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Abstract—Due to the great performance in complex and
narrow spaces, snake-like robots, especially snake arm robots,
have gained increasing attention in recent years. In this paper,
a novel cable-driven snake arm robot is proposed. For greater
flexibility, the snake arm not only has multiple two-degree-of-
freedom joints, but also has telescopic modules that have one
degree of freedom. The kinematics and statics analysis of n-
module arm is performed. In kinematics analysis, the joint angles
are used as an intermediate variables between the final pose and
the cable lengths. And in order to get cable tension, the static
equilibrium equations are used. At last, the simulation and results
of a snake arm with two modules is given.

Index Terms—Snake arm robot; Cable-driven; Telescopic mod-
ule.

I. INTRODUCTION

Recent years, there are numerous researches focus on the
snake-like robots. One of the key advantages of snake-like
robot is that it can be used in various complex spaces such as
rescue, surgery, aircraft assembly, nuclear inspection, industri-
al exploration and so on [1],[2],[3].

According to the way of movement, snake like robots can
be divided into bionic snake robots and snake arm robots. The
bionic snake robots can move independently due to all the
driving devices are placed inside the robot[4]. It is precisely
because of this, these robots tend to use pneumatic or electric
drivers[5]. Due to the lack of good end positioning ability
and obstacle crossing ability, bionic snake robots can not be
applied in complex tasks with obstacles and operation accuracy
requirements. The snake arm robots usually fix their tails on
feeding devices and remove their driving devices from of the
arms, so they can use more complex driving devices and have
high end positioning accuracy[6]. Most snake arm robots use
cable-driven devices[2],[7],[8],[9], the significant advantage of
this is that it can reduce the diameter and weight of the arm,
so the robots can be more suitable for low access areas.

According to the way of structure, there are two kind-
s of snake arm robots: 1) continuous and 2) discrete.
The arms of continuous robots are consisted of continuous
structures[10],[11], so they can bend continuous and are usu-
ally considered as a whole in terms of analysis and control.
In contrast, the arms of discrete robots are consisted of
independent driving modules in series and each module can
be considered as a rigid body[12], so the analysis and control
methods are similar to super redundant manipulator and have

higher end positioning accuracy relative to their continuous
counterparts[13].

In this paper, the design and analysis of a discrete snake
arm robot is presented, it has telescopic modules and compact
layout of driving and feeding devices.

II. MECHANICAL DESIGN

A. Design Principles

The proposed robot is used in industrial environment which
is narrow and complex(Figure 1). These environments usually
have irregular obstacles and gaps. In order to get to the expect
position, the robot must have high flexibility to through these
obstacles and gaps.

Fig. 1: Application environment

Further, because the forward or backward movement of the
arm is driving by feeding device, so there must be enough
space to accommodate the feeding device. The frequently used
feeding device is a king of horizontal feeding device. Such
devices tend to have a large volume due to the need to carry
the driving device and arm. That means although the arm can
extend into the narrow spaces, but the rest of the robot must
be placed in an open space, this will cause the increasing of
length of the arm. In order to get a higher availability under
a certain length of arm, the space that feeding device needed
should as smaller as possible.

Therefore, the proposed robot has a rotary feeding device
to reduce the necessary space, and it also uses telescopic
modules to cooperate with the rotary feeding device to rolling
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up the whole arm around the driving device and getting higher
flexibility.

B. Mechanical Structure

The whole robot is shown in Figure 2. The feeding device
has three parts: 1) the rotation motor is connected to the upper
end of the support shaft, 2) the support shaft passes through
the driving device, and the lower end of it is connected to 3)
the chassis. The driving device is fixed on the support shaft,
so that it can be rotated by the feeding device, therefore the
arm which connected to the bottom edge of the driving device
can be rolled up or unfold. The chassis of feeding device can
protect the arm at downtime.

Fig. 2: The proposed robot

Fig. 3: The telescopic module

The telescopic module of the arm is shown in Figure 3, it
is constructed of two part: 1) the plug part, which has two
pair of sliders, inserts into the 2) socket part, which has a
pair of slide rails at the corresponding location. Therefore, the
plug part and the socket part can move in the axial direction.
The spring between these two parts is used to work with the
driving device to control the stretching and its pressure can be
measured by the film pressure sensor.

In the opposite end of the two parts, each has a rigid plate
on which is a yoke of the universal joint. The yoke can
be combined with another yoke of other module to form a
complete universal joint, which could be controlled by three

cables that connected to the plate of the plug part, as shown
in Figure 4.

Fig. 4: The universal joint

III. KINEMATICS FORMULATIONS

As the robot is driven by cables, in addition to analyzing
the relationship between joint angles and final pose, the cable
lengths should given by the corresponding joint angles.

A. Single Module Analysis

1) Determination of kinematics transformation matrix:
The final pose of module could be got by three coordinate
transformation, as shown in Figure 5.

Fig. 5: Transformation of module

The first translation transformation is performed by spring:

Ttrans1 = Trans(0, 0, L− χ+ d)

=

⎡⎢⎢⎣
1 0 0 0
0 1 0 0
0 0 1 L− χ+ d
0 0 0 1

⎤⎥⎥⎦ (1)

here, L is the axial length between the yoke of plug part and
the yoke of socket part at the initial position and χ is the
compression length of the spring relative to the initial position.

The second rotation transformation is performed by univer-
sal joint:

Trotation = Rot(X,α)Rot(Y, β)

=

⎡⎢⎢⎣
cos(β) 0 sin(β) 0

sin(α)sin(β) cos(α) −sin(α)cos(β) 0
−cos(α)sin(β) sin(α) cos(α)cos(β) 0

0 0 0 1

⎤⎥⎥⎦ (2)

here, α is the rotation angle of the universal joint around the
X axis and β is the rotation angle around the Y axis.

The final translation transformation is a fixed one:

Ttrans2 = Trans(0, 0, d) (3)
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here, d is the length of universal joint yoke.
Hence, the whole transform is :

T = Ttrans1TrotationTtrans2 (4)

2) Determination of cable lengths: A cable within a module
is divided into two parts, shown in Figure 6.

Fig. 6: Two part of a cable

The cable length of part I is:

lI = L− χ (5)

The cable length of part II is determined by the rotation of
universal joint, which shown in Figure 7.

Fig. 7: The cable length of part II in universal joint

The length of
−−→
AB represents the lII . According to the

Vector algebra, there is:
−−→
AB =

−→
AO +

−→
OJ +

−→
JD +

−−→
DB (6)

where
−→
OA = r ∗Rz(ϕ) ∗ [1, 0, 0]

T

−→
OJ = d ∗ [0, 0, 1]T

−→
JD = d ∗Rx(α) ∗Ry(β) ∗ [0, 0, 1]

T

−−→
DB = r ∗Rx(α) ∗Ry(β) ∗Rz(ϕ) ∗ [1, 0, 0]

T

here, r is the radius of plate, A is the point of cable through-
hole, B is the cable attachment point and ϕ is the right-handed
angle from the X axis to A. For a certain module, d and r
are constants and for a certain cable, ϕ is constant;

Therefore, the lII is determined as follow:

lII = f(α, β, ϕ) = ‖
−−→
AB‖ (7)

and the length of the ith cable of the module is:

li = f(α, β, ϕi) + L− χ (8)

The attachment points of these driving cables are equally
placed on the plate at 120◦ intervals, and so do the through-
holes, therefore:

ϕi = ϕ1 + i
2

3
π, (i = 2, 3) (9)

B. Multiple Module Analysis

Fig. 8: Multiple modules

When there are n modules connected together in serially, as
shown in Figure 8, the posture of pre-order modules should be
considered to get the whole length of a module’s driving cable.
For a certain cable, the corresponding ϕ is a fixed value for
every module it passed, so for the ith cable of the nth module,
the length of it is :

ln,i =

n∑
j=1

[f(αj , βj , ϕn,i) + L− χj ] (10)

The relationship of each module’s coordinate system is
conjoined coordinate system, so the final pose of nth module
in the global coordinate system is determined by:

T (θ) = T1T2T3 · · ·Tn

=

⎡⎢⎢⎣
nx ox qx px
ny oy qy py
nz oz qz pz
0 0 0 1

⎤⎥⎥⎦ (11)

here, θ represent the joint angles of robot:

θ = (χ1, α1, β1, · · · , χn, αn, βn)
T ; (12)

Due to the proposed robot is a super redundant robot, it
is very difficult to get the closed-form solutions of inverse
kinematics, but because the transform matrix of kinematics is
known, the inverse kinematics could be solved by kinds of
numerical solutions[14][15].

In order to find the values of joint angles for the target pose
Ttarget, define:

S(θ) = (px, py, pz, nx, ny, nz, ox, oy, oz, qx, qy, qz)
T (13)
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which represent the pose of robot and define:

E(θ) = Starget − S(θ) (14)

then use the following equation to update the θ until (14) is
within the allowable range of error, thus the θ for Ttarget is
found.

θ = θ +Δθ (15)

Δθ = J†E (16)

here, J† is the pseudoinverse of the Jacobian matrix of robot:

J(θ) =

(
∂Si

∂θj

)
i,j

(17)

IV. STATICS ANALYSIS

It is worth noting that in the process of inverse kinematics
solving, some joint angles that may break the static equilib-
rium or cause the cable tension over safe range should be
avoided.

The static equilibrium has two conditions: 1) the external
forces are balanced and 2) the torques are balanced.

A. Forces balance

To aid the force analysis, a simplified module is shown in
Figure 9. It is important to note that the structure of the module
in this section is different from the one in section III.

Fig. 9: Module force diagram

As a whole, the module (green) has 6 forces applied on it:
1) the support force from previous module, 2) the gravity of
itself 3) the push force from next module and 4) the three
pull forces from the driving cables. Due to the support force
could change its direction and magnitude correspondingly, so
the module can reach the force balance state, which means :

−−−−−→
Fsupport +

−−−→
Fpush +

−−−−−→
Fgravity +

3∑
i=1

−→
Fi = 0 (18)

the
−−−→
Fpush of a module is the reaction force of the

−−−−−→
Fsupport of

its next module and the
−−−→
Fpush of nth module is zero.

And consider the spring push force, there is:

fsupport.O2O3 = fspring = kχ (19)

here, k is the stiffness factor of spring, fsupport.O2O3 is the
magnitude of the Fsupport in the direction O2O3.

B. Torques balance

The torques balance means that the sum of the torques about
any axis of rotation is zero:∑

τ = 0 (20)

here
τ =

−→
Or ×

−→
F (21)

and the
−→
Or is the vector from axis of rotation to the force

applied point r.
For a certain point P, the

−→
Or can be written as:

−→
Or =

−−→
OP +

−→
Pr (22)

than, substituting (22) into (21)

−→τ =
−−→
OP ×

−→
F +

−→
Pr ×

−→
F (23)

let
−→
τ ′ =

−→
Pr ×

−→
F and substituting it and (23) into (20)∑
τ =

−−→
OP ×

∑−→
F +

∑
τ ′ = 0 (24)

As previously analyzed, the module can reach the force
balance state, which means that

∑−→
F = 0 , so the torque

balance condition can be simplified as:∑
τ =

∑
τ ′ = 0 (25)

which means that when the force is balanced, the torque
balanced is independent of the position of rotation axis.

According to the mechanical structure, the module could
only rotate around the rotation axis of universal joint (O2), so
the sum of torques about this point will be analyzed.

As shown in Figure 9, the applied point of support force is
the rotation axis O2, so its torque is :

τsupport = 0 (26)

And because of the applied point of push force P , the
gravity point G, the center of plate O3 and the rotation axis
O2 are collinear, there is :

−−→
O2P = ε

−−−→
O2O3

−−→
O2G = σ

−−−→
O2O3

(27)

and then :

τpush + τgravity =
−−→
O2P ×

−−−→
Fpush +

−−→
O2G×

−−−−−→
Gravity

=
−−−→
O2O3 ×

−−−−−→
Fvirtual

(28)

Fvirtual is a imaginary force that used to replace the ε∗
−−−→
Fpush+

σ ∗
−−−−−→
Gravity and for certain mechanical structure, ε and σ are

constants.
Therefore, for the module’s torque analysis, the force dia-

gram can be simplified as Figure 10.
The torque balance can be written as :

τsum =

3∑
i=1

τi + τvirtual

=

3∑
i=1

(
−−−→
O2Bi ×

−→
Fi) +

−−−→
O2O3 ×

−−−−−→
Fvirtual = 0

(29)
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Fig. 10: Module torque diagram

Finally, combine (18), (19) and (29), the Fi and Fsupport

can be solved.

V. SIMULATION AND DISCUSSION

A. Simulation and results

According to the kinematics in section III, a arm consisting
of two modules is built. The mechanical parameters of arm is:

TABLE I: The mechanical parameters of simulation

Parameters r d L ϕ1 ϕ2

Values 30 mm 10 mm 150 mm 0◦ 60◦

The simulation task is to move the end of arm along
a particular curve while the normal vector of end hold on
[0, 0, 1]T . The curve is:⎧⎪⎨⎪⎩

x = t3/1500

y = −t (−25 < t < 25)

z = 300

The results of simulation is shown in Figure 11 ∼ Figure
15.

B. Discussion

Due to the normal vector of end remains to [0, 0, 1]T , the
rotation of module 2 always counteracts the rotation of module
1, as shown in Figure 12, the α1, β1 and α2, β2 are opposite to
each other. For the same reason, the cable length differences
caused by the module 1 are made up by module 2, so the
cable lengths of module 2 in Figure 14b are almost always
the same.

The curve on XY view in Figure 11 shows that the speed
of end in X axis is faster than the speed in Y axis direction,
this is caused the trajectory of β bend towards zero compare
to α.

Because the end track in Z axis is always 300, each module
shortens its length correspondingly when the end is near
[0, 0, 300]T , as shown in Figure 13.

The ϕ of the first cable of module 1 is 0, so its length is more
affected by the α1. Therefore, in Figure 14a, the trajectory of
its length is almost a straight line. For the same reason, as
shown in Figure 15a, it carries more gravity, and so do the
first and third cable of module 2 in Figure 15b.
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Fig. 11: The end track on XY view
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VI. FUTURE PROSPECTS

In this paper, we propose a snake arm robot, which can
rolled up itself to reduce the space requirement and get higher
flexible via telescopic modules, and we also analyze the
kinematics and statics of this robot. Comparing with the other
cable driven modules, the proposed module increases a degree
of freedom without increasing the number of cables. In theory,
the robot will have more flexibility, but also it will be more
difficult to control it. For future work, the control system and
driving devices will be built to verify the flexibility of the arm,
especially the stretch of modules. In addition, the influences
caused by the forces, which cables applied on the modules
them passed, are ignored in this paper, these deviations should
be compensated in some way if higher position accuracy is
desired.
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Fig. 14: Cable lengths

0 1 2 3 4 5 7 7 8 9 10
0

200

400

600

800

1000

1200

1400

time/(s)

ca
bl

e 
te

ns
io

n/
(g

ra
m

)

 

 

first cable

second cable

third cable

(a) Module 1

0 1 2 3 4 5 6 7 8 9 10
20

30

40

50

60

70

80

90

100

110

120

time/(s)

ca
bl

e 
te

ns
io

n/
(g

ra
m

)

 

 

first cable

second cable

third cable

(b) Module 2
Fig. 15: Cable tension
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