no more than two marks
on the external surface of the abdomen of the animal were tracked as controls, as
were reference points at the tip of the head and the TP. The axial positions of the
head and TP were used as reference points for body position, and the initial position of
TP was selected as the origin of the system. To determine relative gut movement, we
tracked marker progress relative to TP progress and head progress. Regressing either
one against animal length resulted in a coefficient (ß) representing the ratio of marker
progress to reference progress, with positive correlation at ß = 1 and no correlation at
ß = 0.
To aggregate interaction coefficients, we analyzed the random circular variable B,
where B = tan-1(ß) with range Bε˛[-π, π]. Dispersion of B and significance of the mean B
were tested using Rayleigh’s R, and aggregate differences between samples were
tested by the Watson-Williams test for distance between circular samples (Zar, 1996).
To determine body-position dependence, we regressed marker/reference interaction
coefficients (ß) against relative marker position within the body. The resulting
regression coefficient (ß’) represented the change in marker/reference interaction
over the length of the animal (i.e., ß/BL).
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Figure 3. Proposed Mechanism of
Gut Sliding in Crawling
Caterpillars
(A) The light outline represents
the initial position of the
Manduca at the start of a crawl,
and the black dashed line
represents the position of the
fourth abdominal segment (A4) at
various points during a crawl. (1)
The Manduca center of mass
(CoM), estimated from the
external dimensions, is initially
close to segment A4 and the
resting A4 segment of the gut
(marked with a white dashed line
throughout). (2) As the caterpillar
picks up its TP, the gut shortens
and slides forward, causing the
CoM to move forward. (3) This
forward gut movement and
accompanying CoM translation
continues during the sixth and
fifth abdominal proleg swing
phases, whereas A4 remains
stationary. (4) At the end of the
terminal proleg swing phase, the
initial A4 region of the gut and
the CoM have moved anterior to
A4. (5) During the A4 proleg swing
phase, the CoM again advances as
the body wall catches up with the
displaced gut. (6) By the end of
the third abdominal proleg swing
phase, the gut has returned to its
original position within the body,
as has the CoM. (B) A simple
biomechanical template of this
process. At left, a hypothetical
CoM moves anteriorly over the
stationary fourth abdominal
segment prolegs (A4P) during the
TP swing phase. During the A4
proleg swing phase, illustrated at
right, the CoM continues to shift
as the A4 proleg returns to its
original position relative to the
gut.
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Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures, one figure,
and three movies and can be found with this article online at
doi:10.1016/j.cub.2010.06.059.
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Appendix 2 Change in morphology from
hatchling to early fifth instar
Introduction
When developing from a hatchling to a fifth instar, Manduca sexta larva not only grow
extensively, they also change shape. Most notable is the horn, which is about two
thirds of the body length in the hatchling, but less than one body segment in the fifth
instar. The hatchlings are also more slender than the fifth instars. To visualize how
caterpillars change shape, still images of hatchlings and fifth instars were compared.

Methods
Videos were taken of 40 hatchlings and 40 second day fifth instars sitting motionless on
an insect pin or dowel using a digital video camera (Canon ZR10 for 5 th instars and
Bassler GenI Cam Source for hatchlings). Still images of the caterpillars were captured
from the video using Windows Movie Player after saving the videos as ‘old format AVI’
in VirtualDub (version 1.83). Graph paper was used for calibration. Initially the aim was
to make a transformation grid such as those made famous in D’Arcy Thompson’s book
‘On Growth and Form’ (1917), especially in the final chapter called ‘On the theory of
transformations or the comparison of related forms’. However there were too few
landmarks visible on both the hatchling and the fifth instar to make a reliable
transformation grid. Instead, 49 landmarks of the outline of the caterpillar were used
for the comparison (see Fig. 1). Before comparison, the images were rotated so the
substrate was perfectly horizontal in the image and the spiracle of A3 was located on
the same location in each image.
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Fig A2.1. The 49 landmarks on a hatchling (left) and a fifth instar (right)

To compare the shape of the hatchling to that of the fifth instar, the average shape of
each stage needed to be calculated. For this the ‘tpsDig’ software from the
Morphometrics website of SUNY Stony Brook was used
(http://life.bio.sunysb.edu/morph/index.html). Each of the 49 land marks were
indicated in each of the 40 images. This allowed for a calculation of the average
location of each of the landmarks. These averages were then used to create an
‘averaged’ image from the original 40 pictures (See Fig. 2).
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Fig. A2.2. Images of the ‘average’ hatchling (left) and fifth instar (right).
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Next the ‘average’ hatchling was compared to the ‘average’ fifth instar. In some of the
files, the number of dpi (dots per inch) was not the same for the length and the height
of the image, presumably because of changing file formats of the videos and the
different cameras used. This means the result might be slightly skewed when
comparing the heights of the caterpillar. Using the tpsSplin.exe program from the
morphometrics website, the hatchling and fifth instar were compared. The comparison
did not include the difference in size and purely looked at the difference in shape. The
program creates a ‘thin plate spline’, which basically graphs what would happen if a
thin sheet of metal was morphed into a new shape using the location change of the 49
landmarks used in this study. Although this gives us a graphical representation of the
new locations of the landmarks on the fifth instar, the developers of the program stress
that the thin plate spline techniques should not be used for developmental studies.

Results
Differences in shape observed are:


The horn is relatively bigger in the hatchling.



The head capsule is relatively bigger in the hatchling.



The thoracic legs are relatively larger in the hathcling



A6p is relatively bigger in the hatchling while in general the prolegs are not
relatively bigger. The relative big size of A6p can be seen in Fig. 2.2



The body of the hatchling is relatively thinner compared to that of the fifth
instar.

xix

F i g u r e

A 2 . 3

T h e

c h a n g e

i n

s h a p e

b e t w e e n

t h e

h a t c h l i n g

a n d

t h e

f i f t h

i n s t a r

Fig. A2.3. The change in shape from a hatchling (red dots) to the second day fifth instar (arrow)
represented by vectors (A) and as a thin plate (B)

Discussion
This small study confirms that hatchlings are relatively thinner than fifth instars,
however, due to the technical problem with the DPI, no exact ratio could be
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calculated. The fact that the hatchlings are thinner than the fifth instars is perhaps not
surprising as many of the smaller caterpillars species also have slender bodies. Slender
caterpillars often have an inching gait, which is not the case in Manduca hatchlings.
Manduca hatchling do lift up to 4 prolegs at the same time (unpublished observations),
while the fifth instars lift no more than 3 at the same time. Perhaps this creates a need
for a firmer grip and can explain why the proleg on A6 is relatively big compared to the
other prolegs on the hatchling.
The horn, head capsule and thoracic legs are all relatively large in the hatchling. As
these structures all have a hard cuticle, which limits their growth between molts, the
relatively large size in the hatchling ensures sufficient possibilities for growth during
the larval stage.
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