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Abstract— This paper introduces novel locomotion strategies
for snake robots navigating complex external pipe networks,
addressing challenges beyond simple pipe traversal. Existing
gait-based control methods struggle with obstacles like valves
and complex junctions such as T-shaped intersections. To
overcome these limitations, we propose two new gaits: the
spiraling gait and the windowed rolling helix gait. The spiraling
gait enables autonomous obstacle avoidance by rotating the
robot in a helical motion around the pipe axis, effectively
navigating around obstructions. The windowed rolling helix
gait facilitates seamless traversal of T-shaped junctions by
allowing the robot to selectively extend and shift segments,
enabling transitions between pipe branches with minimal user
intervention. Experimental results demonstrate the effectiveness
of these gaits in navigating diverse external pipe features,
showcasing improved adaptability and autonomy compared to
existing methods. This work advances snake robot capabilities
for robust inspection and maintenance in complex industrial
environments.

I. INTRODUCTION

Complex pipe networks, characterized by intricate junc-
tions, elbows, and varying structural elements, are critical in
industries like chemical processing, power generation, and
residential water distribution. These complexities, coupled
with inherent inaccessibility and safety concerns, necessitate
the deployment of robust robotic systems for reliable pipe
network inspection. Traditional wheeled [1]-[3] or tracked
[4], [5] robots often struggle with these complex environ-
ments due to their rigid designs. In contrast, snake robots
[6], by virtue of their many degrees of freedom, adapt their
shapes to navigate these intricate structures (see Fig. 1),
offering a versatile and effective approach to comprehensive
pipe network inspection.

Pipe network navigation encompasses two distinct do-
mains: confined internal traversal focusing on in-situ inspec-
tion and maintenance within the pipe’s bore, and unconfined
external locomotion enabling manipulation and navigation
along the complex external contours to address structural
integrity and accessibility challenges. The inherent flexi-
bility of snake robots, achieved through numerous serially
connected actuated links, enables them to adapt to these
diverse navigation scenarios. However, this flexibility intro-
duces the challenge of coordinating an increasing number
of joints. To address this, prior research has extensively
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Fig. 1: Snake robot navigation. (a) Spiraling gait around an
obstruction. (b) Horizontal and (c) vertical T-shaped junction
traversal using windowed rolling helix gait. Red arrows:
module motion; black dashed arrows: robot’s travel direction.

utilized parametrized cyclic gaits [7]-[10]. These gaits ef-
fectively reduce the complex task of joint coordination to
the manipulation of a limited set of parameters, facilitating
robust and repeatable motion in both internal and external
pipe environments.

Studies on gait-based control for pipe navigation have
explored both internal and external domains. In internal navi-
gation, research has explored in-pipe traversal, encompassing
locomotion through complex pipe networks with varying
diameters and junctions [11], [12], and modified helical
rolling motion for large bending radius turns [13]. In contrast,
external pipe navigation, while showing promise in climbing
straight pipes [14], [15], faces additional complexities. Real-
world pipe networks rarely consist of straight sections alone
and are interspersed with junctions, bends, and obstacles
such as valves and clamps. This introduces challenges not
encountered in internal pipe traversal, as the robot is no
longer constrained and guided by the pipe’s geometry. While
large bending radius turns can be traversed with minor
modifications to existing pipe traversal gaits [13], prior works
have not demonstrated navigation of more complex external
features such as T-shaped junctions and obstacles.

To address the limitations of existing gait-based control
of external pipe navigation, this paper introduces two novel
locomotion strategies: the spiraling gait and the windowed
rolling helix gait. The spiraling gait builds upon the rolling
helix gait proposed by Hatton et. al. [14]. It enables the
snake robot to navigate around external obstacles by rotating
around the pipe axis in a screw-like helical motion (see Fig.
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1(a)). Examples of these obstacles include valves and clamps.
Once activated by the user, this gait operates autonomously
and adds an obstacle avoidance capability to the existing
rolling helix gait.

Similarly, the windowed rolling helix gait also builds
upon the rolling helix gait and is designed for traversing T-
shaped junctions (see Fig. 1(b) and 1(c)), enabling seamless
transition between pipe segments. This novel gait requires
the human operator to specify the direction of movement
beyond the T-shaped junction, effectively indicating whether
to turn left or right. Then, a portion of the snake robot reaches
out to the new pipe segment. Subsequently, the remaining
modules are shifted from the current segment to the new
one. This automated process facilitates navigation through
complex pipe networks with minimal human intervention.

The remainder of the paper is structured as follows.
Section II reviews prior work on snake robot pipe network
navigation. Section III outlines the framework for gait-based
control from prior works and details the rolling helix gait.
Sections IV and V describe the algorithms developed for exe-
cuting the spiraling and windowed rolling helix gaits. Section
VI presents experimental results demonstrating navigation
across various junctions and obstacles. Finally, Section VII
discusses conclusions and future work.

II. PRIOR WORK

Gait-based control of snake robots often relies on inferring
joint angles from a “backbone curve”, a concept pioneered
by Chirikjian and Burdick [16]. These joint angles can
be determined directly using the serpenoid equation [17]
or through the numerical integration of shape functions
[18]. A notable gait, the rolling helix, introduced by Hatton
and Choset [14], enables snake robots to navigate straight
sections of pipes, both internally and externally.

Several researchers have extended the rolling helix gait to
handle more complex scenarios. Nakajima et al. [19] and
Qi et al. [20] proposed modifications involving manually
controlled “rolling” and “shifting” waves to navigate branch
points. Similarly, Kamegawa et al. [13] addressed large
radius bends within pipes by designing bent helical curves
using shape functions, requiring a human operator to switch
between regular and bent helical behaviors.

Furthermore, Rollinson et al. [11] and Inazawa et al. [12]
tackled T-shaped junctions inside pipes. Rollinson et. al. [11]
utilized an Extended Kalman Filter to estimate the snake
robot’s state and propagate a bend along its length, while
Inazawa et. al. [12] developed parametric curves for differ-
ent junction geometries, which were numerically integrated.
Both of these methods required consistent user input during
navigation.

This work focuses on exterior pipe network navigation,
specifically addressing T-shaped junctions and obstructions,
with the goal of minimizing user intervention. Unlike the ap-
proaches relying on numerical integration of shape functions,
this study employs the serpenoid equation for joint angle
generation, eliminating the need for iterative computations
at each time step.

III. ROLLING HELIX GAIT

In this section, we present the mathematical framework for
gait-based control in snake robots. We also present details
about an existing gait: the rolling helix [14]. Subsequent
sections augment the rolling helix gait to navigate complex
features of a pipe network.

Fig. 2: Kinematic configuration of the snake robot. Blue lines
indicate axes of rotation for dorsal joints and green lines
indicate axes of rotation for lateral joints. Each joint’s axis
of rotation is offset from the previous joint by 90°.

Our snake robots are comprised of 16 single degree of
freedom (1-DOF) joints alternately oriented in the lateral
and dorsal planes, as shown in Fig. 2. To coordinate these
degrees of freedom, we employ the serpenoid equation [17]
and its 3D extension [21]. The general form of the compound
serpenoid equation commands lateral and dorsal joint angles.

at (1, 1) = Brat + Alarsin(biae (n, 1))
Qdor (1, 1) = Baor + Adorsin(aor(n,t) +8) (1)

elat (n7 t) = Ws,latT + wt,latt

edOT (n7 t) = Ws,dorM + wt,dort (2)

In (1), ayqr and g, represent the lateral and dorsal
joint angles and are parameterized by the angular offset
B, amplitude A and phase offset §. In (2), ws describes
the spatial frequency of waves with respect to the module
number n € {0,..., N — 1}, where N is the total number
of modules. w;, on the other hand, describes the temporal
frequency of the actuators with respect to time t.

The rolling helix gait H, a snapshot of which is shown in

Fig. 3, is derived by commanding the same lateral and dorsal
waves offset by 7/2 to form a helix of constant curvature:

Hin,t) - {alat(n,t) = Asin(wsn + wyt) 3)

Qdor(n,t) = Asin(wsn + wit + 7/2)
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Fig. 3: A snapshot of the snake robot executing the rolling
helix gait to traverse straight pipes oriented horizontally. It
is described by lateral and dorsal waves which are equal in
magnitude but offset by 6 = 7/2.

Amplitude A, the spatial frequency wg, and the module
length [, uniquely determine the radius r, pitch p and
handedness v of the helix [22]:

I
p= 2
((zqm‘(t)) + 1> W
A
"= QSin(wS)p
v = sgn(Awy) )

Initial values for the gait parameters to climb a given pipe
can be calculated from (4), which are then tuned to ensure
the robot grips the pipe with enough friction for forward
motion. In practice, a value for the amplitude higher than
that obtained from (4) ensures adequate grip.

IV. SPIRALING GAIT

In this section, we present a spiraling gait (Algorithm 1)
that allows the robot to rotate around the central axis of a
pipe in a screw-like motion. This gait can be used to avoid
obstacles such as valves or clamps, as shown in Section VI.
During the spiraling gait, a “pulse” (blue region in Fig. 4) is
propagated from the tail (n = 0) to the head (n = N — 1).

Modules within the pulse’s width form a helix with a
larger radius, while the remaining modules maintain the helix
described by the original gait equations. The pulse’s width
around n = ng is defined by an activation function s. Joint
angles « are given by:

as(n,t) =H(n, t|A?, wf)s(n, ns)+
'H(n,t|A,ws)(1 _5(n7n8)) (5)
where, H(n,t|A,w;s) is the rolling helix gait parameter-
ized by amplitude A and spatial frequency ws. The pulse is

centered at n = n, and is parameterized by amplitude A,
and spatial frequency w?:

WP = (kpp)lM
* o (ker)? + (kpp)?
AP =2 (k) sin(w?) (6)

(kpp)
where, p and r are the pitch and radius of the original helix,
while kpp and k,r are the pitch and radius of the helix

described by the pulse.

Lastly, the activation function s is described by exponen-
tial functions as follows:
1 1
14 e—m(n—(ns—0.5)) 1+ e—m((ns+0.5)—n) -1
(7
where, m controls the slope of the exponential function
around the pulse location n = ng.

s(n,ng) =

Algorithm 1: Spiraling Algorithm

: Rolling Helix gait H(n,t|A, ws),
Total gait execution time AT
Gait activation time Ty

: Number of modules N,
Loop rate At,
Pulse velocity dgf

: Joint angles « at each time ¢

Inputs

Data

Outputs

1 Initialize: ng := N — 1
2 while t < Ty + AT, do

3 for n = 0 to N-1 do

4 Compute joint angles a(n,t) using (6)
5 if ng < 0 then

6 ‘ Reset pulse location to N — 1

7 else

8 ‘ Update the pulse location by dgf At
9 end

10 Increment time ¢ by At

11 end
12 end

Module 12 Commanded joint Angle

Joint Angle (rad)
=

0 2 4 [ 8 10 12 14 16
Time (s)

(a)

Module 11 Commanded Joint Angle

Joint &ngle {rad)

Fig. 4: Spiraling gait joint angles with respect to time for
(a) module 12 and (b) module 11. When the pulse passes
through a module, the helix radius increases, resulting in a
low amplitude wave (highlighted in blue). Once the pulse
passes, the original rolling helix gait is resumed.
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Fig. 5: (a) A configuration of the robot executing the windowed rolling helix gait and (b) the corresponding dorsal and
lateral joint angles for the head and tail windows. The first 7 modules of the snake belong to the head window and the
remaining to the tail window. Gaits in the two windows are offset by /2, leading to the discontinuity at n = 6.

V. WINDOWED ROLLING HELIX GAIT

In this section, we develop a modification on the rolling
helix gait presented in Section III that defines two helices
on “windows” with perpendicular centerline axes. We utilize
this modification to develop an algorithm to navigate over
T-shaped junctions.

A. Modification to the Rolling Helix Gait

To navigate junctions, the rolling helix gait was extended
by splitting the snake into head and tail “windows”. The
tail window governs the portion of the snake robot on the
source pipe while the head window controls the portion on
the target pipe as depicted in Fig. 5. Each window operates
its own rolling helix gait described in (8)

f’;_[head(n7 t) . aﬁlt (n’ t) = ASin(Wsn + (Utt)
agor(nv t) = ASin(wsn + wit + Tl'/2)

Htail(n t) . a?at(n,t) = ASin(wsn + wit + Aw)
’ aly,(n,t) = Asin(wsn + wit + 7/2 + Ay)

®)

where 0(= 7/2) represents the phase offset between lateral
and dorsal joints within a window and A, represents an
offset between gaits of the head and tail windows.

To navigate T-shaped junctions where pipes are perpen-
dicular to each other, this gait offset is set as follows:

Ay = —ve 9)

B. T-shaped Junction Navigation Algorithm

In this section, we first present four key aspects of nav-
igating a T-junction with a snake robot. Algorithm 2 then
utilizes these aspects along with the windowed rolling helix
gait from Section V-A to navigate the T-junction.

Algorithm 2: T-shaped junction Navigation Algo-
rithm
Inputs

: Rolling Helix gait H(n,t|A,w;)
User-indicated module nj'

: Number of modules N,
Loop rate At

: Joint angles « at each time ¢

Data

Outputs

Initialize: Transition location n; := 0

Estimate Pipe Diameter as per (13)

Estimate number of bend modules n; using (11)
if [n, — nj!| then

‘ Execute Spiraling gait for AT,

(np—ny)

(3 N S

seconds
end

=)

=

Define gaits for head and tail windows using (8)
8 while n; < N do

9 for n = 0 to N-1 do

10 if n < n; then

1 | Compute a(n, t) using H"e?

12 else

13 | Compute (n, t) using H

14 end

15 end

16 Apply loosening function £ (12) to bend modules
17 Update the transition location using (10)

18 end

1) Window Propagation: From Section V-A, modules of
the snake on each pipe are controlled by distinct windows. As
navigation progresses, more modules shift from the source
pipe onto the target pipe. This shift between the two windows
is tracked by the transition location, denoted n;.

From (3), for each actuator cycle lasting 1/w; seconds, the
snake robot moves forward on a pipe by wdy; where dj; is
the diameter of a module. By the time the snake robot moves
one module length forward, the transition location n; must
move one module tail-ward. Thus, the transition location is
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1y = (10)

2) Bend Modules: To begin transferring modules from
the source to the target pipe, modules at the snake’s head
(n €0, ...,np — 1]) must let go of the source pipe and reach
out to the target pipe. These n, modules are termed “bend
modules”. Through empirical observations, we have found
that a good choice for the number of bend modules n (11)
corresponds to the modules wrapping approximately three-
quarters of a full turn around the target pipe (with a diameter

dpipe)~
{37 dpipe + dMJ
nb = _—

1 Ins an

3) Loosening Function: From Section III, rolling helix
gaits squeeze the pipes in order to generate sufficient grip for
movement. This tightness poses a problem for bend modules
as they reach out to the target pipe. Without an opposing
force, these modules curl onto themselves and fail to wrap
around the target pipe. To prevent this, the loosening function
(12) L reduces their amplitude, as shown in Fig. 6, until
all bend modules have transferred to the target pipe, which
occurs at ny = ny.

FHhead (n, ) = L(ng|np)H" " (n, t)
nel0,ny—1]
1- klow

E(nt|nb) = klow + 1 + e*m(nt*nb)

12)

where, k., and m represent the unwrapped amplitude and
the sharpness of the amplitude increase around n = ny
respectively.

Loosening Function £ (m)

Loosening factor

n,

-I 3 ; '_-2 1‘; il-l '..6.

Transition Location (i)

Fig. 6: Loosening function £(n;) against transition location
ng for 4 bend modules. k., controls the initial unwrapped
amplitude and m controls the slope of the curve around n; =
np. kjow = 0.4 and m = 5 were found to work well in tests.
The head window amplitude is multiplied by this factor and
applied to the bend modules as they wrap onto the target

pipe.

4) State Estimation using Virtual Chassis: From V-B.2,
the number of bend modules depends on the diameter of the
target pipe. To estimate the diameter, we first construct a
virtual chassis proposed by Rollinson et al. [23]. The virtual

chassis helps identify the principal component directions in
the snake’s body frame, as shown in Fig. 7. For a helical
shape, two principal directions lie along the radial directions,
while the third direction lies along the helix axis. The
diameter is then estimated from the average radius along
the radial principal directions:

N
dpipe = % (nz_% 1@y - ™)™ + (s, 'p”)p’“2|2> —du
(13)
In (13), rfl is the position of module n in a frame whose
axes are aligned with the principal directions. p"*2 are the

radial principal directions and dp;p. is the estimated pipe
diameter.

* Estimateg diameter. 3 32

r!f_ “*Trua Pipe diameter: 3 fi

Fig. 7: Pipe diameter estimation using virtual chassis. Princi-
pal directions obtained from virtual chassis are marked in the
figure. The average norm of module positions along the radial
principal directions are used to estimate the pipe diameter.
Section VI shows that this approach can estimate the pipe
diameter to within 10% of the true diameter.

VI. EXPERIMENTAL RESULTS

Experiments were run to test the spiraling and win-
dowed rolling helix gaits on a pipe network (Fig.
11) comprised of 3 in pipes with an outer diame-
ter of 88.90 mm (3.5 in). The network featured junc-
tions at various orientations and obstructions demon-
strating the snake robot’s ability to overcome gravity
during navigation. Videos of these experiments can be
accessed at [https://sites.google.com/andrew.cmu.edu/snake-
pipe-network/home].

The Series-Elastic Actuated (SEA) snake robot [24] was
used in these experiments. Each joint has a range of motion
of £90° and is capable of delivering a torque up to 4
Nm. Modules of the SEA snake have a diameter of 50.80
mm (2 in) and a joint-to-joint distance of 66.04 mm (2.6
in). The SEA snake is also covered by a skin to provide
additional grip with the pipes. This skin is made of nylon
with intermittent silicone strips. Silicone enhances grip while
nylon allows the joints to actuate freely.

2870

Authorized licensed use limited to: Carnegie Mellon University Libraries. Downloaded on April 05,2026 at 20:47:07 UTC from IEEE Xplore. Restrictions apply.



Fig. 8: Stills from a video of the snake robot executing a spiraling gait while navigating around a sink pipe. The sink pipe
is treated as an obstacle for pipe navigation. The user triggers the spiraling gait when sufficiently close to the sink pipe.
However, the execution of screw-like behavior, characteristic to the spiraling gait is performed autonomously.

(a) \ (b) ' () \

(d) (e) (f)

Fig. 9: Stills from videos of the snake robot navigating a T-shaped junction in the horizontal plane. Each test involves (a)
navigating to the T-shaped junction, (b) bend modules letting go of the source pipe, (c) bend modules wrapping onto the
target pipe, (d,e) modules transferring from the source to the target pipe and lastly, (f) navigating away from the T-shaped
junction on the target pipe. Of these, all except the first (a) and last (f) steps are performed autonomously.

(a) (b) (c) d @ (f)

Th
Fig. 10: Stills from videos of the snake robot navigating a T-shaped junction in the vertical plane. The effect of gravity
makes this navigation more challenging than a junction in the horizontal plane. Each test involves (a) navigating to the
T-shaped junction, (b) bend modules letting go of the source pipe, (c) bend modules wrapping onto the target pipe, (d,e)

modules transferring from the source to the target pipe and lastly, (f) navigating away from the T-shaped junction on the
target pipe. Of these, all except the first (a) and last (f) steps are performed autonomously.
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Horizontal T-shaped
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=

Vertical T-shaped
junction

Fig. 11: Pipe network comprised of 3 inch pipes used for
testing. This network consists of a horizontal and a vertical
T-shaped junction along with a sink pipe treated as an
obstruction.

A. User Responsibilities for Gait Execution

During pipe network navigation, the user controls the
direction and speed of the robot over straight sections of
the pipes. When an obstruction is encountered, the user
selects the spiraling gait to navigate around the obstruction.
For a brief period, navigation around the obstruction is
autonomous, after which control is returned to the user upon
successful circumvention.

Similarly, when the snake encounters an intersection, it is
the user’s responsibility to trigger the windowed rolling helix
gait. In particular, the user specifies the module number that
is mutually perpendicular to both source and target pipes
and lies on the same side of the source pipe as the target
pipe (see Fig. 12). Once selected, the transition is performed
autonomously, and control is returned to the user after the
robot has completely transitioned to the chosen target pipe.
B. Spiraling Gait

Once toggled, the spiraling gait causes the snake robot to
execute a screw-like motion to avoid obstacles, as shown in
Fig. 8. The linear distance moved by the snake per unit time
of spiraling is dependent on the gait parameters as well as
the friction between the pipe and snake robot. This constant
is pre-characterized and used to determine the length of time
to execute spiraling. Parameters used for the spiraling gait
are described in Table I.

[ Parameter | Value |
kr 10
kyp 0.75
m 30
AT 120s

TABLE I: Spiraling gait parameters used for experiments.
The pulse forms a helix with ten times the radius and three
quarters the pitch.

C. Windowed Rolling Helix Gait

Depending on the module chosen by the user, the snake
infers the polar orientation of the target pipe relative to itself.

Target pipe

Module
5

adid aounos

Fig. 12: The user can indicate which side of the pipe
to transition to by selecting a module which is mutually
perpendicular to both pipes. When the user selects module
5, the snake transitions to the left and when the user selects
module 10, the snake transitions to the right.

When this selected module is equal to the optimal number of
bend modules calculated in Section V-B.2, the transition can
proceed as described in Algorithm 2. When this is not the
case, the snake robot executes the spiraling gait to reorient
itself around the pipe before attempting the windowed rolling
helix gait.

T-shaped junction transitions exhibit varying torque de-
mands due to gravitational forces. A horizontal-to-horizontal
transition requires minimal joint torque as it occurs within a
gravity-neutral plane. During a vertical-to-horizontal transi-
tion, the torque load progressively decreases as the number
of modules countering gravity diminishes over time. Con-
versely, a horizontal-to-vertical transition demands the high-
est initial torque. This torque load only increases throughout
this transition as more modules are recruited to counteract
gravity, making it the most demanding scenario. Due to space
constraints, we present the horizontal-to-horizontal transition
(see Fig. 9) and horizontal-to-vertical transition (see Fig. 10)
in this paper.

D. Pipe Diameter Estimation

In these experiments, we assume that the target and source
pipes feature the same diameter. To ensure effective wrapping
of the bend modules around the target pipe, we estimate the
diameter of the source pipe using a virtual chassis technique
from Section V-B.4. All tests for the plot (see Fig. 13) were
run on a 3 inch pipe with an outer diameter of 88.90 mm
(3.5 in). The estimation algorithm is accurate to 10% of the
true diameter in 95% of the cases.
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Fig. 13: Error distribution from pipe diameter estimation on
22 tests. The algorithm estimates the diameter of the pipe
accurately to within 10% of the true diameter in 95% of
cases.

VII. CONCLUSION

This paper demonstrates the use of snake robots to navi-
gate pipe networks with complex features such as valves or
other obstructions and T-shaped junctions. We achieve this
with the help of two novel gaits: spiraling and windowed
rolling helix. Physical experiments with our SEA snake robot
validate the efficacy of these gaits across varying levels of
complexity.

Looking ahead, several avenues for future research
promise to enhance the capabilities of snake robots in pipe
network navigation. A critical advancement would be the
elimination of the tether, significantly improving operational
autonomy and enabling seamless traversal of sequential pipe
network segments.

Furthermore, relaxing the current assumptions of similar
pipe diameters and pre-defined robot orientation is crucial.
Integrating the compliant motion controller proposed by
Travers et al. [25], coupled with the torque-sensing capa-
bilities of our SEA design, offers a promising approach.
Additionally, exploring techniques, inspired by [26], to au-
tonomously determine the robot’s orientation relative to T-
shaped junctions through external torque analysis would
further enhance navigational autonomy.
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