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Just when the caterpillar thought the world was over,
it became a butterfly...
- Proverb
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Abstract

Recent major advances in understanding the organizational principles underlying
motor control have focused on a small number of animal species with stiff articulated
skeletons. These model systems have the advantage of easily quantifiable mechanics but
the neural codes underlying different movements are difficult to characterize because
they typically involve a large population of neurons controlling each muscle. This
arrangement also makes it difficult to study how neural codes drive adaptive changes in
behavior. This problem is highly simplified in the larval stage of the tobacco hawkmoth
Manduca sexta because of its unique motor innervation pattern: each muscle is
innervated by one, occasionally two, excitatory motor neurons. This arrangement allows
the electrical activity of each muscle to be mapped to individual motor neurons.
Furthermore, there is no complicating influence of inhibitory activity. As a result, by
correlating electromyographic (EMG) events to spikes in motor neuron activity, muscle
activation patterns can be converted into specific motor neuron activation patterns. Using
these patterns of spike activity, the mechanical responses of the muscles during natural
strain cycles can then be quantified through in-vitro work loop analysis. To acquire motor
patterns underlying adaptive locomotion, I employed a newly developed flexible microelectrode array specifically designed to record high resolution muscle activity from
Manduca muscles during crawling and climbing. Because of the high signal selectivity of
the electrode array, it was possible to identify single excitatory junction potentials (EJP)
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within the composite EMG signals and relate the firing activity of single motor neurons
to behavior. The hypothesis that soft-bodied animals like Manduca exploit self-adaptive
properties of muscles to simplify motor control when presented with environmental
changes, such as changes in crawling orientation, was tested. Not only were changes in
Manduca crawling kinematics identified for the first time, but the timing of muscle
activity was also found to be highly dependent of the orientation of the plane of motion,
suggesting a more direct involvement of the CNS in Manduca adaptive behavior than
previously hypothesized.
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1. Introduction

The main objective of this research work is to understand the neural control strategies
underlying adaptive locomotion in the soft-bodied animal Manduca sexta. Motor neuron
spike activity during crawling and climbing has been inferred from muscle activation
sequences capitalizing on two key factors: (1) the unique motor innervation pattern of
Manduca, which involves a one-to-one correspondence between motor neurons and
innervated muscles, and (2) the intrinsically high spatial resolution of a novel
microelectrode array specifically designed to record activity from Manduca muscles with
single motor unit resolution. To aid electrode placement, a detail characterization of
Manduca muscle anatomy was carried out and a novel insertion method involving the use
of silk fibroin developed.
This introductory chapter presents a background on soft-bodied locomotion focusing
on Manduca sexta together with the working hypothesis that motivated the research work
detailed in this dissertation.

1.1 Soft-bodied Movements
All animals, whether vertebrates or invertebrates, must coordinate their bodies with
precision during movement. An important challenge in neuroscience is to understand how
the neural commands produced by the central nervous system (CNS) control motor
coordination [1]. The idea that motor control is the result of a hierarchical relationship
1

between the CNS and the periphery is increasingly being seen as too simplistic [2, 3] .
Instead, complex behaviors are now believed to emerge from the dynamic interplay
between the brain, the body, and the environment [4, 5]. Depending on their intrinsic
morphology and the challenges posed by the environment, different species have evolved
different solutions to efficient locomotion and precise movement control [6]. In
vertebrates, movement is based on muscles acting on a rigid skeleton via joints and
tendons, providing not only mechanical support during movement, but also a system of
levers.. A jointed skeleton also acts as a structural constraint to limit the range of possible
movements. By limiting the degrees of freedom that need to be supervised by the CNS,
motor control can be greatly simplified.
Contrary to articulated animals, soft-bodied animals do not possess a rigid jointed
skeleton. They have highly flexible and deformable bodies that can be twisted and bent in
complex ways and in almost any possible direction (Figure 1A) [7]. To move in such a
high dimensional workspace, most soft-bodied animals rely on muscles transmitting
forces through a hydrostatic skeleton. This exploits Pascal’s law to exchange small forces
into large displacements and vice versa, much as articulated skeletons exploit hinges and
levers. Furthermore, muscles surrounding an internal cavity filled with an incompressible
fluid (i.e. a fluid that does not change in volume when pressurized) can be used to change
the overall bending stiffness of the structure. This simple hydrostatic trick provides
enough stiffness for the muscles to perform work, while posture and body shape can be
maintained by adjusting the animal’s internal body pressure [8]. However, a fluid-filled
skeleton implies that changes in pressure can propagate in any direction, potentially
causing large body deformations and posture instability. This fluid pressure-based
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mechanism has significant repercussion on how locomotion is accomplished since the
activation of certain muscle groups can potentially deform specific parts of the animal’s
body but not necessarily contribute to generate the intended motor output. From an
energetic point of view, hydrostats are therefore highly inefficient.
Mollusks and annelids, such as leeches and earthworms, are all well studied
hydrostats [9-14]. A common locomotor pattern in hydrostats is that of peristalsis, a wave
of muscle contraction that propagates along the body and that involves the activation of
antagonistic blocks of longitudinal and circular muscles [15] Manduca does not possess
circular muscles and its body segments tend to decrease in diameter as they shorten,
implying that body segments are not constant in volume. Furthermore, the co-activation
of dorsal and ventral muscles observed in Manduca [16], is incompatible with a
peristaltic locomotor strategy. An alternative tension-based model for Manduca
locomotion is described in paragraph 1.4.3.
Another large group of soft-bodied animals is represented by muscular hydrostats. As
the term suggests, a muscular hydrostat is a soft-bodied animal whose body is composed
mainly of muscle tissue. Contrary to a pure hydrostat, there is no fluid-filled internal
cavity; instead the muscle cells act as an incompressible fluid. In response to muscle
activation, muscle cells become pressurized, allowing muscles to transmit forces along
the body and provide skeletal support during movement. The vertebrate tongue and the
elephant trunk are examples of muscular hydrostats.
The most studied muscular hydrostats are cephalopods [17], particularly the octopus.
They are extremely flexible and deformable animals, with an intricate musculature[18,
19] and a very complex nervous system. For instance, the octopus arm alone is controlled
3

by 50 million neurons [20-22], making recording and interpretation of neural signals
extremely challenging. For this reason, the control strategies adopted by the octopus to
efficiently operate in a workspace with virtually unlimited degrees of freedom are still
unclear.
Although not as flexible and deformable as an octopus, Manduca sexta larvae (called
caterpillars, Figure 1A) represent a more approachable system to study soft-bodied
motion as both the neural and muscular component are easily accessible. In Manduca,
movements are achieved by coordinating several concatenated segments containing 50
muscles each. Despite the large number of muscles potentially involved in any
movement, the CNS is composed of only few hundreds motor neurons, each innervating
one (occasionally two) muscle(s) [23, 24]. This peculiarity of Manduca is extremely
advantageous since it allows the firing pattern of specific motor neurons to be monitored
directly from recordings of muscle activity (Figure 1B) during unconstrained behavior.
From a neural control point of view, Manduca represents a fascinating challenge:
how does a relatively small CNS control all the degrees of freedom available to a
caterpillar and select the appropriate muscle activation sequences among an incredibly
large number of possibilities?
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Figure 1: Soft-bodied movements and muscle innervation in Manduca sexta. (A) Manduca
sexta larvae (caterpillars) are extremely flexible. They twist and turn in complex ways. (B) The
vast majority of Manduca muscles are innervated by only one motor neuron (solid line).
Occasionally, two motor neurons innervate the same muscle (dotted line). Since motor neurons
are exclusively excitatory, it is possible to trace the electrical activity recorded from specific
muscles to their corresponding motor neurons and compute their firing patterns.

1.2 Working Hypothesis
1.2.1 Motor Programs
The working hypothesis that motivated this research work is that, in the absence of a
rigid skeleton, soft bodied movements are shaped by a skeleton-like structure that is
dynamically defined by the action of muscles (dynamic skeleton). Self-adaptive
properties of muscles such as viscosity (i.e. internal resistance to deformation) and
5

pseudo-elasticity (i.e. elasticity whose strain dependence changes during loading and
unloading) [25-27] may allow Manduca muscles to fine-tune their stiffness according to
their strain pattern by simply interacting with external forces. In this scenario, muscles
and their associated structures are expected to mechanically compensate for changes in
the environment and do not necessitate a precise neural control [3]. This would explain
why caterpillars are able to control all the degrees of freedom that are available to them
using only a few hundreds motor neurons. At the basis of this hypothesis is the
assumption that, because of their intrinsic material properties, muscles exhibit a high
degree of functional adaptability, effectively behaving as actuators, dampers and brakes
[3, 7]. This strategy exploits changes in muscle stiffness by controlling the degree and
timing of activation: active muscles are stiff and resist deformation, passive muscles are
compliant and can be easily stretched by the action of other muscles or by internal
pressure changes [3, 5]. Caterpillars do not have inter-segmental septa, muscles located in
adjacent segments are connected to one another and can be passively stretched during
movement. As a result, the timing of stimuli reaching a muscle relative to its strain cycle
determines the force generated by that muscle, eventually influencing its role during
behavior. Indeed, in vitro work loop experiments show that when a train of stimuli is
applied at different times relative to the length of a muscle, the work output changes: the
muscle goes from performing a net positive work (i.e. the muscle is acting like an
actuator) to performing a net negative work (i.e. the muscle is acting like a damper), as
illustrated in Figure 2 [27].
Measurements of muscle force and length changes using isometric, isotonic, and
dynamic work loop protocols show that the effective stiffness of muscles changes with
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the magnitude, rate and timing of loading [28, 29]. A general working hypothesis is that
these relationships allow muscles to automatically adjust their force profiles to match
particular tasks [3, 30]. In response to environmental perturbations, such as changes in
the plane of motion, Manduca muscles may be able to adapt to operate in a different
region of their force-length relationship without the need of direct motor commands. This
purely mechanical compensatory mechanism would significantly reduce the number of
control variables that the CNS needs to monitor in order to produce well-coordinated
movements. For most animals, changes in orientation require significant changes in the
sequence of motor commands issued by the CNS because their stiff skeleton and its
associated structures cannot appropriately self-compensate for varying forces. In contrast,
and as a test of the dynamic skeleton idea, motor programs in Manduca sexta are
expected to be robust and largely conserved. For instance, motor patterns underlying
horizontal and upward vertical crawling are expected to preserve the timing of peak
muscle activity. However, the motor neuron firing frequency is expected to differ in the
two orientations due to different muscle force requirements.
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Figure 2: In vitro work loops. (A) Relationship between changes in length of a caterpillar
muscle subjected to a stimulus while undergoing a strain cycle and the force the muscle can exert.
(B) Work loop corresponding to the stimulus in (A). When it is at its shortest length, the muscle
performs positive work (counterclockwise loop, red), behaving like an actuator. During
shortening (from right to left) the stress on the muscle is significantly lower than during
lengthening (from left to right). During lengthening, the muscle performs negative work
(clockwise loop), resisting being stretched and thus behaving like a damper. (C) When the
stimulus is applied 0.2s earlier (left) or 0.2s later (right), the work output changes and the muscle
no longer perform positive work. Adapted from [27].
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1.2.2 Horizontal and Vertical Crawling
Horizontal and vertical crawling have been chosen to test the above working
hypothesis because caterpillars have been shown to exhibit the remarkable ability to
maintain the same gait kinematics during horizontal and upward vertical crawling[31]:
segment timing and proleg lifting times are kinematically indistinguishable (Figure 3).
Furthermore, it is generally believed that insects cannot transition between behaviors (and
gaits) without the descending influence of neurons in the central complex [32-34].
However, de-brained caterpillars (which destroys the central complex) do not change
their gait kinematics when transitioning from crawling to climbing [35], which suggests
that, in support of the main working hypothesis, Manduca uses the same motor programs
in both orientations.
Although most animals adopt distinct gait kinematics to adapt to changes in slope [36,
37] , some animals, such as geckos and cockroaches [32, 36-40], use similar vertical and
horizontal kinematics, just like Manduca. However, past studies have focused on animals
with a rigid skeleton and little is known on how soft-bodied animals adapt their gait and
their motor control strategies to changes in orientations.
From a biomechanical point of view, two main factors might enable caterpillars to
effectively ignore gravity and thus explain the striking similarity between horizontal and
vertical kinematics: (1) a strong passive grip of the prolegs that enables caterpillars to
firmly hold onto a substrate in any orientation ([41, 42], see paragraph 1.4.1), producing
forces that exceed the forces exerted on the body in different orientation; (2) powerful
muscles able to produce a peak force of 40mN, roughly corresponding to a 4g force [27].
Furthermore, from an energetic standpoint, caterpillar locomotion is highly inefficient
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because of large soft-bodied deformations. It has been estimated that caterpillars spend
4.5 times more energy than any other articulated animal of similar size to move around
[43, 44]. Therefore, it is possible that the extra energy needed to lift and move the body
forward in the vertical orientation is negligible with respect to the horizontal orientation.
In line with these energetic considerations, ground reaction forces (GRF) have been
shown to maintain similar profiles in the two orientations [35]. On the other hand,
according to two possible alternative scenarios, it is possible that (1) motor programs
change to compensate for different loading conditions and, in doing so, generate the same
kinematics or that (2) changes in motor patterns and mechanical compensation are both
required when transitioning from horizontal to vertical crawling to adequately
compensate for altered forces. One of the main goals of this thesis is to quantify the
contribution of the neural component to the motor commands generated during crawling
in the horizontal and vertical orientation.
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Figure 3: Kinematics of horizontal and vertical crawling on a wooden substrate. Whether
caterpillars crawl on a level surface or crawl upwards, their movements relative to the overall
crawl duration look very similar. The blue and red bars represent the swing phase of each proleg,
listed on the left as A3, A4, A5, A6, TP (see paragraph 1.4), during horizontal and upward
vertical crawling respectively. Each swing phase has been expressed as a percentage of the mean
crawl duration. Swing phase is defined as the time during a crawl in which a proleg is off the
ground (see paragraph 1.6). A total of 25 animals and 3 to 5 crawls per animals were considered.
From [31].

1.2.3 Substrate Effect on Gait Kinematics
It has been hypothesized that Manduca motor patterns could also be robust when
crawling and climbing on substrates of different stiffness. Because of the proleg gripping
mechanism (see paragraph 1.6.1), caterpillars crawl well on stiff substrates with a rough
and porous surface, such as the wooden dowel used in [31] , regardless of the orientation.
As the substrate becomes more compliant, additional muscle stiffness is expected to be
required to generate movement so motor neuron spike frequency is expected to increase.
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However, because of the self-compensating properties of muscles, it is possible that the
timing of muscle activation relative to the strain cycle remains constant. To begin
exploring the effect of substrate stiffness on Manduca locomotion the kinematics of
horizontal and vertical crawling has been carefully studied using a variety of elastic
materials, as described in paragraph 2.10. The goal is to identify any effects of substrate
stiffness on the gait kinematics. Any such changes would suggest neural compensation,
and therefore, a change in the sequence of motor commands issued by the CNS

1.3 Manduca sexta as Animal Model
Manduca sexta represents an extremely advantageous animal model for studying the
neuromechanics of soft-bodied locomotion. Not only their slow and stereotypical
crawling pattern highly simplifies video tracking and kinematic analysis, but their
muscles are also robust, easily accessible for electromyographic recordings, and can be
studied in isolation. Furthermore, Manduca can be raised in a lab setting on a defined diet
and, since their life cycle is short, all developmental stages are available at any given
time. In the following sections, a general overview of the anatomy, the musculature, and
the locomotor behavior of Manduca is presented.

1.3.1 Life Cycle
The life cycle of Manduca sexta lasts approximately 30 days and is characterized by
four main life stages: the egg, the larva, the pupa and the adult moth (Figure 4). The eggs
are laid on tobacco leaves and have a diameter of approximately 1mm. The larval stage is
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characterized by 5 different instars, as developmental stages between molts are called. A
Manduca larva is also called a caterpillar. Most Manduca growth occurs during the larval
stage, with its body size increasing 10,000 -fold from the first to the fifth instar. A 5th
instar larva is approximately 6cm long. Near the end of the fifth instar, caterpillars
burrow underground and pupate. At the end of the pupal stage, the pupal case is shed and
the adult moth emerges. A Manduca sexta adult is also called Carolina sphinx moth or
Tobacco hawk moth.

Figure 4: Manduca sexta life cycle. There are four main developmental stages: the egg, the
larva, the pupa, and the moth. The larval stage is further divided into five instar stages. On
average, the overall cycle takes approximately 28 days to complete.
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1.3.2 General Anatomy
A Manduca sexta larva (caterpillar) has a soft cylindrical body with three major
anatomical divisions (Figure 5A): the head, three thoracic segments that bear thin
thoracic legs, and eight abdominal segments (A1-A8) [10]. Only segments A3 to A6 bear
bilaterally symmetrical pairs of prolegs, which represent the animal gripping system.
Two rows of hook-like structures, called crochets, are located at the tip of each proleg. At
rest, the prolegs curve toward the ventral midline (Figure 5B) to allow the crochets to
firmly grip a substrate. To allow the prolegs to detach from a substrate (proleg retraction),
the crochets are first rotated outwards and then drawn in together with the soft cuticle that
surrounds them [45].
A large portion of the internal body cavity is taken up by the gut (Figure 5C), which
is completely surrounded by fluid and soft tissue [9].
Oxygen is supplied to muscles by an extensive network of air-filled tracheal tubes
that make multiple contacts with the muscle fibers and that exchange gases with the
outside through specialized openings in the cuticle, called spiracles, located on each
abdominal segments.
The CNS includes the brain, the subesophageal ganglion (SEG), three thoracic
ganglia, six abdominal ganglia and a terminal ganglion (AT). The nerve cord connects
the ganglia and is located ventrally, as illustrated in Figure 5C. Generally, each body
segment contains a ganglion that provides motor innervation to the muscles located in the
next most posterior segment [7]. There are no inhibitory motor neurons.
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Figure 5: Manduca sexta general anatomy. (A) A Maduca larva has three major anatomical
divisions: the head, three thoracic segments that bear thin thoracic legs, and eight abdominal
segments (A1-A8). Segments A3 to A6 bear bilaterally symmetrical pairs of prolegs that, at rest,
curve toward the ventral midline (B). Two rows of hook-like structures, called crochets, are
located at the tip of each proleg. A large portion of the internal body cavity is taken up by the gut
(C). The nerve cord consists of a chain of ganglia and is located along the ventral midline of the
animal. A muscle consists of several elongated fibers innervated by a network of tracheal tubes
(D). In the figure, the muscle fibers run vertically while the tracheal tubes run horizontally.

1.3.3 Muscle Anatomy
Manduca muscles consist of closely packed arrays of elongated fibers arranged into 2
main layers of muscles: an external layer of oblique muscles right under the cuticle and a
more internal layer of longitudinal muscles (Figure 6). Both layers of muscles are directly
attached to the cuticle. Muscle fibers are elliptic cylinders (i.e. the cross section is
elliptical) and typically range from 0.3mm to 0.5mm in diameter. A muscle consisting
15

several fibers running vertically is shown in Figure 5D. Unlike worms, caterpillars
neither possess circular muscles, nor have septa dividing the hemocoel [9]. As a result,
and as discussed above, muscles in neighboring segments are in direct contact to one
another.
Symmetrical pairs of longitudinal and oblique muscles are contained within each
body segment (Figure 6), for a total of approximately 50 muscles per segment [9,10].
There is no known differentiation between fast and slow fibers [7,8].

Figure 6: Manduca muscle anatomy. Symmetrical pairs of muscle are located in each body
segment. There are no circular muscles. Longitudinal and oblique muscles are arranged in two
main layers, internal and external, respectively. The position of the nerve cord corresponds to that
of the ventral midline. A=anterior, P=posterior. Figure is adapted from [23].

Caterpillar muscle anatomy has been characterized in a variety of species [46-48]
using flattened preparations to produce hand-drawn sketches like the ones in figure 5. To
overcome this limitation, I generated a more precise representation of the 3D
arrangement of Manduca muscles in an intact animal. The new 3D sketches not only
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allow a more complete and integrated view of the functions carried out by muscles during
natural behaviors, but also enable a more precise EMG electrode placement, as detailed
in the paragraph 3.3.

1.3.3.1 Dorsal Internal Medial (DIM) muscle
This thesis focuses on the role of the Dorsal Internal Medial (DIM) muscle during
locomotion. With its 19 muscle fibers, DIM is the largest muscle in Manduca and spans
the entire space between the dorsal midline and the line of the spiracles in each half body
segment.

Figure 7: Position of the Dorsal Internal Medial (DIM) muscle. DIM (yellow) is the largest
Manduca muscle. Its fibers are oriented longitudinally and span the whole space between the
dorsal midline and the line of the spiracles (dotted line). D–dorsal, V–ventral.

Despite its size, DIM has never been studied in detail and no intracellular recordings
from its fibers have been reported before. Together with the Ventral Internal Lateral
(VIL) muscle, which is the second largest Manduca muscle, DIM is believed to be a
major propulsive muscle during locomotion. Because of its size, DIM is also expected to
significantly contribute to body stiffening during proleg movements [41]. Indirect
evidence involving activity in VIL and proleg movements seems to suggest a relationship
between activity in DIM and the proleg stepping pattern during locomotion. In fact, while
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ablation studies show that VIL is not necessary for proleg abduction and adduction, it has
been reported that VIL co-contracts with one of the two main proleg muscles, PPRM,
when a proleg retracts during a withdrawal reflex evoked by stimulation of the proleg
sensory hairs [49]. Since it has also been reported that activity in VIL and DIM overlap
during locomotion, it seems reasonable to conclude that activity in DIM and proleg
movements are inter-related during a crawl [16].
Interestingly, DIM is also one of the few dually innervated caterpillar muscles (see
below, paragraph 1.3.4). The role of dual innervation in DIM during locomotion has been
extensively studied in this dissertation.

1.3.4 Muscle Innervation
Manduca muscles are innervated by one or occasionally two motorneurons projecting
from the ganglion located in the next anterior segment. Most motorneurons have been
morphologically and electrophysiologically identified and mapped in the CNS [50]. No
inhibitory motorneurons have been identified. Figure 8 shows the location of several
motorneurons innervating ventral and dorsal muscles within a ganglion, while Figure 9
shows motor neurons identified by intracellular cobalt injections and the muscles they
innervate. Only 5 abdominal muscles and one proleg muscles in each half segment have
been reported to be dually innervated [50]. Among the dually innervated abdominal
muscles are the two largest abdominal caterpillar muscles, the ventral muscle VIL and the
dorsal muscle DIM.
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Figure 8: Position of motorneurons within a ganglion. In the high magnification picture on
the left, motorneurons appear as small circles in the middle of the field of view. On the right, the
position of motorneurons innervating several ventral (VIL, VIO, VIM) and dorsal (DIM, DIL)
muscles is detailed in a sketched ganglion. Circles of different colors represent motorneurons
innervating different muscles. The numeric subscript indicates motorneurons innervating the
same muscle.

Figure 9: Motor neurons and corresponding innervated muscles. (A) The top panel represents
a sketch of the two main layers of muscles in a half body segment of a 5th instar larva. The motor
neurons innervating those muscles are shown at the bottom. (B) Only the most external layer of
muscles and their corresponding motor neurons are shown. Motor neurons were identified by
staining them with intracellularly injected cobalt. Different motor neurons exhibit different
dendritic branching patterns. Adapted from [23].
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1.3.4.1 Dual Innervation: Ventral Internal Lateral (VIL) muscle
The Ventral Internal Lateral (VIL) muscle is the only abdominal muscle whose dual
innervation has been studied [51]. By labelling the axonal branches of the ventral nerve
via anterograde biocytin filling, it has been shown that most VIL fibers are innervated by
only one of the two VIL motor neurons (labelled as VIL1 and VIL2 in Figure 8).
However, the most lateral (i.e. most dorsal) fibers are innervated by both motor neurons.
For this reason, it is not possible to consider VIL as two functionally distinct muscles,
each innervated by one motor neuron. Although they do not explicitly show excitatory
junction potentials (EJP) measured from VIL fibers, Consoulas et al. [51] reported that
variation of the stimulus intensity applied to the two VIL motor neurons evoked two sizes
of intracellular EJPs in dually innervated fibers but only one size of EJP in singly
innervated fibers. As illustrated in Figure 10, the motor axon branches several times and
makes multiple contacts with the muscle fibers (multi-innervation, see paragraph 1.3.4.3).
In dually innervated VIL fibers, the nerve endings branching from the two VIL motor
neurons are segregated either on the upper surface or on the lower surface of each fiber.
In Figures 10A-D, arrows and asterisks indicate the terminal varicosities of the two motor
neurons: they occupy different areas of the double innervated fibers and never overlap.
This is best shown in Figure 7C and 7D, which represent two different focal planes of the
region labeled H in Figure 7A.
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Figure 10: Dual innervation and terminal varicosities in VIL. (A) Axonal branches follow
different trajectories to innervate VIL muscle fibers but never overlap. Arrows and asterisks
indicate two types of terminal varicosities, each type belonging to one of the two VIL motor
neurons. (B) Higher magnification image of stained VIL muscle fibers and their terminal
varicosities. Panels C and D show different focal planes of the area marked as H in A. Motor
axons projecting from the two VIL motor neurons innervate either the lower surface (C, asterisks)
or the upper surface (D, arrows) of a muscle fiber. Scale bars: 100μm in 7A; 50μm in 7B-7D.
Adapted from [51].

1.3.4.2 Dual Innervation: APRM proleg muscle
The most studied dually innervated muscle is the Accessory Planta Retractor Muscle
(APRM) proleg muscle [49, 52]. In this case, intracellular recordings alone have provided
the innervation pattern of its fibers: the outermost APRM fibers are innervated by only
one motorneuron but the central fibers are innervated by both motorneurons [53].
Interestingly, the input provided by the two motorneurons is spatially segregated along
the length of the dually innervated fibers, as shown in the bottom panel of Figure 11.
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Injecting depolarizing currents into the two motorneurons evoked intracellular EJPs with
two different sizes and shapes in the dually innervated fibers but only one size of EJPs in
the singly innervated fibers (Figure 11, top panel, bottom trace). None of the fibers
exhibit EJPs from electrical coupling with other fibers.

Figure 11: Proleg dual innervation. Stimulating the two motorneurons innervating APRM
(called Ant and Post) evoked one size of EJPs in singly innervated fibers (top panel, left) but two
sizes of EJPs in dually innervated fibers (top panel, right). The input to the dually innervated
fibers is spatially segregated along their length (bottom panel). The area of the fibers innervated
by one of the two motorneurons is shaded, while the area innervated by the other motorneuron is
white. Adapted from [53].

1.3.4.3 Multi-terminal Innervation
A motor axon supplies innervation to a Manduca muscle by branching many times
and making multiple contacts along the length of each fiber it innervates. Contact with a
muscle fiber is carried out through specialized axonal swellings (or varicosities), where
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the neuromuscular synapses are located [54].

Glutamate is the transmitter at the

neuromuscular synapses.
Multi-terminal and distributed innervation is necessary to ensure that the entire
muscle fiber is adequately depolarized. In fact, contrary to vertebrate muscles, insect
muscles do not generally develop a propagated action potential [54]. A muscle fiber is
depolarized only in the vicinity of each nerve ending (sometimes with a local voltagegated conductance component) so the magnitude of the depolarization decreases with
distance from the site of the initial depolarization. To ensure that the entire fiber is
adequately depolarized, closely-spaced motor nerve endings are located along the whole
length of each muscle fiber. Since they are so close to one another (usually 20-80µm
apart), the result is a nearly simultaneous contraction of the whole fiber without a
propagated muscle potential. The photomicrograph in Figure 12 shows the extensive
innervation supplied to VIL by its two motor neurons [51].
A consequence of multi-terminal innervation is that the amplitude of recorded
extracellular potentials might vary along the length of a muscle fiber. However, since
recording electrodes have a diameter that is typically larger than the distance between
varicosities and since implanted electrodes are usually located at a certain distance from
the muscle due to the presence of soft tissue and tracheal tubes around the muscle fibers,
the amplitude of the extracellular EJPs recorded from Manduca muscles does not vary
significantly over time (see chapter 3). In this regard, the availability of multiple
recording channels during an EMG experiment is extremely important, as it makes
possible to evaluate if any observed change in the EJP amplitude is due to a change in the
electrode position with respect to a muscle or due to simultaneous activities from
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multiple motor units.

Figure 12: Multi-terminal innervation in Manduca muscles. Anterograde filling of the ventral
nerve with biocytin reveals the nerve terminals on VIL muscle fibers, which run horizontally in
the figure. Muscle fibers were labelled with Oregon-green Phalloidin to show their filamentous
actin (green). To highlight the nerve terminals, the fibers were incubated in Cy3-conjugated
streptavidin (red). Some oblique fibers from the ventral muscle VIM are also visible. Arrowheads
and arrows indicate clusters of large and small varicosities, respectively. From [51].

1.4 Locomotion
Manduca moves in a stereotypical anterograde wavelike motion. A crawl consists of
a series of steps in which each pair of prolegs goes through a swing phase, during which
the prolegs are off the ground, and a stance phase, during which the prolegs are in contact
with the ground. Unlike worms, they do not constrict body segments [55]. Body segments
contract and stretch in succession as the wave of steps progresses (Figure 13). Both
prolegs of each pair are lifted simultaneously during swing phase but do not push the
body forward. Although capable of retraction, they barely shorten during crawling and
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are only passively moved forward as the body segment to which they are attached is
lifted by the abdominal muscles [55]. In each crawl, 2 or 3 prolegs are typically lifted
simultaneously, slightly arching the body, as shown in figure 13.
Like the prolegs, thoracic legs are bilaterally symmetrical but display a less
stereotypical stepping pattern during locomotion. Removing the thoracic legs does not
seem to alter the overall crawling kinematics (Kopec 1919), it has been suggested that
their role is mostly to probe the substrate as the animal moves forward. In terms of
speed, caterpillars crawl very slowly. It takes them from 3s to 5s to complete a crawl and
cover a distance of approximately 1cm [55].

1.4.1 Proleg Gripping System
Prolegs are characterized by a strong gripping system as their crochets behave like the
hooks of a piece of Velcro when in contact with a rough-textured, porous or deformable
substrate. For this reason, caterpillars cannot efficiently crawl on smooth substrates like a
metal rod (see paragraph 3.8). Since, at rest, the prolegs are both extended and adducted
and since, contrary to abduction, adduction does not require any muscle activity, the
proleg gripping system is said to be passive[41]. From an evolutionary standpoint, a
strong grip is important since it enables caterpillars to firmly hold onto plant branches
and better resist predator attacks. Furthermore, since the prolegs are positioned
underneath the body, without a strong gripping system, the animals would not be able to
sustain their own weight and would easily fall sideways. Their strong grip is believed to
be the main reason why caterpillars are able to climb maintaining the same kinematics as
when crawling on a leveled ground (Figure 2, paragraph 1.2.2).
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Figure 13: Caterpillar locomotion. A crawl consists of an anterograde wave of steps. Each
pair of prolegs goes through a swing phase, during which the prolegs are off the ground, and a
stance phase, during which the prolegs are in contact with the ground. In each crawl, 2 or 3

prolegs are typically lifted simultaneously.
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1.4.2 Central Pattern Generators
Caterpillar locomotion is believed to be regulated by a central pattern generator
(CPG), a network of motorneurons and interneourons that generates a repeatable pattern
and produce a consistent motor output without the need of any sensory feedback.
Although there is no direct evidence for the existence of a CPG in intact animals, bath
application of the muscarinic receptor pilocarpine onto a deafferented nerve cord of a
fifth instar larva can induce a persisting bilaterally symmetric pattern of activity that
resembles the anterograde wave of activity observed in intact animals during locomotion
[56, 57]. However, this cycle is much slower than natural crawling and key differences in
burst duration and a high degree of variability suggest that sensory feedback provides
critical fine-tuning to the temporal pattern of motor neuron activity during crawling. On
the other hand, the observed variability might not only originate from the lack of
sensorimotor integration in an isolated nerve cord, but also from the fact that, in a living
animal, the nervous system relies also on the material properties of the muscles and on
the stiffness of the substrate (according to the mechanism described in the next
paragraph) to fine-tune and coordinate body movements during locomotion. The
conversion of EMG signals into motor neuron firing activities that can be carried out in
vivo using the EMG electrodes I developed is a first important step in quantifying the
contribution of centrally generated commands to locomotion and, thus, in better
understanding the importance of sensorimotor integration for proper motor coordination.

1.4.3 Tension-based Locomotion
Caterpillar locomotion has been long compared to that of hydrostats such as
earthworms, leeches and octopi. However, unlike hydrostats, the caterpillar internal
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cavity is neither iso-barometric nor constant in volume [41, 58]. Furthermore, a
caterpillar is not a classical muscle hydrostat either as its body is not packed with
muscles. In line with these experimental observations, mounting evidence suggests that,
instead of relying exclusively on hydrostatic pressure, caterpillars exploit the stiffness of
the substrate on which they crawl to develop muscle tension and transmit compressive
forces along their body. According to this tension-based mechanism, caterpillars are able
to stiffen their body by generating a compressive load on the substrate, without the need
to continuously maintain a high muscle turgor [59]. This strategy enables them not only
to remain relatively soft and thus better conform to local substrate irregularities, but also
to reduce energy consumption during movement [60].
At the basis of this model is the strong passive grip that the prolegs are able to exert
on the substrate. As mentioned before, the prolegs do not push the body forward. Instead,
their main role is to firmly grip the substrate to both support the body and act as anchor
points during locomotion. Ground reaction force (GRF) experiments and lumped element
modeling [61] show that the prolegs resist movement along the direction of motion and,
in doing so, generate tension in the body and drag on the substrate [59]. As a result, the
substrate region between two any prolegs gripping the substrate is effectively put under
compression. In this way, as soon as a proleg releases the substrate, the tension developed
in the body cause the segments posterior to that proleg to be pulled forward.
Evidence supporting a tension-based model of caterpillar locomotion comes from the
experimental observation that caterpillars cannot crawl on a soft rope that buckles under
compression since, in this case, they cannot exploit substrate compression to stiffen their
body [60]. Furthermore, EMG experiments employing bipolar wires have documented
28

co-activation of major ventral and dorsal muscles during locomotion both within
individual segments and in several adjacent abdominal segments. Assuming that muscle
activation corresponds to an increase in muscle tension, this would suggest that tension is
developed not only in the body segment to which a moving proleg is attached, but also in
adjacent (posterior and anterior) segments, effectively stiffening multiple body segments
at any given time.
While the above tension-based mechanism explains some caterpillar locomotion, it
fails to explain behaviors in which the substrate cannot be put under compression. For
example, during searching behavior, a caterpillar can lift all its abdominal segments and
rely only on the grip of its most posterior abdominal proleg (A6) to sustain its weight. In
this case, body stiffening cannot be achieved by generating a compressive load on the
substrate. Instead, stiffening is most likely achieved by actively engaging multiple
abdominal muscles and by increasing the internal pressure, just like any other hydrostat
[58].

1.5 Sensory Feedback
Although this thesis is not directly concerned with sensorimotor integration or the
role of sensory feedback in modulating motor output, a brief overview of the type of
sensory feedback available to Manduca is provided here.
There are three main sources of sensory information available to caterpillars.
(1) Exteroceptors. Sensitive bristle sensilla (hairs) cover the caterpillar body,
particularly the proleg distal tip. Each hair is singly innervated [49] . The branching
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pattern of neurons innovating most abdominal hairs in the CNS has been described,
demonstrating that the CNS contains a somatotopic map of the body surface [51, 62].
Each ganglion receives input from hairs located on its corresponding segment and on up
to 3 posterior body segments [63]. Motorneurons receive both direct and indirect input
from different sensory hairs and can be excited or inhibited to varying degrees by
stimulation of specific sensory neurons in a predictable pattern [49]. Although the
function of many identified hairs remains unknown, it has been shown that tactile
stimulation of a large portion of abdominal hairs elicits a flexion reflex of the abdomen
towards the stimulus location, while deflection of proleg hairs elicits a withdrawal reflex
[49]. Recently, it has been proposed that obstacle anticipation in Manduca involves
sensory feedback initiated by anterior proleg hairs, suggesting a major role of proleg
sensory hairs in the dynamic modulation of motor output [64].

Figure 14: Sensitive bristle sensilla (hairs) covering the caterpillar prolegs. Each hair is
singly innervated.
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(2) Proprioceptors. In invertebrates, the equivalent of the vertebrate muscle spindle is
the stretch receptor organ (SRO). Similarly to muscle spindles, SROs are specialized
sensory organs that provide proprioceptive feedback on changes in muscle length and
body position. In Manduca, there are three pairs of SROs in every segment. The response
properties of the dorsal SRO have been examined extensively using dynamic analysis
[65]. The results showed that the SRO is unlikely to contribute information about body
segment length during a crawl. Furthermore, ablation experiments suggest that the SRO
is not necessary to provide information on muscle length and body segment position
during straight-line locomotion.
(3) Multidendritic sensory neurons. The cuticle of many soft-bodied animals is
innervated by multidendritic sensory neurons, also called dendritic arborization (da)
neurons. Da neurons have been shown to respond to deformation and are believed to
respond to temperature and other noxious stimuli as well [66, 67]. In Manduca, they
occupy specific position along the body wall and have been classified into three
functionally distinct classes, each responding to a different type of stimuli and each with
a characteristic dendritic morphology [68, 69]. Although one type of da neurons has been
suggested to be involved in proprioceptive feedback on the position and the orientation of
the body, no direct evidence linking da neurons to locomotion has been found so far.
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1.6 Intracellular and Extracellular Potentials
A general overview of the main models that relate intracellular and the extracellular
potentials from muscle fibers are presented here.

1.6.2 SFAP Models
EMG electrodes detect the changes in the electrical field that the wave of excitation
propagating along a muscle fiber generates in the extracellular medium. Therefore, the
shape and the time course of the recorded extracellular potential waveforms depend on
the intracellular potential (IAP) [70] [71-73].[71] The potential recorded from a single
muscle fiber by extracellular electrodes is called single fiber action potential (SFAP).
Traditionally, the SFAP has been modelled considering two different types of
bioelectrical sources, a propagating monopole and a propagating dipole [74]. A monopole
is a single (point) source of electrical current, while a dipole is represented as a current
source and a current sink one next to one another.
According to core conductor theory, a muscle fiber can be modelled as a long
cylinder whose length is much greater than its internal diameter [75]. The cylinder is
assumed to be filled with a conducting medium and surrounded on the outside by another
conducting medium. The external surface of the cylinder is the muscle fiber membrane.
Typically, the extracellular potential is expressed in terms of transmembrane current, that
is the radial current that flows from inside the cylindrical fiber to the outside medium [71,
74, 76]. To calculate the SFAP, the fiber is modeled as a series of cylinders of
infinitesimal length dx. When the transmembrane current is considered to emerge from
propagating monopoles, these infinitesimal cylinders are modeled as disks representing
point sources (Figure 15A). In this scenario, the transmembrane current Im is proportional
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to the second spatial derivative of the intracellular potential, that is 𝐼𝑚 ∝

𝜕2
𝜕𝑥 2

𝐼𝐴𝑃 [74,

77]. Since the action potential is assumed to propagate axially at a uniform velocity, the
second spatial derivative becomes proportional to the second temporal derivative. As a
result the transmembrane current becomes proportional to the second temporal derivative
of the IAP, that is 𝐼𝑚 ∝

𝜕2
𝜕𝑡 2

𝐼𝐴𝑃 [78]. Figure 1b shows a typical IAP and its second

temporal derivative (Figure 15C). The SFAP is then calculated by summating the
potentials produced by all the infinitesimal cylinders along the muscle fiber:

𝜕 2 𝐼𝐴𝑃(𝑥, 𝑡) 1
𝑆𝐹𝐴𝑃(𝑡) ∝ ∫
𝑑𝑥
𝜕𝑥 2
𝑟(𝑥)
Where r(x) defines the distance from the cylindrical element dx to detection point.

Figure 15: Monopole and dipole SFAP models. In core conductor theory, a muscle fiber is
modeled as a series of cylinders of infinitesimal length dx. In the monopole model, the
infinitesimal cylinders are modeled as disks representing point sources (A). In the dipole model,
the infinitesimal cylinders are modeled as double layer disks dS representing double sources (B).
In the monopole approximation, the transmembrane current is proportional to the second
temporal derivative of the IAP (C).
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On the other hand, when the transmembrane current is considered to emerge from
propagating dipoles, the infinitesimal cylinders are modeled as double layer disks dS to
represent the dipolar sources (Figure 15B) [74, 78]. However, since it can be shown that
the potentials produced by a double layer disk is equivalent to that of a lumped (point)
dipole whose moment is proportional to the disk, the fiber is simply modeled as a
sequence of lumped dipoles. The SFAP is then expressed as the sum of the potentials
produced by all the dipoles distributed along the muscle fiber:

𝑆𝐹𝐴𝑃(𝑡) ∝ ∫

𝜕𝐼𝐴𝑃(𝑥, 𝑡) 𝜕
1
(
) 𝑑𝑥
𝜕𝑥
𝜕𝑥 𝑟(𝑥)

By looking at the two SFAPs written above, it is possible to conclude that while a
monopole source density is proportional to the second derivative of the action potential,
the dipole source density is proportional to the first derivative of the action potential [74,
78]. The two SFAPs are represented, respectively, by the green and the red curve in
Figure 16, along with the spatial profile of an action potential propagating in a skeletal
muscle fiber (black).
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Figure 16: IAP and its first and second derivative. The orientation of the dipoles (red) and the
sign of the monopoles (green) as the IAP propagates along a muscle fiber is illustrated at the
bottom. Adapted from [78].

In Figure 16, the orientation of the dipoles along the muscle fiber depends on the sign
of

𝜕𝐼𝐴𝑃
𝜕𝑥

𝜕𝐼𝐴𝑃
𝜕𝑥

. When

𝜕𝐼𝐴𝑃
𝜕𝑥

is positive, the dipoles are oriented in the negative direction; when

is negative, the dipoles are oriented in the positive direction [74]. In a similar

fashion, the sign of the monopoles along the muscle fiber is dictated by the sign of
When

𝜕2 𝐼𝐴𝑃
𝜕𝑥 2

is positive, the monopoles are positive; when

monopoles are negative (Figure 16).
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𝜕2 𝐼𝐴𝑃
𝜕𝑥 2

𝜕2 𝐼𝐴𝑃
𝜕𝑥 2

.

is negative, the

Although still based on either monopoles or dipoles as bioelectric sources, the
expression of the SFAP has evolved considerably over the years. In particular, in an
effort to make the SFAP models more computationally efficient and approximate as
much as possible experimental waveforms, a SFAP has been expressed as the
convolution of two time-dependent functions, an input signal and an impulse response
IR(t) [79]. Two well established SFAP convolutional models are the Nandedkar-Stalberg
(N-S) model [80], based on monopoles and a transmembrane current as excitation source,
and the Dimitrov-Dimitrova (D-D) model [81], based on a current dipole as excitation
source. According to these two models, the input function is the second or the first
derivative of the IAP, respectively. In the two models, the SFAP can be expressed as:
𝜕2

𝑆𝐹𝐴𝑃(𝑡) = 𝐶 𝜕𝑡 2 𝐼𝐴𝑃(𝑡) ∗ 𝐼𝑅(𝑡)𝑁𝑆
𝜕

𝑆𝐹𝐴𝑃(𝑡) = 𝐶 𝜕𝑡 𝐼𝐴𝑃(𝑡) ∗ 𝐼𝑅(𝑡)𝐷𝐷

according to the N-S model

according to the D-D model

The 𝐼𝑅(𝑡) function is the potential produced at the detection point by either two
monopoles or two dipole propagating in opposite directions, from the endplate to the two
opposing fiber ends. C is a coefficient of proportionality that includes the fiber diameter,
the intracellular conductivity, the tissue conductivity and the anisotropy of the core
conductor [74].
The N-S and the D-D models are both widely used. It has been shown that they differ
from each other only in a correction term 𝐶𝑜𝑟𝑟(𝑡) related to the behavior of the
excitation source at the end of the muscle fiber [79, 82]:
𝐷𝐷(𝑡) = 𝑁𝑆(𝑡) + 𝐶𝑜𝑟𝑟(𝑡)
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For this reason, characteristics of the second temporal derivative of the IAP, which is
proportional to the SFAP in the N-S model, have been related to the temporal profile of
the IAP, as shown in Figure 17. Because of this relationship, the second derivative of the
IAP is commonly used to model the SFAP [82]. In particular, a parameter called negative
phase duration (NPD) has been proposed to be an estimator of the IAP spike width. NPD
has been defined as the time interval between the inflection points of the IAP waveform
(𝐴1 and 𝐵1 in Figure 17) and it coincides with the time interval between the two zero
crossing points of the second derivative. Since NPD is similar to the depolarization time
(DRT), it has been proposed as a parameter that provides a robust estimate of the IAP
width [79].

Figure 17: IAP and its first and second derivatives. (A) Time profile of a typically IAP
according to the D-D model. The DRT is defined as the time interval between the two inflection
points (A1 and B1). (B) IAP and its first and second derivative. The negative phase duration
(NPD) is defined as the time interval between the two zero crossing points of the second
derivative. From [79].
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1.6.3 The EMG Signal
A muscle fiber is the biological equivalent of a signal generator, radiating current
fields into the surrounding volume conductor –the extracellular fluid. By placing
electrodes close to an active muscle fiber, it is possible to detect the radial
transmembrane current spreading through the extracellular fluid as voltage changes [8385]. Due to the spatial dispersion of the current fields, the amplitude of the recorded
signals decreases as the distance from the current source –the muscle fiber– increases
[86]. The signal also acquires noise as it travels across any tissue that might be present
between the muscle fiber and the electrode [84, 86, 87]. To reduce noise fluctuations, the
voltage measured by pairs of electrodes is generally differentially amplified. The effect of
any tissue separating the muscle from the electrode is that of a low-pass filter, resulting in
a significant attenuation in the signal higher frequencies [84]. The amplitude and the
frequency content of the signal depend also on the distance between recording electrodes:
decreasing the inter-electrode distance causes the signal bandwidth to shift to higher
frequencies and the amplitude to decrease [88]. For this reason, to monitor any change in
the amplitude and the frequency content of the recorded signals, I designed EMG
electrodes with different geometries and electrode distances, as detailed in Chapter 2.
Furthermore, the amplitude of the EMG signal depends on the area of the electrode that is
effectively in contact with the muscle [84]. In fact, it can be shown that the ratio of the
voltage at the recording site and the voltage in the extracellular fluid between the fiber
and the electrode is given by the ratio of the covered electrode area and the entire
electrode area. In other words, if only a portion of the electrode sensing surface is in
contact with the muscle fiber, the amplitude of the signal will be significantly reduced.
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To guarantee a uniform coverage of the muscle fiber surface, the EMG electrodes I
designed have a diameter that is slightly smaller than the width of Manduca muscle
fibers. As an additional complication, the polarity of the signal waveforms is reversed
depending on whether the recording electrode is located proximally or distally to an
innervation zone [89]. Because of all these factors, the shape of experimental waveforms
is generally more complex than that predicted by the SFAP models described in 1.6.2.
Since the quality of any recorded EMG signal is highly dependent on the detection
capabilities of the EMG electrodes and on a correct placement of the electrodes, a large
part of my research work has been devoted to develop electrode arrays specifically
designed to record high resolution activity from Manduca muscles and to develop a
method to precisely place electrodes with respect to target muscles (see paragraphs
1.6.3.3 and 1.6.3.4).

1.6.3.1 EMG Signal Decomposition
EMG signals are non-stationary, convoluted signals. Not only are signal waveforms
generated by single motor units intrinsically variable, but signal waveforms generated by
different motor units also overlap in time [83, 88, 90, 91]. Furthermore, the larger the
electrode sensing area and the greater the distance from a muscle fiber, the more crosstalk
activity from neighboring muscles is detected [84, 88, 90, 92]. As illustrated in Figure 18,
overlapping waveforms give rise to complex signals with multiple phases and inflections
[85, 91]. As a result, signal decomposition into constituent components is challenging. As
discussed before, in Manduca, the problem is somewhat simplified because each muscle
is innervated by only one or two motor neurons, limiting the complexity of the recorded
waveforms. Furthermore, the availability of multiple recording channels and the high
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signal selectivity of the electrodes I developed significantly simplify signal
decomposition.

Figure 18: EMG signal decomposition. Recorded EMG signals represent the overlap of the
activities of a number of muscle fibers (colored curves on the left), which can be innervated by
different motorneurons. As a result, an EMG signal is a convoluted signal characterized by
multiple phases and turns (black curve on the right). The activities of individual motor units must
then be identified from the complex interference signal (decomposition).

Generally speaking, most decomposition algorithms are based on two main steps [83,
87]: (1) the signal waveforms are isolated from noise and motion artifacts; (2) the signal
waveforms are classified based on their shape (template recognition), or their amplitude
(threshold analysis), according to the notion that waveforms generated by the same motor
unit are similar in shape and exhibit a similar amplitude. Classification is most difficult
when waveforms overlap in time. Overlapping potentials can be reconstructed by
combining isolated, time-shifted waveforms or they can be decomposed by subtracting
isolated waveforms from a convoluted waveform and by matching the resulting residual
waveform to previously classified waveforms [88]. Multiple recording channels simplify
signal decomposition as multiple comparisons (cross-correlations) can be carried out
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among channels, capitalizing on the fact that the amplitude of the signal generated by a
certain muscle fiber will vary across the channels proportionally to the distance between
each channel and that particular fiber. More recently, independent component analysis
(ICA) has been used to successfully decompose multichannel EMG signals [93, 94] . The
ICA algorithm is discussed in Chapter 2.

1.6.3.2 Differential Recordings of EMG Signals
As the wave of depolarization travels along a muscle fiber, only a small area of the
fiber becomes depolarized at any given time. This region of negative potential, called
current sink, is flanked by two regions of positive potentials, called current sources [85,
87]. In a point source model, this configuration represents a tripole and is the main reason
why EMG signals recorded with two electrodes in a differential configuration are not
monophasic as the IAP that generates them [87]. An ideal signal waveform recorded from
a single muscle fiber with a pair of electrodes is largely biphasic, as illustrated in Figure
19.

As the tripole approaches the first electrode, an increasing potential difference

between the two electrodes is observed. When the negative region of the tripole reaches
the first electrode, the potential at this electrode becomes more negative than the potential
at the second electrode, producing a negative deflection in the recorded signal, labeled as
(1) in Figure 19. As the tripole moves away from the first electrode and reaches an equal
distance between the two electrodes, both electrodes are at the same potential and their
potential difference is zero, as shown by (2). As the tripole approaches the second
electrode, this electrode will be at a more negative potential than the first one, resulting in
a positive deflection in the recorded signal, labeled as (3). A final small negative
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deflection (f) occurs when the trailing (positive) region of the tripole reaches the second
electrode. This third phase is not always observed experimentally.

Figure 19: Biphasic nature of the EMG signal. The curve at the top represents the potential
difference measured by a pair of electrodes in a differential configuration as the wave of
depolarization, represented by a tripole (+--+), propagates along a muscle fiber. The pair of
electrodes is schematically represented at three time points with respect to the tripole (1,2,3). As
the tripole reaches the first electrode, the potential at this electrode is more negative than that at
the second electrode (1). When the tripole is at the same distance from the two electrodes, the
potential difference is zero (2). As the tripole reaches the second electrode, the potential at this
electrode is more negative than that at the first electrode (3). A final, small deflection is observed
when the trailing (positive) edge of the tripole reaches the second electrode (f).

When considering multiple muscle fibers, the shape of the recorded signals depends
on the fiber spatial distribution. If the recording sites are aligned with the fiber direction,
the signal waveforms are largely biphasic and maintain their shape throughout a
recording session [89, 92, 95]. On the other hand, if the electrodes are not placed in the
direction of the muscle fibers, the waveforms are susceptible to shape and amplitude
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variations [89, 92, 95]. For instance, when one electrode is on a muscle fiber and the
other one is not, the waveform will be mostly monophasic [95].

1.6.3.3 EMG Electrodes
To test the working hypothesis that soft bodied movements are shaped by the action
of a skeleton-like structure that dynamically forms as movement proceeds, the first
necessary experimental step is the acquisition of muscle activation sequences underlying
locomotion. Next, the recorded EMG signals must be converted into motor neuron spike
activity. To do this, the activity of single muscle units must be isolated and fine scale
electrical information must be extracted from the composite EMG signals. This means
that the spatiotemporal resolution of the EMG recordings must be sufficiently high to
maximize the signal to noise ratio (SNR) and minimize the crosstalk between signals
from different muscle units.
Typically, in Manduca sexta, EMG recordings are obtained by inserting bipolar
electrodes made from Nichrome (Ni-Cr) wires through the cuticle, near the attachment
points of target muscles [16]. However, the intrinsic stiffness of Ni-Cr wires limits their
use in vivo due to tolerability issues. Not only they do not guarantee a normal behavioral
response, but can also result in tissue damage and electrode displacement, leading to
possible misinterpretation of the experimental data. Ni-Cr wires are also subject to
encapsulation and tissue blackening within minutes of implantation. Furthermore, a low
signal to noise ratio (SNR) is usually accompanied by a strong crosstalk between
muscles.
Recently, the use of flexible polymers as substrates to fabricate implantable probes
has led to the development of flexible thin-film electrode arrays with anatomically
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conforming properties that provide a more uniform electrical contact at the electrodetissue interface [96, 97]. By employing flexible probes, it is possible not only to minimize
motion artifacts and tissue injuries, but also to significantly reduce electrode
displacement during dynamic conditions in in vivo experiments. Additionally, as
mentioned above, multi-channel EMG recordings can also facilitate signal decomposition
into constituent components.
For this reason, I developed and fabricated flexible, thin-film electrode arrays
specifically designed to match the muscle anatomy of Manduca sexta caterpillars. The
main characteristics of these arrays can be summarized as follows: (1) mechanical
flexibility and dimensional stability to allow the array to shape itself to target muscles,
withstand micromotion and maintain uniform electric contact; (2) high SNR and reduced
cross talk between signals from different muscles; (3) customizable geometry and microsize to facilitate placement and insertion without muscle damage; (4) biocompatibility.
After insertion, animals recover quickly and seem to tolerate the probe extremely well.
The developed flexible electrode arrays offer the unique opportunity to determine
muscle activation patterns with a single motor unit resolution in freely behaving
caterpillars, allowing the conversion of motor patterns into motorneuron firing patterns.

1.6.3.4 Electrode Placement
The performance of any implantable electrode is highly dependent on its recording
capabilities but also on its position with respect the target site [98]. Electrode migration
represents a major issue as it might change the recording location. Therefore, knowledge
of the electrode position over time is a key requirement. Although flexible, thin-film
electrode arrays have overcome some of the main limitations of more traditional, stiffer
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probes [97], their intrinsic flexibility and their unilateral contacts represent a new
challenge: they tend to bend during insertion and are difficult to implant simultaneously
maintaining a specific relative position[98]. Since Manduca sexta well exemplifies the
issues of electrode insertion and placement in delicate and deformable tissues, it has been
used as a testbed to develop a method that addresses all the above issues using a coating
of silk fibroin, a versatile protein derived from silkworm (Bombyx mori) cocoons. The
soft tissue composition of Manduca body not only means that implanted electrodes can
be easily displaced during post-mortem dissections, but also that they are more
susceptible to movement during in vivo experiments. Furthermore, prolonged
subcutaneous and percutaneous surgeries cannot be performed. Silk films applied to
flexible, thin-film electrode arrays are shown to (1) mark their location in vivo by
delivering a fluorescent dye at specific time points; (2) temporarily stiffen and shape their
implantable parts; (3) temporarily glue two of them together for simultaneous
implantation.
This method, together with a careful characterization of Manduca muscle anatomy,
has facilitated the consistent placement of flexible electrode arrays on specific muscle
groups in different animals, enabling comparisons among different data sets.
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2. Materials and Methods

2.1 Animals
For all the experiments described in this thesis, fifth day 5th instar Manduca sexta
larvae were used. The animals were reared on an artificial diet on a fixed 17:7 hour light
dark cycle at 27°C. Rearing is based on the Bell and Joachim protocol [99].

2.2 Electrode Array
Minimally invasive micro-electrode arrays were fabricated for in vivo multichannel
recordings of EMG signals in Manduca sexta. To allow precise positioning and optimize
signal detection, the array has been specifically designed to match the muscle anatomy of
Manduca. To minimize signal distortion due to motion artifacts, a highly flexible
polymer has been selected as the structural substrate to allow a more conformal coverage
of the muscle surface. The final device is not only extremely thin (<20 microns) and
mechanically flexible, but also mechanically robust, dimensionally stable and
biocompatible. The following paragraphs detail the different developmental phases of the
electrode array, from design to in vivo testing.
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2.2.1 Material Selection
Parylene C, a crystalline thermoplastic polymer, has been chosen as the structural
substrate for the microelectrode array due to the unique combination of its physical,
chemical and mechanical properties. The deposition process, based on vapor
polymerization, ensures that parylene C films are, at the same time, highly conformal,
uniform, and pinhole-free. In addition to its intrinsic flexibility and mechanical strength
(tensile modulus 3.2GPa), Parylene C is also chemically inert, is not subject to hydrolytic
degradation (water absorption 0.01% for 0.019” and 0.06% for 0.029” after 24hours;
water

vapor

transmission

rate

0.0004ng/Pa·s·m2

(http://advancedcoating.com/techinfo/typical.html;[100])

and

meets

at
the

37°C)
highest

biocompatibility standards for plastic materials (ISO 10993 and USP Class VI) ([101]).
Furthermore, due to its low dielectric constant (~3.1 at 1kHz) ([100]) parylene C is
capable of minimizing the capacitive crosstalk between adjacent metal lines even when
deposited in very thin layers. Finally, parylene is optically transparent, allowing tissues to
be seen through the array and, therefore, facilitating the correct positioning of the device
and the post-mortem evaluation of the probe location. Taken together, all these properties
make parylene C exceptionally well-suited for use as a substrate material in the
fabrication of devices for long term EMG recordings.
For the electrode material, gold has been chosen due to its well documented
biocompatibility and electrochemical stability.

2.2.2 Design Parameters
The design of the flexible microelectrode array has been custom-tailored to the
anatomical features of Manduca sexta. The array consists of 8 or 12 circular recording
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electrodes, each with a radius of 50µm. The diameter of the electrodes was chosen to
match the range of widths of Manduca muscle fibers [27, 102] to yield high signal
selectivity. In this way, the array is capable of resolving EMG signals in individual
muscles with single fiber resolution. The longitudinal spacing between the electrodes was
selected to distribute different recording sites on distinct fibers of the same muscle. A set
of 3 longitudinal spacing values (100µm, 500µm, 750µm) has been evaluated to be
sufficient to provide an accurate placement of the array on the vast majority of muscles.
The transverse spacing between the electrodes defines the final width of the device and,
therefore, determines the area of the muscle that is ultimately covered by the array. To
guarantee an optimal coverage of most muscles, 3 widths were selected (400µm, 700µm,
1000µm) and the electrode sites were distributed accordingly. Interconnecting traces are
routed amongst the electrodes and terminate into 300µmx300µm output pads with a pitch
of 500µm (Figure 1).
The front part of the probe ends in a sharp tip to facilitate the insertion process. Only
a fraction of the total length (3mm-5mm) is intended to be inserted into the animal. The
remaining part (1cm-2.5cm) has been designed to allow some strain relief and yet
maximize the number of devices that can be accommodated on a single wafer. Devices
with short shanks are mainly used for EMG recordings in semi-intact preparations.
The overall thickness of the probe is another important design parameter and has been
selected as a trade-off value between 3 key requirements: the device needs to be stiff
enough to be inserted without buckling; it needs to be thin enough to slide easily between
muscle fibers; and it needs to be flexible enough to preserve a stable and conformal
coverage of the muscle surface. After a series of implantation experiments with parylene
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C films of different thicknesses, the ideal value has been evaluated to be in the range of
15μm to 20μm.

Figure 1: Schematic representation of an electrode array. Interconnecting traces are routed
amongst electrodes with a 100µm diameter and terminate into output (interconnection) pads. A
close up of the tip of the probe is shown on the right. The width ranges from 400µm to 1000µm,
depending on the design and on the total number of channels. The inter-electrode distances range
from 100µm to 750µm. The thickness is approximately 15-20µm. The front part of the probe
ends in a sharp tip to facilitate the insertion process.

2.2.3 Fabrication
Micro-fabrication is based on the combined use of two types of processing, top-down
and bottom-up [103]. Materials are either added (bottom-up processing) or removed (topdown processing) from the surface of a substrate to define structures of interest. By
sequentially and selectively adding and removing layers of different materials, complex
three-dimensional structures can be created. Some of these layers are short-term layers
deposited only to define the shape of specific structures during processing and then
completely removed (sacrificial layers), other layers are structural layers made of the
materials that constitute the final devices. The copper etch mask used in the fabrication
process flow described here is an example of sacrificial layer, while the parylene layers
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represent structural layers. The substrate, usually a silicon wafer, is used as a temporary
carrier to aid fabrication. At the end of the fabrication process, the devices are released
from the wafer and are ready for use.
Materials deposited on the substrate are usually a combination if insulating polymers
and metals, which define the conductive parts of the device [103]. The basic step to
pattern any structure on a silicon wafer is photolithography, which involves the use of
light-sensitive compounds (positive or negative photoresists) and an ultraviolet (UV)
light source. Upon exposure to UV light, positive photoresists undergo a chemical change
that makes them soluble in a special solution, called developer. By using customdesigned photo-masks and high precision optics, only specific parts of the photoresistcoated material is exposed to UV light and later removed. The photomasks used here
have been designed using the software LayoutEditor (Juspertor UG) (Figure 2).
Material removal is largely based on plasma (dry) etching or chemical (wet) etching
[103]. The former method employs a strong oscillating radio frequency (RF)
electromagnetic field to generate plasma, a partially ionized gas, to bombard certain areas
of a material surface to form recesses in the material; the latter uses highly corrosive
chemicals, called etchants, which cause solid materials such as metals to dissolve. The
most common method of material deposition is sputtering. During sputtering deposition,
energized plasma ions strike a target coated with the material that needs to be deposited,
causing atoms from the target to be ejected and bind to the surface that needs to be
coated.
Devices have been fabricated in a cleanroom environment to ensure that dust particles
do not contaminate the processing materials. Additionally, a cleanroom is illuminated
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with a long wavelength yellow light, preventing photoresists to be activated by the short
wavelengths present in the visible spectrum. All the fabrication work described here has
been carried out in the cleanroom located in the Tufts Nano and Micro Fabrication
Facility at the Tufts Advanced Technology Laboratory (Figure 2).

Figure 2: Photomasks and the Tufts cleanroom. Figure A shows a LayoutEditor window with
the design of two photomasks, one stacked one of top of the other. Figure B shows a silicon wafer
after the first photolithographic step. The overall shape of the devices has been defined using one
of the photomasks on the left. Figure C shows the sputter tool available in the Tufts Nano and
Micro Fabrication Facility. In figure D, Prof. Robert White is using a mask aligner, a tool
employed during photolithography, in full cleanroom gear.
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2.2.3.1 Fabrication Process Flow
The fabrication protocol comprises a two mask photolithography process, vapor
deposition of parylene C, sputtering deposition, and reactive ion etching. A schematic of
the process flow is shown in Figure 3. As a first step, approximately 15μm of parylene C
is vapor-deposited from the monomer at room temperature and approximately 35mT
(Specialty Coating Systems, PDS 2010 Labcoter®2) on a <100> oriented, lightly borondoped, 100 mm diameter silicon wafer. This layer of parylene constitutes an optically
transparent, flexible and insulating base for the devices, on top of which the metallic
structures can be patterned.
To shape the array geometry, 3μm of positive photoresist (SPR 220-3.0 series) is
spun over the parylene layer, exposed, and developed. Thin films of chromium (30nm)
and gold (300nm) are then sputtered onto the wafer. The chromium layer is deposited to
promote adhesion between parylene and gold. Next, the wafer is sonicated in an acetone
bath until the metal lifts off, delineating the geometry of the device (i.e. recording
electrodes, conductive lines, and connection pads). A second insulating layer of parylene
C (~1μm) is then deposited on the whole wafer to encapsulate all the patterned metallic
structures. Next, parylene is selectively removed only from the areas of the wafer
corresponding to the recording sites and the connection pads, thereby leaving the
conductive traces coated. First, a 3μm photoresist layer is spun, exposed and developed.
Next, a thin layer (150nm) of copper is sputter deposited over the lift off pattern defined
by photolithography. Once the photoresist is stripped in an acetone bath, the metal layer
acts as an excellent etch mask and the wafer can be safely subjected to a reactive ion etch
(March CS-1701F RIE) in oxygen plasma (100sccm O2, 280mT, 200W, etch rate
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0.4μm/min). The plasma etch is carried out until parylene is completely removed not only
from the recording electrodes and the connection pads, but also from the area surrounding
the devices to define their final shape. After a quick copper wet etch in standard acid
metal etching chemistries, the devices are ready to be manually peeled off the wafer. No
additional sacrificial release layer is needed; adhesion of the parylene to the silicon is
sufficient for processing, but the devices can be manually peeled from the surface without
damage. Figure 4 shows what the devices look like on a silicon wafer after some of the
key processing steps described above.

Figure 3: Schematic illustration of the main fabrication steps. For a more detailed
description, see paragraph 2.2.3.1.
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After Cu/Au deposition

After liftoff and 2nd parylene deposition

After 2nd photolithographic step

After Cu deposition and liftoff

Figure 4: Electrode arrays after key fabrication steps. Electrode arrays are shown after some
of the main fabrication steps. Although the figures depict arrays with slightly different layouts,
the diameter of the recording sites and the side of the squared interconnection pads are constant
and measure 100µm and 300 µm, respectively.
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2.2.4 Interconnection System
To interface the fabricated microelectrode array with the recording instrumentation,
the terminal end of the device has been designed to fit into the insertion slot of an 8
channel zero insertion force (ZIF) connector (Hirose, FH34S). To obtain both a reliable
electrical and mechanical connection, cut-to-size masking tape is used as a stiffener to
increase the thickness of the terminal end to approximately 0.3mm. Once the device is
inserted, a back-flip rotating actuator firmly holds it in place. After the actuator is locked,
a visual inspection of the contacts is carried out with a microscope to ensure that the
device is correctly positioned. The other end of the ZIF connector is soldered to a flat flex
cable (Parlex series 050R08), which is inserted into another ZIF connector. This
connector, in turn, is surface mounted onto a small custom design PCB. The use of a flex
cable provides both strain relief and mechanical stability. In addition, the light weight of
the connector (<35mg) minimizes the physical load on the animal. The PCB includes a
through hole terminal block from which the output is fed to a differential amplifier
(Model 1700, AM Systems Inc. WA), which is connected to the data acquisition system.
Figure 5 shows the interconnection system between a microelectrode array and the PCB
described above.
One main advantage of this interconnect configuration is the opportunity to replace
devices with different array designs by simply unlocking the actuator of the ZIF
connector. In a similar fashion, flex cables of different lengths can be interchanged.
According to specific experimental requirements, the differential recording configuration
of an array can be modified by changing the output wiring scheme of the terminal block
that defines the electrode pairing. This is especially useful when different areas of a
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certain muscle need to be sampled or when the alignment of the recording sites with
respect to the muscle fibers need to be modified.

Figure 5: Interconnection system. The interconnection system between an electrode array
and the PCB that hosts the block connector through which the output signals are fed to a
differential amplifier. On the right the interconnection system is shown when the end probe is
implanted in a caterpillar.

2.2.5 Electrical Characterization
The electrical integrity of the micro-fabricated probes was established before
implantation. A continuity test was performed to ensure that each electrical path between
a recording site and its corresponding terminal pad was complete and functional (Figure
6). An additional test was carried out to verify that the metal traces were not shorted to
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one another. The electrical performance of the electrodes was evaluated by impedance
spectroscopy. Since the metal-electrolyte interface determines the impedance of the
electrodes ([104, 105]), measurements were taken keeping the shaft of the devices
immersed in modified Miyazaki saline [106, 107]) to mimic the physiological
environment that surrounds the electrodes when implanted. A large silver/silver chloride
pellet (1mm x 2.5 mm, AM Systems Inc. WA) was used as a reference electrode.
Through the outputs of the interconnecting PCB, the impedance of single recording sites
was determined with an LCR meter (Agilent E4980A Precision LCR Meter) by recording
the response to sinusoidal current pulses over the frequency range of 100Hz to 200KHz.
To monitor the recording capabilities of the electrodes over time, impedance
measurements were taken before and after implantation at room temperature

Figure 6: Continuity test. A continuity test was performed using two microprobes connected
to an LCR meter.
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2.3 In vitro Recordings
After characterizing the electrical properties of the micro-fabricated arrays, channel
discrimination, spatial selectivity and spatial sensitivity have been evaluated in vitro. A
semi-intact preparation, called flaterpillar, was used in all the in vitro experiments
described here.

2.3.1 Flaterpillar Preparation
After deeply chilling (anesthetizing) a Manduca larva, an incision was made on the
cuticle from the horn to the head capsule, along the dorsal midline to expose ventral
muscles, or along the lateral spiracle line to expose dorsal muscles. As shown in Figure 7,
the larva was then pinned down, with the inner ventral side up, to a Sylgard dish in cold
modified Miyazaki saline [107]. Great care was taken to gently stretch the flattened
caterpillar body to facilitate the removal of the gut and the fat body covering the muscles.
Finally, to expose the nerve cord and the musculature, the tracheal tubes were gently
dissected away from the underlying muscles. The final thickness of the flattened
caterpillar is approximately 2mm.
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Figure 7: Semi-intact (flaterpillar) preparation. The yellow rectangle next to the nerve cord
identifies the left ventral side of the animal. In the right panel, a schematic representation
illustrates how a semi-intact a flaterpillar preparation is obtained when the cuticle is cut along the
dorsal midline. The top figure represents a cross sectional view of Manduca body, while the
bottom figure represents the final preparation, with all the muscles flattened on a plane.

2.3.2 Extracellular Recordings
Since all the ganglia, nerves and muscles were left intact, excitatory junction
potentials (EJP) could be recorded from a flaterpillar preparation by simply sliding
electrode arrays underneath muscles of interest. Spontaneous muscle activity typically
persists for up to 2 hours after the animal is pinned down in saline. In addition to
spontaneous activity, a custom-made suction electrode was used to stimulate specific
nerves and elicit a response in the muscles they innervate (Figure 8). To study the spatial
selectivity of the array, the recording sites were placed underneath specific muscle fibers
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and the crosstalk from any active surrounding muscle was evaluated. To study the spatial
sensitivity of the arrays, a three axis micro-manipulator was used to place the array on top
of the ventral internal lateral muscle (VIL) at fixed vertical distances. The amplitude of
numerous extracellular EJPs generated by VIL was measured at each distance and their
average was plotted as a function of the distance of the array from the muscle.
The EMG signals recorded in vitro were amplified at x10,000, low-pass-filtered at
10Hz, and high-pass-filtered at 10kHz. Data was acquired using PowerLab data
acquisition units (ADInstruments), while data analysis was performed offline with the
freely available program DataView (http://www.st-andrews.ac.uk/~wjh/dataview/).

Figure 8: In vitro extracellular recordings. In the left panel, a micro-fabricated device is slid
underneath the fibers of the ventral muscle VIL and suction electrode is used to stimulate the
nerve innervating VIL. As shown in the right panel, the recordings sites are facing upwards and
are in direct contact with VIL. This configuration ensures that the signal detected by the array
originates from VIL. In this way, it is possible to quantify the contribution of muscle crosstalk to
the signal.
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2.3.3 Intracellular Recordings
Thin-wall glass microelectrodes with a resistance of 10-15MΩ were pulled using a
horizontal puller (Model P-87, Sutter Instrument Co., Novato, CA). After being filled
with a 2M KCl solution, the electrodes were mounted on a flexible silver wire that had
been previously dipped in hypochlorite-based bleach to allow an AgCl coat to form. EJPs
were recorded from single fibers of the dorsal internal medial (DIM) muscle and the
ventral muscle VIL. To elicit muscle activity, a custom-made suction electrode was used
to stimulate the nerve branches innervating VIL and DIM. In a number of experiments, a
second custom-made suction electrode was used to simultaneously record nerve action
potentials (AP) from the same nerves. In some experiments, in addition to the two suction
electrodes and the intracellular microelectrode, an electrode array was also slid
underneath DIM or VIM to simultaneously record extracellular EJPs, intracellular EJPs,
nerve APs and stimulate the nerves innervating DIM and VIL (Figure 9).
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Figure 9: Intracellular EJPs: experimental setup. The top figure shows the experimental set
up used to simultaneously record extracellular EJPs (with an electrode array), intracellular EJPs
(with a glass microelectrode), nerve APs (with a suction electrode) and stimulate the nerves
innervating DIM and VIL (with a second suction electrode). The bottom figure shows a close up
of the two suction electrodes with a nerve looped inside their tip. The bottom panel on the right
shows a close up of an intracellular electrode penetrating a DIM muscle fiber (red arrow).
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2.4 In vivo Recordings
To record electromyography activity in vivo, the animals first were deeply chilled
(anesthetized) on ice. Next, dissecting micro-scissors were used to make an incision to
the cuticle, along the dorsal midline to target dorsal muscles, and along the line of the
spiracles to target ventral muscles. Holding it with a pair of fine tweezers, the electrode
was fed into the cut (Figure 10). To avoid excessive hemolymph seepage, the cut on the
cuticle was carefully made to approximate the width of the device. After implanting the
electrode array, the tip of the horn was cut off and a silver wire was inserted to act as a
ground wire. The wire was secured to the animal using a small amount of rubber cement
(Elmer’s Products Inc.). After the insertion, animals recovered quickly (15-20 min) and
seemed to tolerate the devices extremely well as they move and behave normally.
Numerous post-mortem dissections have confirmed that the musculature is left intact by
the sliding electrode and that there are no significant toxic reactions. To study the intersegmental interaction, two electrodes were implanted in two consecutive abdominal
segments.

Figure 10: Micro-electrode array implanted in a Manduca larva. The incision was made
along the dorsal midline to record from dorsal muscles. A silver ground wire is inserted through
the horn of the animal.
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EMG signals were amplified at x10,000, low-pass-filtered at 10Hz, and high-passfiltered at 10kHz. Data was acquired using the PowerLab acquisition system
(ADInstruments), while data analysis was performed offline with the freely available
program DataView (http://www.st-andrews.ac.uk/~wjh/dataview/) and with Matlab
(Mathworks).

2.5 Experimental Setup
The experimental set up has significantly evolved over time. Initial recordings were
done keeping the animals on a fixed wooden rod (Figure 11A). The wooden rod was
subsequently mounted to a rotating hinge to allow recordings during both horizontal and
vertical crawling (Figure 11B). However, to avoid changes in the position of the
implanted electrode when transitioning from one orientation to another, the small PCB
connected to the electrode had to be rotated simultaneously with the rod, introducing
positioning errors. To simplify this operation, a treadmill was specifically designed for
caterpillar locomotion using the 3D CAD design software SolidWorks (Waltham, MA).
In the new design, the treadmill can rotate 360◦ and is connected to the PCB by two
adjustable arms to minimize electrode displacement during changes in orientation. The
treadmill was 3D-printed using a fused deposition modeling printer (Dimension 1200,
Stratasys) and placed in a grounded metal cage in an effort to minimize noise (Figure
11C). A schematic of the treadmill is illustrated in the inset of Figure 11C. A circular
rubber band with a cross-sectional diameter of 5mm was used as the treadmill belt. The
animals were secured on the belt while they recovered from anesthesia using a paper clip
(Figure 12A). The paper clip provided enough support to allow the insertion of the
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electrode and the ground wire. Once the anesthesia wore off and the animal could clearly
grip the substrate, the paper clip was removed. A video camera (Cannon, 15fps) was used
to record the motion of the caterpillar throughout each experiment. To synchronize the
video with the EMG recordings, the output of an LED light connected to a Grass S9
Stimulator (Astro-Med) was fed to a recording channel of the acquisition system so that a
flash of light in the video would correspond to a spike in that channel (Figure 12B).

Figure 11: Evolution of the experimental setup: from a fixed wooden rod (A), to a rotating
rod (B), to a customized treadmill (C). The inset in C shows a SolidWorks schematic of the
treadmill.
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Figure 12: Implantation and LED synchronization. Anesthetized animals were secured on the
belt using a paper clip (A) to allow electrode implantation. To synchronize the video with the
EMG recordings, the output of an LED light was fed to a recording channel so that a flash of light
in the video would correspond to a spike in that channel (B).

2.6 Video Analysis
The videos acquired during each EMG recording session were analyzed using
VirtualDub, a video editing program that allows frame by frame analysis. The start and
the end times of the swing phase of each proleg was determined with a single frame
resolution by defining the beginning of swing phase as the first frame when the upward
motion of each proleg could be detected and the end of swing phase as the first frame
when the proleg motion could no longer be detected

2.7 Anatomical Characterization
Since most anatomical studies in Manduca larvae have been documented only by
free-hand drawings, a careful anatomical characterization of Manduca musculature has
been carried out in an effort to facilitate electrode placement. The precise identification of
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the attachment points of the muscle of interest DIM and a 3D reconstruction of the
relative position of ventral and dorsal muscles have provided invaluable guidance during
electrode implantation.

2.7.1 Ethanol Fixation
To preserve the 3D configuration that the muscles have in a live animal, a number of
euthanized caterpillars were subjected to ethanol fixation. First, animals were euthanized
by keeping them in a sealed jar containing a cotton ball soaked with ethyl acetate for 30
minutes. Next, they were immersed in ethanol for 30 to 60 minutes (Figure 13A). Lastly,
the cuticle was gently peeled off using micro-tweezers to reveal the underlying
musculature (Figure 13B).

A

B

Figure 13: Ethanol Fixation. Euthanized caterpillars were first immersed in ethanol (A).
Next, their cuticle was gently peeled off to reveal the underlying musculature (B).
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2.7.2 DIM Attachment Points
The attachments points of DIM have been carefully mapped to external features of
Manduca. In particular, folds with patterns similar to the DIM attachment lines were
considered. As first step, wires with a diameter of 0.4mm were inserted and secured with
Gorilla Glue at positions along visible folds on the cuticle. Once the glue had dried, the
external portion of the wires was trimmed so that the caterpillars could be dissected and
pinned down flat, with the musculature facing upwards. The locations of the wires with
respect to the attachment line of DIM were determined and a careful comparison between
external cuticle folds and internal muscle attachment lines was made. To enhance muscle
contrast, a few drops of Janus green (Yack, J., 1993) were added to the flaterpillar
preparation.

2.7.3 Inside-out Caterpillar
To examine the three-dimensional arrangement of caterpillar muscles, a novel
dissection technique was developed. Since this new technique does not require the cuticle
to be cut along the dorsal or the spiracle midline and the caterpillar body is not flattened
and pinned down to a petri dish, the relative position that each muscle has in a living
animal is preserved. The final preparation was named “inside-out caterpillar”. The
dissection process is described in Figure 14. Briefly, after chilling the caterpillar on ice
for 30 minutes, the head and the terminal proleg are cut off and a silicon tube is inserted
in the internal cavity of the caterpillar, pushing the gut away. A second silicone tube of a
slightly bigger diameter is then used to flip the cuticle over, leaving the musculature and
the nerves exposed. Once the soft tissue covering the muscles is removed, the threedimensional inside-out caterpillar is ready (Figure 14F). In a number of preparations,
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Janus Green (Yack, J., 1993) was applied multiple times to add contrast to the muscles.
The widths of the muscle fibers were measured using the software ImageJ and
microspheres of known diameter were used as calibration. Some inside-out caterpillars
were used to record spontaneous muscle activity with the electrode arrays, as described in
section 2.4.

Figure 14: Inside-out caterpillar. As first step, the head and the terminal proleg were cut
off, as indicated by the red lines in panel A. Next, the gut was removed from the anterior end with
a pair of dissection tweezers after inserting a silicon tube in the posterior end (B). After this step,
the caterpillar is completely wrapped around the silicon tube (C). Next, one end of the silicon
tube was inserted in another silicon tube with a slightly larger diameter, as shown in panel D.
The caterpillar body was then pushed towards the larger silicon tube, causing the posterior end of
the caterpillar to be pushed inwards (E). As a result, the caterpillar started to” invert” and the
interior (white in the figure) started to became visible. The fully “inside-out” caterpillar is shown
in panel F, after pinning it to the silicon tube to prevent shrinking.
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2.7.4 Three-dimensional Map of Manduca Muscles
The 3D modeling program Trimble Sketchup has been used to reconstruct the relative
positions of Manduca muscles within each abdominal segment. Incorporating the
information gathered from many dissections and the anatomical characterization
experiments described above, the first 3D representation of Manduca muscles has been
created.

2.8 Silk Coated Arrays
To facilitate implantation, a novel method to mark the location of the electrodes in
vivo has been developed by coating them with a fluorescent silk solution that is
engineered to dissolve at specific time points during a recording session.

2.8.1 Pure Silk Solution
The silk solution was prepared as previously described [108]. Briefly, Japanese
Bombyx mori silk cocoons were cut and placed into boiling 0.02M Na2CO3 (Sigma
Aldrich) for 30 minutes to degum the sericin component and isolate the silk fibroin
protein. The isolated silk fibroin was then washed three times for 20 minutes in deionized
water and allowed to dry for 24 hours. Dried silk was dissolved in 9.3M LiBr (Sigma
Aldrich) at 60oC for three hours, producing a 20% w/v solution. The silk solution was
then placed into dialysis cassettes (Slide-a-Lyzer dialysis cassettes, 3500 MW-cutoff;
Pierce) and dialyzed against deionized water for three days to remove excess ions. After
dialysis, the solution was removed from the cassettes and centrifuged at 10,000
revolutions per minute (rpm) to remove any suspended silk fibroin or debris. The
concentration of post dialysis silk fibroin solutions was calculated by weighing the silk
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after drying in a 60°C oven. The typical concentration ranged from 5 to 8 wt%. By
adding deionized water, the final concentration of the silk fibroin solution was adjusted to
5% w/v.

2.8.2 Fluorescent Silk Suspension
To prepare the fluorescent silk suspension, 10mg of ultraviolet fluorescing
polyethylene microspheres, (Cospheric, 365nm UV, 27-32 μm, water suspendable) were
added to 1ml of pure silk solution (Figure 15A) and gently mixed by pipetting until the
microspheres appeared to be uniformly distributed (Figure 15B). By using a micropipette, approximately 5µl of the silk suspension were applied as a thin layer on the back
of the electrode arrays and let air-dry for 30 minutes at room temperature (Figure 15C).

2.8.3 Water Annealing
After air-drying the silk layer deposited on the device, water annealing was
performed to slow down the silk dissolution rate [109, 110]. Individual silk-coated
devices were placed in a water-filled vacuum chamber under a 25 inHg vacuum for
varying periods of time, depending on the target dissolution rate (Figure 15D). The time
it takes silk to fully dissolve when in contact with an aqueous solution such as the
caterpillar hemolymph is proportional to how long the silk has been water-annealed. To
determine the annealing times required to induce specific dissolution rates, a series of in
vitro experiments was performed. First, a number of silk-coated devices were waterannealed for different periods of time. After letting the silk layer dry for 60 minutes, the
coated devices were placed in physiological saline (Figure 15E, bottom), which
resembles the caterpillar hemolymph, and the time it took the silk to fully dissolve and

71

completely release the microspheres from the devices was measured (Figure 15F,
bottom).

2.8.4 In vitro Testing
For the in vitro testing, a caterpillar semi-intact preparation was used. Since the
muscles are clearly visible, the reduced preparation was used for three different purposes:
(1) to slide silk coated arrays inbetween muscle layers and test the ability of the silk films
to efficiently release microspheres and mark the position of the array; (2) to test the
recording capabilities of two electrodes temporarily “silk-glued” together; and (3) to
verify the location of the microspheres after each in vivo experiment. A UV flashlight
(LEDWholesalers Inc., Nichia 365nm, 5 LED flashlight) was shone on the caterpillar
reduced preparation to make the microspheres fluoresce.

2.8.5 In vivo Testing
After water annealing, the silk-coated devices are ready to be implanted (Figure 15E,
top). Once the silk dissolves, the microspheres are released from the electrode array,
marking its position on the muscles that are in close proximity to the device (Figure 15F).
To determine the location of the microspheres after each in vivo experiment, a semi-intact
preparation and a UV flash light were used as described in section 2.8.4.
Electromyographic (EMG) signals were recorded as described above in paragraph 2.3.1.
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Figure 15: Silk coating. (A) UV fluorescing polyethylene microspheres are added to a pure
silk solution; (B) the microspheres are mixed with the silk solution until uniformly distributed;
(C) the resulting fluorescent silk suspension is deposited on the device with a micro-pipette and
allowed to dry; (D) the silk coated device is water annealed; (E) the coated device is implanted in
vivo (top) or placed in physiological saline to monitor the silk dissolution rate (bottom); (F) when
silk dissolves, the microspheres are released from the surface of the device and deposited on the
muscles in contact with the device (top) or into the physiological saline, leaving the device free
from both silk and fluorescent microsphere (bottom)

2.9 Signal Analysis
The signal recorded by single EMG electrodes is typically the mixture of the signals
generated by all the muscle fibers surrounding the electrode. Furthermore, EMG signals
are often contaminated with noise or artifacts, resulting in highly complex and non-linear
waveforms. Most spike-sorting algorithms group spikes according to their shape
considering one channel at a time, effectively ignoring their spatial distribution across
multiple channels. Since, unlike action potentials, EJP waveforms tend to vary in shape,
more advanced algorithms have been used to isolate and sort the transients recorded from
Manduca muscles. Although I extensively studied several methods to determine their
applicability to the signals recorded from Manduca muscles, only a general overview is
presented here.
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2.9.1 Principal Component Analysis (PCA)
Principal Component Analysis (PCA) is a mathematical method that detects linear
dependences between variables and converts a set of correlated variables into a set of
uncorrelated variables describing the most common features of the original data set [111,
112]. The new uncorrelated variables are called principal components (PCs). By using the
eigenvalues and the eigenvectors of the covariance matrix, PCA determines the directions
of maximum variance in the original (measured) data set and re-plots the data so that the
new coordinate axes lie along these directions, as shown in Figure 16. In multidimensional data sets, the first axis (PC 1) lies in the direction of maximum variance, the
second axis (PC 2) lies in the direction of next-most variance and so on. Each new
coordinate axis is defined by an eigenvector of the covariance matrix and the
corresponding eigenvalue quantifies the variation in the data set and thus the order of the
PCs. Combined with channel cross-correlation analysis, a PCA algorithm written in
MatLab has been used to extract waveforms common to different channels. This method
has been used for signals recorded with four-channel electrode arrays in in vitro
experiments. Spike sorting in all the traces recorded with six-channel arrays has been
carried out using independent component analysis (ICA), as detailed below.
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Figure 16: Coordinate transformation in PCA. The X-Y axes (in black) are rotated to
allow the new set of axes X’-Y’ (in red) to lie along the maximum variation present in the
measured data set (plotted in blue).

2.9.2 Independent Component Analysis (ICA)
Independent component analysis (ICA) is a signal processing algorithm that separates
and identifies individual source signals that have been linearly mixed when recorded
simultaneously by a certain number of sensors [113, 114]. The source signals estimated
using this method are called independent components (ICs). Each IC is the weighted sum
of all the signals detected by the recording channels and represents the most distinct
signals that are present in the EMG traces. ICA is commonly applied to separate artifacts
and noise from biologically relevant signals, particularly in EEG recordings. More
recently, it has been increasingly used to decompose recorded EMG signals into a subset
of signals that may be attributed to individual muscles, which represent the unknown
sources that generate the (mixed) recorded signals [93, 94], as shown in Figure 17.
The main assumption of ICA is that the signals produced by different sources are
temporally independent and temporally distinct. For this reason, ICA cannot be
performed in a small data set since independence could not be guaranteed or if different
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muscles are co-active throughout the entire duration of a recording session. Furthermore,
ICA can be performed only if the number of source signals (i.e. muscles) is less or equal
to the number of mixed signals (i.e. recording channels). For this reason, ICA has only
been applied to EMG signals collected from the area surrounding DIM using six-channel
arrays. In the case of prolonged muscle co-activation, channel cross-correlation combined
with signal threshold analysis has been performed.
Several ICA algorithms are available [114]. The one used here is the fastICA
algorithm, developed to be used in MatLab [115] (http://research.ics.aalto.fi/ica/fastica).
EMG data are fed to the fastICA algorithm in the form of an nxm matrix, where n
represent the number of recording channels (rows) and m the series of time points that
correspond to the EMG signals. Signal separation is performed based on the criterion of
maximum independence between the source time courses. Figure 18 shows an example
of the fastICA algorithm applied to EMG signals collected with my electrode array.

Figure 17: ICA. Source signals (left) are linearly and instantaneously mixed by an unknown
mixing process. The recorded signals are unknown combinations of the source signals (center).
After applying PCA to the recorded signals, the ICs approximate the source signals (right)
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Figure 18: ICA applied to EMG signals. The left panel shows raw EMG signals recorded
with my electrode array. Only three channels are shown. The right panel shows what the
independent components look like after the fastICA algorithm is applied to the raw signals.

2.9.3 Threshold Analysis
Voltage thresholds were used to identify EJP spike events within each channel. This
method was used when transients with different amplitudes were clearly discernible, as in
Figure 19. By cross-correlating the events identified by threshold analysis, different
subgroups of spikes were attributed to different motor units. This approach was mainly
used for signals recorded in vitro and when the number of available channels with
detectable in vivo muscle activity was not high enough to apply ICA.

Figure 19: Threshold analysis. Two voltage thresholds (green and red) identify two
groups of spike events that can be attributed to the firing activity of two different motor
units.
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2.10 Gait Analysis
To study gait adaptations to substrate stiffness and orientations, two substrates and
three orientations have been considered. Each caterpillar performed six experimental
conditions (2 substrates x 3 orientations).

2.10.1 Substrates
Two different treadmill belts of 5mm in diameter were used: a custom-made belt of
platinum cure liquid silicone (Dragon Skin® 20) and a belt of nitrile rubber (Buna-N Oring), a copolymer of acrylonitrile and butadiene. According to manufacturer’s
specifications, the hardness on the Shore A durometer scale for Dragon Skin® 20 is 20
whereas for Buna-N it is 70. Furthermore, while the nitrile treadmill belt can withstand a
force of 2,031 psi before breaking and has 400% elongation at break, the silicone belt has
a much lower tensile strength at break (550 psi) but exhibits higher elongation at break
(620%).

2.10.2 Orientations
Three orientations were selected by rotating the treadmill about the horizontal axis by
different angles: (1) horizontal, i.e. 0◦; (2) vertical upwards, i.e. 90◦ rotation; (3) vertical
downwards, i.e. -90◦ rotation.

2.10.3 Kinematic Analysis
For each experimental condition (substrate x orientation), 27 crawls per animal were
randomly selected. The start and the end points of a single crawl were defined as the start
of swing phase in (proleg) A6 and the end of swing phase in (proleg) A3, that is a crawl
starts with the lift off of A6 and ends with the re-contact with the substrate of A3.
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Six kinematic variables were analyzed: (1) proleg stepping pattern: the order in which
each proleg (A6, A5, A4, A3) lifts off and retouches the substrate, (2) crawl cycle
duration: elapsed time between A6 lift off and A3 re-contact with the substrate,
determined by the difference in the recorded times between the start of swing phase in A6
and the end of swing phase in A3, (3) proleg swing duration: elapsed time between lift
off and re-contact with the substrate for a single proleg, determined by the difference in
the recorded times of the start and end of swing phase in each proleg; (4) inter-proleg
swing delay: elapsed time between proleg (A5, A4, A3) lift-off and A6 lift-off,
determined by the difference in the recorded times between the start of swing phase in A6
and the start of swing phase in each remaining proleg; (5) inter-proleg stance delay:
elapsed time between proleg (A5, A4, A3) touch down and A6 lift-off, determined by the
difference in the recorded times between the start of swing phase in A6 and the end of
swing phase in each remaining proleg; (6) inter-proleg delay: elapsed time between
adjacent prolegs.
Frame-by-frame video analysis was performed as previously described. Interaction
effects of substrate stiffness and orientation (i.e. different substrates in the same
orientation and different orientations on the same substrate) were tested for statistical
significance using a mixed model in SAS.
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3. Results

3.1 Electrode Array
Flexible micro-electrode arrays were custom fabricated for in vivo EMG recordings in
Manduca sexta. They consist of a chrome/gold conductive layer –defining the recording
sites, the interconnecting traces and the terminals– sandwiched between two flexible
insulating layers of Parylene C. The geometry of the array has been specifically designed
to match the anatomical features of the larval stage of Manduca. Circular recording sites
of 50μm radius terminate into 300µm square interconnection pads through a set of metal
traces encapsulated in parylene insulation. One of the final devices is shown in Figure 1
next to a US penny for size comparison. A photomicrograph of the apertures that define
the electrodes and the terminal pads are shown in Figure 2. The exposed area of the gold
electrodes (in light yellow in Figure 2) has been designed to be slightly less than that
patterned via photolithography to guarantee an effective parylene encapsulation. The
final exposed area has been estimated to be 5500μm2. During a recording session, pairs of
electrodes are differentially connected so that n electrodes result in n/2 recording
channels (Figure 4C).
Initially, the devices consisted of eight recording sites. The longitudinal spacing
between electrodes ranged from 500µm to 1000µm (Figure 1 and Figure 2). However,
after some initial recordings, it became clear that the outermost channel was often too
close to the incision made to the cuticle to implant the electrodes, picking up noise from
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the outside. As a result, the SNR was usually very low, limiting the utility of that channel.
To solve this problem, a second generation of electrodes was designed with smaller interelectrode distances. To more uniformly cover the muscle surface and further facilitate
signal analysis, the number of recording sites was increased from eight to 10 and 12,
yielding five (Figure 3B) and six (Figure 4B) recording channels. Figure 3 shows a
comparison between two implanted electrodes with four and five channels. The
differences in the transverse spacing between electrodes are highlighted in red. In the
newest electrode arrays, the longitudinal spacing between recording sites ranges from
100µm to 500 µm. An additional advantage of the new electrode design is that the
reduced size of the arrays further facilitates implantation, limiting muscle damage. The
six differential channels of an electrode array with 12 recording sites is shown in Figure
4C. The effect of different electrode layouts on the EMG signals has been monitored in
vitro and in vivo. No significant effect on the shape and the amplitude of the recorded
signal waveforms has been observed.
The four channel devices have mainly been used to characterize the signal in vitro
when the number of channels was not a critical parameter. The six channel devices have
been used for in vivo EMG recordings. As discussed in Chapter 2 a higher number of
channels not only facilitates the application of ICA, but it also makes signal crosscorrelation easier.
The shaft containing the interconnecting traces is 1.5cm or 3cm long. However, only
a fraction of it (3mm-5mm) is physically inserted into the animal, the rest mainly
providing enough stress relief to minimize tissue damage (Figure 4A). The diameter of
the recording sites is slightly smaller than the average Manduca muscle fiber, enabling
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single fiber recordings. The 500µm pitch of the terminal pads has been chosen to match
that of a zero insertion force (ZIF) micro-connector. Through a flat flex cable soldered to
this micro-connector, the probe is connected to a small printed circuit board (PCB). The
flex cable has been employed to provide additional stress relief during the recording
sessions. The outputs from the PCB are fed to a differential amplifier and, in turn, to the
recording instrumentation. To prevent motion artifacts due to wire-pulling, the PCB has
been securely fixed to the treadmill upon which caterpillars crawl. The devices are thin
(16 to 20μm) and flexible, yet they are structurally robust and they do not significantly
buckle during insertion. Single arrays have been re-used several times obtaining
consistent results.

.

1mm

Figure 1: Microfabricated device. One of the microfabricated devices was placed next to a
US penny for size comparison. Eight circular recording sites are visible on the left, while eight
square terminal pads are visible on the right. The interconnection traces run horizontally in the
figure. From [116].
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Figure 2: Photomicrograph of microfabricated devices. The top two panels show the
apertures defining the square interconnection pads. The light yellow regions represent the
exposed gold pads. The parylene-insulated region is dark yellow. The bottom panel on the left
shows two arrays with different transverse spacing values between recording electrodes. A single
recording electrode is shown in the bottom panel on the right.

Figure 3: Implanted arrays with different inter-electrode distances. The array on the left is
one of the first generation four-channel arrays. The array on the right is one of new arrays with
reduced longitudinal and transverse spacing between electrodes (red arrows) and a higher number
of recording sites. Both arrays have been implanted underneath DIM muscle fibers.
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Figure 4: In vivo experimental setup and recording channel differential configuration. The
implanted device is extremely flexible and its shank can twist and turn as the animal moves (left
panel). The device is connected to a flex cable through a ZIF connector. A silver wire is inserted
in through the horn of the animal to act as ground wire. The interconnection system is described
in detail in paragraph 2.2.4. The middle panel shows an array with 12 recording electrodes
implanted underneath DIM muscle fibers. The right panel shows the six channel differential
configuration used in the EMG experiments presented here.

3.1.1 Electrical Characterization
When the array is implanted, a metal-electrolyte interface is established at each
electrode site. For this reason, a careful electrical characterization of the electrodes has
been performed via impedance spectroscopy in Miyazaki saline. Sixteen electrodes of
two different devices have been examined before and after implantation. A typical value
of (48±2)KΩ has been found at 1KHz. No significant impedance drop has been observed
after recording sessions of several hours. Not only the impedance is stable over time, but
it is also uniform among the electrodes, a crucial requirement for an adequate differential
amplification.
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The magnitude of the impedance of two electrodes constituting a recording channel is
plotted in Fig.5 as a function of the frequency. The two curves are nearly identical and
mostly overlap in the whole frequency range.

Figure 5: Impedance. The magnitude of the impedance of two electrodes constituting one
recording channel (channel 1 in the inset) is shown as a function of the frequency. The curves are
nearly identical. At 1kHz, the impedance of both electrodes is approximately 48kΩ. From [116].

3.1.2 Other Applications of the Fabrication Protocol
The platform technology developed to fabricate electrode arrays to be used in
Manduca sexta has also been successfully employed to fabricate surface electrodes for
EMG recordings in humans [117, 118] and parylene-based thermal actuators [119].
However, since these two projects are not directly correlated to the main goal of this
dissertation, they are only briefly presented in the appendix.
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3.2 Electrode Placement
3.2.1 Anatomical Characterization
To guide electrode insertion and facilitate placement, a careful characterization of
Manduca muscle anatomy was carried out to overcome the main limitation of existing
anatomical sketches, as explained in paragraph 1.3.3.
Fixing animals in ethanol and peeling off the cuticle revealed the arrangement of the
external oblique muscles with respect to the most internal layer of longitudinal muscles
(Figures 6A and 6B). Particular attention was paid to the relative position of dorsal
muscles to control for possible crosstalk when recording in vivo from the DIM muscle. In
Figure 6C, the dotted black line represents the dorsal midline. The heart can be seen on
the two sides of this line. The dotted red line represents the inter-segmental line
separating the A3 and A4 body segments. In Figure 6C, the external layer of oblique
muscles has been removed to reveal the longitudinal fibers of DIM. By dissecting the
animal in this way, it was possible to determine the optimal location on the cuticle where
to make an incision to place the electrode on the DIM muscle. However, this is a
particularly difficult dissection with a very high failure rate. In fact, since the muscles are
attached directly to the cuticle, they can be easily torn apart as the cuticle is being peeled
off.
To compare and contrast this type of dissection with the more easily attainable
flaterpillar preparation (paragraph 2.3.1), Figure 6D shows what DIM and the underlying
oblique muscles (Figure 6E) look like when they are flattened on a plane. In a flaterpillar,
the internal longitudinal muscles represent the first visible muscle layer (DIM in Figure
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6D). Only after removing the longitudinal fibers, the external layer of smaller oblique
muscles becomes visible (Figure 6E).

However, the 3D arrangement is lost and

predicting the trajectory of insertion for the electrode is not possible.

Figure 6: 3D and 2D dissections. The 3D arrangment of the external oblique muscles with
respect the most internal layer of longitudinal muscles can be seen by peeling off the cuticle of
caterpillars fixed in ethanol (A). Figure B is the magnification of the yellow square in figure A.
Ventral oblique muscles can be seen crossing each other on top of the longitudinal fibers of the
VIM muscle. In panel C, the external layer of dorsal oblique muscles has been removed to reveal
the longitudinal fibers of DIM. The dotted black line represents the dorsal midline. The heart can
be seen on the two sides of this line. The dotted red line in panels C and D represents the intersegmental line separating the A3 and A4 body segments. The 2D flaterpillar preparation is shown
in panels D and E. The external oblique muscles become visible only after the fibers of the
internal longitudinal muscle DIM are removed (E).
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To build and refine a 3D model of Manduca muscles, the inside-out caterpillar
(paragraph 2.7.3) has also been used, as shown in Figure 7. Several dorsal muscles have
been labelled in Figure 7C. As shown in Figure 8, in an inside-out caterpillar, the
musculature is still active and EJPs can be recorded by sliding an electrode array between
muscles. In Figure 8, five of the six channels of the array have been positioned
underneath VIL. The trace corresponding to sixth channel did not record any EJPs (red
trace on the right), suggesting a high signal selectivity of the array. A more precise
method to asses the signal selectivity of the array is presented in paragraph 3.3.3.
Since the nervous system is intact and the nerves are visible, an inside-out caterpillar
could be potentially used to stimulate specific muscles and measure the amount of pasive
stretching exibited by neighbouring muscles, providing a better understanding of what
happens when that muscle is activated in vivo.

Figure 7: Inside-out caterpillar. Panels A and B show a ventral and a dorsal view of an
inside-out caterpillar, respectively. The nerve cord and the heart can be seen running vertically in
A and B, respectively. In panel C, several dorsal muscles have been labeled, after staining them
with Janus green.
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Figure 8: EJPs from an inside-out caterpillar. The nervous system is intact and the
musculature is still active. By sliding an electrode array underneath the VIL muscle, it is possible
to record EJPs (on the right). The outermost channel of the electrode was not positioned
underneath VIL and did not record any EJPs (red trace).

Since the DIM muscle is directly attached to the cutocle, to find the optimal electrode
insertion point to record from DIM, the location on the cuticle corresponding to the
attachment line of DIM was determined as described in paragraph 2.7.2. A fold on the
cuticle with a pattern similar to the DIM attachment lines was identified. As shown in
Figure 9, the orientation of this fold to the white stripes and the vertical inter-segmental
line on the cuticle is the same as that of the DIM muscle attachment line, as determined
by looking at a flaterpillar preparation. Experiments were repeated on the left and right
side of three caterpillars and all body segments from A7 to A3 were probed with
consistent results.
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Figure 9: DIM muscle attachment line. Wires of 0.4 mm diameter were inserted through the
cuticle to find where the DIM muscle attaches itself to the cuticle. The orange circles indicate the
insertion points on the cuticle (top figures) and on the interior with respect to DIM (green arrows)
in a flaterpillar preparation (bottom figures). The DIM attachment line is highlighted in yellow.
Each vertical pair of images is taken from the same side and segment of the same animal.

A 2D and a 3D map of Manduca muscles were created by putting together all the
results described above. The arrangment of ventral and dorsal muscles as seen in a
flaterpillar preparation are shown in Figure 10A. The main muscle attachment lines are
represented by vertical planes. The same muscles arranged in 3D are shown in Figure
10B. Each body segment from A6 to A3 presents the same muscle arragment. Although
most muscles are contained within one segment, some muscles are slighly shifted and
invade the next most posterior segment. Two of these muscles are VIM and VIO (pink
and green muscles in Figures 10A and 10B). Figure 10C shows a 3D map of dorsal
muscles. DIM is represented in yellow. Some dorsal oblique muscles are rather short.
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They do not span a whole body segment like DIM does and attach themselves to the
cuticle at around half the length of a segment. This means that, unlike the majority of
Manduca muscles, they are not in direct contact with the analagous muscles located in
the next anterior and next posterior body segments. The functional role of these short
dorsal oblique muscles has never been investigated.
Figure 10D shows how the electrode array is inserted in vivo to record from DIM. An
incision is made along the dorsal midline, right next to the heart. In this way, the
electrode is free to flex and slide between the gut and DIM, without being bent by the
surrounding soft tissue. By inserting the array with the recording sites facing inwards, it
is possible to monitor the whole length of the DIM muscle. This is the position that has
been used in all the in vivo EMG experiments detailed in this dissertation, unless
otherwise specified.
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Figure 10: 2D and 3D maps of Manduca muscles. Figure A shows the arrangment of ventral
and dorsal muscles as seen in a 2D flaterpillar preparation. The vertical planes represent the main
muscle attachment lines. Figure B shows the same muscles arranged in 3D in a typical body
segment. In Figure C, the arrangment of dorsal muscles is shown in more detail. DIM is the
yellow muscle that spans the entire area between the heart and the spiracle. Figure D shows how
an electrode array (black) is implanted to record in vivo from DIM. An incision is made along the
dorsal midline, right next the heart (white). The recoding sites of the array are facing inwards,
towards DIM.
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3.2.2 Silk Coated Electrodes
3.2.2.1 Silk Films to Mark the Electrode Position
One side of the thin-film electrode arrays I developed was uniformly coated with a
silk suspension containing florescent microspheres, leaving the contacts exposed
(paragraph 2.8.2). When the silk-coated electrodes come in contact with an aqueous
solution, either in vitro or in vivo, the silk coating starts to dissolve, releasing the
microspheres from the surface of the electrode array. Figure 11 shows a device whose
back has been coated with a fluorescent silk film before and after an in vivo experiment,
under visible light (Figures 11A,C) and under UV light (Figures 11B,D). When the silk
film is fully dissolved, the microspheres are no longer present on the device surface
(Figures 11C,D). Since silk is an insulating material, the probes are coated on the reverse
side so the electrical contact sites are still exposed and recording can be started
immediately after implantation, without the need to wait until the silk film fully
dissolves.
The microsphere release rate can be controlled by tuning the dissolution rate of the
silk coating. Since untreated silk films start to dissolve and release microspheres as soon
as they are exposed to an aqueous solution, water annealing is performed to delay silk
degradation. In this way, the microspheres can be released only after the silk-coated
devices are placed in the desired location. Longer annealing times correspond to an
increase in beta sheet crystallization, which in turn corresponds to longer silk degradation
[109]. The rate of loss also depends on the thickness of the deposited silk layer. For the
films used here, a 1 minute water annealing resulted in a dissolution time of
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approximately 2 minutes, while a 10 minute water annealing resulted in a dissolution
time of approximately 4 minutes.

Figure 11: Silk coated devices. A device with a thin layer of fluorescent silk suspension on
the back surface is shown under visible light (A). The microspheres appear as yellow-white
clusters of dots. Under UV light, the microspheres fluoresce and become clearly visible (B). After
the muscle recording experiment, the silk coating has completely dissolved and the microsphere
are no longer visible on the surface of the probe either under visible light (C) or UV light (D).

3.2.2.2 In vitro
Caterpillar muscles are not pigmented and the fibers are always organized in
stereotypical and well characterized patterns. Therefore, in a semi-intact preparation, silkcoated electrode arrays can be easily slid in-between specific muscles. Figure 12 shows a
silk-coated array placed underneath a ventral muscle, whose fibers run vertically in the
figure (yellow arrows). The two sets of gold interconnecting traces of the array can be
seen running horizontally (white arrow). After the silk film is fully dissolved, the device
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is removed (Figure 12B). The microspheres are left underneath the ventral muscle,
clearly marking the position once occupied by the probe. The triangular shape of the
probe’s tip is also roughly preserved.

Figure 12: Silk films to mark the electrode position: in vitro experiment. A device whose
back has been coated with a thin layer of fluorescent silk suspension is placed in-between two
layers of muscles in a caterpillar reduced preparation (A). The muscle fibers running vertically on
top of the device are clearly visible (yellow arrows). The coated side of the device is facing
downwards. The fluorescent microspheres are clearly visible under UV light. When the silk film
is fully dissolved, the device is removed (B). The fluorescent microspheres are left behind in
between the two layers of muscles, marking the position of the electrode array with respect to the
target muscle.

3.2.2.3 In vivo
A silk coated device was implanted in vivo in the ventral side of a caterpillar. After
recording EMG signals, the animal was dissected to locate the microspheres and confirm
the identity of the monitored muscle groups. Figure 13A shows a semi-intact preparation
under visible light. Some dense clusters of microspheres are visible (blue arrows). Figure
13B shows the same semi-intact preparation under UV light.
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Although some microspheres might be misplaced during the dissection phase, the
location of the probe during in vivo experiments can be easily deduced by looking at: (1)
the highest density of microspheres; and (2) the microspheres trapped around specific
muscle fibers. When the electrode comes in direct contact with a muscle fiber, in fact, the
microspheres tend to wrap around it, as shown in the inset of Figure 13B. A muscle fiber
has been cut to better show the underneath fluorescing fiber. The white arrows in Figure
13A and 13B indicate the position of the muscle fiber shown in the inset. In this
particular case, since the silk coating had been applied on the back of the probe, and since
Manduca muscles are arranged in only two main layers, it is possible to deduce that the
electrode was recording from the muscle positioned directly above the muscle that has
been marked with the florescent microspheres
Microspheres of different colors can be used to mark the location of the device at
different time points. Once a first florescent silk coat is applied on one side of the probe
and subsequently water annealed, a second layer of silk solution mixed with fluorescent
microspheres of a different color can be deposited next to the first coat and then water
annealed. In this way, the two silk coats will be subjected to two different total annealing
times and will therefore dissolve with different rates. As a result, the position of the probe
is marked with different colors at two different time points. For example, an orange
florescent silk film can be first applied on the left side of the back of an electrode array
and water annealed for 3 minutes. Then, a more abundant green silk layer can be
deposited next to the orange coat on the same side of the probe and water annealed for 20
minutes. In this way, the orange florescent silk film will dissolve first, just a few minutes
after implantation, while the green silk film will dissolve approximately half an hour
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later. The double-coating recipe described above was applied to a probe before an in vivo
EMG experiment in Manduca. The two silk coatings were deposited on two different
locations on the front side of the device, making sure that the recording sites were left
exposed. The results are shown in Figure 13C. The two florescent dyes display a
substantial overlap, indicating that the position of the electrode was largely maintained
over time.
Furthermore, Figure 13 shows that only the right side of the large abdominal muscle
from which the electrode array was recording had been in contact with the device during
the experiment. This means that the EMG signals had been acquired only from that side
of the muscle. Since this particular Manduca muscle is innervated by two different motor
neurons, this information was extremely useful to determine which fibers, and therefore
which motor neuron, contributed to the recorded muscle activity.
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Figure 13: Silk films to mark the electrode position: in vivo experiment. After each in vivo
experiment, a semi-intact preparation was used to verify the location of the microspheres. Under
visible light (A), only big clusters of microspheres are visible (blue arrows). Under UV light, all
the microspheres become visible (B). Although some microspheres might have been displaced
during the dissection, the microspheres that get trapped around Manduca muscle fibers remain in
place. The white arrow indicates one of these muscle fibers and the inset shows an enlarged
representation of the area around that fiber. The fiber runs vertically and the microspheres are
wrapped around it. In another in vivo experiment, the position of a device over time has been
marked using microspheres of two different colors, which appear orange and green under UV
light (C). See text for a more detailed description.

3.2.2.4 Silk as Temporary Stiffening and Shaping Agent
After drying, the silk film deposited on the flexible array alters the mechanical
properties of the array. The part of the device that is coated with silk becomes
significantly stiffer. Usually, only the part of the probe that needs to be implanted is
coated with silk, leaving the electrode shank free to flex and turn as the probe is
positioned in the desired location. Figures 14A and 14B show a flexible electrode array
before and after its tip has been coated with silk (red arrow). By varying the thickness of
98

the silk coating or by depositing successive silk layers, it is possible to selectively
increase the overall stiffness of the probe [120]. As the silk film dissolves, however, the
probe regains its intrinsic flexibility and its intrinsic ability to conform to the tissue,
minimizing damage and reducing motion artifacts.
Silk coatings of different thicknesses can also be used to give a probe a particular
curvature or shape that might facilitate insertion. For example, when implanting an
electrode in the dorsal side of a caterpillar, a curved tip significantly simplifies the
placement of the probe on specific dorsal muscles. Generally, it is sufficient to coat one
side of the flexible probe and gently lift its tip with a pair of tweezers. To induce a more
specific curvature, the flexible probe can be first placed on a tubular mold that has the
desired curvature and then coated with silk. As the silk dries, the probe will shape itself to
the mold and its final curvature will match that of the mold. Figure 14C shows a curved
flexible electrode array coated with a thin layer of fluorescent silk suspension. The tip of
the array has been shaped using a silicone tube. For more complex shapes, customtailored molds can be used. As a proof of concept, an s-shaped probe has been fabricated
by simply placing the flexible probe on an s-shaped plastic mold, coating it with silk and
leaving it to air-dry (Figure 14D).

(

(
b)
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Figure 14: Silk as temporary stiffening and shaping agent. The difference between an
uncoated and a silk-coated thin-film flexible probe is shown in (A). When the tip of a flexible
electrode is coated with silk (B), it becomes stiffer and cannot bend (red arrow). The rest of the
shank retains its flexibility, only the area coated with silk changes its mechanical properties. Silk
coatings can be used to induce a curvature (C) or create other shapes (D) that might facilitate
insertion through a tissue in a specific animal system.

If an extremely flat probe is needed, a thin layer of silk can be applied on both sides
of the device to ensure that the probe does not curl up as it dries. Furthermore, for
stiffening purposes, it is possible to uniformly apply a layer of pure silk solution on the
side of the probe provided with contacts without altering its recording capabilities. Figure
15 shows a comparison between the EMG signals acquired with the same two recording
channels of an electrode array implanted in the dorsal side of Manduca before and after a
pure silk film was applied and water annealed for 10 minutes. After the silk film is fully
dissolved, there is no significant difference between the signals recorded before (Figure
15A) and after (Figure 15B) coating the array. The slight difference in amplitude in the
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“before” and “after” experiment result from the electrode array being implanted twice,
before and after depositing silk, resulting in a slight difference in the muscle-electrode
distance during the two experiments.

Figure 15: EMG signals recorded in vivo with silk coated electrode arrays. Figure A shows
EMG signals recorded with an electrode array before depositing a silk layer. Figure B shows
EMG signals from the same device after silk has completely dissolved. A comparison between
two channels of the same device shows no significant difference in the recorded waveforms.

3.2.2.5 Silk as Reversible Adhesive
Pure, non-annealed silk was used as a temporary adhesive to hold two devices
together during insertion and allow for their simultaneous implantation. First, a device
was placed on a flat surface with its contacts facing down. Then, a drop of pure silk
solution (approximately 5 µl) was deposited on the back of the device with a
micropipette. Lastly, a second device was placed on top of the first one, with its contacts
facing up. As silk dries, it acts a glue, effectively holding the two devices together
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(Figure 16A). As soon as the silk film dissolves, the devices are released from one
another. In most cases, it is not necessary to perform water annealing before implantation
because the area of the silk film exposed to the hydrated environment is small enough to
delay silk degradation by several minutes. However, to further slow the dissolution rate
of the silk coating, water annealing can be performed as described above.
The silk film can be deposited between the two electrodes with different thicknesses
and thus can also act as a stiffener. During the silk drying phase, it is also possible to give
to the paired electrodes a specific insertion curvature or shape, as detailed in paragraph
3.2.2.4.
Furthermore, the devices can be temporarily glued together with particular
configurations. For example, if the goal is to record from two overlapping muscles that
are slightly shifted from one another, the two probes can be glued together with the
recording sites shifted from one another to reflect the relative positions of the two
muscles, as illustrated in Figure 16C. The recording sites of the blue probe are facing
downwards (towards the red muscle), while the recording sites of the black probe are
facing upwards (towards the yellow muscle). EMG signals have been recorded
simultaneously from two overlapping Manduca muscles by sliding the paired electrodes
shown in Figure 16B in-between them. The activity recorded by the innermost channel
(i.e. the channel closest to the tip) of each electrode is shown in figure 16D. The upper
trace represents the EMGs recorded from the yellow muscle, while the lower trace
represents the EMGs recorded from the red muscle. The two muscles are largely coactive
but their unique, individual activities can be clearly discriminated by the two channels.
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As illustrated in figure 16E, the close proximity of the two probes does not alter their
individual recording capabilities as no probe-crosstalk is present.

Figure 16: Silk as reversible adhesive. Two electrodes can be temporary glued together (a) to
allow simultaneous implantation with a fixed relative position (b). The paired electrodes were
used to simultaneously record the activity from two overlapping muscles, as shown in panel c.
Recordings from the innermost channel of the paired electrode arrays are shown in (d). The top
trace in (d) represents the activity from the yellow muscle illustrated in (c), while the bottom trace
in (d) represents the activity from the red muscle illustrated in (c). Panel e shows that there is no
crosstalk between the paired devices.
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3.3 Signal Characterization
The recording capability of the micro-electrode arrays has been evaluated in
Manduca both in vitro and in vivo.

3.3.1 In vitro Signal Characterization
3.3.1.1 Simultaneous Extracellular and Intracellular EJP
Recordings
To show that the signals recorded with the electrode arrays correspond to the EJPs
generated by Manduca muscles, simultaneous intracellular and extracellular recordings
were performed in semi-intact (flaterpillar) preparations. Intracellular recordings from
single muscle fibers were performed using a thin-wall glass microelectrode filled with
2M KCl (resistance ~10-15MΩ), while extracellular recordings were performed using a
four channel electrode array. Only spontaneous activity was recorded to avoid stimulation
artifacts. As shown in Figure 17A, intracellular EJPs recorded from the VIL muscle could
be unambiguously matched to their corresponding extracellular EJPs, validating the
conversion of motor patterns into motor neuron firing patters. As a control experiment, a
glass microelectrode was inserted in a fiber belonging to one muscle while the array was
positioned underneath a different muscle (Figure 17B). In this case, the intracellular and
extracellular EJPs do not match, indicating that the signals recorded with the array are not
the result of an electrical cross-talk.
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Figure 17 Simultaneous extracellular and intracellular EJP recordings. Figure A shows the
intracellular and extracellular EJPs simultaneously recorded from the ventral muscles VIL
(yellow muscle on the left). The result of the control experiment is shown in Figure B. When
intracellular and extracellular EJPs are recorded simultaneously from two different muscles, VIL
(yellow muscle) and VEO (blue muscle), they fail to match.

3.3.2 Relationship Between Intracellular and Extracellular
EJPs
Further evidence that the transients recorded with the electrode arrays correspond to
muscle EJPs relies on the fact that the extracellular waveforms recorded in the vicinity of
a muscle fiber can be roughly approximated by the second derivative of the
corresponding intracellular waveforms (Figure 18), in agreement with paragraph 1.6.2.
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For the sake of clarity, Figures 18A and 18B from paragraph 1.6.2 are presented again.
The first and second temporal derivative of a typical intracellular EJP recorded from VIL
are shown in Figure 18C. The corresponding extracellular EJP recorded with an electrode
array is superimposed in Figure 18D.

Figure 18: Relationship between intracellular and extracellular EJPs. Figures A and B are the
same as figures 17A and 17B from paragraph 1.6.2. Briefly, figure A represents the time profile
of a typical IAP, while figure B shows the first and second derivative of an IAP. NPD is the
negative phase duration, defined as the time interval between the two zero crossing points of the
second derivative. Because of its similarity to the depolarization time (DRT) shown in Figure A,
NPD is believed to be the parameter that provides an estimate of the IAP width. Figure A shows
the first (blue) and second temporal derivative (red) of a typical intracellular EJP (black) recorded
from VIL with one of my electrode arrays. The black arrow represents the NPD parameter
defined in figure B. The simultaneously recorded extracellular EJP is superimposed in figure D.
The units on the y axes are arbitrary units.
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3.3.3 Signal Selectivity
The flaterpillar preparation has been used to assess the signal selectivity of the
electrode array. In fact, since the location of the recording sites can be easily seen
through the transparent parylene C substrate, it is possible to strategically place the array
on top of any muscle with extreme precision. This offers the opportunity to test for
channel selectivity with a greater accuracy than when the device is implanted in an intact
animal. For example, when one recording channel is positioned on top of a DIM muscle
fiber, with the recording sites facing upwards, and the other three channels are positioned
underneath DIM muscle fibers, only these three channels record muscle activity (Figure
19, left panel). As a control experiment to verify that all the channels were functional, all
the four channels were positioned underneath DIM. In this case, they all detect EJPs
(Figure 19, right panel). This result suggests that the signal selectivity of the array is
extremely high and that cross-talk among channels is minimal.

Figure 19: Spatial selectivity of the electrode array. In figure A, all the recording channels
are positioned underneath DIM muscle fibers, with the recording sites facing upwards, except
one. The channel positioned on top of a DIM fiber does not record any muscle activity (flat trace
in the left panel). As a control experiment, when the four channels are positioned underneath
DIM muscle fibers, they all detect muscle activity (right panel).
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To further test the signal selectivity of the array and the possible presence of artifacts
due to motion of the array during a recording session, spontaneous muscle activity was
recorded from major ventral and dorsal muscles. Although spontaneous activity is
random in nature and is not necessarily representative of any motor pattern, it constitutes
a fast and easy way to study the recording capabilities of the micro-fabricated device.
The probe was first slid underneath the largest dorsal muscle (DIM) with the
recording sites facing down toward the oblique muscles, as exemplified in Fig. 20. The
two recording electrodes constituting channel 1 were placed on top of LIO, while those
corresponding to channel 2 lay on DIO. Channel 3 and 4 were positioned in proximity of
DIO and DEM. As evaluated via threshold analysis and PCA, some EJPs were detected
on all channels, while others were selectively detected on individual channels (Figure
20): LIO activity is present only in channel 1; DIO activity on both channels 1 and 2; and
DEM activity on channels 3 and 4. The averages of 10-35 EJP events are shown to
highlight how activities from different muscles are distributed among the 4 channels.
On the ventral side, the electrode was slid between VIL and VIO with the recording
sites facing down toward VEO (channels 1, 2, and 4) and VIO (channel 3), as depicted in
Figure 21. In spite of the overlapping nature of VIO and VEO, their individual muscle
activities can be clearly identified across the four channels. EJP averages triggered by
threshold detection from both VEO (channel 4) and VIO (channel 3) are also shown
illustrating how the amplitude and waveform of EJPs recorded on each channel can be
used to distinguish activity in different muscles (Figure 21). By moving the array with
respect to the surrounding muscles, it was also possible to evaluate the effect of micromotion on the recorded waveforms. These effects are minimal as most slow movements
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(possibly due to internal motions of the soft body when the electrode is implanted in
vivo) can be effectively filtered out using a 10Hz high pass filter.

Figure 20: In vitro signal characterization from dorsal muscles. Example of four-channel
recordings of spontaneous EJPs from dorsal mucles. The array was inserted under DIM with the
recording sites facing toward the longitudinal muscle DEM and the oblique muscles DIO and
LIO, as schematically shown on the left. The cross section at the top left shows how these
muscles are arranged in an intact animal. On the right side of the figure, EJPs have been sorted
into different subsets. The averages of 10-35 EJPs of each type are shown in panels (i), (ii), (iii)
and (iv). Some EJPs were detected in all channels (iii) but some were selectively detected on
channel 1 (i), channels 1 and 2 (ii), and channels 3 and 4 (iv),presumably corresponding to LIO,
DIO, and DEM. The voltage gain is the same in each panel. A–anterior, P–posterior, D–dorsal,
V–ventral.
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Figure 21: In vitro signal characterization from ventral muscles. Example of four-channel
recordings of spontaneous EJPs from ventral mucles. The array was inserted between VIL and
VIO, with the recording sites facing toward the the oblique muscle VEO (channels 1,2 and 4),
and VIO (channel 3), as schematically shown on the left. The cross section al the top left shows
how these muscles are arranged in an intact animal. On the right side of the figure, the EJPs
triggered by VIO and VEO have been averaged (n=54 and 50, respectively) and sorted by
threshold analysis. VIO is mainly detected on channel 3, while VEO is mainly detected on
channel 4. The voltage gain is the same in each panel. A–anterior, P–posterior, D–dorsal, V–
ventral.

3.3.4 Spatial Sensitivity
As described in paragraph 2.3.1, the spatial sensitivity of the array was determined by
recording the amplitude of numerous EJPs recorded at different vertical distances from
the muscle fibers of VIL. Figures 22 shows the averaged EJP amplitude plotted as a
function of the distance of the array from the muscle. The EJP amplitude remains
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constant up to 1mm from the muscle and then starts to decreases with the distance. This
result suggests that the electrode does not need to be in direct contact with the muscle
fibers to detect EJPs. In this experiment, the soft tissue surrounding the muscle was
completely removed. In an in vivo experiment, the EJP amplitude tends to be lower
because of the low-pass filtering effect produced by any tissue separating the electrodes
from the muscle (paragraph 1.6.3).

Figure 22: Spatial sensitivity of the electrode array. The amplitude of numerous EJPs was
measured at different distances from the muscle fiber of VIL. The average amplitude has been
plotted as a function of the distance from the muscle.

3.4 In vivo EMG Recordings
3.4.1 In vivo Signal Characterization
Before attempting to record muscle activity during locomotion, in vivo signal
characterization was carried out during side-to-side casting behavior, which can be
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evoked by pinching alternatively on the left and on the right side of the caterpillar’s
terminal segment. A four channel array was implanted in the dorsal side of the abdominal
segment A4 with the electrode pads facing outwards, as shown in Figure 23A. EJPs from
different dorsal muscles (DIL, DIO, and LIO) were selectively detected across the four
recording channels (Fig. 23B). A high signal-to-noise ratio and the absence of movement
artifacts characterize the recordings. Furthermore, left and right casting movements
exhibit distinct motor patterns. The onset of activity in different muscles is clearly
evident. DIO and LIO are active throughout the movement to the left but not during
movement to the right. DIL exhibits most activity when the animal turns to the right,
ipsilateral to the electrode.

Figure 23: In vivo signal characterization. A four channel electrode array was implanted in
the dorsal side of the abdominal segment A4 with the electrode pads facing outwards to record
from DIL, DIO, and LIO (A). During side-to-side casting movements, EJPs from different the
three dorsal muscles were selectively detected across the four channels (B). A–anterior, P–
posterior.
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3.4.2 EMG Recordings from the Dorsal Muscle DIM
In all the in vivo experiments presented in the following paragraphs, the electrode
arrays were implanted in the dorsal side of the abdominal segment A4 to record from the
DIM muscle, the largest muscle in the entire animal. An incision was made along the
dorsal midline and the array was slid perpendicular to the cut to cover the entire length of
the DIM muscle, with the electrode pads facing outward (Figure 24). In this way, the
recording channels are parallel to the DIM muscle fibers. While the outermost channels
of the array record from the most dorsal DIM fibers, the innermost channels record from
the most ventrolateral fibers (Figure 24).

Figure 24: EMG recordings from DIM: electrode position. The array is implanted in the
dorsal side of the abdominal segment A4 by making an incision along the dorsal midline. The
array is slid perpendicularly to the cut and spans the whole length of the muscle.

Figure 25 shows four channels of a typical six-channel recording from DIM. In the
two most dorsal channels (black and red traces in Figure 25), high amplitude EJPs are
visible. In the most ventrolateral channels (blue and pink traces in Figure 25), smaller
amplitude EJPs are also detected. Accounting for small amplitude variations, the EJPs
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detected by the array can be grouped into two main clusters: larger amplitude EJPs and
smaller amplitude EJPs. In agreement with the dual innervation of DIM, this would
suggest that the two sizes of EJPs originate from the two DIM motor neurons (paragraph
1.3.4). Larger EJPs are consistently detected during vigorous activities such as
locomotion and appear to be correlated to the most dorsal channels of the array (black
and red, Figure 25). Smaller EJPs are more uniformly distributed throughout the
recording traces and appear to be correlated to the most ventrolateral channels (blue and
pink, Figure 25). The spatial segregation of the two types of EJPs across the recording
channels suggests not only that the two DIM motor neurons are not always coactive, but
also that they might selectively innervate different parts of the muscle. An intriguing
possibility is that DIM could be in fact be considered as two functionally distinct
muscles. To investigate this possible scenario, intracellular recordings from DIM muscle
fibers have been performed.

Figure 25: Four channels of a typical six-channel recording from DIM. Two different
amplitudes of EJPs are visible in the most dorsal (black and red) and the most ventrolateral (blue
and pink) recording channels.
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3.5 Dual Innervation in DIM
Intracellular recordings from DIM muscle fibers show EJPs characterized by two
different amplitudes. They have been named “small” and “large” EJPs. Some fibers
exhibit only large EJPs, while other fibers exhibit both small and large EJPs. Figure 26
shows spontaneous intracellular EJPs recorded from two DIM fibers. The fiber in Figure
26A exhibited both large and small EJPs, while the fiber in Figure 26B exhibited only
large EJPs. By recording nerve action potentials (AP) and intracellular EJPs
simultaneously (paragraph 2.3.3), it was possible to match the recorded EJPs to their
corresponding nerve action potentials and verify that the two types of EJPs originate from
two distinct motor neurons.
Figure 27A shows simultaneous nerve action potentials (red trace) and intracellular
EJPs (black trace) from a DIM fiber. Since the recording suction electrode was positioned
on a nerve branch that innervates DIM and several other muscles, the number of recorded
action potentials exceeded the number of recorded EJPs. To identify the action potentials
triggering specific EJPs, threshold analysis was first applied to identify large and small
EJPs. Then, the identified EJPs were overlapped in time. As a result, the action potentials
corresponding to the selected EJPs also overlap and can therefore be identified within the
multitude of action potentials present in the red trace (Figure 27B). By taking the average
of both EJPs and action potentials, it is then possible to measure the latency between the
action potentials and the onset of the EJPs. Figure 27C shows the latency measured in a
fiber that exhibits large EJPs. Figure 27D shows the latency measured in a fiber that
exhibits only small EJPs. Since the distance of the suction electrode from the two fibers is
much greater than the distance between the two fibers, the two latency values (9ms and
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5ms) strongly suggest that large and small EJPs originate from two physiologically
distinct motor neurons.
The two motor neurons have two slightly different activation thresholds. The motor
neuron with the lowest threshold has been named MN1, the motor neuron with the
highest threshold has been named MN2.

Figure 26: Intracellular recordings from DIM fibers. Figure A shows spontaneous EJPs from
a dually innervated fiber. Two sizes of EJPs are visible. The smaller EJPs have been marked with
a star. Figure B shows spontaneous EJPs from a singly innervated fiber. Only large EJPs are
visible.
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Figure 27: Simultaneous recordings of nerve action potentials and intracellular EJPs from
DIM fibers. Figure A shows nerve action potentials recorded from a nerve branch innervating
several dorsal muscles, including DIM. The intracellular EJPs recorded from a DIM muscle fiber
are shown in black. Figures B-D illustrate the method employed to match EJPs to their
corresponding action potentials: small and large EJPs were identified by threshold analysis and
then overlapped in time. In this way, the corresponding nerve action potentials also overlap and
can be identified (Figure B). The latency between the action potentials and the onset of the EJPs
was calculated from their average values (Figures C and D).

Since I did not record directly from the DIM motor neurons, it was not possible to
unambiguously match MN1 and MN2 to the two motor neurons that have been
previously mapped in the ganglion of each abdominal segment [23] (paragraph 1.3.4).
However, by recording intracellular EJPs from all the 19 DIM fibers, it was possible to
produce a spatial distribution map of dually and singly innervated fibers. The results are
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summarized in Figure 28. The VIL innervation map reported by Consoulas et al. [51]
(paragraph 1.3.4.1) has also been included to compare and contrast the dual innervation
pattern of the two biggest Manduca muscles, VIL and DIM. In agreement with the EMG
recordings shown in figure 25, the most ventrolateral DIM fibers are dually innervated
(black arrows, Figure 28), while the most dorsal fibers are innervated only by MN2, the
motor neuron with the highest activation threshold (red arrows, Figure 28). In VIL, the
situation is reversed: the most ventral fibers are singly innervated (red arrows) and the
most dorsolateral fibers are dually innervated (black arrows).

Figure 28: Muscle innervation map of VIL and DIM. The most ventral side of VIL is singly
innervated. The most ventrolateral side of DIM is dually innervated. The MN1 that innervates
these DIM fibers has a lower threshold and elicits small EJPs (black). The most dorsolateral
fibers of VIL are dually innervated while the most dorsal fibers of DIM are singly innervated by
the MN2 motor neurons, which has a higher threshold than MN1 and elicits larger EJPs (red).

Because of the presence of dually innervated fibers, it is not possible to consider DIM
as two functionally distinct muscles. However, by converting EJPs into motor neuron
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firing patterns, it is possible to correlate the firing properties of MN1 and MN2 to
behavior, as detailed in the following paragraphs.

3.6 Recordings from DIM: Horizontal and Vertical
Crawling
Motor patterns underlying horizontal and upward vertical crawling were acquired
from the DIM muscle located in the A4 segment (also called A4 DIM muscle) of three
animals.

3.6.1 Crawl Selection
For each orientation, a subset of crawls was selected from three animals based on
three criteria:
(1) Signal: since the treadmill belt needs to be moved manually, motion artifacts
sometimes arise when the belt is pushed forward, masking EJPs within the recorded
traces. Because the conversion of EJPs into motor neuron spike activity relies on the
ability to precisely identify EJPs within the recorded signals, only crawls whose
corresponding EMG signals were artifact-free were selected. All the recordings reported
here are from three animals in which the SNR was high so that signal decomposition
could be accomplished with fidelity.
(2) Electrode position: To ensure meaningful comparisons, recordings were also
selected from animals in which the electrode position on the DIM muscle could be
accurately determined using the method described in paragraph 2.8.
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(3) Crawls: in an effort to isolate EJPs exclusively related to crawling, only bouts of
straight-line crawling were analyzed, avoiding crawls that included other movements.
Recordings made during other behavior such as casting and lateral searching have been
set aside for further analysis. Additionally, only crawls that were sufficiently isolated
from one another were included in the analysis to avoid any overlap in muscle activity
due to closely consecutive crawls. Manduca crawling is considered quasi-steady state
(i.e. there is no significant inertial component transferred from one step to the next) [61],
hence successive steps in a crawl can be co-analyzed.
After the crawls were selected, the start and the end times of the swing phase of each
proleg were determined (paragraph 2.10.3) to correlate muscle activation patterns to
specific phases of the crawl cycle. Finally, single EJPs were identified and converted into
motor neuron firing patterns (paragraph 2.9). In the following paragraphs, the term
“vertical crawling” will be used to indicate “upward vertical crawling”, unless otherwise
specified.

3.6.2 Stepping Patterns
A crawl is defined as the time from the start of swing phase (the moment that the
proleg breaks contact with the substrate) in the sixth abdominal segment (A6) to the start
of stance phase (when the proleg comes in contact with the substrate) in the third
abdominal segment (A3) (see Chapter 1, Figure 13). A stepping pattern is the sequence of
proleg steps (i.e. up/down proleg movements) within a crawl. The most commonly
reported stepping pattern has two main phases: (1) each proleg is lifted in succession,
from A6 to A3; (2) each proleg is brought back down to contact the substrate in the same
order, from A6 to A3. This pattern has been called standard (s) and is illustrated in Figure
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29. The standard pattern has been long believed to be the major pattern adopted by
caterpillars during locomotion, regardless of orientation [31]. However, a careful
stepping pattern analysis carried out as part of this research work has revealed that, while
the vast majority of horizontal crawls are standard, caterpillars adopt alternative patterns
roughly 50% of the time during climbing (Figure 29). Any pattern differing from the
standard pattern has been called non-standard (ns). Non-standard patterns have been
further classified according to the sequence of up and down proleg movements that
characterize them. In the horizontal orientation, the only non-standard pattern that has
been observed is ns1, which differs from the standard pattern in one step: A3 is lifted
before A6 touches the substrate (Figure 29). In the vertical orientation, three stepping
patterns have been identified: ns1, ns2, and ns3 (Figure 29). Despite high inter-animal
variability, the ns1 pattern constitutes roughly 50% of all the non-standard vertical
patterns, with the ns2 and ns3 patterns making up the remaining 50%. In all the nonstandard patterns, the first two proleg movements (A6 up and A5 up) and the last two
proleg movements (A4 down and A3 down) are never altered, suggesting that the biggest
challenge for climbing caterpillars is to have multiple prolegs simultaneously in swing in
the middle of a crawl, as it happens during a standard pattern.
Paragraph 3.7 presents a more detailed kinematic analysis of the stepping patterns
adopted by caterpillars on two different types of substrates during horizontal and upward
and downward vertical crawling.
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Figure 29: Types of stepping patterns during horizontal and upward vertical crawling.
Caterpillars exhibit a marked preference for the standard stepping pattern (s) during horizontal
crawling (HC). During upward vertical crawling (VC), however, caterpillars adopt non-standard
(ns) patterns roughly 50% of the time. The three ns patterns that have been observed are listed on
the right (ns1, ns2, and ns3). The ns1 pattern is the only non-standard pattern observed during
horizontal crawling, while the ns1, ns2, and ns3 patterns have all been observed during vertical
crawling. The percentages have been calculated from three animals. Fifteen crawls were
randomly selected for each animal and in each orientation. D –down.

Different stepping patterns translate into different crawl durations, as shown in Figure
30. The standard pattern produces the fastest crawls in both orientations. The ns1 pattern
involves only one proleg step change and, as such, is the fastest of the ns patterns (Figure
30A). Additionally, as the sequence of up/down proleg movements is altered within a
crawl, the time that individual prolegs spend off the ground (swing phase) is also altered
(Figure 30B). For instance, in the case of the ns3 pattern, the A3 proleg is lifted towards
the end of a crawl, only after the A5 and A6 prolegs have touched the ground. As a
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result, its swing phase is significantly shorter than any other pattern (Figure 30B). The
swing phases in Figure 30B have been expressed as percentages of the crawl duration.

Figure 30: Stepping patterns, crawl and swing phase duration. Different stepping patterns
result in different crawl durations (A). Standard crawls (s) are shorter in both orientations
(HC=horizontal crawling, VC=vertical crawling), while non-standard (ns) crawls take more time
to complete. The crawl durations of the ns2 and ns3 patterns have been averaged together in panel
A due to their overall durations. Panel B shows the time that each proleg (A6, A5,A4, A3) spends
off the ground (swing phase) during different stepping patterns in the two orientations. Crawl and
swing phase durations have been calculated from three animals. The swing phases are expressed
as percentages of the crawl duration. Fifteen crawls were randomly selected for each animal and
in each orientation.

To investigate whether different stepping patterns result in different motor neuron
firing patterns, motor patterns have been grouped according to their underlying stepping
patterns (s, ns1, ns2, and ns3) and comparisons among groups have been carried out.
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In the following paragraphs, the terms “standard pattern” and “standard crawl” will
be used interchangeably to describe a crawl characterized by a standard stepping
pattern. The same convention will be used for the non-standard patterns.

3.6.3 Motor Patterns
Typical EMG signals recorded from the A4 DIM muscle during a series of horizontal
and vertical crawls are shown in Figure 31. Each channel represents a standard (s) crawl
recorded in one animal, for a total of three standard crawls in each orientation
(HC=horizontal crawl, VC=vertical crawl). The two red vertical lines represent the
beginning and the end of the A4 swing phase. The horizontal grey line at the bottom
represents the overall crawl duration. During horizontal crawling, a large burst of activity
can be observed at the beginning of A4 swing, starting before the A4 proleg is even
lifted. On the other hand, during vertical crawling, a large burst of activity occurs towards
the end of A4 swing and persists after the A4 proleg is back on the substrate. There are
two main EJP amplitudes visible in each channel of Figure 31, consistent with the dual
innervation of DIM.
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Figure 31: Non-processed EMG recordings from the A4 DIM muscle during horizontal and
vertical crawling. The left panel shows three standard horizontal crawls (HC(s)) in one animal,
one crawl per channel. The right panels show three standard vertical crawls (VC(s)) in the same
animal, one crawl per channel. The two red vertical lines represent the beginning and the end of
the A4 swing phase (i.e. A4up-A4down). The horizontal grey line at the bottom represents the
average crawl duration.

3.6.3.1 From EJPs to Motor Neuron Firing Patterns
Single EJPs have been identified within each EMG trace and successively classified
as (1) originating from motor neuron MN1, (2) originating from motor neuron MN2, or
(3) noise and background activity, as described in paragraph 2.9. The firing patterns of
MN1 and MN2 underlying six standard horizontal crawls and six standard vertical crawls
are shown in Figure 32. The activity of motor neuron MN2 is shown in red, while the
activity of MN1 is shown in black. The three horizontal crawls and the three vertical
crawls presented in Figure 31 as raw EMG data are among those presented in Figure 32
as motor neuron firing activity. As in Figure 31, the horizontal grey line in Figure 32
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represents the average crawl duration, allowing a direct comparison between figures. The
zero on the x axes represents the beginning of the A4 swing phase, that is when the A4
proleg is released from the substrate (i.e. A4 up).
In the horizontal orientation, a higher firing frequency can be observed before the
onset of A4 swing in both MN2 and MN1, in agreement with Figure 31. Furthermore, the
activity of MN2 seems to be more closely correlated to the crawl duration than that of
MN1. In the vertical orientation, the firing frequency appears to be lower than that during
horizontal crawls and MN2 activity is concentrated towards the end of the crawls.

Figure 32: Motor neuron firing patterns. The activity of motor neuron MN2 is shown in red,
the activity of motor neuron MN1 is shown in black. Six standard horizontal crawls and six
standard vertical crawls performed by one animal have been considered. The horizontal grey line
represents the average crawl duration. The zero on the x axes represent the beginning of A4
swing phase (i.e. A4 up).
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3.6.3.2 Instantaneous Frequency
To better understand the differences between the firing patterns of MN1 and MN2
and to compare motor neuron activity underlying different stepping patterns in the two
orientations, firing patterns have been converted into instantaneous frequency plots. To
visually illustrate differences in stepping patterns, the swing phases of A5, A4 and A3
have been color-coded, as shown in Figure 33. To monitor changes in motor neuron
firing frequency corresponding to the onset and the end of the A4 swing phase, the swing
phases of the A5 and A3 prolegs have been broken down into two segments: (1) Ax
up/down – A4 up; and (2) Ax up/down – A4 down, where x=3,5 (Figure 33, left panel).
For the sake of simplicity, the A6 proleg swing phase has not been included, as it does
not appear to be related to changes in the activity of the A4 DIM muscle.
The middle panel of Figure 33 illustrates how the A5 and A3 swing phases largely
overlap during shorter crawls, as in the case of standard crawls (s), and how they tend to
move away from each other as the overall crawl duration increases, as in the case of nonstandard (ns) crawls. In the figures below, the color-coded swing phases described in
Figure 33 have been used in combination with frequency plots to visualize the stepping
patterns underlying specific frequency profiles and allow more direct comparisons.
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Figure 33: Schematic representation of a stepping pattern. To monitor frequency changes
corresponding to the onset and the end of the A4 swing phase (A4up-A4down), the swing phases
of A5 and A3 have been broken down into two segments: (1) Ax up/down – A4 up; and (2) Ax
up/down – A4 down, where x=3,5. In shorter crawls, as in the case of standard crawls (s), A5 and
A3 swing phases largely overlap (middle panel, top figure). As the overall crawl duration
increases, the A5 and A3 swing phases tend to move away from each other, as in the case of nonstandard (ns) crawls (middle panel, bottom figure). For the sake of simplicity, the A6 proleg
swing phase has not been included since it does not appear to be related to changes in the activity
of the A4 DIM muscle.

Horizontal and vertical crawls with standard stepping patterns
The instantaneous frequency profiles of the motor neuron firing activity underlying
several horizontal and vertical crawls of one animal during a standard stepping pattern
are presented in Figure 34. Figures 34A and 34B show the instantaneous frequency plots
for MN2 (red) and MN1 (black) during horizontal crawling. Figures 34C and 34D show
the instantaneous frequency plots for MN2 (red) and MN1 (black) during vertical
crawling. The firing pattern of MN2 is characterized by a sharp increase in frequency at
the beginning of the A5 and A4 swing phases, which largely overlap. This trend is visible
in the frequency profile of MN1 as well, although in this case the firing activity appears
to be more sparsely distributed and not as confined within the average crawl duration.
During vertical crawling, an increase in MN2 frequency is observed towards the end of
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A4 swing and during A3 swing, which partly overlaps with A4 swing. In particular, the
initial increase in MN2 frequency seems to be correlated with the part of A3 swing that
goes from A3up to A4 down (dark green line). As in horizontal crawling, the frequency
distribution of MN1 activity is sparser and less correlated to the crawl duration.

Figure 34: Instantaneous frequency: horizontal and vertical crawls with standard stepping
patterns. The instantaneous firing frequency of MN2 during standard horizontal crawling (HC2(s))
and standard vertical crawling (VC2(s)) is shown in red, the firing frequency of MN1 is shown in
black. The vertical dotted lines represent the averaged time at which the crawls begin (i.e. A6 up).
All crawls are from one animal, combining seven horizontal crawls and five vertical crawls that meet
the criteria described in 3.7.1.
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Vertical crawls with ns1 and ns3 type stepping patterns
The same animal that performed the standard vertical crawls shown in Figure 34 also
performed a series of non-standard vertical crawls with ns1 and ns2 stepping patterns.
Figure 35 shows the instantaneous frequency profiles characterizing these crawls. The
activity of MN2 is shown in Figure 35A, that of MN1 in Figure 35B.
As in the case of the standard vertical crawls, the MN2 instantaneous frequency
increases towards the end of A4 swing and during A3 swing. In the case of the ns3
stepping pattern (magenta dots in Figure 35A), the A4 swing duration is significantly
longer and a more sustained MN2 activity can be observed during A3 swing. Again, the
frequency pattern of MN1 is sparser and less correlated to the crawl duration than that of
MN2.

Figure 35: Instantaneous frequency: vertical crawls with ns1 and ns3 stepping patterns. The
instantaneous firing frequency of MN2 is shown in panel A (VC2), that of MN1 in panel B
(VC1). The vertical dotted lines represent the averaged time at which the crawls begin (i.e. A6
up). All crawls are from the same animal as Figure 34. Three vertical crawls with the ns1 pattern
and three vertical crawls with the ns3 pattern that meet the criteria described in 3.7.1 have been
considered.
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These differences in neuron activity can be summarized by counting spikes in two
time intervals: (1) one second after the A4 proleg is lifted (i.e. A4up +1s); and (2) one
second before the A4 proleg comes back in contact with the ground (i.e. A4down –1s), as
shown in Figure 36B. The two intervals were chosen because they approximate the
(A4up-A5down) and the (A3up-A4down) intervals, that is the last part of A5 swing and
the first part of A3 swing. Furthermore, one second is long enough to carry out a spike
count for every crawl, but short enough to limit the overlap of the A5 and A3 swing
phases. The percentage of spikes that fall in each selected interval has been plotted as a
function of the orientation and the type of stepping pattern (Figure 36A). In Figure 36A,
only the spikes originating from the MN2 motor neuron have been considered since this
is the motor neuron whose activity is more closely correlated to the overall crawl
duration. The crawls considered for the spike count presented in Figure 36A are those
shown in Figures 34 and 35.
In the horizontal orientation, there is a higher percentage of spikes in the (A4+1s)
interval than in the (A4down–1s) interval, indicating that the firing activity of MN2 peaks
at the end of A5 swing (that is the beginning of A4) and subsequently decreases. In the
vertical orientation, the situation is reversed: the firing activity of MN2 is higher in the
(A4down–1s) interval, suggesting that the increase in MN2 firing activity is delayed and
occurs at the beginning of A3 swing (that is the end of A4 swing). This shift is more
pronounced in the vertical ns3 pattern, probably due to a longer crawl duration.
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Figure 36: Spike count for the MN2 motor neuron. The percentage of spikes that fall in the
two time windows (A4up +1s) and (A4down–1s) has been plotted as a function of the orientation
and the type of stepping pattern (panel A). In standard horizontal crawls, the number of spikes is
higher in the (A4up+1s) interval, while in all the vertical crawls the number of spikes is higher in
the (A4down–1s) interval. The two intervals have been chosen because they well approximate the
end of A5 swing (=beginning of A4 swing) and the beginning of A3 swing (=end of A4 swing)
without overlapping, as shown in panel B. The crawls considered here are the same crawls shown
in Figures 34 and 35. Only the spikes originating from the MN2 motor neuron have been
considered since that is the motor neuron whose activity is more closely correlated to the overall
crawl duration. The black and red envelope at the bottom of figure B is a schematic
representation of the overall distribution of the MN2 instantaneous frequencies corresponding to
the two time intervals (A4up+1s) and (A4down–1s).

Vertical crawls with ns2 type stepping pattern
A comparison between the instantaneous frequency profiles underlying standard
horizontal crawls and ns2 type vertical crawls is presented in Figure 37. Since the animal
whose firing patterns shown in Figures 34 and 35 did not performed ns2 type crawls,
another animal has been selected to carry out this comparison. The responses resemble
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standard vertical crawls in that the increase in the firing activity of MN2 is correlated
with the end of A4 swing and the beginning of A3 swing (dark green line). The activity
of MN1 is more sparsely distributed than that of MN1, especially in the vertical
orientation.

Figure 37: Instantaneous frequency: standard horizontal crawls and ns2 type vertical crawls.
The instantaneous firing frequency of MN2 is shown in red for standard horizontal crawls (HC
2(s), panel A) and in magenta for ns2 type vertical crawls (VC 2 (ns2), panel C). The firing
frequency of MN1 is shown in black for both vertical and horizontal crawls (panel B and D). The
vertical dotted lines in figure A and B represent the average time at which the crawls begin (i.e.
A6 up). In figure C and D, the crawl start time falls outside the graphs and no vertical lines are
shown. All crawls are from the same animal. Five crawls per orientation have been considered.
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Horizontal crawls with ns1 type stepping pattern
Less that 20% of all the horizontal crawls are ns1 type. However, since these crawls
tend to be significantly longer than standard horizontal crawls, it is interesting to see how
the motor neuron activity is distributed over the entire duration of a crawl. The
instantaneous frequency profiles from one animal during three consecutive ns1 crawls are
shown in Figure 38. These crawls are exceptionally long (average duration=7.5s), and are
characterized by a particularly low firing frequency (these crawls occurred soon after
recovering from cold anesthesia). Nevertheless, a slight increase in the instantaneous
frequency can still be observed before the onset of A4 swing in both MN2 and MN1,
followed by a smaller frequency increase after the onset of A3 swing, as in the case of
standard horizontal crawls. This would suggest that, while motor neuron activity is more
spread-out over time to compensate for a longer crawl duration, the same motor pattern is
adopted in both standard and ns1 horizontal crawls. However, more ns1 horizontal crawls
performed by more than one animal are needed to substantiate this claim.

134

Figure 38: Instantaneous frequency: ns1 type horizontal crawls. The instantaneous firing
frequency of MN2 is shown in panel A (HC2), that of MN1 is shown in panel B (HC1). The three
horizontal crawls considered here have been performed by the same animal. As in standard
horizontal crawls, there is a slight increase in the instantaneous frequency before the onset of A4
swing in both MN2 and MN1, followed by a smaller frequency increase after the onset of A3
swing. The low firing frequency is probably due to the fact that the animal performed these
crawls soon after recovering from anesthesia.

Unusual crawls: no A3 swing and early A5 swing
To better understand the contribution of the A3 and A5 swing phases to the firing
frequency patterns underlying vertical and horizontal crawling, two unusual types of
crawls have been analyzed: (1) one incomplete vertical crawl in which the A3 proleg did
not swing (Figure 39), and (2) three consecutive horizontal crawls in which the A5 swing
phase preceded the A4 swing phase so that the two do not overlap (Figure 40). In both
Figures 39 and 40, the activity of MN2 is shown in red, while the activity of MN1 is
shown in black.

135

Since the two animals that performed these crawls went on to behave normally and
were able to complete numerous crawls, no morphological defects appear to explain these
unusual stepping patterns.
When the A3 proleg fails to lift, there is no increase in the firing frequency at the end
of the A4 swing phase, just a continued decrease (Figure 39, green arrow). This is
contrary to what happened in all the other vertical crawls (see Figures 34, 35, and 37).
This result suggests that the frequency increase in motor activity to A4 DIM during
vertical crawling is correlated with the release of the A3 proleg and not to the movement
performed by the A4 proleg.
In the second case, when the A5 proleg completes its swing phase before the A4
proleg is lifted, there is an increase in the instantaneous frequency before the onset of A4
swing, suggesting that the initial frequency increase in motor activity to A4 DIM is
correlated with re-extension of the A5 proleg, and not to the release of the A4 proleg.
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Figure 39: Instantaneous frequency: vertical crawl without A3 swing. The instantaneous
firing frequency of MN2 is shown in red (VC2), that of MN1 is shown in black (VC1). When the
A3 proleg fails to lift, the overall firing frequency decreases over time (green arrow), instead of
increasing like in a complete vertical crawl involving A3 swing.

Figure 40: Instantaneous frequency: horizontal crawls with A5 swing preceding A4 swing.
The instantaneous firing frequency of MN2 is shown in red (HC2), that of MN1 is shown in black
(HC1). An increase in the MN2 frequency is observed after the A5 proleg is lifted but before the
A4 is lifted. The dotted vertical line indicates the end of A5 swing and the beginning of A4
swing. The slight frequency increase observed after the end of A3 swing is due to body
movements that the caterpillar performed at the end of the three crawls presented here.
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3.6.3.3 Firing Pattern Analysis
To compile these results, the data shown for one animal in Figure 36 (percentage of
MN2 spikes in the (A4up +1s) and the (A4down –1s) intervals) have been computed and
averaged for three animals (Figure 41A). The results support those shown for individual
animals: in horizontal crawls, a higher percentage of MN2spikes is observed in the
(A4+1s) time window at the end of A5 swing (i.e. at the beginning of A4 swing)
compared to the end of the A4 swing phase (i.e. at the beginning of A3 swing). In vertical
crawls, this pattern is reversed with a higher percentage of MN2 spikes in the (A4–1s)
time window at the end of A4 swing and at the beginning of A3 swing (Figure 41A).
The percentage of spikes in the (A4+1s) time window has also been plotted as a
function of the average crawl duration in Figure 41B. The decrease in the amount of
MN2 activity in the (A4+1s) interval is clearly correlated to the overall crawl duration,
which in turn is correlated to the type of stepping pattern that characterizes a crawl. From
left to right, the shortest crawls are the standard horizontal crawls, followed by the
standard vertical crawls, the ns1vertical crawls and the ns2 vertical crawls.
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Figure 41: Spike count for the MN2 motor neuron in three animals. The percentage of spikes
that fall in the two time windows (A4up +1s) and (A4down–1s) has been plotted as a function of
the orientation and the type of stepping pattern (panel A), as in Figure 36. Figure B shows the
percentage of spikes in the (A4up+1s) interval plotted as a function of the average crawl duration.
Ten crawls have been considered for each animal.

In addition to the change in the proportion of spikes in each phase of the crawl cycle,
the overall spike frequency during a crawl has also been analyzed for each animal and
combination of orientation and stepping patterns to evaluate any differences in the motor
neuron firing frequency during horizontal and vertical crawling (Figure 42).
Horizontal crawls are represented by grayed boxes and the three animals have been
color-coded (black, red, and blue). As such, Figure 42 provides a summary of all the
crawls that have been selected for each animal, according to the criteria detailed in
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paragraph 3.7.1. The firing frequency of MN2 is shown on the left panel, the firing
frequency of MN1 is shown on the right panel.
While one animal (red in Figure 42) exhibited high firing frequencies, especially
during horizontal crawling, the average firing frequency of MN2 and MN1 is below 50
Hz for all animals and for all the combinations of stepping patterns and orientations. In
two of the three animals, the average firing frequency lies below 30Hz. There are no
significant differences between the firing frequency of MN2 and MN1. Furthermore, the
average firing frequency during horizontal and vertical crawling does not change
significantly, suggesting that the timing of muscle activation is more important than the
firing frequency.

Figure 42: Firing frequency of MN1 and MN2 during a crawl cycle. The central box
represents the values from the 25th percentile to the 75th percentile. The mean frequency values
are represented by the small squares, while the median values are represented by the lines inside
the central box. The whiskers indicate the variability of the data. The three animals have been
color-coded in black, red, and blue. Horizontal crawls are represented by grayed boxes.
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3.6.3.4 Simultaneous Recordings from A5 DIM and A4 DIM
The recordings from A4 DIM suggest that increases in its activity patterns shift with
changing orientation and are correlated with proleg movements in adjacent body
segments. Because both crawling and climbing require coordinated movements of all the
body segments, it is expected that changes in motor activity of one body segment will
require similar changes in other segments. To test this hypothesis simultaneous EMG
recordings were made from the A5 and A4 DIMs. Recording muscle activity from two
adjacent segments in one animal is experimentally challenging because of the difficulty
maintaining the relative position of the two electrodes with respect to the target muscles
as the animal crawls on the treadmill. For this reason, only a limited number of crawls
could be analyzed. Figure 43 shows the firing frequency of DIM in segments A4 and A5
for three horizontal crawls and three vertical crawls.
The crawls in Figure 43A are the same as Figure 38 and are ns1 type. The crawls in
Figure 43B are three of the five crawls presented in Figure 37 and are ns2 type. The
position of the electrode recording from A5 DIM changed slightly during the other two
crawls and, for this reason, they have not been included in Figure 43B. In Figures 43C
and 43D, the swing phase of the A6 proleg has been added and the swing phase of the A3
proleg has not been included since the two prolegs adjacent to A5 are A6 and A4.
As it can be seen comparing Figures 43A and 43C and Figures 43B and 43D, the
MN2 frequency profiles originating from A4 DIM and A5 DIM are remarkably similar,
although the firing frequency observed in the case of A5 DIM is significantly lower (note
the change in scale in Figures 43C and 43D). Despite the difference in the absolute
frequency values, the comparison between the MN2 firing patterns in A5 and A4
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suggests that the frequency shift observed in A4 can be reasonably generalized to other
body segments.

Figure 43: MN2 firing frequency: simultaneous recordings from A4 and A5 DIM muscles.
Figures A and B show the firing frequency of MN2 originating from A4 DIM during three
horizontal and three vertical crawls, respectively. The crawls in Figure A are the same as Figure
37 and are ns1 type. Figures C and D show the firing frequency of MN2 originating from A5
DIM during three horizontal and three vertical crawls, respectively. The crawls in Figure B are
three of the five crawls shown in Figure 38C and are type ns2. In Figures C and D, the swing
phase of the A6 proleg has been added (black and grey).
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Raw EMG data corresponding to two of the three crawls presented in Figure 43A and
43C are shown in Figure 44. As it can be seen, there is a significant overlap between the
activity of the A4 and the A5 DIM muscles, supporting the hypothesis that the two
muscles are largely coactive during crawling. This overlap has been previously shown for
the VIL muscle using wire electrodes and it was inferred for A4 DIM from the long burst
of motor activity that overlapped the swing phase of prolegs A5 and A3 [16]. However,
due to the low signal selectivity of wire electrodes, these conclusions were based on the
overall electrical activity of DIM (the activation index) not on the spike frequencies
themselves and the activities of single motor neurons could not be isolated.

Figure 44: Simultaneous EMG recordings from A4 and A5 DIM during a horizontal crawl.
The activity from A4 DIM is shown in black. The activity from A5 DIM is shown in blue. The
crawls shown here are two of the three crawls shown in Figure 43A and 43C. The overlap
between the activities of the DIM muscles located in the A4 and A5 segments is extensive. The
A4 swing phase is represented by the orange line, the A5 swing phase is represented by the blue
line.
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3.7 Gait Kinematics
The stepping patterns of caterpillars crawling in different orientations and on different
substrates have been carefully studied for the first time. Three orientations were
considered: horizontal (HC), vertical upwards (VC up) and vertical downwards (VC
down). The two substrates, made of nitrile and silicone rubber, were selected based
primarily on their stiffness and availability as round section belts to be used in the
“caterpillar treadmill”, as described in 2.10.1. The nitrile belts are the same substrate used
for the EMG experiments presented above and they are stiff compared to the soft silicone
rubber belts.
The results presented here are compiled from three animals performing 27 crawls in
each condition (orientation x substrate), for a total of 81 crawls per condition (Figure 45)
[121]. The majority of horizontal crawls on the stiff substrate were standard crawls.
However, on the softer substrate, caterpillars adopt non-standard patterns 50% of the
time. Also, in agreement with Figure 29, approximately 50% of the upward vertical
crawls on the stiff substrate are standard. However, on the softer substrate, more than
95% of the upward vertical crawls are non-standard. Finally, on the stiff substrate,
approximately 75% of downward vertical crawls are non-standard, while all the
downward vertical crawls on the soft substrate are non-standard. These results suggest
that the choice of stepping pattern is both substrate and orientation dependent.
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Figure 45: Stepping patterns as a function of orientation and substrate. Three crawling
orientations have been considered: horizontal (HC), vertical upwards (VC up) and vertical
downwards (VC down). The two substrates have been labeled “stiff” and “soft”. Three animals
and 27 crawls per animal have been considered in each condition (orientation x substrate), for a
total of 81 crawls per condition. Standard and non-standard stepping patterns have been defined
in 3.7.2.

Despite high inter-animal variability, three distinct trends emerged: (1) only one type
of non-standard stepping pattern was observed during horizontal crawling on the stiff
substrate, the ns1 type; (2) three types of non-standard stepping patterns (ns1, ns2, and
ns3) were observed during horizontal crawling on the soft substrate and during climbing
on both substrates; (3) a fourth stepping pattern (ns4) was observed during downward
crawling on both substrates. All the non-standard patterns are summarized in Figure 46.
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In all the non-standard patterns, the first two proleg movements (A6 up and A5 up) and
the last two proleg movements (A4 down and A3 down) are invariant. This suggests that
adaptation to varying substrate stiffness and to different orientations is most challenging
in the middle of a crawl, when multiple prolegs would be simultaneously in swing during
a standard crawl.

Figure 46: Types of stepping patterns. The standard pattern (s) is observed to varying degrees
in all the orientations and all the substrates except for vertical downward crawling on the soft
substrate. Only ns1 patterns are observed during horizontal crawling on the stiff substrate.
However, ns1, ns2, and ns3 patterns are all observed during horizontal crawling on the soft
substrate and during climbing on both substrates. Finally, the ns4 pattern is only observed during
downward crawling on both substrates. The last column on the right shows the proleg up/down
movements that do not change during a crawl, regardless of the type of stepping pattern. D –
down.

In a separate experiment, caterpillars were positioned on a metal rod and let free to
crawl. No animal was able to complete more than one crawl before falling off the metal
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rod, suggesting that the prolegs require substrates with a certain degree of compliance to
exert a grip strong enough to balance the animal’s body and move it forward.
Since the ns1 pattern is the only non-standard pattern observed during horizontal
crawling, a comparison between horizontal and vertical crawling on the two substrates
can only be carried out in terms of standard (s) and ns1 patterns (Figure 47). Swing and
stance phases of single prolegs have been calculated as percentages of the crawl duration
(also called crawl cycle), from the onset of A6 swing to the end of A3 swing. In this way,
by normalizing the timing of proleg swing and stance with respect to the crawl cycle, it is
possible to compare the onset and the end of single swing phases across substrates and
orientations. In Figure 47, crawling orientations have been color-coded (blue=horizontal,
red=vertical upward, and grey=vertical downward). For each color-coded pattern, the
crawl cycle started at the beginning of A6 swing and ended at the end of the A3 swing.
Only standard horizontal crawls could be plotted for the soft substrate.
The main difference between standard and ns1 patterns, regardless of substrate and
orientation, is the fact that A6 and A3 swing do not overlap in ns1 crawls, slightly
increasing the overall crawl duration. On average, ns1 crawls last 20% longer than
standard crawls.
The onset of A3 swing in ns1 horizontal crawls on the stiff substrate (blue pattern at
the bottom of Figure 47) is delayed with respect to all the other types of patterns. For
instance, the onset of A3 swing in standard crawls on the stiff substrate occurs at around
42% of the crawl cycle, while that of ns1 horizontal crawls on the same substrate occurs
at around 53 % of the crawl cycle. This is the largest relative phase delay across all
substrates and orientations, with all the other differences ranging from 3% to 10%. The
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timing of the A4 and A5 prolegs is surprisingly similar across all conditions. As shown
for the stiff substrate, despite small differences (<10%) in the onset and the end of swing
and stance phases during s and ns1 vertical and horizontal crawling, motor patterns
appear to be remarkably orientation-dependent [121].

Figure 47: Timing of swing and stance within a crawl: comparison between standard and ns1
crawls on different substrates and different orientations. Swing and stance phases of single prolegs
have been normalized with respect to the crawl duration (or crawl cycle) by considering the onset
of A6 swing as 0% and the end of A3 swing as 100% of the crawl. In this way, swing and stance
phases can be expressed as percentages of the crawl cycle. Crawling orientations have been colorcoded (blue=horizontal, red=vertical upward, and grey=vertical downward). The swing phase that
ends at 100% of the cycle is that of A3, next up is A4 swing, followed by A5 swing and, finally, A6
swing starting from 0% of the crawl cycle. In the case of the soft substrate, only standard horizontal
crawls could be plotted.
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4. Discussion

4.1 Flexible Parylene-based Microelectrode Arrays for
High Resolution EMG Recordings
Although the organizational principles of motor control are becoming better
understood [2, 3], it is still not possible to replicate the range of animal locomotor
performance [122]. This is partly due to the fact that animals operate as integrated
neuromechanical machines driven by muscles that are intrinsically complex and nonlinear in both their electrical and mechanical responses [30, 123]. As a result, an
electromyographic (EMG) signal is a convoluted, non-stationary signal [124]. In general,
it is affected not only by the intricate muscle anatomy and the physiological and
biochemical properties of neuromuscular transmission, but also by the detection
capabilities of the recording instrumentation [84]. To improve the overall quality of the
recordings, the functional capabilities of any EMG device can be enhanced by
maximizing three main factors: (1) signal to noise ratio, (2) signal discrimination, and (3)
signal stability.

In the past few years, technical advances in electronics and fabrication methods have
prompted a steady advance in the design and manufacturing of EMG recording devices.
Besides surface electromyography, inserting microwires directly into muscles has been
by far the most common method to record muscle activity. Typically, two Teflon
insulated platinum alloy fine wires are twisted together to form a bipolar electrode[125].
By differentially amplifying the voltage measured at the terminal ends of the two wires,
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noise fluctuations can be considerably reduced. To enhance the limited spatial sensitivity
of this type of intramuscular recording, multiple microwire electrodes have been
employed in many neurophysiological studies [126-130].

More recently, microfabrication has marked a major step forward in the development
of neural and EMG implants [96, 97]. The adaptability of the photolithography process,
in fact, allows for the manufacturing of devices with customizable design parameters. By
precisely controlling the size of the recording sites, their density, and their interspacing, it
is possible to fine-tune performance characteristics such as electrode impedance, signal
discrimination, and signal sensitivity. Low profile devices with anatomically conforming
properties also facilitate subcutaneous insertion and positioning. Furthermore, the
availability of a large number of recording sites arranged in specific geometries offers the
possibility to sample wider muscle areas – if not different muscles – and eventually
monitor several motor units simultaneously. This is particularly important as
multichannel EMG recordings are crucial for a more comprehensive functionalanatomical analysis of motor coordination [131, 132].

One of the main limitations of many EMG devices is the intrinsic stiffness of the
materials used as substrate [133]. Silicon, for example, is extensively employed due to its
well-known electrical properties [134]. The rigidity of silicon-based probes, however,
represents a considerable problem for in vivo implantations. In fact, the mismatch
between the mechanical properties of the stiff probe and the much softer surrounding
tissues may result in tissue damage, tolerability issues, and micro-motion of the
electrodes with respect to the muscle. Consequent motion artifacts may significantly
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distort the recorded signal and complicate data analysis. One way to mitigate this
problem is to select substrate materials according to a more suitable combination of their
electrical and mechanical properties. Several flexible and biocompatible polymers, such
as polyimide [135], are being increasingly used [136]. The flexibility of the resulting
devices provides a more conformal coverage of the muscle surface and supplies some
degree of strain relief against the forces of micro-motion. Since a more uniform electrical
contact is established at the electrode-tissue interface, the SNR can be significantly
improved.
Although considerable work has focused on the neuromuscular systems of
vertebrates, invertebrates offer several advantages for understanding motor coordination
and for developing high resolution EMG devices. One of the most important of these
advantages is that each muscle is controlled by few neurons so the number of
“information channels” that need to be monitored is small compared to most vertebrates
[137]. Furthermore, the small size of most invertebrates makes the simultaneous
recording from multiple muscles an easier task and activation patterns can be more
accurately matched to motor tasks. On the other hand, however, their size represents a
significant challenge in manufacturing devices sufficiently small to be inserted without
muscle damage. EMG recordings with multiple wire bipolar electrodes have been
reported in freely behaving small animals [138-140] [90], but the need for multiple
insertions coupled with inevitable wiring problems during the recording sessions
constitute a substantial experimental limitation. To overcome these problems, the use of
flexible micro-fabricated devices has been proposed to achieve multiunit EMG
recordings [141].
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One of the main results of the work detailed in this dissertation was to develop a
platform technology to fabricate low profile electrode arrays intended for multichannel
EMG recordings. To minimize signal distortion due to motion artifacts, a highly flexible
polymer (parylene C) has been selected as the structural substrate to allow a more
conformal coverage of the muscle surface. Due to its conformal coating, biocompatibility
and moisture/chemical barrier properties, parylene C has been extensively used as
insulation for biomedical probes [100, 142]. However, it is only when parylene C is used
as structural substrate that it is possible to take full advantage of its entire range of
mechanical, electrical and physical properties [101, 143].
To ensure ease of insertion, optimal placement and recording stability, the geometry
of any implantable electrode array intended to record EMGs in a living system must
match the muscle anatomy of that system. For this reason, the design of our device was
customized to record from muscles in a well characterized insect model, Manduca
sexta [23, 45, 55]. In the larval (caterpillar) stage, Manduca is predominantly soft-bodied
with very few hard body parts. Unlike vertebrates, whose movements are based on
muscles acting on a rigid skeleton via joints and tendons, soft-bodied organisms exhibit a
much greater range of movements and are able to deform and orient their bodies in
almost any available direction. Even though they represent the vast majority of the animal
biomass, little is known about their motor control strategies. Commonly available EMG
microwire electrodes have a relatively poor spatial resolution and their rigidity does not
guarantee a normal behavioral response. More importantly, in soft-bodied animals, the
problem of electrode micro-motion is exacerbated by the elevated difference in
mechanical stiffness between the implant and the exceedingly softer surrounding tissues.
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The microfabricated device presented in this dissertation is not only extremely thin
(<20 μm) and flexible, but also mechanically robust, dimensionally stable and
biocompatible. For this reason, it offers the opportunity to overcome all the experimental
limitations presented by more traditional electrodes and may represent a valid new
methodology for the study of motor coordination not only in soft animals, but also in a
wide range of small animals where probe flexibility represents a major advantage.
To allow precise positioning and optimize signal detection capabilities, the size and
the overall design of the micro-electrode array have been specifically customized to suit
the anatomical features of our model animal, the tobacco hornworm Manduca sexta.
Because the SNR is almost entirely determined by the properties of the electrode
interface, a careful electrical characterization was performed to ensure that the value of
the impedance is not only consistent over time, but also does not vary among the
recording sites of the array. Although the current electrode arrays have been specifically
designed to record from DIM, the same fabrication protocol can be applied to produce
devices with slightly different design parameters to target smaller or less accessible
muscle groups. More generally, the number of recording channels, the electrode detection
area and inter-site distances can be easily modified to meet the requirements for EMG
recordings in other animal systems, both vertebrates and invertebrates. For example, the
same fabrication protocol has been applied to develop surface EMG electrodes
specifically designed to record from human facial muscles (see Appendix 1).
Recordings in freely moving Manduca exhibit excellent signal to noise ratio, no
significant motion artifacts, good channel discrimination of individual muscle activities,
and EJP amplitudes and waveforms highly consistent over time. The animals tolerate the
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microdevice extremely well and exhibit natural behaviors for the whole duration of a
recording session (up to 5 hours). Motor activities can be unambiguously assigned to
distinct muscles by capitalizing on the fact that individual channels are highly selective
for different muscles but not entirely specific to one muscle. Since a single channel
detects EJPs from the closest muscles with the highest selectivity, the amplitude of the
EJPs corresponding to any given muscle will vary across the four channels proportionally
to the distance between each channel and that particular muscle. At the same time,
however, the amplitude of the EJPs from any muscle remains constant over time on each
channel, allowing individual motor unit activities to be resolved within each channel
recording. Therefore, by cross-correlating the motor units identified in each channel and
comparing their amplitudes, it is possible to match motor activities to individual muscles
with high precision. By employing multiple recording channels, it is also possible to
apply PCA and ICA to sort EJPs across different channels. When channel-specific motor
patterns are superimposed, the overall motor pattern associated with a particular behavior
can be identified.
The part of my dissertation related to the electrode arrays resulted in three
publications [117, 119, 144] and one patent [118].
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4.2 Silk Coating as a Novel Delivery System and
Reversible Adhesive for Stiffening and Shaping Flexible
Electrodes
Appropriate placement of implantable probes considerably improves their recording
or stimulation capabilities. Moreover, knowing the position of a probe during
experiments performed in different subjects makes it possible to compare results directly.
While flexible thin-film probes are able to stabilize their position with respect to a
moving tissue better than more traditional stiffer probes, they are also difficult to implant
with precision as they tend to bend during insertion and placement [97, 120, 145, 146].
Furthermore, they commonly have unilateral contacts, allowing recording or stimulation
only on one side of the implant [143].
Implantable electrodes are widely used in clinical practice and have become an
important investigational tool in many research settings. In recent years, technological
advancements in microelectronics and micro-fabrication techniques have led to the
development of increasingly small implantable electrodes with an increasingly large
number of recording or stimulating sites, significantly enhancing signal selectivity [97].
However, the overall performance of implantable probes, either designed to record
bioelectric signals or to pass stimulating currents, is highly dependent on two additional
factors: accurate placement and ease of insertion. Precise electrode placement is a key
requirement in any neural or muscular application, from deep brain stimulation to
prosthetic control [147, 148]. To guide implantation and target specific tissues, different
types of stereotaxic methods have been developed over the years [98]. Unfortunately, in
many animal species, stereotaxic placement cannot be reliably carried out because they
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lack a reliable reference frame or the spatial relationship between body landmarks and
internal tissues is too variable. In the vast majority of in vivo animal studies, post-mortem
dissections are commonly used to verify the location of implanted probes. However,
electrode displacement might occur during the dissection phase, especially when the
tissue that is being dissected is soft. As a result, experimental data can be misinterpreted
with bio-potentials being attributed to the wrong muscle groups or brain areas.
Electrode migration during in vivo experiments is another key issue, not only because
it might cause tissue damage and trigger an immune-response [149], but also because
changes in the electrode position might result in incorrect recording or stimulation
locations. The inability to easily monitor the position of the implant at different time
points is still a significant limitation in many animal studies, especially in the case of
long-term implantation [98]. Recently, the use of flexible polymers as substrates to
fabricate implantable probes has led to the development of flexible thin-film electrode
arrays with anatomically conforming properties that provide a more uniform electrical
contact at the electrode-tissue interface [141, 143, 144]. By employing flexible probes, it
is possible not only to minimize motion artifacts and tissue injuries, but also to
significantly reduce electrode displacement during dynamic conditions in in vivo
experiments. However, their intrinsic flexibility complicates implantation as they are
more prone to bend or distort during insertion than traditional, stiffer probes [146].
Ideally, any implantable probe should be flexible enough to be deflected when it comes
in contact with delicate structures such as blood vessels, but also stiff enough to be
inserted without buckling.
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A method to temporary stiffen flexible electrodes to facilitate implantation has been
recently proposed [120]. However, temporary stiffening alone might not be sufficient to
precisely place probes on determined target locations. A specific temporary shape or
curvature might also be required to select the most appropriate angle of insertion and let
the electrode advance through a tissue with minimal damage. Shape memory alloy
(SMA)-based electrodes have been proposed [150] but they are difficult to assemble and
operate due to their temperature-dependent properties.
An additional drawback of thin-film electrode arrays is the fact that standard
fabrication techniques do not easily allow the patterning of recording (or stimulating)
sites on both sides of the probe. Usually, only one side of thin-film devices is provided
with contacts, allowing only recording or stimulation on one side of the implant [143]. As
a consequence, it is not possible to monitor the environment surrounding a target location
in its entirety. For instance, in the case of electromyography (EMG) recordings from two
completely overlapping muscles, implanting a single thin-film probe would only allow
recordings from the muscle that is in contact with the side of the probe containing
electrodes. Simultaneous recordings from both muscles as they slide over each other
would require the insertion of two probes between the two muscles, with the recording
electrodes of each probe facing one muscle. However, implanting two probes at the same
time while maintaining their relative position is challenging as they might deform and
follow two different paths. The placement of paired or bundled electrodes without the aid
of insertion guides represents a major obstacle to multi-site recordings and multi-site
stimulation of brain areas or neuromuscular structures [98].
To address all these issues, the flexible electrode arrays I developed have been coated
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with thin films of silk fibroin, a versatile natural protein derived from the Bombyx mori
cocoon, that has been extensively used for clinical and biomedical applications, including
sutures and tissue engineering scaffolds [151, 152]. Its unique combination of chemical,
mechanical and physical properties makes it a highly functional material. It is
biocompatible [153], dissolvable, biodegradable, and can be processed into lightweight
films of different thicknesses [151]. In their dry state, silk films are stiff and exhibit a
high tensile strength [120]. Pure silk films start to dissolve as soon as they are exposed to
an aqueous solution but their dissolution rate can be delayed by curing them in water
vapor, a process that induces beta-sheet crystallization [109, 110]. In this way, silk
degradation can be set to start at specific times, ranging from a few minutes to years. In
the present study, these properties have been exploited to employ silk as a coating
material for flexible thin-film electrode arrays to: (1) mark the their position during in
vivo experiments by delivering a fluorescent dye at specific times; (2) induce a short-term
increase in their stiffness to facilitates insertion; (3) induce a particular shape or curvature
to allow a more precise placement; (4) temporarily hold electrodes together to facilitate
their simultaneous implantation and allow bilateral recording or stimulation
To show the effectiveness of the proposed approach, the flexible EMG electrode
arrays described above have been implanted at specific locations in Manduca sexta larvae
(caterpillars), which represent a challenging yet tractable test system. Caterpillars, in fact,
exemplify the problems of flexible electrode placement as they are highly deformable and
have very few rigid body parts that can be used as reference or anchor points. The soft
tissue composition of Manduca body not only means that implanted electrodes can be
easily displaced during post-mortem dissections, but also that they are more susceptible
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to movement during in vivo experiments. Furthermore, prolonged subcutaneous and
percutaneous surgeries cannot be performed because the pressurized hemocoel of
Manduca make them susceptible to hemolymph seepage when the body wall is pierced,
considerably complicating electrode insertion and placement.
I have shown that the local release of fluorescent microspheres from dissolving silk
films can be used to mark the position of flexible electrode arrays on Manduca muscles
during in vivo electromyographic recordings. Water annealing could be used to delay the
release of the fluorescent microspheres until after the electrodes had been properly
implanted. To monitor the position of the probe with respect to specific target muscles at
different times during the experiment, silk coatings containing microspheres of two
different colors were differentially annealed to allow their selective release at the
beginning and at the end of the experiment. By applying the two coatings on two
different locations on the same side of the device, it was possible to avoid any increase in
the overall thickness of the silk film-probe system.
Using this method, it is not necessary to leave the electrode implanted during a postmortem dissection and the probe can be immediately reused in a different animal. By
minimizing handling, possible damages to the devices can also be minimized. To validate
the method proposed here, several criteria were employed to verify that the position of
the microspheres on Manduca muscles corresponded to the position of the probe during
each EMG recording session: (1) a number of electrode arrays were left in place after
each experiment and during the dissection phase to verify that the microspheres did not
significantly move away from the recording location; (2) silk coated electrodes were
implanted to record from muscles whose activation patterns have already been well
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characterized during locomotion [16]. This made it possible to match the EMG traces
recorded with the coated electrodes to specific muscles, which in turn were compared to
the muscles marked by the microspheres; (3) external features of the body surface that
have previously been used to map muscle attachment points were used to guide the
positioning of the flexible array. In this way, by measuring the length of the shank
inserted into the animal and by knowing the longitudinal and the transverse spacing
between recoding sites, the approximate location of the recording channels was deduced
and then matched to the muscle groups surrounding the electrode; (4) the number of
muscles in proximity of the probe was inferred by cross correlating EMG amplitudes
across channels. This number was then compared to the number of muscles marked by
the microspheres. These methods showed that the electrode placement and the extent of
its movements could be reliably identified in post-mortem tissues. The local and
controllable deliverability provided by silk films is not limited to fluorescent
microspheres [151]. For example, a more accurate muscle staining could be achieved by
incorporating in the silk suspension crosslinking agents for myosin or actin.
Alternatively, silk films could release specific drugs and the efficiency of the treatment
could be assessed by measuring or stimulating a tissue before and after the drug is
delivered. Silk films with bioactive capabilities at the tissue-electrode interface are
expected to maintain cell responses and improve and prolong the in vivo performance of
implanted probes [151, 152].
Very thin silk layers do not significantly alter the flexibility of thin-film probes.
However, silk coatings can also be used to induce a short-term increase in the overall
stiffness of the devices. Depending on the required force of insertion, the mechanical
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properties of silk coated devices can be altered by varying the thickness of the silk layer
[120]. Different parts of a probe could be coated with silk films of different thicknesses
and different dissolution rates to allow specific portions of the device to transition back to
their flexible state at determined times during the implantation process and thus facilitate
insertion and placement. If a silk film of a certain thickness is required to deliver specific
quantities of microspheres but the resulting stiffness is not required, it is possible to
condition the silk film to be more flexible by subjecting it to different treatments, such as
a glycerol treatment [154].
By coating it with silk fibroin, a flexible probe not only becomes significantly stiffer
but it can also be shaped or curved according the specific requirements to aid
implantation. In Manduca, this method has been used to curve electrode arrays before
their insertion in the dorsal side of the animal. In this way, it was possible to more easily
place the probe between the two major dorsal muscle layers and record from a specific
longitudinal muscle. Silk can also be used as a very efficient temporary and reversible
adhesive. Two flexible thin film electrode arrays were implanted simultaneously with
their back sides facing each other. By arranging the recording sites on each side slightly
shifted from one another, EMG signals could be detected from overlapping Manduca
muscles. By inserting two electrodes simultaneously, only one incision is required.
Furthermore, using this method, the two probes are able to maintain their reciprocal
position throughout the entire duration of the experiment, even when they transition back
to their flexible state.
The part of my dissertation related to the silk coating method resulted in one
publication [155] and one patent [156].
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4.3. Neural Control of Adaptive Locomotion in Softbodied Animals
4.3.1 Gait Kinematics
One of the main assumptions of my initial working hypothesis was that horizontal
and upward vertical crawling were kinematically equivalent, as reported by van
Griethuijsen et al [31]. However, new findings described in this dissertation suggest that
caterpillars can modify their gait to adapt to changes in the orientation of the plane of
motion and in the stiffness of the substrate. Gait modifications have also been reported in
the gecko, another robust climber [157].
A few differences between the experimental design employed by van Griethuijsen et
al. [31] and the experimental design described here were critical for uncovering distinct
alternate patterns of caterpillar locomotion. First, the previous study analyzed three to
seven crawls per animal with a total of 25 animals. In my study, 27 crawls were analyzed
in each of three animals. Because the variation in gait kinematics is very large between
animals (as shown in Figures 3 and 5 in [31]) the different stepping patterns performed
by individual caterpillars are hidden in the aggregated crawl data. By analyzing many
crawls from a few individuals, as done here, it is easier to identify changes in stepping
patterns. For the stiff substrate, I also considered 3 additional animals in the upward and
horizontal orientations (Chapter 3, Figure 29), further substantiating my findings.
The effect of averaging can be demonstrated in the current dataset. When the relative
timing of proleg movements within a crawl are averaged across the entire dataset,
differences in the relative timing of proleg swing phases within a crawl cycle can no
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longer be observed. However, as soon as swing and stance phases are plotted separately
for each stepping pattern, differences start to emerge, as shown in Figure 47 of Chapter 3
for the standard and the ns1 type patterns. Furthermore, it should be noted that van
Griethuijsen et al. [31] did not consider downward vertical crawling and only considered
a single stiff substrate, limiting the analysis to two orientations and one substrate.

4.3.2 Stepping Patterns: the Effect of Orientation
In general, climbing relies on the ability to generate a vertical reaction force acting on
the substrate that is greater than the animal’s weight. This requires a strong gripping
system, which in caterpillars involves an interlocking grip with the substrate using stiff
cuticular hooks at the tip of the prolegs [158] (paragraph 1.4.1). Furthermore, to balance
themselves while moving upwards, animals of any size need to counterbalance the
toppling moment that is produced as the distance between their center-of-mass (COM)
and the contact point with the substrate increases (Figure 1) [7]. This toppling action is
produced by a torque acting around the contact points and can be minimized by 1)
keeping the COM close to the substrate and 2) moving the COM downwards relative to
the contact points, as the mass below the contact points tends to push the body towards
the substrate.
Climbing animals have evolved different strategies to reduce this toppling effect such
as short limbs or crouched postures [7] and long tails [8]. By altering their proleg
stepping pattern, caterpillars not only bring their COM closer to the substrate but also
reduce the number of prolegs that are in swing simultaneously, increasing stability and
limiting sideways movements. In a caterpillar, the COM is located between the A3 and
the A4 segment, as shown in Figures 1A and 1C. The red arrow in Figure 1 represents the
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direction of the backward rotation that an unbalanced clock-wise toppling moment would
produce during vertical crawling, pulling the animal away from the substrate. Figure 2 is
a snapshot taken during a ns1 vertical crawl. Contrary to a standard crawl, the A6 proleg
comes in contact with the substrate before the A3 proleg starts swinging, guaranteeing a
stronger grip, lowering the COM, and counteracting toppling.
A strong proleg grip plays a key role in downward crawling as well. Since gravity is
now pointing in the direction of travel (Figure 1C), the animal is effectively being pushed
down by its own weight. The red arrow in Figure 1C represents the rotation that a
toppling moment exerts on the posterior end of the animal’s body soon after the terminal
proleg and A6 are lifted. If a standard crawl were to take place, multiple prolegs in swing
would further move the COM away from the substrate, generating a larger toppling
moment. Shortening the swing phase of individual prolegs, particularly that of A6 and A3
(Chapter 3, Figure 30), represents an efficient strategy to push the body closer to the
substrate and resist toppling. Furthermore, a stronger grip provided by multiple points of
contact also counteracts the lateral torque that would result in sideways movements.
Horizontally, the COM can be more easily maintained in line with the substrate and
swinging multiple prolegs at the same time in a standard stepping sequence does not raise
instability issues. Since ns1 horizontal crawls last longer than the average standard
horizontal crawl, the A6 down movement might switch with the A3 up movement to
compensate for longer crawl duration.
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Figure 1: Center of mass and stepping patterns. In a caterpillar at rest, the COM is located
between the A3 and the A4 segment (panels A and C). The red arrow in figure A represents the
backward rotation that a climbing caterpillar would experience if the toppling moment is not
counterbalanced. Figure B shows the A6 and A3 prolegs in contact with the substrate (black
arrows) during a ns1 vertical crawl. The red arrow in figure C represents the rotation that a
caterpillar would experience if the toppling moment that develops during downward crawling is
not counterbalanced.

Because the prolegs are positioned underneath the body relatively close to each other,
caterpillars might need to exert a strong grip on the substrate to avoid rolling sideways. It
would be interesting to test how varying the substrate diameter affects the preferred
stepping patterns. Presumably, increased lateral instability will lead to changes in the
time that single prolegs spend in stance phase, increasing the likelihood of non-standard
crawl patterns.
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4.3.3 Stepping Patterns: the Effect of Substrate Stiffness
Since caterpillar locomotion relies on the stiffness of the substrate to transmit
compressive forces (see paragraph 1.4.3), as the substrate becomes softer caterpillars face
increasing challenges in trying to keep the crawling substrate under compression and
their body in tension. When in addition to a softer substrate, they are also presented with
an upward or downward vertical crawling orientation, a modified stepping pattern is
necessary not only to strengthen the proleg grip and counteract the toppling moment, but
also to reduce counteracting deformations in the substrate. During upward crawling, a
soft substrate might stretch. On the other hand, in downward crawling, it will tend to
buckle. Both of these effects can be minimized by reducing the distance between contact
points. For example, letting the A6 proleg re-grip the substrate as soon as possible or
letting the A3 proleg delay releasing the substrate, on average, reduces the length of
substrate that is under compression. The material properties of the substrate also affects
the stepping patterns during horizontal crawling; on the soft substrate approximately 50%
of the crawls are non-standard, compared to 20% on the stiffer substrate. The more
compliant the substrate, the more difficult it is for caterpillars to crawl. For instance, it
has been shown that caterpillars cannot crawl on highly compliant substrates such as a
silk thread [60], despite being able to grip them.
How caterpillars sense differences in the substrate on which they crawl and how
sensory feedback is incorporated into caterpillar locomotion is still unknown. However, a
change in stepping pattern necessarily implies a direct involvement of the CNS. Future
EMG experiments should be performed on substrates with different material properties
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and stiffness to quantify differences in motor neuron firing patterns and therefore
quantify the involvement of the CNS in generating non-standard stepping patterns.

4.3.3 Dual Innervation and Behavior
The high signal selectivity of the multi-channel electrodes I developed enabled
recordings of

muscle activity in freely behaving animals with single motor-neuron

resolution. The firing patterns of the two DIM motor neurons (MN1 and MN2) were
isolated and correlated to single crawl cycles during horizontal and vertical crawling on a
stiff nitrile rubber-based substrate. The MN1 motor neuron, which innervates the
ventrolateral side of DIM, was found to fire more tonically than the MN2 motor neuron.
Its activity was also less correlated to the duration of the crawl. On the other hand,
activity in the MN2 motor neuron, which singly innervates the dorsal side of DIM and
dually innervates the ventrolateral side together with MN1, is more closely correlated to
the overall crawl duration (Figure 2).

Figure 2: Dual innervation and crawling. Two amplitudes of EJPs recorded from the A4
DIM muscle are visible during a horizontal crawling. Larger amplitude EJPs are triggered by
MN2, smaller amplitude EJPs are triggered by MN1. The firing pattern of MN2 is more closely
correlated to the duration of the crawl, represented by the gray line at the bottom. The green line
represents A4 swing.
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This result suggests that the lower threshold motor neuron MN1 is responsible for
maintaining the DIM muscle in a state of tonic contraction, for postural control and slow
movements not associated with crawling. The higher threshold motor neuron MN2 would
be recruited during movements such as crawling to increase the overall tension in the
muscle.
By having a generally tonic motor neuron that maintains a constant level of tension in
the muscle, precise neural control would only be required for MN2 and only when more
forceful and complex movements are required. This would be largely analogous to what
in reported in vitro for the dually innervated proleg retractor muscle of the silkmoth larva
[159], where the synergistic action of two motor neurons increases the range of possible
muscle contractions. A possible experiment to quantify the tension generated by the two
DIM motor neurons during crawling would be to directly stimulate the motor neurons
with the firing patterns identified in vivo and simultaneously record the mechanical
responses produced by the muscle fibers in a reduced preparation.

4.3.4 Motor Neuron Firing Patterns
The firing patterns of the two DIM motor neurons has been correlated not only to the
overall crawl duration but also to the swing phase of single prolegs. During horizontal
crawling, the activity of the MN2 motor neuron innervating the DIM muscle located in
the nth abdominal segment is correlated with the swing phase of the proleg belonging to
the (n-1)th abdominal segment. On the other hand, during vertical crawling, the activity
of the same motor neuron is correlated with the swing phase of the proleg belonging to
the (n+1)th abdominal segment, as shown in Figure 3. In other words, while during
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horizontal crawling the A4 DIM muscle is more active during A5 swing, during vertical
crawling it becomes more active during A3 swing.

Figure 3: DIM muscle activity and proleg release. During horizontal crawling (HC, top
panel), activity in the DIM muscle (yellow rectangle) located in a certain body segment is
correlated with the swing phase of the proleg belonging to the preceding segment. During vertical
crawling (VC, bottom panel), activity in the DIM muscle (red rectangle) is more closely
correlated with the swing phase of the proleg belonging to the next anterior segment.

The fact that the timing of muscle activity is so strongly dependent on the orientation
of the plane of motion suggests that the CNS issues different sequences of motor
commands to compensate for changes in orientation. Thus, contrary to my initial working
hypothesis, Manduca muscles cannot alone compensate for changes in crawling
orientation. It should be noted that, as discussed above, my main working hypothesis was
based on the false premise that caterpillars crawl horizontally and vertically using the
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same gait [31]. We now know that they can in fact change their gait, implying that the
timing of muscle activation needs to be changed accordingly. Interestingly, however,
even when comparing stepping patterns of the same type in the two orientations, the shift
in the timing of muscle activation described above is still clearly visible, as summarized
in Figure 4 for horizontal and vertical standard crawls. The pale pink and grey envelope
in Figure 4 represents the overall distribution of the MN2 instantaneous frequencies
reported in Figure 34 of Chapter 3, which presents one large peak (red) and one smaller
peak (black). As the prolegs move up and down during a standard crawl, the
corresponding firing pattern of MN2 is highlighted in bright colors. A typical standard
stepping pattern is shown on the left.
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Figure 4: Timing of MN2 firing during a standard (horizontal and vertical) crawl. A typical
standard stepping pattern is shown on the left panel. The pale colored envelope in the right panels
represents the overall distribution of the instantaneous frequencies of MN2 taken from Figure 34
of Chapter 3. As the crawl proceeds, the firing activity of MN2 corresponding to each panel on
the left is highlighted in bright colors for both the horizontal and vertical orientation.

Why do caterpillars need to delay the activation of DIM during climbing? One
possible explanation might be related to the tension-based mechanism that has been
proposed to explain the ground reaction forces recorded during Manduca crawling [59]
(paragraph 1.4.3). In this strategy, the body is maintained mostly in tension during the
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stance phase and compressive forces are placed on the substrate between anterior prolegs
that pull and posterior prolegs that drag. It is therefore possible that during horizontal
crawling the A4 DIM muscle needs to be activated early in the cycle to help increase
tension in the A5 segment. In contrast, during vertical crawling gravity pulls in the
downward direction along the axis of movement. This means that when the body is
oriented vertically, each segment must be raised against the force of gravity. However, it
also means that in the vertical orientation the caterpillar’s body is in a gravity-assisted
pre-tensioned state due to its own weight. Therefore the A5 segment is already in tension,
as it resists being pushed forward due to the action of gravity. The A4 segment needs to
pull on the substrate to transmit propulsive forces and push the body forward. This is
accomplished by delaying the activation of DIM towards the end of A4 swing/beginning
of A3 swing, that is when the A4 proleg is in contact with the substrate. By adjusting the
timing of activation of the DIM muscle, the CNS is effectively using the same muscle in
two slightly different ways to develop tension in the body and accommodate for changes
in crawling orientation. In non-standard vertical crawls, the timing of muscle activation
would be further delayed to compensate for a longer crawl duration and, in particular, to
compensate for a delayed A3 swing.
Other than varying the timing of muscle activation, varying motor neuron spike
frequency is another way to compensate for differing force requirements. However, the
average firing frequency during horizontal and vertical crawling does not change
significantly, suggesting that timing is more important than frequency to adapt to changes
in the surrounding environment.
Such a direct involvement of the CNS does not preclude the existence of a purely
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mechanical compensatory mechanisms carried out by caterpillar muscles. In fact, interanimal variability suggests that, while the overall timing of motor commands is indeed
context-dependent, fine movement adjustments might be implemented by the CNS
simply relying on intrinsic material properties of muscles and other tissues. Furthermore,
the tension generated in a muscle by direct motor commands is highly dependent on the
tension that is already being exerted on that particular muscle by the action of
neighboring muscles [26, 27]. Together, these mechanical properties could explain the
observed inter and intra animal variability.
Modulation of muscle activity can also be accomplished by the action of
neuromodulators, such as octopamine [160, 161]. The major longitudinal muscles are all
innervated by octopaminergic ventral unpaired median neurons. These neurons do not
generate EJPs in muscles (hence their activity is not seen in EMG recordings) but they
are expected to affect basal tension and stimulus-contraction coupling underlying muscle
activation. Future studies should address this issue by measuring the effect of such
modulators on muscle work loops produced by stimulating DIM using the in vivo firing
patterns identified in this dissertation.
The EMG experiments detailed here have focused only on one vertical orientation,
the upward orientation, and only on one type of substrate. To correlate changes in motor
neuron activity to the observed substrate effect on crawling kinematics, future
experiments should focus on characterizing motor patterns as a function of substrate
properties (such as stiffness) to quantify substrate-dependent differences in motor neuron
firing patterns. Furthermore, it would be interesting to measure motor patterns related to
downward crawling, where gravity represents a forward force. Recording EMG signals in
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this crawling orientation, in fact, represents a great way to test the limits of the tensionbased model of caterpillar locomotion (paragraph 1.4.3). According to this model, a
caterpillar would generate tension in its body by pulling itself down, a somewhat
counterintuitive idea.
Lastly, another finding reported in this work is that consecutive segments are
coactive for surprisingly long times during crawling (Figure 44). A similar trend had been
observed using wire electrodes [16], but thanks to the high signal selectivity of my
electrode arrays, this overlap in activity has been now been related to a specific DIM
motor neuron, MN2. Assuming that muscle activation corresponds to an increase in
muscle tension, the fact that consecutive DIM muscles are coactive is consistent with the
tension-based model. In fact, according to this model, caterpillars exert compressive
forces between (at least) two anchor points (prolegs) to keep their body in tension. When
a proleg that is acting as an anchor point is released during a crawl, the intervening
segments need to be maintained in tension so that compressive forces can still be exerted
on the substrate. To achieve this goal, consecutive DIM muscles cannot be activated in
succession. Instead, their activation needs to overlap in time, just as observed in segments
A5 and A4 for the DIM muscle. Future recordings should focus on more comprehensive
inter-segmental coordination studies that include all the abdominal segments (A6 to A3)
to better define the extent of this muscle activity overlap along the caterpillar’s body.
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5. Conclusions

In conclusion, the novel microelectrode array presented here offers the unique
opportunity to record muscle activity with single motor neuron resolution in freely
behaving Manduca sexta larvae (caterpillars), overcoming the experimental limitations of
traditional stiff wire electrodes and simplifying the acquisition of muscle activation
sequences underling motor control and motor coordination. By varying basic design
parameters, the platform technology developed as part of this research work is not limited
to soft bodied animals but span a wide range of vertebrates and invertebrates, including
humans, where flexible and customizable probes represent a major advantage.

Although flexible, thin-film electrode arrays have overcome some of the main
limitations of more traditional, stiffer probes, their intrinsic flexibility and their unilateral
contacts represent a new challenge: they tend to bend during insertion and are difficult to
implant simultaneously maintaining a specific relative position. For this reason, a method
that addresses the main issues associated with the implantation of flexible probes has
been developed using a coating of silk fibroin, a versatile protein derived from silkworm
(Bombyx mori) cocoons. The main features of this novel insertion method have been
demonstrated by acquiring electromyographic recordings in Manduca sexta, as its soft
body exemplifies the issues of electrode insertion and placement in delicate and
deformable tissues.

The novel electrode arrays and the silk coating method have been used in
combination to record from the largest Manduca muscle (DIM) to test the hypothesis that
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soft-bodied animals exploit self-adaptive properties of muscles to simplify motor control
when presented with environmental changes, such as changes in crawling orientation.
However, contrary to my initial working hypothesis, the results presented here show
unequivocally that the timing of muscle activity is dependent on the orientation of the
plane of motion, suggesting a more direct role of the CNS in adaptive locomotion than
previously believed. By recording from one of the few dually innervated Manduca
muscles, it was possible to take advantage of the high signal selectivity of the newly
developed electrode arrays and correlate the activity of each motor neuron to behavior.
Furthermore, for the first time, changes in Manduca crawling kinematics (gaits) were
identified and correlated to changes in substrate and crawling orientation. Since a change
in gait suggests neural compensation, this result further substantiates the notion of a more
direct involvement of the CNS in Manduca adaptive behavior than previously
hypothesized.
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Appendix 1
Flexible Parylene-Based Multi-Electrode Arrays for Surface
EMG Recordings From Facial Muscles
Facial muscles carry out an extensive range of functions, from speech production to
emotional expression. Despite the importance of facial electromyography (fEMG) in both
research and clinical settings, reliable and stable detection of multiple fEMG signals still
represents a challenging technical problem. Devices intended for surface fEMG
recordings must meet several key requirements: (1) high mechanical flexibility and
minimal thickness to facilitate conformal coverage of the skin surface, maintain uniform
electrical contact, and enhance the signal to noise ratio (SNR); (2) mechanical strength;
(3) customizable size and overall arrangement of the recording electrodes to ensure
optimal placement in correspondence of different muscle groups; (4) customizable
electrode density to facilitate signal decomposition into constituent components; (5)
lightweight and minimally obstructive connection system.
The novel, low profile multi-electrode array I developed exploits the properties of its
structural substrate, parylene C, to satisfy all the above requirements. Arrays of different
sizes and shapes have been designed to match the muscle anatomy of the human face. In
particular, the current design is aimed at recording from forehead muscles (corrugator
supercilii, procerus, and occipitofrontalis) and eye muscles (depressor supercilii and
orbicularis oculi). The final devices are extremely thin and flexible. Because the contact
to the skin is uniform over time, no motion artifacts are detected and recording accuracy
is enhanced. Furthermore, the design parameters of the arrays can be easily modified not
only to fine-tune their recording capabilities, but also to match the anatomy of any facial
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muscle and, potentially, any other muscle throughout the body.

Figure 1: Electrode comparison. Figure A shows conventional EMG electrodes placed on
forehead muscles. Figure B shows two newly developed electrode arrays on the same forehead.
The size of the recording sites can be customized to record from different muscles. From [117].

Figure 2: Muscle activity recorded from forehead muscles with the newly developed arrays.
The signal is clean and stable over time (top panel). Because the contact to the skin is uniform
over time, no motion artifacts are present. The electrodes also distinguish different motor
behaviors. For instance, upwards movements of the eyebrows (left figure at the bottom) produce a
muscle activation pattern clearly different from that of a surprised expression (right figure at the
bottom). All the above signals are raw, non-processed signals. Adapted from [117].
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Appendix 2
Characterization of a Micromachined Parylene-based
Thermal C-Shape Actuator
The fabrication protocol I developed as part of this dissertation has been used to
fabricate parylene-based C-shape actuators that ﬂatten out in response to temperature
changes generated by ohmic heating of built-in thin ﬁlm resistors [119]. The C-shape
bimorph actuator consists of parylene C and multiple metal layers and it is effectively a
thermal multi-material system. Since the materials that constitute the actuator have
different thermal expansion coefﬁcients, when the device is powered by a driving current,
it ﬂattens up due to differential thermal expansion.

Figure 1: Schematic of the C-shaped actuator mounted on a printed circuit board (PCB).

Figure 2: The fabricated parylene-based C-shaped actuator mounted on a PCB (yellow). The
interconnection system is the same as the one I developed for my electrode arrays.
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