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Abstract: Robotic inspection and maintenance are gaining importance due to the number of different
scenarios in which robots can operate. The use of robotic systems to accomplish such tasks has
deep implications in terms of safety for human workers and can significantly extend the life of
infrastructures and industrial facilities. In this context, long-reach cable-driven hyper-redundant
robots can be employed to inspect areas that are difficult to reach and hazardous environments such
as tanks and vessels. This paper presents a novel long-reach cable-driven hyper-redundant robot
called SLIM (Snake-Like manipulator for Inspection and Maintenance). SLIM consists of a robotic
arm, a pan and tilt mechanism as end-effector, and an actuation box that can rotate and around
which the arm can wrap. The robot has a total of 15 degrees of freedom and, therefore, for the task
of positioning the tool centre point in a bi-dimensional Cartesian space with a specific attitude, it
has 10 degrees of redundancy. The robot is designed to operate in harsh environments and high
temperatures and can deploy itself up to about 4.8 m. This paper presents the requirements that
drove the design of the robot, the main aspects of the mechanical and electronic systems, the control
strategy, and the results of preliminary experimental tests performed with a physical prototype to
evaluate the robot performances.
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1. Introduction
Many activities can benefit from robotic inspection, especially when this leads to an
increase in the safety of human operators. Robots can be deployed into environments
too dangerous to access, such as nuclear power plants, nuclear waste sites, closed vessels
and tanks, and pipelines. In this context, the use of robotic systems represents a gamechanger approach. These robots are not a replacement for human operators, but they
support workers in performing tasks in hazardous environments that are not accessible
with traditional methods. These devices can be employed in different applications, such
as monitoring industrial plants and infrastructures [1,2] or quality control [3,4], providing
a reduction in the intervention time and increasing the safety of workers. Moreover, an
accurate and well-defined inspection plan increases the safety and efficiency of working
environments and extends the lifetime of infrastructures [5], obtaining overall economic
advantages. Furthermore, old infrastructures were often not designed to be inspected or
satisfy current health and safety requirements [6]. In this context, the ability of robots to
carry on sensors and inspect areas that are difficult to reach can be a crucial asset.
This work presents the design of a new long-reach cable-driven hyper-redundant
robot developed to be deployable in a wide number of industrial applications, especially
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to inspecting confined (air deprived) and harsh environments. The robot, called SLIM
(Snake-Like manipulator for Inspection and Maintenance), is designed to access large
volumes through small openings such as storage tanks, containment vessels and power
generators. The ability to withstand high temperatures, operate in hazardous environments
and gain access through small apertures is the key feature driving the design.
By definition, hyper-redundant robots have a number of degrees of freedom (DOFs)
much greater than the number of variables necessary to complete a specific task. These
robots are widely employed since they can perform grasping, manipulation, and articulated
movements within narrow spaces crowded with obstacles [7]. Their design is often bioinspired: some examples are elephant trunk [8,9], octopus [10], and snake [11] robots.
Unlike traditional 6-DOFs anthropomorphic industrial robots, inspection and, in particular,
hyper-redundant robots are still an emerging market with demand from industrial [12,13],
surgical, and medical applications [14].
Implementing cable actuation in robotics can improve actuators safety, payload capability and structural compliance. For example, in the medical field, where accurate
motion, dexterity and safe interactions are crucial, the cable-driven mechanism is adopted
for minimally invasive surgery [15]. In industrial fields, cable-driven mechanisms appear in
various applications ranging from a parallel robot for logistics [16,17] to hyper-redundant
robots for the inspection of complex and constrained devices [4,18,19] or maintenance in
harsh environments [20,21] that cannot be reached by humans. In bio-inspired robots,
cable-driven mechanisms are often used to mimic limb tendons [22,23]. A drawback of
cable-driven mechanisms is the need to route the cables all along the structure complicating
the design [24] and introducing friction effects due to their interaction with bushing and
pulleys. Delivering motion accuracy requires precise modelling of the cable-drive mechanism to fully consider friction phenomena [25–27]. Another critical aspect is the intrinsic
compliance of the cable transmission. The elasticity decreases performances concerning
trajectory tracking, stability margin and residual vibrations. Different algorithms to reduce
the effects of elasticity were proposed [28,29].
The main novelty introduced in this work is the design of a long-reach cable-driven
hyper-redundant manipulator actuated by a number of actuators equal to the number of
DOFs. In contrast, most long-reach cable-driven hyper-redundant manipulators have a
number of actuators greater than the number of DOFs. Indeed, the X125 snake-arm [12]
has 24 DOFs actuated by 36 motors, Super Dragon [21] has 11 DOFs actuated by 21 motors,
and TALISMAN [30] has 5 DOFs actuated by 9 motors.
2. Materials and Methods
In this Section, the design of the robot and the methodology to assess its performances
are provided. First, the description of the mechanical design and the electronic architecture
of the robot are presented. Then, the control strategy is discussed. Finally, the experimental
setup and the system simulation are given.
2.1. Design Requirements
The design of the robot was driven by the following set of requirements related to
the task of inspecting sites such as containment vessels, storage tanks, depositories and
underground storage facilities:
•
•
•
•
•
•

inspecting extended environments;
operating in harsh environments with temperatures up to 100 ◦ C;
being capable of entering areas through apertures as small as 40 cm × 40 cm;
moving in narrow cluttered environments characterised by corners and obstacles;
carrying on-board instruments such as cameras, non-destructive testing devices, or
other tools required to perform customised inspection tasks;
remaining compact (within a 160 cm × 100 cm × 160 cm ( L × W × H ) volume) in its
parking configuration.
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To satisfy these requirements, a long-reach cable-driven hyper-redundant robot was selected. In fact, a long-reach manipulator can inspect areas far from the robot base, hyperredundancy allows a robot to avoid obstacles and move in narrow spaces, and cable
actuation permits moving the actuators from joints to chassis, reducing the overall weight
and size of the moving structure and increasing the payload capability even when the reach
is extremely long. Furthermore, cable-driven mechanisms keep the actuators safe from
possible extreme environmental conditions of the inspection site.
Figure 1 shows different possible scenarios that can benefit from the use of such a
robot: in case (a) the robot needs to inspect an area moving around some obstacles; in case
(b) it is necessary to pass through a small entrance to access an elevated area; in case (c) the
robot needs to inspect an area that is under the ground level; in case (d) the entrance of the
area to be inspected is on the side of a wall.
(a)

(b)

(c)

(d)

Figure 1. Possible inspection scenarios: (a) moving around obstacles (b) entering through a small
entrance (c) under-ground inspection (d) wall side inspection.

2.2. Design Overview
SLIM, shown in Figure 2, consists of four main components: a robotic arm, the
actuation box, the robot base, and a dedicated device acting as the end-effector.

Figure 2. CAD drawing of the robotic system.
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The robot can deliver the end-effector in a workspace up to 4.8 m from the base. The
robotic arm is composed of 12 moving modules and is mounted on the actuation box. The
actuators are located within the actuation box, which can rotate around the axis J1 . The
robot base supports the whole robot and is fixed to the ground. Then, a dedicated device
acting as the end-effector is integral to the tip of the last module. Figure 3 shows the whole
robotic system in its parking position.

Figure 3. The whole robotic system in its parking position that is enclosed within a volume whose
dimensions are 152 cm × 88 cm × 158 cm ( L × W × H ).

Each module of the robotic arm is composed of a rigid link and a circular pulley acting
as a revolute joint driven by a cable. The cables are routed along with the structure of the
robot through rollers that constrain them to pass along the neutral axis of each link. The
12 parallel revolute joints allow moving the end-effector in a specific Cartesian position on a
plane. The first joint is connected to the actuation box, which is able to rotate around an axis
parallel to the axes of the other joints. The actuation box allows the arm to wrap on itself in
a compact configuration and unroll as needed. In this application, the end-effector is a pan
and tilt mechanism with 2 DOFs that allows a camera, acting as Tool Centre Point (TCP), to
reach a desired attitude in the Cartesian space. Therefore, for the task of positioning the
camera in a bi-dimensional Cartesian space with a specific attitude, SLIM has 10 degrees of
redundancy. Assuming qi as the rotation angle of the ith joint, Table 1 lists the modified
DH parameters, according to [31], describing the kinematics of the robot.
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Table 1. DH parameters for SLIM.
Joint

ai [mm]

αi [rad]

di [mm]

θi [rad]

0
0
0
..
.
0

q1 + 0.028π
q2 − 0.028π
q3
..
.
q13 + π/2

410
0

q14
q15 − π/2

0

0

Arm and Base
1
2
3
..
.
13

0
339.3
350
..
.
350

π/2
0
0
..
.
0
End-Effector

14
15

0
0

π/2
−π/2
Camera

TCP

212

−π/2

2.3. Mechanical Design
This Section provides a detailed mechanical description of SLIM.
2.3.1. Robotic Arm
The robotic arm is composed of 12 modules of six different sizes as shown in Figure 4.
All the modules have the same length, but are in six different profiles to withstand the
load due to the weight of the structure and the tension of the cables. In Table 2, for each
module are reported the mass m, the x-coordinate of the centre of mass with respect to its
frame defined by the DH parameters CoMx , the link length l, width w, and height h, and
the pulley radius r. Each link is composed of four metal rods connecting two consecutive
joints and of four pairs of cross tie-rods that increase the link stiffness. Each joint angular
position, whose limits are [−π/3, π/3] rad, is measured by an AkSim2 magnetic absolute
encoder supplied by Renishaw. This sensor has a resolution of 18 bits with an accuracy of
0.0017 rad.

Cable Rod

Tie-rod
Pulley
Absolute Encoder

Figure 4. Details of a single module and its integration into the full 12 modules of the robotic arm.
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Table 2. Robotic arm parameters for SLIM.

m
CoMx
l
r
w
h

M1

M2

M3

M4

M5

M6

M7

M8

M9

M10

M11

M12

Unit

2
109
350
55
228
112

2
109
350
55
228
112

1.65
108
350
55
222
112

1.65
108
350
55
222
112

1.3
109
350
55
222
107

1.3
109
350
55
222
107

1
109
350
55
214
107

1
109
350
55
214
107

0.78
105
350
55
211
107

0.78
105
350
55
211
107

0.66
112
350
55
209
107

0.66
112
350
55
209
107

kg
mm
mm
mm
mm
mm

Each cable is fixed on both sides to a linear actuator and, passing through rollers made
with IGLIDUR A350 assembled around two pairs of metal rods, transfers the power to
the module through the friction between the pulley and the cable itself. The cables are
made of a synthetic fiber called Zylon PBO [32]. This material was chosen because the more
commonly used steel cables suffer from a few drawbacks mainly related to their weight
per unit of length, their bending radius and difficulties in making simple and effective
anchoring solutions. Table 3 compares the main characteristics of steel and Zylon PBO
cables of equal diameter, 3mm, highlighting that Zylon PBO cables present higher payload
and lower mass density with respect to steel. Keeping in mind the necessity to operate at
high temperatures, it is also important to point out that Zylon PBO fiber can withstand
temperatures up to 650 ◦ C. To ensure an efficient connection between the cable and the
actuator, an eye splice is used to place a permanent loop in the end of a cable. This is an
efficient method to connect a synthetic fiber rope to a fixed point without degrading the
performances of the cable, retaining almost 100% of the specified rope tensile strength [33].
The splicing of the cable is shown in Figure 5. The components chosen to build the robotic
arm (Zylon PBO cables, communication and power wires, sensors, and modules materials)
all tolerate temperatures up to 105 ◦ C.

Figure 5. Detail of the spliced Zylon PBO cable connected to the anchor and tensioning system.
Table 3. Comparison between steel and Zylon PBO cables.

Diameter
Density
Max load
Max temperature

Steel

Zylon PBO

Unit

3
38.5
5.7
1500

3
6.5
12.6
650

mm
g/mm
kN
◦C

The robotic arm structure was dimensioned starting from a static analysis considering
the robot in the worst-case configuration, where all the modules are parallel to the ground,
and a 1 kg payload applied on its tip. In this configuration, all the forces and constraint
reaction forces acting on the arm were evaluated using FEM analysis to fully validate the
design of the robot. The FEM analysis was performed on the 1st, 6th, and 12th module of
the robotic arm and estimated a maximum total deformation of 0.350 mm, 0.257 mm, and
0.036 mm, respectively. Figure 6 reports the results on the 1st module, which is the one
subject to the highest load: (a) shows the forces and constraint reaction forces acting on the
module; (b), (c), and (d) show the corresponding total deformation from different points of
view, with a deformation scale factor of 71. In Figure 6, A refers to the sum of the constraint
reaction forces due to the successor modules and the weight force, B represents the axis on
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which the motion constraint is applied, C is the couple produced by the driving cable, D
and E are the forces due to the rods that house the rollers, and F and G are the tensions of
the most stressed tie-rods.
A
B
C
D
E
F
G

Constraint Reaction Forces and Weight Force: 3889.4 N
Motion Constraint: 0 mm
Cable Couple: 39700 Nmm
Cable Rods Force: 942 N
Cable Rods Force: 2978 N
Tie-Rod Tension: 229.16 N
Tie-Rod Tension: 255.55 N

A

G
A

0.34978 Max
0.31091
0.27205
0.23318
0.19432
0.15546
0.11659
0.07773
0.03886
0 Min
Unit: mm

G

B

D
F
C
E

E

F
D
B

(a)
0.34978 Max
0.31091
0.27205
0.23318
0.19432
0.15546
0.11659
0.07773
0.03886
0 Min
Unit: mm

(b)
0.34978 Max
0.31091
0.27205
0.23318
0.19432
0.15546
0.11659
0.07773
0.03886
0 Min
Unit: mm

(c)

(d)

Figure 6. Results of the FEM analysis on the 1st module of the robotic arm. (a) shows the forces and
constraint reaction forces acting on the module; (b–d) show the total resulting deformation in mm
from different points of view, with a deformation scale factor equal to 71.

2.3.2. Actuation Box and Robot Base
The robot base consists of a metallic structure made of Bosch Rexroth 40 mm × 40 mm
profiles and two custom designed Ergal plates. The base supports the actuation box, which
carries 12 linear actuators. Each linear actuator drives one module and is composed of
a two poles brushed DC motor (SVTN B 01-3571) and a three stages planetary gearbox
(SVTG B 36), both provided by Servotecnica. Figure 7 shows the CAD model of a linear
actuator. Each motor is controlled by an EPOS4 50/8 motor driver produced by Maxon.

Figure 7. CAD drawing of the linear actuator.
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The linear motion is obtained through a lead screw drive mechanism and is indirectly
measured using an incremental encoder (HEDL-5540-A11), provided by Avago technologies, whose resolution is 500 pulses per turn. The gear ratio upstream of the screw is
211.5 and the pitch of the screw is 3 mm per turn. Figure 8 shows how the actuators transfer
the motion to the joints via cables.

Figure 8. Schematic view of the actuation system. For each joint a couple of counteracting cables are
routed from a linear actuator on the base up to a pulley along the robotic arm.

The actuation box motion, whose limits are [0, 4π ] rad, is driven by an eight poles
brushless motor (EC45) and a planetary gearbox (GP42C), both produced by Maxon. An
additional gearbox (SR MR V 50 UO3A), provided by the Rossi–Habasit Group, is mounted.
The rotational motion is measured through an incremental encoder (HEDL 9140), provided
by Avago technologies, whose resolution is 500 pulses per turn, and by an AkSim2 magnetic
absolute encoder supplied by Renishaw, whose resolution is 18 bits with an accuracy of
0.0017 rad. The use of cable actuation moves the actuators, their drivers, the control
system, and the power suppliers to a remote site removed from the extreme environmental
conditions present at the inspection site, such as high temperatures. In addition, external
covers can be fitted to the mechanism to provide additional shielding as required.
2.3.3. End-Effector
The pan and tilt mechanism shown in Figure 9 acts as end-effector and is specifically
designed to perform a visual inspection task. This end-effector is a first prototype that
allows the camera to reach a desired attitude in the Cartesian space, but it is not able to
respect the temperature requirement reported in Section 1, however, these are to be replaced
by a temperature rated system. The 2 DOFs are provided by two servomotors (Herkulex
DRS-0602), made by DST Robot, each having an accuracy of 0.005 rad, and the maximum
payload is 1kg. The angular range for both DOFs is [−π/2, π/2]. The mounted camera is a
Basler acA2440-75uc, whose resolution is 5MP.
2.4. Electronic Architecture
The electronic architecture developed for this application is based on National Instrument CompactRIO system, which consists of a processor running a Linux real-time
operating system and a chassis that contains a user-programmable FPGA. On the FPGA,
the low level control logic and communication protocol are implemented using external
modules to read sensors data and send the actuators command. The magnetic absolute
encoders mentioned in Sections 2.3.1 and 2.3.2 transmit data through BiSS-C, a serial pointto-point communication protocol. Since the point-to-point communication requires a cable
for each node in the network, the data of each encoder are acquired by a Texas Instrument
Tiva C TM4C123GH6PM microcontroller, positioned at joint level, with a sampling rate of
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16,667 Hz. This removes the need for individual wiring of each encoder into the full arm.
The acquired data are filtered and processed to numerically estimate the joint velocity. The
microcontrollers are connected in daisy chain and transmit the joint position and velocity to
the FPGA of the CompactRIO through a CAN Bus with a sample rate of 400 Hz. A second
and independent CAN Bus is implemented to establish the communication with the motor
drivers. In this case, the standard CANopen protocol is employed to read the motor states
and send the commands. Moreover, two microcontrollers ATmega2560, provided by Atmel,
are connected to the host PC through TCP/IP protocol. One of these microcontrollers
manages the motors that control the pan and tilt mechanism, while the other receives the
commands from a custom-made remote controller to manually drive the end-effector. The
real-time target manages the communication with both the FPGA and the host PC where
a graphical user interface is implemented to drive the robot and log the data. Figure 10
shows a schematic of the electronic architecture employed in this work.

Figure 9. Pan and tilt mechanism together with the camera.

Figure 10. Electronic architecture of the robot.

2.5. Control Strategy
This article focuses on presenting the mechanical design of a novel inspection longreach cable-driven hyper-redundant robot to confirm its hardware feasibility. Hence, the
strategy implemented to control the robot motion, including both the trajectory definition
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and the control algorithm, is briefly described here, leaving the stability and performances
analyses as future works. The control strategy aims to follow a specific trajectory in the
task space, avoiding obstacles and satisfying joint limits. First, the desired joint trajectory is
computed offline using an inverse kinematic algorithm based on a null-space approach [34].
The primary task is the joint limits satisfaction, the secondary objective is obstacles avoidance, and the tertiary goal is to follow the desired trajectory in the task space. The general
formulation for a null-space inverse differential kinematic problem is written as:





q̇ = J1† v1 + I − J1† J1 J2† v2 + I − J1† J1 I − J2† J2 J3† v3 ,
where q̇ is the joints velocity vector, vi is the desired velocity associated to each task, and
Ji is the Jacobian mapping the joint velocity into the ith task velocity. The joints limit
avoidance is performed by defining J1† as a diagonal activation matrix such that
(

|qi | ≥ qimax
,
0 otherwise
1

if


q̇

 li
v1i = −q̇li


0

if

J1†i,i =
and the element of v1 as

qi < −qimax

else if

qi > qimax ,

otherwise

where qimax defines the maximum ith joint angle and q̇li is the desired velocity which allows
the joint to move into its range of motion. The obstacle avoidance task firstly requires that
the obstacle geometry and properties be defined. Each obstacle is modelled as a sphere
with centre pc and radius ro . Introducing po as the point of the robot at the minimum
distance from the obstacle, and the versor,
no =

po − pc
,
k po − pc k

it is possible to define:

J2 = noT J po ,
where J po is the Jacobian matrix associated to po . The parameter v2 is the norm of the desired Cartesian velocity of po that allows the robot to move away from the obstacle. Finally,
J3 and v3 represent the Jacobian matrix and the desired velocity of the end-effector, respectively. Once the desired trajectory is defined, a non-linear controller is implemented to deal
with the elasticity and friction effects introduced by cable-driven actuation. The proposed
algorithm exploits the hysteresis phenomenon to reject the sinusoidal disturbance that may
lead to system instability, i.e., the velocity output is constant if the error input remains
within a specific range, avoiding an oscillating command for the actuators. Figure 11 shows
the input-output chart of the controller, while the pseudo-code of the algorithm is reported
in Algorithm 1. For each joint, the controller takes as input the angular error, ek , and returns,
as output, the reference velocity for the driver of the actuator, uk+1 . The discretisation
step, nd , and the angular error parameter, emax , were empirically estimated, while vmax is
the maximum allowed actuator velocity. Firstly, the control algorithm discretises all the
possible values of the output in velocity and stores them in a vector, u. Then, for each joint
at a given instant k, the algorithm checks if ek is in the range [ek−1 − δe, ek−1 + δe], where
δe = emax /nd , and consequently chooses the proper output uk+1 from the u vector. The
control algorithm runs on the real-time processor at a frequency of 100 Hz.
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uk+1

ek

Figure 11. Control algorithm input output relation.

Algorithm 1 Control Algorithm
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:

k=0
nd ← discretisation step
vmax ← max actuator velocity
δv = vmax /nd
u = [−vmax , −vmax + δv, . . . , vmax − δv, vmax ]
ek ← angular error
emax ← angular error s. t. |ek | ≥ emax ⇒ |uk+1 | = vmax
δe = emax /nd
ik = 0
{ik is the index of the vector u}
while Application Run do
it = floor(ek /δe)
if it > ik then
i k +1 = i k + 1
{if ek > ek−1 + δe, then uk+1 = u(ik + 1)}
else if it < ik − 1 then
i k +1 = i k − 1
{if ek < ek−1 − δe, then uk+1 = u(ik − 1)}
else
i k +1 = i k
{if ek ∈ [ek−1 − δe, ek−1 + δe], then uk+1 = u(ik )}
end if
i k +1 = i k +1 + n d
if ik+1 > 2nd then
ik+1 = 2nd
{upper bound on u elements}
end if
if ik+1 < 0 then
i k +1 = 0
{lower bound on u elements}
end if
u k +1 = u ( i k +1 )
k = k+1
end while

2.6. Simulation and Experiment
To analyse the performances and the capabilities of the robot, a trajectory in the open
air that emulates an inspection task was designed and simulated in MATLAB® 2019b. The
task consists of performing a visual inspection of some points of interest, avoiding a circular
obstacle and passing through a narrow entrance. Given a reference frame fixed to the robot
base and whose origin is on J1 , as shown in Figure 2, the centre of the obstacle is located at
[0 m, 3.25 m] and its radius is 0.75 m. The entrance is modelled as two circular obstacles,
both of which have a radius of 0.25 m and whose centres are located at [−0.65 m, 1.5 m]
and [0.65 m, 1.5 m], respectively. The ground is modelled as a line located at y = −0.8 m.
The points of interest are the following: P1 = [−0.076 m, 1.572 m], P2 = [0.414 m, 1.850 m],
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P3 = [0.836 m, 2.257 m], P4 = [1.186 m, 3.151 m], and P5 = [1.343 m, 3.525 m]. Figure 12
shows the environment, the robot initial configuration, and the simulation of the robot
in the configurations to inspect the points of interest. Once the simulation confirmed the
feasibility of the trajectory, the same task was performed at an industrial site using the SLIM
robot. The robot was subject to the same external conditions found in a real environment
but did not enter the high temperature containment vessel. Figure 13 shows pictures of the
robot performing the inspection task on-sight at an industrial facility.

P2

P1
H

(a)

(b)

(c)
P5
P4

P3

(d)

(e)

(f )

Figure 12. Simulation of SLIM performing the above–described inspection task. (a) shows SLIM at its
initial configuration, H; (b) shows SLIM at P1 ; (c) shows SLIM at P2 ; (d) shows SLIM at P3 ; (e) shows
SLIM at P4 ; (f) shows SLIM at P5 .

(a)

(b)

(c)

Figure 13. Pictures of SLIM performing the inspection task. (a) shows SLIM at P1 ; (b) shows SLIM at
P2 ; (c) shows SLIM at P4 .
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3. Results
This Section reports the results of the experiment performed with the physical prototype of SLIM. During the experiment, the data regarding the tracking error were collected.
The histogram of the norm of the tracking error is reported in Figure 14. The corresponding
distribution is described by the following parameters:
•
•
•

mean value: 0.038 m;
median value: 0.025 m;
standard deviation: 0.035 m.

The errors in terms of position and attitude measured on each of the target poses were
always within the uncertainty margins due to the sensors. Given the information on the
data sheets of the AkSim2 absolute encoders and the Herkulex DRS-0602 servomotors
and considering the deformation on the modules length computed via FEM analysis, the
position accuracy on the TCP is σp = 0.003 m, while the attitude accuracy on the TCP is
σα = 0.006 rad, σβ = 0.005 rad, and σγ = 0.005 rad, where α, β, and γ are the Euler angles
in the YXY representation.

Relative Probability

Mean: 0.038m
Median: 0.025m
St. Deviation: 0.035m

Tracking Error [m]
Figure 14. Histogram of the norm of the tracking error. The vertical axis indicates the relative
probability of each histogram bin.

4. Discussion
The results of the experiment show that SLIM can reach a desired TCP pose with an
accuracy of 0.003 m in position and 0.006 rad in attitude. At the same time, SLIM is less
accurate in following the desired trajectory between two targets. Indeed, 95% of the time
the norm of the tracking error is below 0.109 m, but it locally varies up to 0.225 m. Since
the robotic arm has a length up to 4.8 m, such performances are considered acceptable.
Furthermore, given the value of the tracking error and the dimensions of the modules section (≈0.1 m × 0.2 m), the requirement of entering through small apertures (40 cm × 40 cm)
is fulfilled 95% of the time. To fully satisfy the requirement, some improvements in the
design and the control strategy are needed to increase the accuracy in the trajectory tracking.
Moreover, some aspects of the mechanical design were driven by the available machining techniques. Consequently, the design could be improved in terms of mass reduction
and stiffness increase by implementing weldings instead of screws and substituting the
tie-rods with a cover in carbon fiber.
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Finally, the chosen materials and components for the robotic arm make SLIM suitable for the inspection of harsh environments characterised by high temperatures. The
end-effector, instead, is a prototype that does not respect the temperature requirement.
Therefore, a new version of the end-effector able to tolerate temperatures up to 100 ◦ C is
needed to meet all the requirements.
5. Conclusions
In this article, a novel long-reach cable-driven hyper-redundant robot for industrial
inspection, SLIM, to be used in access denied hostile environments, is described. SLIM
is composed of a fixed base that houses an actuation box, able to rotate, connected to
a 12 DOFs robotic arm on whose tip is installed a pan and tilt mechanism. The robotic
arm is made of 12 modules, each of them composed of a revolute joint and a link. The
actuation box contains the linear actuators that drive the robotic arm via cables. The pan
and tilt mechanism that acts as end-effector moves a camera. For the task of positioning the
camera in a bi-dimensional Cartesian space with a specific attitude, SLIM has 10 degrees of
redundancy that allow it to move along complex paths, pass through small entrances, and
avoid obstacles inside the area being inspected. SLIM exploits the properties of synthetic
fiber cables to reduce the overall mass and keep the actuators safe from the possible extreme
environmental conditions of the inspection site. The mechanical design proposed for SLIM
was validated through FEM analyses. A simulated industrial environment was developed
to verify the SLIM capabilities in terms of moving in complex scenarios. First, a simulation
of the task was performed. Then, the real robot was tested in a reconstructed industrial
environment. The obtained results are promising and pave the way to developing a future
variant that will further improve the system.
Author Contributions: Project coordination, C.C.; Mechanical design and structural simulation P.G.,
R.G. and G.S.; software development and test, A.P., D.L. and L.D.M.C.D.V.; the project has been
conducted in the Advanced Robotics line of IIT lead by D.G.C. All authors have read and agreed to
the published version of the manuscript.
Funding: This research has been partially funded by Ansaldo Energia S.p.a.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Abbreviations
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