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Abstract—Unlike ordinary snake-like robots, a propulsion
mechanism that does not rely on electricity for control and
actuation is proposed in this paper. Analysis of a snake’s
propulsion based on a continuum model unveils that the
lateral undulation can be achieved by bending the body at
torque proportional to the curvature derivative of the body
curve, as observed in muscular activities of biological snakes.
Thanks to the simplicity of this principle, a pure mechanical
structure comprising a fluid servomechanism can be realized.
The proposed propulsion mechanism also consists of gears that
propagate the joint angle information to the posterior joint to

mechanically simulate curvature derivative.

I. INTRODUCTION

Snake-like robots have been attracting growing interest,

particularly as surgical instruments used for surveillance

functions.These purposes may utilize the unique motion of

snake, of which the most commonly seen gait is lateral

undulation. The fundamentals are in lateral constraint, which

is, transforming the bending motion into movement by

preventing the side slip. On a rough terrain, it is easy to find

some supporting objects such as rocks or plant. Snakes can

progress by choosing appropriate supports and pushing on

them [1]. On a flat terrain, however, some species of snakes

make their scales on the belly ridged which behaves like the

edge of a ski to prevent side slip [2]. This seems to be the

result of evolution to overcome the shortcomings of the only

available motion snakes have.

From the viewpoint of using a snake-like robot as a

surveillance device on a rough terrain, while the mechanism

is much different from that of snakes, the articulated crawler

vehicle seems to actually be the most successful and efficient

mechanism for propulsion at present [11], [12]. The crawler

vehicle experiences inherent dimensional limitations due to

the dead space for the return path of the belt. This prevents

it from exploring a narrow spaces or tightly curved areas.

A similar limitation lies in existing snake-like robots that

use DC motors to drive joints. These includes having large

spaces for high gear ratio to produce large torque and heavy

weight due to the motors. Sinuous motion, however, still

has an advantage once it acquires a smooth surface and has

tiny lightweight actuators, as snakes in nature do. Therefore,

alternative actuators might be a potential solution to these

limitations.

While most existing snake-like robots are driven by DC

motors or RC servos and controlled by micro computers,

some are driven by pneumatic actuators with compressed
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air or hydraulic actuators with external pumps. Ohno et al

have proposed a slime robot driven by pneumatic actuators.

Each actuator is controlled by a built-in solenoid valve,

which is controlled by one-chip microcomputers. In order

to accommodate to a narrow space, inch worm like gait

is chosen rather than lateral undulatory locomotion. This

is necessary as long as the robot has to move by itself.

When using a particular kind of endoscope, all we need

is to assist the cord body to progress through complicated

environments. Lateral undulatory locomotion will be suitable

for such situation. Liljeback et al developed a fire fighting

snake robot driven by water hydraulic actuators. Thanks to

this kind of actuator, the joint can produce a torque as large

as 311 Nm, which might help moving or prying disaster

debris. Each actuator is controlled by a rotary valve driven

by a DC servo motor. Both of the above examples still require

electricity for control.

Mechanisms that use fluid as a means of control has

quite a long history. One good example is a power steering

system of an automobile [5]. It has a steering wheel as the

input, and steered wheels are driven by hydraulic actuators.

A valve opens when the desired angle is different from the

actual wheel angle. Then hydraulic pressure drives the piston

connected to the steered wheel until it comes to the right

position where the actual wheel has the same angle as the

steering wheel. Hence a negative feedback is organized in a

mechanical manner. If a robot can be controlled by this kind

of mechanism, it will benefit disaster environments especially

when electric power fails

The authors have proposed a continuum model for lateral

undulatory locomotion under the assumption that there is

no slip in lateral direction [6]. Mathematical analysis has

revealed that a joint torque proportional to the curvature

derivative is optimal for reducing total power lost during

progression. This result agrees to muscular activities in living

snakes [7]. The continuum model can be easily approximated

to a finite rigid link model by approximating the curvature

derivative using the difference of adjacent joint angles. The

result is a simple proportional control where the anterior

joint angle is the reference angle of the posterior joint.

This simplicity contributes to implementation in various

ways. This scheme has been verified by DC-motor powered

prototypes in various environments including flat terrains,

smoothly curved surfaces, or a single peg [6], [8].

In this paper, a new fluid controlled and driven mechanism

based on the continuum model is proposed. Combining the

simplicity of the approximated optimal control and the tradi-

tional fluid servomechanism, it utilizes links length of 16mm,
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a width of 38 mm, and a minimum curvature radius of 60mm.

It no longer has control circuit boards. Instead, it consists

of high pressure lines for fluid and gearing mechanism that

propagate the joint angle information to the posterior joints.

Actuators are replaced by a pair of simple pistons.

II. CONTINUUM MODEL

The continuum model under the assumption that there is

no lateral slippage and its approximation for rigid link model

is briefly reviewed in this section.

The continuum model consists of a smooth curve of zero

thickness parameterized by its arc length s ∈ [0, L]. On each

point O(s) of the curve, a frame set consisting of three or-

thonormal bases e1, e2, e3 is attached, where e1 corresponds

to the tangent of the curve O′. Hereafter, derivative with

respect to arc length s is denoted by by the prime sign (′),
time derivative by over dot (̇), and inner product of two

vectors by 〈·, ·〉. Here we assume the following conditions.

1) The backbone is not stretchable (‖e1‖ = const.)

2) The backbone is torsion free (〈e′2, e2〉 = 〈e′3, e2〉 = 0)

3) Lateral velocity is zero

〈Ȯ, e1〉 = −v, 〈Ȯ, e2〉 = 〈Ȯ, e3〉 = 0

where v is the progress speed along −e1

4) There is no longitudinal friction

5) Rotation around the curve is not restricted except for

the head

6) Bending moment τ2, τ3 respectively along e2, e3 de-

fined as

κi = 〈O′, ei〉 (i = 2, 3)

can be generated at arbitrary point of the body

The motion of equation of the entire system can be given by

mα = −

∫ L

0

(κ′

2τ3 − κ′

3τ2) ds (1)

where α is the forward longitudinal acceleration and κ2, κ3

are the curvatures around e2, e3, respectively.
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Fig. 1. Continuum model consisting of smooth backbone curve with zero
thickness moving forward with acceleration α

The optimal bending moment that minimizes the quadratic

cost function

J =

∫

L

0

(

τ2
2 + τ2

3

)

ds

can be derived by solving isoperimetric problem [6] as

follows:

[

τ2

τ3

]

= −
mα

∫ L

0
(κ′2

2 + κ′2
3 )ds

[

−κ′

3

κ′

2

]

(2)

This continuum model can be approximated to a

rigid link model by the following assignments: Curvature

(κ2(s), κ3(s)) → ith joint angle (φ2[i], φ3[i]); bending mo-

ment (τ2(s), τ3(s)) → joint torque (τ2[i], τ3[i]) on ith joint.

Thus we have

[

τ2[i]
τ3[i]

]

= K(vd − v)

[

φ2[i − 1] − φ2[i]
φ3[i − 1] − φ3[i]

]

(3)

as the discrete approximation, where K is the control gain

that governs the longitudinal acceleration and vd is the

desired longitudinal velocity. (3) simply forms P control of

the posterior joints (φ2[i], φ3[i]) whose references are the

anterior joint angles (φ2[i − 1], φ3[i − 1]).

In the two dimensional case, joint angle and torque vec-

tors are simply substituted by scalar values φ[i] and τ [i],
respectively, as follows.

τ [i] = K(vd − v)(φ[i − 1] − φ[i]) (4)

III. APPLICATION TO ENDOSCOPE

Passive endoscopes should be thin and flexible in order

to reach a deep parts of the subject. However, too much

flexibility prevents the scope from passing through curve

section, particularly at turning points. Buckling may occur

even in a straight section. Therefore commercial endoscopes

should have moderate stiffness to maintain adequate manip-

ulability. Some active endoscopes that utilize Shape Memory

Alloy (SMA) to make the tip maneuverable for arbitrary

direction [9], [10]. There is a statement concerning reduction

of stress on the tissue of the patient’s body by using active

bending mechanism at every part of the body. Snake-like

lateral undulatory locomotion does this in an efficient manner

as described below.

Fig.2 draws a scene where the active endoscope is inserted

into a subject with a somewhat complicated ventricle. The

entrance section is not curved a lot, so there is no great stress

on the wall. In this case, the lateral undulatory mechanism

cannot produce propulsion because of the singular posture.

On the contrary, at the first right turn, purely passive endo-

scopes might be jammed, and further progress will become

harder while non-zero curvature derivative allows the snake-

like mechanism to produce propulsion as well as reducing the

stress on the wall. In this sense, lateral undulatory locomotion

is a good complement of the endoscope.
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Insertion Small drag & buckling

Fig. 2. Snake-like mechanism as an endoscope; Lateral undulation does not
function during less curved section. It produces propulsion at corners where a
passive device might fail to progress due to buckling
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link i + 1

linki

φi+1 − φi = 0

Fig. 3. Propagation of joint angle: Difference in two joint angles φi+1 − φi

appears in the relative angle of gear B to i + 1th link

High pressure

Drain

Rotary Valuve (input)
Outer valve (output)

Piston

Fig. 4. Schematic diagram of automotive power steering system:
Outer valve is geared with the lack connected to the hydraulic
piston. The outer valve closes when it has the same angle as the
input rotary valve.

IV. PROPULSION MECHANISM USING FLUID

The proposed mechanism consists of mainly two com-

ponents. One is the transfer mechanism of joint angle.

In order to simulate curvature derivative, adjacent joints

must share the joint angle information. The other is fluid

servomechanism.

A. Simulating Curvature Derivative

Curvature derivative is approximated by the difference

in joint angles of the posterior joint and anterior joint as

expressed in (4). The following are important in mechanical

implementation:

• Zero error must be realized by mechanical agreement

• Rotational difference must be realized on a common

axis

Fig. 3 shows how the above requirements can be realized

using a pair of identical gears. Mechanical elements painted

with the same pattern denotes mutually fixed or geared

elements. Three independent groups of elements are drawn.

The gear A is attached to the link i−1 and geared to the gear

B. An arrow mark is drawn on each gear and link to indicate

their original position. From the left figure to the middle, the

i − 1th joint is bent clockwise at angle φi. Then the gear B

turns 2φi clockwise. So the relative angle between i + 1th

link and the gear B is identical to φi. In the right figure, the

i+1th link is bent at the same angle φi clockwise relative to

the ith link, where both arrow marks are congruent. Hence,

the difference of joint angle φi+1 −φi can be formed as the

angle between the two arrow marks.

B. Fluid Servomechanism

Conventional hydraulic power steering system for auto-

motive can be regarded as a servomechanism where the

steering wheel angle is the reference angle and the actual
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Fig. 5. Schematic drawing of the first unit motion: When the head unit
turns right pulled by the wire, the next input valve turns reversely and the
left piston will be pressurized. Once the 2nd joint has the angle same as
the first, high pressure is no longer applied to the first left piston

wheel angle is the output. Valve mechanism is linked to the

feedback error, namely, the difference between the input and

output. Thus hydraulic power is supplied to attenuate the

error as long as the valve is open. Fig. 4 shows the basic

action of a standard power steering system. The size of valve

orifice depends on the relative position of the rotary and outer

valves. Thus the steering angle can be stabilized at arbitrary

angle.

C. Integration

Fluid servomechanism must have three independent ele-

ments; input, output, and base. These three elements should

be constructed on each joint. On the ith joint, the input is

connected to the gear B. The output is connected to the i+1th

link. The base in this case is the ith link. The actuator is

located between ith link and i + 1th link to produce torque

between these elements. The valve system is organized to be

dependent on the relative position of the input and output.

When there is a difference in angle between the gear B and

i + 1th link, a gap appears in the valve to drive the actuator

so that the gap becomes smaller.

The first unit determines the direction of progress because

the posterior units follow the same joint angles afterwords.

The operator manipulates this part like a steering of a vehicle

via wire or other remote control methods as shown in Fig. 5.

If there exists a wall that can guide the head unit, the guide

rollers will suffice for exploration.

V. PROTOTYPE

A. Mechanism

Fig. 6 shows the front view of the prototype. The maxi-

mum bending angle of each joint is about 14 degrees. The

center distance of each joint is 16 (mm), so the minimal

inner radius is approximately 100 (mm). The head unit has

guide rollers on the both sides, so no wire is installed to

manipulate it. The materials consists of aluminum alloy

Fig. 6. Front view of partly assembled prototype; 15 units are joined. The
first two units are used as a “steering”, so no air pressure is supplied.

Fig. 7. Disassembled unit

Fig. 8. Cross section of minimal configuration
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Fig. 9. Motion without lateral constraints:
The head unit is manually turned right and the
body rapidly change its shape from mirrored
C-shape to C-shape

Fig. 10. External torque applied on an
intermediate joint. While there is no effect on
antecedent joint, the curve is reversed in the
downward section. It rapidly recovers once
hand is released.

Fig. 11. Progress along a groove consisting
of straight lines and arcs. Propulsion is no
longer generated in the circular section where
the curvature derivative is uniformly zero.
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TABLE I

BRIEF SPECIFICATION OF COMPONENTS

Component Material Dimension (mm)

Input valve Brass φ 8
Output valve Duralumin 40×10×18

Upper / Lower link Duralumin Cent. dist. 16
Gear A (part of the upper link) Pitch dia. 16
Gear B Polyacetal Pitch dia. 16
Piston Polyacetal φ 8

(duralumin), brass, and polyacetal. The disassembled compo-

nents are shown in Fig. 7. All parts are machined using CNC.

Gear cogs are not fully made to avoid interference between

coaxially located gears A and B. High pressure air is supplied

from the last unit, i.e., the tail, and the line is succeeded

via silicone flexible tube to the antecedent units. Each unit

weighs 31.5 (g) including tubes. Table I summarizes brief

specifications of the components. Each joint produces a

torque up to 0.042 (Nm) under 0.1 (MPa) of pressure supply.

Although air is used in the following cases, liquids including

water or oil are available as long as the fluid servomechanism

works.

B. Experiments on a flat surface

The prototype is first tested on a flat surface to ensure the

basic functionality – whether the anterior joint angles are

propagated to the posterior joint.

Since there are no lateral constraints, it behaves like a “live

caught fish” and the shape of the body eventually converges

to a constant curvature shape, namely a straight line or an

arc (Fig.9). Note that many literatures on lateral undulatory

locomotion by a robot deals with winding gait as “shape

change” and hence explicit wave propagation is implemented

by controlling joint angles with a certain constant phase shift.

In that scheme, the body cannot adapt to disturbances away

from the scheduled gait.

Fig. 10 shows the case when an external torque is applied

on an intermediate joint. This implies capability of adap-

tation to an unpredictable environment change. Borrowing

the words from “mobiligence” [13], this mechanism has

embodied plasticity.

C. Propulsion along a Winding Curve

A testbed made of polyacetal block is used to test propul-

sion. A groove of depth 6 (mm) and width 41 (mm) is carved

on the surface as a guide consisting of straight track and

three quarters of a circle of diameter 120 (mm). Thanks to

the lateral constraint by the groove’s wall, the body begins

to move once air pressure is supplied unlike the case on

a flat surface (Fig. 11). It stops in the midst of a circular

track where the curvature is constant. Note that using circular

path is not very good idea for winding path according to

the mathematical model because circular part has constant

curvature except for the inflection points. This means that

the curvature derivative is zero everywhere other than the

inflection point. Therefore only one or two joints are actually

active resulting small propulsion and high resistance. The

situation may be improved if the groove is a bit more

wider than the body width. In this case, some units may

have no contact with the wall and the resultant body shape

will have smoother curvature change even in circular S-

shape. Effectiveness of curvature derivative control in a wider

winding corridor has been proved using a prototype equipped

with DC-motors [8]. The corresponding video file is attached

to this manuscript for Fig. 9, 10 and 11.

VI. CONCLUSION

In this paper, fluid powered and controlled snake-like

propulsive mechanism is presented. It should be emphasized

that lateral undulatory locomotion does not necessarily re-

quires explicit propagation of body shape such as phase shift.

Instead, mechanically implementable structure derived from

the continuum model has turned out to possess adaptability

and capability of progressing once an appropriate environ-

ment is supplied. Hence electricity free control system is

achievable. This point is quite insightful from the perspective

of a new “mobiligence” approach.

This paper presented only several pieces of motion of the

mechanism. For quantitative discussion, further experiments

should be conducted.
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