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1. Introduction 

 
In the recent past, a consistent research in the field of 

Robotics has been devoted to cable-based systems, 
reflecting the considerable interest according to the large 
and increasing number of applications. Cable-Driven 
Parallel Manipulators (CDPMs) use cables to control the 
end-effector pose, strengthening classic advantages 
characterizing closed-chain architectures, like large 
payloads, good dynamic performances, high efficiency, 
while providing peculiar advantages, such as light weight, 
large workspace, reduced manufacturing and maintenance 
costs, deployability and possibility to be moved and 
mounted on site, superior modularity and reconfigurability 
(Merlet, book). Moreover, one of the main advantages of 
CDPMs is that they can be easily adapted to fit certain 
application or performance requirements, demonstrating 
greater flexibility than classical robot designs composed by 
rigid links (Kozak et al. 2006, Roberts et al. 1998). 

The above-mentioned main characteristics of CDPM, 
mainly related to the very large workspace for positioning, 
make them very attractive for a many task. One of the first 
applications dealt with NIST Robocrane (Albus et al. 1993) 
and the systems proposed in Havlik (2000), Nan and Peng 
(2000), Bosscher (2006). A prototype of a CDPM was 
developed to be used as suspension system for testing 
airplane models in wind tunnels, as described in (Yangwen 
et al. 2010). An ultrahigh speed robot design, FALCON-7 
was proposed in Kawamura et al. (1995) where cables were 
modeled as non-linear springs taking into account axial 
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flexibility, the model was further developed in Kawamura et 
al. (2000). 

Engineering challenges also include material handling 
over large areas, positioning for heavy objects, rescue 
operations, service, assistance, rehabilitation, entertainment 
(Castelli et al. 2014) and even the Five hundred meter 
Aperture Spherical Telescope (FAST), as described in Nan 
(2006), which is the world’s largest filled-aperture radio 
telescope and the second-largest single-dish aperture after 
the RATAN-600 in Russia. It consists of a fixed 500 m 
diameter dish built in a natural depression in the landscape 
having a novel design, using an active surface made of 
metal panels that can be tilted by a computer to help change 
the focus to different areas of the sky. The cabin containing 
the antenna is suspended by cable. FAST is considered 
operational nowadays after 3 years testing. The cable mass 
and sagging effects are not negligible, in this case. 

As previously introduced, the most interesting 
application of CDPM deals with very large workspace, as 
for the virtual reality simulator (CableRobot Simulator 
2020) in which eight supporting cables fully control the 
motion of a cabin. The design is scalable and can be 
reproduced in any scale. The IPAnema CDPM was designed 
for industrial processes (Pott et al. 2013). 

Cable-suspended camera systems are commonly used in 
stadiums and arena, they are composed by actuation and 
transmission systems, most of the time motorized winches 
and pulleys, which are used to exert or retract cables 
connected to an end-effector. The end-effector is suspended 
and consist of a counterbalanced pan and tilt video camera, 
(Cone 1985, Skycam 2020). 

Suspended CDPM is a crane type CDPM in which the 
end-effector is suspended by n supporting cables, they have 
attracted the interest of the research community since the 
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workspace is not cluttered by cables and there is less 
probability of cable interference make them more useful in 
practical application. Although several works in the 
literature, the study of these types of robots is still an open 
field. The major challenge in the position analysis of 
suspended CDPMs consists of the intrinsic coupling 
between kinematics and statics (or dynamics). For a fully-
constrained CDPM in which the required set of output 
wrenches is guaranteed with purely tensile cable forces, the 
posture of the end-effector is determined in a purely 
geometric way by assigning cable lengths. Instead, for a 
suspended CDPM, even if the actuators are locked having 
assigned the cable lengths, the end-effector is still movable; 
indeed, the equilibrium configuration is determined by the 
applied forces. Therefore, the end-effector pose (position 
and orientation) depends on both the cable lengths and 
equilibrium equations. Moreover, as the end-effector pose 
depends on the applied external wrenches (forces and 
torques), it may change due to external disturbances. 
Therefore, it is necessary considering kinematics together 
with statics or dynamics equilibrium. The complexity of 
positioning capability s suspended CDPM is then increased 
and significantly more difficult than analogous tasks 
concerning rigid-link parallel manipulators. In the literature, 
some procedures have been presented, in (Abbasnejad and 
Carricato 2015) the problem has been defined as 
geometrico-static also expressing some connections 
between stability and energy (Carricato and Merlet 2013). 
The mass and elasticity of cables are taken into account in 
(Kozak et al. 2006, Pott 2010, Merlet 2016). An analytical 
model is presented for solving the DK and the IK problems 
of CDPMs with sag cables, based on a mixed formulation 
of a nonlinear elasto-static problem. 

 
 

 
 

The problem of sagging is much more relevant for 
suspended CDPM, it has been shown in the literature that 
the effect in most of those cases cannot be neglected for 
correct modelling and use of CDPMs (Ottaviano and 
Castelli 2010, Irvine 1981). Another relevant issue for 
suspended CDPM is the pulleys that greatly influence the 
positioning capabilities, in Gonzalez-Rodriguez et al. 2017) 
a solution is proposed for a novel design solution. 

In this work a novel design for suspending cable robot is 
proposed, focused on its optimization for large two-
dimensional flat spaces perpendicular to gravity, strictly 
limiting the occupation in the gravity direction. The 
proposed cable robot scheme can be used for a great 
number of tasks carried out in workspaces of these 
characteristics. Considering the importance for an automatic 
inspection of large civil infrastructures (Jung et al. 2019, 
Kim et al. 2014), authors think that an interesting task for 
this type of robot would be to inspect the bottom of the 
large bridges decks (Huang et al. 2016) by adding different 
inspection devices to the end-effector as cameras (Adhikari 
et al. 2016) or laser (Wang et al. 2016). In this problem, the 
space occupied in the vertical direction must be reduced, 
while the workspace in the horizontal plane is large. 
Common cable driven suspended robots present serious 
technical problems when employed in this kind of 
workspaces, the proposed solution has been specifically 
designed to solve these problems. 

The rest of the paper is organized as follows: Section 2 
introduces the novel proposal; Section 3 presents the 
prototype for experimental validation. Section 4 details the 
experimental results in term of repeatability and, finally, 
Section 5 states the main conclusions and further works. 

 
 
 

 
 

 
Fig. 1 Forces and torques in a 2D cable robot for a little h

 
Fig. 2 Proposed 2D cable robot for high workspaces
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2. Proposed solution 
 
2.1 Descr pt on of the proposal 
 
 In cable-driven robots, the end-effector is connected to 

the frame by several cables. The more extended solution 
consists on using different cables that join the end-effector 
to different motors in the frame. Fig. 1 shows a 
conventional configuration for a suspended cable robot of 2 
DOFs. The torque required in each motor is equal to the 
tension of the cable multiplied by the radius of the pulley or 
winch joined to the motor. 

There are applications for cable robot, such as the 
inspection of the lower part of bridge decks, in which the 
workspace must be large in extension, but little space can 
be occupied in the vertical direction, due to the bridge 
characteristics. In this case the cable tensions will be very 
large, even for a light mass 𝑚, if 𝐿 is much greater than ℎ, as shown in Fig. 1. 

As an example, if it is required to transport a light mass 𝑚 = 10 kg with a speed of 1 m/s, for 𝐿 = 100 m and a 
vertical occupancy ℎ < 0.2 m, the tension of the cable will 
be greater than 10 KN for two cables, or greater than 5 kN 
for four cables. If the cable tension of this robot is high, the 
torque requirement of the motor is therefore very high, 
since the diameter of the pulleys has a minimum 
permissible due to the diameter of the cable. Great torque 
requirement implies a very high power if the velocity is not 
near to zero. In this case, the system of Fig. 1 needs 25 kW 
overall power for moving a 10 kg mass with 1 m/s speed. 
This represents a disproportionate amount of power. 

In order to solve this problem, authors propose 
employing only one closed cable instead of different cable 
joined to different motors. The scheme of the proposed 
robot, along with the nomenclature used in the rest of the 
paper are shown in Fig. 2. Different elements of the robot 
shown in Fig. 2 are the end-effector (1), two driving pulleys 
((4), grey pulleys) and free pulleys (white pulleys). The 
robot has also two carriages (2) and two linear guides (3). 
Cables can replace the guides so that the cars slide through 
them with new pulleys. (𝑇ଵ, 𝑇ଶ) are the torques exerted 
by the left and right motors, respectively, (𝑥, yୣ) is the 
end-effector pose, (𝑥௧, 𝑥) are the x-coordinates of the 

 
 

top and bottom carriages, respectively, (𝐿ଵ, 𝐿ଶ, 𝐿ଷ, 𝐿ସ) are 
the different cable lengths, (𝛼ଵ, 𝛼ଶ) are the angles turned 
by the left and right motors, (𝑊, 𝐻) are the frame width 
and height, (𝑤, ℎ) are the end-effector width and height 
and 𝑟 is the pulley radius. 

Fig. 2 shows the system in a static position. If the end 
effector is placed in the center of the workspace in the Y 
direction of movement, the forces will be exactly the same 
if the cable mass is neglected. If the Z coordinate of the end 
effector is much less than the distance to either carriages, 
the forces will be different but very similar. This implies a 
little reduction in the robot's workspace. Let’s call 𝑆 to the 
minimum horizontal distance between carriage and end 
effector, as it shown in Fig.1. The maximum difference 
between the forces 𝐹 at both sides of the end effector is 
given when 𝐿 >> 𝑆. In this case 𝜃ଶ  =  0, 𝐹ଶ is almost 
horizontal and ratio 𝐹ଵ/𝐹ଶ is 

 𝐹1𝐹2 = cos ൬atan ൬ℎ𝑆൰൰ ≃  1 − 12 ൬ℎ𝑆൰ଶ
 (1)

 
In this way, for example, assuming that the end-effector 

cannot approach less than 10 times the maximum Z 
coordinate of the end effector, the ratio 1 >  𝐹ଵ/𝐹ଶ  > 0.995, and 𝐹ଵ − 𝐹ଶ  = 4.9 N for a vertical force of 98 N. 

Another consequence of the proposed approach will be 
that the tension forces 𝐹 of the cables will be much greater 
than the vertical force generated by gravity on the end-
effector. Unlike conventional cable robots, this force does 
not imply high torque in the motors, in fact, for the 
stationary situation the torque is near zero. The torque in the 
driven pulleys (4) is null when the end effector is not 
moving, since the cable does not end in the pulley and 
tensions in both sides of the pulley compensate each other. 

Fig. 3 shows the robot when the end effector is moving 
with acceleration A in the Y direction. The tension of the 
four cables of the end-effector is different now, but its 
difference is only the inertial force required to accelerate the 
end-effector. For an acceleration of 1 m/s2 that difference is 
an order of magnitude less than the gravity force, and 
several orders of magnitude less than the cable tension. 

The torque on the driving pulleys is now 𝑇ெ = 𝑟 (𝐹 + Δ𝐹 − 𝐹) = 𝑟Δ𝐹. For an acceleration of 1 m/s2 and a  
 
 

 
Fig. 3 Proposed 2D cable robot with Y acceleration
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speed of 1 m/s it means an output power from the motor of 
only 10 W, if the friction on the pulley is neglected. This 
torque is so small that the practical equality between the 
branches of the cable can no longer be assumed due to a 
small Z coordinate. But, if this approximation is not 
neglected, this only adds 5 W more to the previous 
calculated power. In this way, by correctly choosing the 
components, the required power will be several orders of 
magnitude less than the power required for a conventional 
cable robot where the cable ends in motor pulleys. 

The proposed cable robot scheme can be used for a great 
number of tasks carried out in large two-dimensional flat 
spaces perpendicular to gravity. The authors think that an 
interesting task for this type of robot would be to inspect the 
bottom of the large bridges deck (Huang et al. 2016) by 
adding different inspection devices to the end-effector as 
cameras (Adhikari et al. 2016) or laser (Wang et al. 2016). 
In this problem, the space occupied in the Z coordinate 
must be reduced, while the workspace in the X-Y axes is 
large. 

 
 

 
 

Focusing on the workspace characteristics for which the 
robot has been designed, Fig. 4 shows two alternative 
schemes proposed for its optimization, as rigid guides are 
replaced by cables. Several parts of the robots are shown in 
Fig. 4 as the end-effector (1), the guidance cables (2), 
driving pulleys (3) and the bridge deck (4). The main 
dimension of the bridge is along the X-axis. 

 
2.2 Drawbacks caused by fr ct on n the proposed 

solut on and poss ble solut on 
 
In Fig. 5 the proposed system is shown in a dynamic 

state. In this model the mass is concentrated in the end-
effector, and the mass of the carriages is neglected. 
Dimensions of the end effector and carriage are also 
neglected compared to the width and the height of the robot 
frame. Fig. 5 shows a movement in the positive direction of 
x-axis. The system is represented in three phases of 
movement: acceleration (a), constant velocity (b) and 
deceleration (c). 

 
 

 
 

 
Fig. 4 Alternative schemes for a 2-DOF robot for large spaces 

 
Fig. 5 Proposed 2D cable robot with Y acceleration
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In the constant velocity phase the end-effector has no 
inertial force, therefore the cables that connect them to both 
carriages must be parallel. This inclination in the carriage 
cables counteracts the friction force in the guides, with an 
angle α, as shown in the balance of forces of the carriage 
labeled as (b). Thus, the horizontal component of the cable 
tension force is 𝐹 = 𝜇𝑅 , where 𝜇  is the friction 
coefficient and 𝑅  is the normal reaction force in the 
carriages given by the guide. This horizontal force 𝐹 is 
provided by the driving pulleys 𝐹  =  𝑟(𝑇ெଶ − 𝑇ெଵ) , 
where 𝑟 is the radius of the pulleys and 𝑇ெଶ and 𝑇ெଵ are 
the torque of the driving pulleys. 

In the acceleration and deceleration forces cables of 
both sides of the end effector are not parallel in order to 
counteract the inertial force in the end-effector, as it shown 
in Fig. 5. Anyway, in the passive branch of the robot (the 
connected to the free pulleys), the cables always have the 
same angle α, but in acceleration process the angle of the 
upper cables is β, while γ is this angle for the deceleration. 

The lag in carriage movement is a major problem in 
maintaining robot positioning accuracy. This is because 
Coulomb’s dry friction would maintain this lag when the 

 
 

 
 

carriages had stopped. If the precision is not important for 
the application of the cable robot, this scheme can be valid, 
although it would be recommended to maintain carriages 
friction as low as possible. To solve this problem, the 
modification of the general scheme shown in Fig. 6 is 
proposed. In it, two X-cables (a) have been added so that 
the parallel movement of both cables is forced. This 
solution presents the problem that with the two carriages 
located on the same vertical line, the inertial forces in the X 
direction of the end-effector can only be counteracted by 
elastic cable extensions. 

 
2.3 Natural frequency of the system 
 
The movement in the Y direction does not present much 

problem and would be similar than moving a mass on a 
guide, especially taking into account that the carriage 
movement is the same thanks to cables (a) in Fig. 6. This is 
due to the fact that the inertial forces are parallel to the end-
effector cables. 

Much more problematic is caused by movements in the 
X direction. Even if the robot application does not need 

 
 

 
 

 
Fig. 6 Proposed solution of increase accuracy in 2D large cable robot 

  
(a) Vibration model of the robot (b) Increment of cables length due to x displacement

Fig. 7 Models and nomenclature for natural frequency analysis 
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high precision, a dynamic model for vibration of the end-
effector in the X direction is needed to control the robot. 
This vibration appears when the end-effector suffers inertial 
forces in the X direction, even with the motors stopped. The 
model shown in Fig. 7 will be used for obtaining the 
dynamic response. 

The original scheme can be modeled with the four 
springs system shown in the right side of Fig. 7(a). The 
equivalent stiffness of the springs are 

 𝑘 = 2 ൬ 2𝑘ହ + 1𝑘 + 1𝑘൰ିଵ 𝑘௦ =  𝑘ଵ + 𝑘ଶ𝑘ଵ𝑘ଶ  𝑘௦ = 𝑘ଷ + 𝑘ସ𝑘ଷ𝑘ସ  

(2)

 
where 𝑘  = (𝐸 ⋅ 𝐴)/𝐿, being 𝐸 the young modulus of 
the cable material, 𝐴 the cross section of the cable and 𝐿 
the length of the n-th cable as numbered in Fig. 7(a). 

Maintaining a low Z coordinate for the end effector 
implies the need to pre-stress the robot’s cable system. 
Despite all the cables being connected in a single loop, 
different prestressing forces could be imposed on the three 
cable branches if the driven pulleys are actuated. Since the 
torque of the motor is not comparable to the torque 
generated by the systems’ prestressing, this difference 
would be lost as soon as the motor of the driven pulleys 
loses its torque. For this reason, the prestressing will be 
considered to generate the same force for the three cable 
branches: the upper two and the lower one. 

Dynamic equations will be obtained using Euler-
Lagrange formulation and x as generalized coordinate. For 
obtaining the natural frequency of the system the motor will 
be considered stopped. The Lagrangian is 

 𝐿 =  𝑇 − 𝑈௦−𝑈௦ − 𝑈 (3)
 

where 
 𝑇 = 12 𝑚𝑥ሶ ଶ 𝑈௦ =  12 𝑘௦(∆𝐿௦ + ∆𝐿௦)ଶ 𝑈௦ =  12 𝑘௦(∆𝐿௦ + ∆𝐿௦)ଶ 𝑈 = 2 ൬12 𝑘(∆𝐿 + ∆𝐿)ଶ൰ 

(4)

 
and where ∆𝐿 and ∆𝐿௦  are the length increment due to 𝑥 
displacement.  ∆𝐿௦ , ∆𝐿௦  and ∆𝐿  are the length 
increase due to the prestressing of the cable. 𝐹  is the 
prestressing of the cable, this force is unique and yields as 

 𝐹 𝑘்⁄ = ∆𝐿் (5)
 

where 
 ∆𝐿்  =  ∆𝐿௦ + ∆𝐿௦ + 2∆𝐿 𝑘் = ൬ 1𝑘ଵ + 1𝑘ଶ + 1𝑘ଷ + 1𝑘ସ + 2𝑘ହ + 1𝑘 + 1𝑘 + 2𝑘଼൰ିଵ

 
(6)

 
This fact allows calculating the increments of length due 

to the prestressing. 
 𝐹 𝑘௦⁄ = ∆𝐿௦ 𝐹 𝑘௦⁄ = ∆𝐿௦ 𝐹 𝑘⁄ = ∆𝐿 (7)

 
In the other hand, Fig. 6(b) shows the increment of the 

length of the cables due to the x movement of the mass 
 ∆𝐿௦ = ඥ(𝐻 − 𝑦)ଶ + 𝑥ଶ − (𝐻 − 𝑦)∆𝐿 = ඥ𝑦ଶ + 𝑥ଶ − 𝑦 

(8)

 
where 𝑥, 𝑦 are the end-effector displacement and 𝐻 the 
frame height. In this way 

 𝜕𝑈𝜕𝑥 = 2 𝜕𝜕𝑥 ൬12 𝑘 ቀඥ𝑦ଶ + 𝑥ଶ − 𝑦 + ∆𝐿ቁଶ൰= 𝑥𝑘൫ඥ𝑦ଶ + 𝑥ଶ − 𝑦 + ∆𝐿൯ඥ𝑦ଶ + 𝑥ଶ  
(9)

 
This derivate can be approximated by Taylor series. 
 𝜕𝑈𝜕𝑥 ≅ 2 𝑥𝑘∆𝐿𝑦 + 2 𝑥ଷ𝑘2𝑦ଶ ൬1 − ∆𝐿𝑦 ൰ + ⋯ (10)
 
Cubic terms of the previous expression can be neglected 

since 𝑥 ൏൏ 𝑦, 𝑥 ൏൏ (𝐻 − 𝑦), 𝛥𝐿௦ ൏൏ 𝑦 and 𝛥𝐿௦ ൏൏(𝐻 − 𝑦). Thus, operating similarly for the upper branch 
 𝜕𝑈𝜕𝑥 ≅ 2 𝑥𝑘∆𝐿𝑦 = 2 𝑥𝐹𝑦  𝜕𝑈௦𝜕𝑥 ≅ 𝑥𝑘௦∆𝐿௦𝐻 − 𝑦 = 𝑥𝐹𝐻 − 𝑦 𝜕𝑈௦𝜕𝑥 ≅ 𝑥𝑘௦∆𝐿௦𝑟𝐻 − 𝑦 = 𝑥𝐹𝐻 − 𝑦 

(11)

 
Now we have all the terms with which to build the 

Euler-Lagrange equation, with x being the generalized 
coordinate. 

 𝜕𝐿𝜕𝑥 − 𝑑𝑑𝑡 𝜕𝐿𝜕𝑥ሶ = 0 ⇒ 𝑚𝑥ሷ + 𝑥𝐹 ൬2𝑦 + 2𝐻 − 𝑦൰ = 0 (12)
 
The natural frequency of the system obtained from 

equation (x) is   𝜔ே = ඨ 2𝐻𝐹𝑚𝑌(𝐻 − 𝑦) (13)

 
Expression (13) represents the natural frequency of the 

system that depends on the 𝑦 coordinate, the mass of the 
end-effector and the tension of the cable closed-loop. Fig. 
9c, in Section 3, represents the mesh of 𝜔ே values for the 
entire workspace of the robot compared with the 
experimental ones for model validation purpose. 

 
2.3 K nemat cs model 
 
In this section the robot inverse kinematics model is 

explained, it allows to compute the angle to be turned by 
motors to reach an arbitrary end-effector pose. It is 
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employed for the control of the end-effector pose as 
explained in following sections. Following the 
nomenclature exposed in Fig. 2 and setting an initial point 
for the end-effector pose (𝑥, 𝑦), the initial cable lengths 
can be computed as 

 𝐿ଵ = 𝑥 − 𝑤2 ;                     𝐿ଶ = 𝐻 − 𝑦 − ℎ2𝐿ଷ = 𝑊 − 𝑥 − 𝑤2 ;       𝐿ସ = 𝑦 − ℎ2 
(14)

 
In a similar manner, cable length for an arbitrary end-

effector pose can be computed as 
 𝐿ଵ = 𝑥 − 𝑤2 ;               𝐿ଶ = 𝐻 − 𝑦 − ℎ2 𝐿ଷ = 𝑊 − 𝑥 − 𝑤2 ;     𝐿ସ = 𝑦 − ℎ2 

(15)

 
Assuming that the initial angle for the motors 

corresponds to (𝑥, 𝑦), the inverse kinematics, ሾ𝛼ଵ, 𝛼ଶሿ =Λூ(𝑥, 𝑦), can be obtained 
 
 

 
 

 

𝛼ଵ = 1𝑟 (𝐿ଵ + 𝐿ଶ − 𝐿ଵ − 𝐿ଶ)       = 1𝑟 (𝑥 − 𝑥 + 𝑦 − 𝑦) 𝛼ଶ = −1𝑟 (𝐿ଷ + 𝐿ଶ − 𝐿ଷ − 𝐿ଶ) = −1𝑟 (𝑥 − 𝑥 + 𝑦 − 𝑦) 

(16)

 
 

3. Experimental platform 
 
3.1 Descr pt on 
 
Fig. 8 shows the experimental platform. The frame is 

made of steel profile and its dimensions are 2.5 × 2.0 m. 
The end-effector is 0.35 × 0.15 m and its weight is 1.2 kg. 
The upper and downer carriages are mounted on linear 
guides attached to the frame. The pulleys are made of nylon 
and their radius is 0.06 m. 

The motors are stepper motor Nema 34 (3000 rpm, 27.8 
Nm). The position reference is defined by means of 

 
 

 
 

 
Fig. 8 Experimental platform.

(a) Captured frame for vibration 
determination 

(b) Example of captured movement and 
natural frequency determination

(c) Natural frequency: 
model vs. experiments

Fig. 9 Procedure for natural frequency determination
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a Matlab® application which send the trajectory data to an 
Arduino Mega controller. This controller commands the 
movement of the motors by means of two position 
servocontrollers. The sample time used for the control 
scheme is 1 ms. 

 
3.2 Frequency doma n dent f cat on 
 
Expression (13) is an approach to determine the natural 

frequency of the end-effector. This section details the 
experimental validation of (13). For a given pose, [𝑥, 𝑦] 
an instantaneous lateral force of 20N is applied to the end-
effector on the direction of X axis. A vision system (1080 × 
720 p and 60 fps) captures the dynamic image of the end-
effector movement. An application developed in Matlab® 
determines the real word coordinates of the movement of 
the end-effector. By analysing the displacement of end-
effector among X axis, the natural frequency, 𝜔, can be 
determined. Fig. 9(a) shows and example of a captured 
frame since Fig. 9(b) shows an example of 𝑥 movement of 
end-effector after to apply the lateral force, the Fourier 
Transform of the displacement and the value of an example 
of natural frequency obtained. 

Following this procedure, the natural frequency of the 
end-effector can be experimentally determined for different 
end-effector pose and compared to expression (13) for 
validation purpose (see Fig. 9(c)). The maximum error 
committed between expression (13) and experiments is less 
than 10%. Section 4 demonstrates that expression (13) can 
be successfully applied to implement an easy closed loop 
for controlling end effector pose. 

 
 

4. Control approach and results 
 
4.1 Control strategy 
 
Fig. 10 represents the control strategy applied for 

controlling the proposed device. System dynamics 
represents the dynamics behaviour of the end-effector when 
is actuated by means of the stepper motors described in the 
previous section. In this sense, we are going to consider the 
dynamics behaviour of the controlled system (inner loop in 
Fig. 10), is of the form 

 

 
 

being 𝐾ଵ = 𝐾ଶ = 1 (zero steady state error provided by 
servocontrollers), 𝜔ଵ = 𝜔ଶ  and equal to the natural 
frequency identify in Section 3.2 and 𝜉ଵ = 𝜉ଶ that has been 
set to 0.4. 

The assumption that the inner loop presents a second 
order and linear dynamics is a strong assumption that is 
only used as an easy example to control the end-effector 
pose owing that the actuator system are stepper motors 
controlled by servocontrollers which dynamics is unknown. 

If inner loop is of the form shown in (16), inverse 
dynamics can be expressed as 

 Ψିଵ(𝑠)
= ⎣⎢⎢⎢

⎡𝑠ଶ + 2𝜉ଵ𝜔ଵ𝑠 + 𝜔ଵ𝐾ଵ𝜔ଵ 00 𝑠ଶ + 2𝜉ଶ𝜔ଶ𝑠 + 𝜔ଶ𝐾ଶ𝜔ଶ ⎦⎥⎥⎥
⎤
 (18)

 
Although Ψିଵ(𝑠) is a non-proper dynamics, it can be 

precomputed as shown in Fig. 10 in time domain as 
 𝛼ොଵ∗ = 1𝐾ଵ ቆ𝛼ଵ∗ + 2𝜉ଵ 𝑑𝛼ଵ∗𝑑𝑡 + 1𝜔ଵ 𝑑ଶ𝛼ଵ∗𝑑𝑡ଶ ቇ𝛼ොଶ∗ = 1𝐾ଶ ቆ𝛼ଶ∗ + 2𝜉ଶ 𝑑𝛼ଶ∗𝑑𝑡 + 1𝜔ଶ 𝑑ଶ𝛼ଶ∗𝑑𝑡ଶ ቇ 

(19)

 
This control approach is a simple inverse dynamics 

technique which use the natural frequency identification of 
Section 3.2 to generate modified motor angle references, 𝛼ොଵ∗ and 𝛼ොଶ∗, to remove the non-desirable vibration of the 
end-effector when moves along X-axis. 

For ensuring a smooth shape of 𝛼ොଵ∗ and 𝛼ොଶ∗, a third-
order trajectory of the end-effector reference has been 
generated. 

 
4.2 Results 
 
4.2.1 Repeatability 
The control approach has been experimentally tested 

and the end-effector pose, 𝑥 and 𝑦 has been checked by 
means of the vision system mentioned in Section 3.2. 

 
 

 
 

Ψ(𝑠) = ⎣⎢⎢⎢
⎡𝛼ଵ(𝑠)𝛼ଵ∗(𝑠) 00 𝛼ଶ(𝑠)𝛼ଶ∗(𝑠) ⎦⎥⎥⎥

⎤ = ⎣⎢⎢
⎡ 𝐾ଵ𝜔ଵ𝑠ଶ + 2𝜉ଵ𝜔ଵ𝑠 + 𝜔ଵ 00 𝐾ଶ𝜔ଶ𝑠ଶ + 2𝜉ଶ𝜔ଶ𝑠 + 𝜔ଶ

 ⎦⎥⎥
⎤
 (17)

 
Fig. 10 Experimental platform
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Closed loop cable robot for large horizontal workspaces 

 
 

Fig. 12 Trajectory tracking experiment 
 
 
First results are a related to the robot repeatability. A go 

and back X and Y-axis trajectories have been repeated 20 
times, measuring the error after the 20 manoeuvres. Fig. 11 
illustrates the experiments. The error committed for 
horizontal experiment is 1.6 mm and 0.5 mm for vertical 
one. 

 
4.2.2 Trajectory tracking 
Fig. 12 illustrate the 20-points trajectory executed to 

check the trajectory tracking of the end-effector. 
 
 

 
 
Table 1 summarizes the steady state error and the 

maximum following error. Vertical movements naturally 
present less error than horizontal one. The maximum 
following error is 14.5 mm (trajectory 15-16) since the 
maximum steady state error is 2.6 mm (trajectory 18-19). 

 
 

5. Conclusions 
 
In this work, a novel mechanical design based closed 

cable loop is presented for inspection of horizontal surface 
of civil structures. The proposal here is easily scalable for 
very large workspace maintaining the motorization of the 
robot. The device presents non-desirable vibration when 
moving along X-axis. A simple model for determining the 
natural frequency is developed and experimentally 
validated. This frequency characterization is applied for 
controlling the end-effector pose by using an inverse 
dynamics scheme, owing to the unknown dynamics of the 
stepper motors-controllers set. The results show that the 
robot presented here presents an accuracy about 15 mm for 
trajectory tracking and a maximum steady state error about 
2-3 mm. 

This proposal is a novel solution to inspect horizontal 
surfaces if civil structures. This novel device has a low 
vertical occupancy so it can be considered a non-invasive 
solution. 

Further works in this research line must include the 
attaching of different inspection systems to the end-effector 

 
 

(a) Repeatability test: X-axis movement (b) Repeatability test: Y-axis movement

Fig. 11 Repeatability experiments

Table 1 Trajectory tracking results 

Trajectory Maximum following 
error (mm) 

Steady state error
(mm) Trajectory Maximum following 

error (mm) 
Steady state
error (mm)

1-2 8.9 1.2 11-12 7.5 2.2 
2-3 2.1 1.8 12-13 6.2 1.2 
3-4 7.2 1.8 13-14 2.5 2.5 
4-5 1.8 1.4 14-15 6.0 1.4 
5-6 12.4 2.4 15-16 14.5 2.5 
f6-7 3.6 2.1 16-17 9.4 1.6 
7-8 9.1 2.2 17-18 1.2 1.0 
8-9 2.5 1.4 18-19 2.6 2.6 

9-10 8.4 1.5 19-20 1.5 0.8 
10-11 2.0 1.8    
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s cameras or laser to detect, reconstruct and analyse 
different kind of defects present in horizontal surfaces of 
civil infrastructures as deck of bridges. 
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