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Abstract

4

Snakes are masters of movement through cluttered, confined, and complex habitats, leading to attempts to replicate this
mastery in snake robots to improve our access to these challenging environments. While snakes use a variety of locomotor
modes, rectilinear allows snakes to move through even the narrowest of spaces. However, while other modes are driven by
axial bending, rectilinear relies on motion of the muscular skin, making it challenging to replicate in robots. Prior robotic
rectilinear was achieved using secondary actuatdr systems.(e.g. prismatic joints), anteriorly propagating waves, and/or
standing waves, which require additional mechanical eomplexity, high vertical clearance, or dedicated parts for symmetry-
breaking (e.g. electromagnets, deployable frictional pads)yrespectively. Here, I present a new algorithm which closely
matches the robot to the motion of the snake’s ventral skin (rather than the whole body) during rectilinear locomotion. Robot
segments are assigned roles of either rigid ventral scales or flexible inter-scale skin. As in biological snakes, “scale
segments” are lifted clear of the substrate/and movediforward via contraction and expansion of the adjacent “skin motors”.
This “cutaneous rectilinear algorithm” allows rectilinear locomotion without the need for additional actuators or other
specialized modifications, and achieyes similar.displacement per cycle and current consumption to propagating vertical wave
methods at a lower vertical height, improying access to highly confined spaces.

Keywords: Snake, rectilinear; robotics

1. Introduction

To effectively travetse the natural world, animals have
evolved myriad adaptations' which “allow them exceptional
capabilities 4across challenging environments and intense
mechanical demands{[1-4]. The desire to replicate these
remarkable feats has led to bioinspired robots which can swim,
run, jump, climb and fly [5-9]. Such bioinspired robots often
have surprising solutions of mechanical challenges, and can
outperform traditional robots, particularly in challenging
natural environments such as sand, unstructured terrain, and
complex flows [7,10-15].

XXXX-XXXX/ XX/ XXXXXX

A common mechanical challenge is the need to move
effectively through highly restricted and structurally complex
environments, such as narrow pipes or densely cluttered
structures, and for this application, snakes are an ideal model
taxa [16-18]. The elongate body and highly diverse
locomotor repertoire of snakes allows them to move rapidly
and efficiently through environments which are difficult or
impossible for other animals of equivalent mass. Indeed, their
most recognizable form of locomotion, slithering, uses the
environmental structures which are obstacles to limbed
animals as propulsive ‘push points’ [19,20], allowing them to
increase their speed as obstacle density increases (up to a
limit) [21] while limbed species must slow down [11,22-25].
Unlike limbed species, which shift locomotor mode primarily
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based on speed (e.g. walk to trot to gallop) [26,27], snakes
shift locomotor mode based on substrate mechanics and
geometry [20,28-30], with over 20 described modes for
environments ranging from loose desert sand to large tree
branches to narrow tunnels [30].

Of crucial relevance to snake robots, rectilinear locomotion
(Figure 1) is often used to move through spaces only slightly
larger than the snake’s body [31-33]. Rectilinear locomotion
is most easily elicited in heavy bodied vipers, pythons, and
boas, but is present in nearly all snakes as well as
Amphisbaenian lizards (limbless except for genus Bipes) [34].
Unlike other modes of locomotion which are powered by
bending of the vertebral column, rectilinear locomotion is
powered by motions of the skin alone (Figure 1), with no need
for axial bending aside from turning [30—34]. During this
mode, the enlarged ventral scales are pulled upwards and
forwards relative to the ribs (which are held static or largely
so) and the ground, stretching the skin posterior to the scale
and contracting the skin anterior to it (Figure 1) [30-35]; this
mode seems to function whether the moving scale is fully
lifted clear of the substrate or simply subject to lower pressure
allowing easier sliding [32,33]. The large ventral scale then
makes firm static contact with the ground again, anchoring via
friction as the skeleton and body are pulled forward over the
snake, resulting in contraction of the posterior skin and
stretching of the anterior skin (Figure 1) [30-34]. These
motions are repeated slightly out of phase in a posteriorly-
propagating wave, resulting in multiple propagating regions of
movement and stasis of the ventral skin along the body (Figure
1) [30-34]. For a detailed examination of the kinematics,
anatomy, and muscle activity, see [33].

For replication of rectilinear locomotion, in bioinspired
robots, the two crucial mechanical events are 1)ithe fore-aft
motions of the ventral scales and 2) the ability toncontrol
contact forces (Figure 1) [31,33]. While in biological snakes,
the expansion and contraction of the§kin isMargely/driven by
extrinsic muscles connecting to the ribs (the costocutaneous
superior and inferior) [31,33], ‘the/underlying physical
principle is that the contact points are cyelically and forcefully
displaced to produce net motion relative to the overall body.
Robotic mechanisms to achieve,this displacement are varied
but generally fall into two categories — axial actuators and
vertical bending [36=39]. Axial actuators include any
actuation mechanism whichy inereases and decreases the
distance between/adjacent robot segments, such as prismatic
or leadscrew mechanisms with electric motors, pneumatics,
electroactive«spolymers, etc. [36-38,40—43]; many such
mechanisms could salso be considered analogous to
earthworms [44,45]. Vertical bending can take the form of
either standing waves which oscillate in amplitude (as in an
inchworm caterpillar) [36,46-51], or anteriorly-propagating
waves[36,39,52-54], both using revolute joints across
successive,segments, as seen in many snake robots performing

other locomotor modes [16,55,56]. While standing wave
methods use amplitude changes of the standing wave to
cyclically change the distance between the firsthand last
segment, anteriorly-propagating waves use the discrepancy
between path length of the body and distance between /ground
contact points to achieve forward displacement [36]: This last
method is capable of quite high speeds,[39,53,54,57], but
requires substantial vertical height changes to do so.
Regardless of the mechanism used to, displace contact points,
effective forward motion requires some method of controlling
contact point traction force, otherwiséithe robot will simply
move in place with no net forward motion[36]. These can be
in the form of digectly actuated’ mechanisms such as
grippers[40], electromagnets [46,47,51], shifting mass [48], or
friction control viasdeployable frictional pads [37], ratcheting
wheels [50], directional asymmetry in friction (passively or
actively) [42,43,49], or simple lifting and lowering to make
and break contact (as in the anteriorly-propagating waves)
[36,41].

As part of the extraordinary success of snakes in moving
through cluttered, ‘confined, and complex environments
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Figure 1. Diagram of rectilinear locomotion in snakes, showing a
lateral view of a body segment. Points on the body are black dots,
with dashed lines connecting the points over time (vertically
downwards) to show motion. Regions of scales and skin are lifted
and moved anteriorly, then lowered and placed into static contact
with the ground (grey); posterior muscular force on the scales
results in forward motion of the body. Image from [18], modified
via Creative Commons.
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derives from their diversity of locomotor modes, an effective
snake robot will ideally be able to implement multiple modes
simultaneously [17,18]. While a robot consisting of
alternating vertical and horizontal motors can easily be
programmed to produce sidewinding [58-60], lateral
undulation [16,61], and tunnel concertina locomotion [62,63],
rectilinear locomotion remains a challenge without secondary
mechanisms as described above. The addition of axial
actuators increases mechanical complexity and weight, as
does the addition of actively controlled mechanisms to
regulate contact, and asymmetric friction is often contingent
upon the substrate properties. While an anteriorly propagating
wave does not require additional mechanical complexity, it
does require greater changes in vertical height than axial
actuator methods, which is counter to the role of rectilinear
locomotion (and snake robots more broadly) in navigation of
highly enclosed spaces.

I propose a new control algorithm, termed the “Cutaneous
Rectilinear Algorithm”, based on close replication of the scale
and skin motions observed in live snakes during rectilinear
locomotion. This new algorithm allows any snake robot with
vertical bending capability to achieve rectilinear locomotion,
without the need for additional mechanisms or modifications.
I hypothesize that the Cutaneous Rectilinear Algorithm will
show comparable displacement per cycle to the vettical
undulation algorithm, and while maintaining low vertical
height and current consumption.

2. Methods

2.1 Cutaneous Rectilinear Algorithm

The cutaneous rectilinear algorithm’s fundamental premise
is to assign fixed identities to individual régions of the robot
as either ventral scales (henceforth “Scales”) or inter-scale
skin (henceforth “Skin”) (Figure 2A-E; Sup. Vids, 1 & 2).
Scales consist of a single segment, while Skinregions consist
of two or more segments in series and all'motots connected to
them (including those connected ‘to’ the adjacent Scales)
(Figure 2A-E, Sup. Vids. 1 & 2). In this paper, I tested
versions of this algorithm with two'and three segments in the
Skin  region, henceforth “ termed =~ “triangular” and
“rectangular”, respectively, based, on the shape when
maximally contracted (Figure 2AG, Sup. Vids. 1 & 2). The
first and last segments are Scale segments, with at least one
additional Scale segment in’between (two or three in this
paper’s implementation) (Figure 2A-E, Sup. Vids. 1 & 2). At
the start of the cycle, all Scales are flat against the ground, and
all Skin regions are maximally contracted except for the first,
which is extended, with the segments straight and flat against
the ground (Figure 2A, Sup. Vids. 1 & 2).

The procedure to move a Scale segment consists of three
stages: Lifting, Scale Movement, and Lowering.
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Figure 2. Control of the Cutaneous Rectilinear Algorithm in an
example snake robot, moving towards the left. Static “Scale”
segments are grey, the moving “Scale” segment is green, and
“Skin” segments are white. Segment length (L) is shown in A,
while the length of the moving region (D) is shown in C. A)
Initial Position, using “rectangular” variation (3 motors in “Skin”
segments). B) The moving scale is lifted clear of the ground. C)
Synchronous contraction of the anterior “Skin” region and
extension of the posterior “Skin” region translate the lifted
“Scale” forward, while it remains lifted. D) Conclusion of motion.
E) The lifting offsets are returned to zero. The cycle can now
repeat for the most posterior segment. F) Angle change over 16
time increments for skin motors to ensure smooth motion. G)
Alternate angles for “triangular” variation using 2 “Skin” motors.

2.1.1 Lifting. First, the moving Scale is lifted above the
ground by tilting the adjacent Skin regions (Figure 2B, Sup.
Vids. 1 & 2). For the anterior Skin region, the anterior motor
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is dorsiflexed while the posterior motor is ventroflexed, while
this is reversed in the posterior Skin region (Figure 2B, Sup.
Vids. 1 & 2). Because the anterior Skin region is longer than
the posterior one, imposing the same motor angle for lift in
both resulting in poor contact and slipping. To mitigate this,
the angle of lifting was adjusted via the law of sines, which
showed that the ratio between the sines of the lifting angles for
the anterior and posterior Skin regions was proportional to the
ratio between the lengths of the anterior and posterior Skin
regions. Since a peak of 5° of lifting was sufficient for ground
clearance of the moving Scale, the small angle approximation
allowed simplifying the ratio of sines to the ratio of angles
(Figure 2B). The initial lifting angle was 5° for the posterior
Skin segment, with the anterior Skin segment angle calculated
as above; this was recalculated through the subsequent
commands during the second stage, with the anterior Skin
segment being lifted at 5° at the end (Figure 2D).

2.1.2 Scale Movement. Second, the anterior Skin region
is contracted while the posterior Skin region is lengthened
(Figure 2BCD, Sup. Vids. 1 & 2). In order to prevent slipping
at the adjacent static Scale segments, these changes had to be
matched such that the total distance between static Scale
segments (D) is constant. For a version with 3 segments and 4
motors in the Skin region (“rectangular”), the middle two
motors will always be at equal angles while the outer two will
be at that same angle in the opposite direction (aside from a
pair of slight offsets to preserve lifting), thus each,Skin region
can be represented as a single angle, represented as qant and
grost (Figure 2B). As we can neglect the small effect of lifting
via the small angle approximation, the total distance between
static Scale segments (D) for a robot with segment length L
can be expressed as

D = 2L cos Oy, + 3L + 2L €0s Opyst

For an initial position with Ox,=0 and Bpss=m/2, D=5L and

thus the relationship between 04, and 9post§ust be
1 = cos Oy, + COS Oppst

When using a 2 segment, 3 motor Skin region (“triangular”)
(Figure 2G), we designate the middle motor of each Skin
region as the defining angle of theiregion, with the anterior
and posterior motors /being  half of this value, thus

6 6
ant + L+ 2L cos —PZOSt

D = 2L cos

For an initial position with 6x,=0 and Opos=m/2, D=3L +
LV2 ~ 4.414L and thusfhe relationship between Oy and Opog
must be

‘/E eAnt ePost
1+ —=4= cos + cos——
2 2 2
To actuate the robot, Oan was defined, with Bposs computed
according to the equations above. Initially qan was computed

via

[o,g] ={ie Z|0<i<16}

i T
Oune =i %=

32
However, when 04, was changed linearly‘across,its range,
the arccosine necessary to compute Opos resulted in changes in
grost below the resolution of the motors at the start’ of the
motion and excessively rapid movement of Opost atithe end of
the motion, leading to slip and other abnormal, motor
behaviors. More specifically, at the start of metion, a change
in Oan from 0 to /32 would only produce a change of ~n/300
in Bpost, corresponding to only two increments in the motor
command position, while the final change in 64, from 157/32
to /2 would produce a change.of ~7t/6 in Opes, corresponding
to a 170-fold increase in moter 'speed. Thus, to produce
smoother motion and dower slip, Oanx was computed
mofyixT
Oy = 550 ()
This resulted in calculated values of Opog similar to (but not
identical to) a cosine (Figure 2F), which were more amenable
to motor/control. At the end of the motion, the anterior Skin
region was maximally contracted, while the posterior Skin
region was maximally extended (Figure 2D, Sup. Vids. 1 &
2)s

&

2.1.3 Lowering. Finally, the lifting behavior was reversed,
removing the offsets indicated previously and resulting in the
moving Scale being laid flat against the ground, along with the
posterior Skin region (Figure 2DE, Sup. Vids. | & 2).

2.1.4 Subsequent Scale Movements. This behavior was
then replicated for the next posterior Scale segment, with the
now-extended Skin region becoming anterior and a new,
contracted Skin region becoming posterior (Sup. Vids. 1 & 2).
This was repeated for all scales, including the last one, which
resulted in lifting both the first and last Scale segments as the
most posterior skin region contracts and the most anterior Skin
region extends, restoring the initial position (Sup. Vids. 1 &
2).

2.1 Implementation & Testing

To test the cutaneous rectilinear algorithm’s efficacy and
compare it to alternatives, I used a snake robot consisting of
12 Dynamixel XL330-M288-T motors (ROBOTIS, Inc.,
South Korea) connected via custom 3D printed brackets, with
an inert 3D printed segment serving as the anterior-most
segment. This robot was placed such that all motors axes were
horizontal and produced vertical bending. The robot was
controlled using an OpenRB-150 controller (ROBOTIS, Inc.,
South Korea) running with Dynamixel2 Arduino library 0.7.0
(ROBOTIS, Inc., South Korea) and powered via a 6V 2A DC
power source. Code is included in supplementary material.

We compared five rectilinear control algorithms which can
be implemented without additional actuators or

Page 4 of 11
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friction/contact manipulation. These included the
“rectangular” and “triangular” variations of the cutaneous
rectilinear algorithm and three versions of the vertical
undulation algorithm (Sup. Vids. 3-5); the maximum motor
angle allowed by the robot joints was slightly more than 90°,
thus the maximum angle was set to 90° for both cutaneous
rectilinear algorithms (Figure 2AG), with vertical wave
maximum amplitudes of 90°, 60°, and 30°. Each of the
vertical undulation versions had two complete waves on the
body to always ensure at least two ground contact points, and
differed only in maximum motor bending (30°, 60°, and 90°)
( Sup. Vids. 3-5) [36,39,52-54]. While slightly higher values
of maximum bending (100°) were mechanically possible
without self-intersection, these values caused the robot to
topple to the side within a cycle, and were not tested.

The snake robot was placed on a smooth, level sheet of
expanded PVC for trials. Each control algorithm was,tested
in five trials, with each trial consisting of five eycles of
motion. To quantify performance, here defined as distance
moved per cycle, I attached two round, IR-reflective markers
to the most anterior segment, and quantified the motions of
these markers using a system of eight Flex13 infrared'motion
tracking cameras at 120 fps, connected to and,controlled via
Optitrack Motive software (NaturalPoint, Inc., Corvallis, OR,
USA). These cameras recorded the 3D position of the markers
with sub-millimeter precision.

To assess energetics, I used the internal current sensing
capabilities of the Dynamixel motors, which summed current
consumption across all motors for each cycle and exported it
via serial connection."We measured the current consumed
when the robot was static, and total current when moving, as

257
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Figure 3. A) Displacement per cycle, B) Vertical displacement during a cycle, C) Current consumption, showing total average current
per/cycle, current while maintaining a static posture, and moving current (= total - static), and D) Cost of Transport. All pairwise
differences were significant except for static current, with letters showing the results of Tukey’s Honest Significant Differences. Error
bars are omitted from cutaneous rectilinear algorithm vertical displacements, as these were measured from static height.
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well as the difference between the moving current and the
mean static current of a given algorithm (to reduce extraneous
variability). By separating these components out, I can
distinguish the cost of maintaining a given posture,
particularly one in which segments are actively elevated above
the ground, from the actual cost of forward movement; this
distinction is inspired by measurements of the energetics of
terrestrial animal locomotion, which distinguishes the cost of
movement (Net Cost of Transport, J per kg per meter) from
the cost of stance and basal metabolic rate [64]. Cost of
Transport (in Joules per meter) was calculated as the total
current multiplied by the voltage (5V) and cycle duration,
divided by distance per cycle.

Finally, height was assessed by measuring the maximum
vertical displacement during locomotion from the motion
capture data for anteriorly-propagating waves. Because the
most anterior segment did not elevate during the new
rectilinear algorithm, vertical height was calculated from
motor and bracket geometry and confirmed via static
measurement. To confirm the ability of the rectanular
algorithm to negotiate a tunnel lower than the quantified
width, an additional video was recorded demonstrating this
behavior in a tunnel of 7.5 cm height, constructed of the same
expanded PVC material as the floor of the original test arena
(Sup. Vid. 6).

All variables were compared using a single factor ANOVA
with control algorithm as a fixed factor, and pairwise
differences for significant effects assessed using Tukey’s
HSD.

3. Results

The cutaneous rectilinear algorithm achieved successful
locomotion, defined as positive displacement per cycle for
five continuous cycles (Figure 3A, Sup. Vids. 1 & 2). The
“triangular” implementation achieved similar but slightly
lower displacement to the 30° vertical wave, and the
“rectangular” implementation achieved similar but slightly
lower displacement to the 60° vertical wave; the 90° vertical
wave achieved the highest displacement per cycle (Figure
3A). All differencés were, statistically significant
(F4,120=13298, p<0.0001), and all pairwise comparisons were
different.

Current consumption was also different across algorithms,
with all current variables showing:main effects (F4120=339,
p<0.0001); all pairwise comparisons were different except for
static current consumption, in which differences are denoted
by letter (Figure 3C).{Static current consumption was highest
for high-amplitude vertical waves, lowest for the cutaneous
rectilinear algorithm, and intermediate for the 30° vertical
wave (Figure 3C). Total current consumption and differential
current, consumption (total-static) were both significantly
different “across algorithms (Total Current: Fi120=5772,

p<0.0001, Differential Current: Fa120=3163, p<0.0001); all
pairwise comparisons were significantly different. Current
consumption increased with vertical wave amplitude.and was
higher in the rectangular than triangular cutaneous rectilinear
algorithm (Figure 3C). In all cases, the triangular rectilinear
algorithm was cheapest, with thesrectangular® fectilinear
algorithm being similar but slightly more costly than'the 30°
vertical wave for total current ‘consumption, and the 60°
vertical wave for differential current consumption (Figure
3C). When expressed in terms of energy consumed per meter
moved, all algorithms/ were significantly different
(F4,120=2889, p<0.0001). Increasing vertical wave amplitude
reduced cost of transport, andthe rectangular cutaneous
rectilinear algorithm was_Substantially lower cost than the
triangular versiongas well as being lower than the 30° vertical
wave (Figure 3D).

Both versiens of the cutaneous rectilinear algorithm were
substantially lower in height than the 60° and 90° vertical
waves (Figure:3B). The triangular version was slightly taller
than the 30° vertical. wave, while the 90° vertical wave was far
taller than other algorithm (Figure 3A).

4. Discussion 4

This paper demonstrates the proposed novel bio-inspired
algorithm for snake robot rectilinear locomotion is effective
(Sup. Vids. 1 & 2), and capable of achieving comparable
locomotor performance to anteriorly propagating wave
algorithms with similar or lower current cost for comparable
performance and substantially lower vertical height (Figure
3B). As a key purpose of snake-inspired robots is to access
confined environments [16—18], this represents a significant
advantage; the only situation in which rectilinear would be
necessary but high-amplitude vertical wave algorithms would
be superior is strongly laterally confined but vertically tall or
unconfined environments. For extreme vertical height
limitations, both the triangular version of the cutaneous
rectilinear algorithm and the 30° vertical wave algorithm were
similar in overall performance (Figure 3AB).

The relationship between displacement per cycle, vertical
height, and motor parameters is a key difference between these
algorithms (Figure 3A). For vertical waves, vertical height
and displacement per cycle are causally linked (Figure 3A),
and the relationship is largely independent of the motor
number or their range of motion (provided they are sufficient
to realize the commanded waveform). As the wave becomes
higher amplitude, displacement and vertical amplitude both
increase until a limit caused by geometric intersection of the
waves; this intersection occurs well below the limits of the
range of motion of the motors. Motor geometry affects this
mode only insofar as it leads to toppling risk, with a narrower
base reducing stability; this was observed directly in the slight
deviations from a straight path in the 90° vertical wave (Sup.
Vid. 5) and the toppling failures which prevented tests at
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higher amplitudes. However, in a laterally confined space, this
may be irrelevant. In contrast, the cutaneous rectilinear
algorithm is strongly influenced by the number of motors and
their ranges of motion, as evidenced by the difference in
performance between the rectangular and triangular versions
(Figure 3A). The fundamental mechanism of displacement in
the cutaneous rectilinear algorithm relies upon the differnce in
length between the expanded and contracted Skin region
(Figure 2A-E), hence why the rectantular version (Extended
Skin Region Length = 3L, Contracted Skin Region Length =
2L) outperforms the triangular version (Extended = 2L,
Contracted = 2L*cos(n/4)=2*L*0.707). Increased number of
motors would improve performance by allowing more
complex geometries of the “skin” segments both when
maximally shortened and during the geometric changes from
shortened to elongated or vice versa, but with a tradeoffs of
vertical height; if motors remained limited to a maximum
angle of 90°, a Skin Region comprised of 6 segments and 7
motors in the shape of an Q could theoretically exceed the
displacement of the 90° vertical wave, but at the cost of greater
vertical height. In contrast, increasing the motor range of
motion could increase displacement per cycle without
tradeoffs between displacement and vertical height,
particularly in combination with increased number of
segments in each Skin region; with a 180° range of motion;a
Skin Region of N segments could achieve a displacement.of
N * segment length while never exceeding a height of the
segment length. Additional motors may also allow multiple
moving scales at once, as in biological snakes (Figurerl)
[31,33,35]. Finally, the dramatic reduction in cost of transport
between rectangular and triangular version of the cutaneous
rectilinear algorithm suggests that future improvements may
be able to achieve still greater energy savings. As such, the
difference between these algorithms/ goes beyond the
performance differences of these particular.implementations,
but in the scope of possible future inflovationsithe §implicity
of vertical wave rectilinear offers easy control and high
performance but little opportunity. for future' improvement,
while the range of design space for the Cutaneous Rectilinear
Algorithm is far greater than the two versions implemented
here, particularly with corresponding  hardware
improvements.

This paper compares,only two of the many known
implementations of rectilinear” locomotion (or similar
movements) in snake-inspiredirobots [36,37,39,41,46,49]. As
explained above, these other implementations often rely on
fundamentally  "different« mechanisms, making direct
comparisons meaningless, and require additional mechanical
complexity. “Inchworm” style robots [36,47—49,65] deserve
special'mention, as-the cutaneous rectilinear algorithm could
simply be thought of as two or more of such robots joined
together and carefully coordinated. However, these standing-
wave mechanisms require a method to break symmetry in

order to achieve forward motion. While most such robots do
so via dedicated secondary mechanisms or_surfaces with
anisotropic friction, the lifting and lowering of the middle
“Scale” segments to regulate contact (Figure 2A-E) serves to
break symmetry in the cutaneous rectilinear algorithm,
allowing it to be implemented on any,snake robot comprised
of a series of servomotors capable of vertical motion, without
further additions (Figure 2A-E, Sup. Vids. 1 & 2).
Furthermore, by controlling contacts to maintain static posture
at all ground contact points, this method should be less
sensitive to terrain friction] and the algorithm could be easily
modified to accommodate, vertical uneyenness in the terrain
by simply increasing lifting heightand biasing the anterior and
posterior lifting angles. Afsnake robot comprised only of
vertical and lateral “bending/ motors (e.g. alternating
servomotors) could berprogrammed to perform sidewinding
[58-60], slithering (eitheryplanar or with both lateral and
vertical combinations) [16,61,66], concertina [62,63], and
rectilinear locomotiony‘the four key “categories” of snake
locomotion (problematic as such categorization is, see [30]).
This locomotor versatility is key to the success of snakes and
will'move bio-inspired snake robots incrementally closer to
veplicating theimremarkable locomotor capabilities.
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