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Abstract 

A novel cable-driven mechanism with three spatial translational motions and a central prismatic actuator to keep 
the cables under tension and increase the workplace volume is investigated. Having high accuracy in its 
workspace, the robot has potential for large-scale robotic manipulations, machining of large parts, and material 
handling. Kinematic and Jacobian analysis are performed after developing the loop chain equations. Then the 
motion is numerically analyzed to study the relations between the winches’ revolute angles and the position of the 
end-effector for a sample welding path.  
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1. Introduction

Although simple in form, cable robots are extensively exploited today for multiple purposes, including
handling. Multiple fixed- or moving-winches are also employed to move the end effector through the connection 
cables. These type of robots are usually utilized for carrying objects such as video cameras, hooks, or other types 
of grippers.  

One of the most important usages of robotic systems is in power transmission maintenance, and their 
monitoring by mobile sensing (Jiang et. al. , 2004). Sensitivity improvement and thus system reliability 
enhancement are just two of their advantages. Their applications include live maintenance of high-voltage 
transmission lines, thereby removing human workers from dangerous and highly specialized operations. They can 
also work in hazardous environments like radioactive locations in nuclear plants and access tight spaces such as 
cable viaducts and cooling pipes, and help in the precise positioning of measurement equipment. Robotics and 
information technology are implemented within electrical networks to make their power systems more efficient 
and form a small grid. (Rashid et. al. 2018). 

Robots can be widely used in energy applications. Jeon et. al. (2012) introduced a blade-cleaning robot for the 
maintenance of wind power blades. These types of maintenance devices require a continuous supply of green-
source energy, and due to the special shape of the blades, must have a mechanism that can conform to it and still 
be effiecient.  
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Meng et al. (2018) performed the conceptual design, kinematic analysis, and workspace identification of a 
four DOF parallel robot. They used a line-graph method and specified the performance of the robot. Yang et al. 
(2011) proposed a 7-DOF dexterous robotic arm with an anthropomimetic design consisting of shoulder, elbow, 
and wrist modules, all cable driven. They performed dispalcement, tension-closure, and workspace analysis, and 
optimized the system to mimic humans as much as possible. In another work, Abdolshah et al. (2015) studied a 
linear quadratic (LQ) optimal controller with position and velocity feedback for a 3-DOF planar cable-driven 
parallel robot (Feriba-3). Liu et al. (2016) developed a human-scale artificial ankle joint actuated by a cable pulley 
transmission and perfomred a multi-body dynamic performnace evaluation in ADAMS to investigate the usage 
of the mechanism in humanoid robots.  

 
In a related work, Bamdad (2013) developed a general model for a cable-suspended manipulator and solved 

the cable vibrations analytically. A closed form solution is obtained for the dynamic response to flexibility, and 
optimal torques are generated considering actuator limitations. In addition, Wei et al. (2012) used Linear 
Programming and a geometric method to calculate the velocity output and force output of  manipulators, especially 
heavy duty ones, in different situations. As an example, the force capacity space of a heavy-load excavating 
mechanism is calculated and is represented as a multi-dimensional polytope. Zhang et al. (2012) built the dual-
robot coordination system for coordinating the welding  of complex curved seams, the robots holding the 
workpiece and the torch, respectively. A three point calibration method is presented, and  a non master/slave 
scheme is chosen for the motion planning to calculate the work space trajectories through the constrained 
relationship matrices automatically. As depicted, the welding process meets the requirements of downhand 
welding, the joint displacement curves are smooth and continuous, and no joint velocities are out of the working 
scope. Yuan et al. (2016) have introduced an automatic robot taping system consisting of a robot manipulator, a 
rotating platform, a 3D-scanner, and specially designed taping end-effectors. Considering different classes of 
geometries, a collision avoidance algorithm is introduced and various surface coverage strategies are discussed. 

 
In order to predict the pose accuracy of precise robots in the design stage, and/or reducing the calibration time 

of existing robots,  Jáuregui  et al. (2013)  presented two novel methods for estimating the accuracy of parallel 
robots. Propagation of errors is considered as the first method. Secondly, each actuator is assumed to have a 
constant error at any stroke. Quaglia et al. (2015) proposed a dynamic based method in the design of balancing 
devices for articulated robots in industry. Two aspects have been considered: optimizing the position of the 
balancing system, and designing the balancing parameters. Pneumatic, hydro-pneumatic, and mechanical 
springs,investigated for the requirements of torque compensation are all shown able to perfectly balace statically 
in all configurations. 

 
Lens et al. (2012)  presented a lightweight BioRob manipulator for safe physical human-robot interaction and 

analyzed it using a worst-case collision scenario. A safety evaluation method was proposed considering the 
potential energy stored. The results enable safe operation even at high velocities.  

 
Quaglia et. al. (2013) statically balanced a 2-DOF anthropomorphic robot. Two solutions were employed:  

pneumatic and hydro-pneumatic. As a result, the workspace and payload capabilities were shown to have 
improved. 

 
Having eliminated the complex components, Modak et al. (2016) introduced an innovative low-cost 

configuration stair-climbing mechanism that can be implemented as a staircase-climbing wheelchair or staircase-
climbing trolley for material transfer systems. 

 
To reduce the pressure exerted on the entrance point in a patient’s abdominal wall during minimally invasive 

surgery, Stoica et al. (2013) have used an analytical approach to introduce a parallel robot that can also handle 
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both a laparoscope and an active instrument for different surgical procedures. The inverse and direct geometric 
and kinematic models are derived. The necessary workspace and also different types of singularities are discussed. 
 

It is typical for cable robots to be actuated by a set of cables mounted both at the top and bottom of a moving 
platform. As mentioned before, since cables can only exert tensile forces, they have to be kept in tension condition 
during operation of the robot. The set of cables under the moving platform are used to keep the upper cables under 
tension within the workspace of the moving platform. However, in this case, the work space of the robot is limited 
to only the space formed by the planes passing through the points at which winches are mounted. 

 
 

 
 
 

Fig. 1. Cable arrangement in conventional cable robots 
Alikhani et al. (2009) 

 
 
 

Fig. 2. Workspace volume in conventional cable robots 
Alikhani et al. (2009) 

 
In this paper a novel mechanism is used to keep upper cables under tension and extend the workspace of the 

robot. First kinematics analysis is developed. Afterwards, Jacobian analysis is performed to determine the relation 
between input and output parameters. 

 
2. Mechanism  

 
The robot consists of a fixed platform and a moving platform. The former is fixed on the stationary base and 

the latter can perform three translational motions in the space beneath. 
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Rigid links are replaced by cables to decrease the inertia of the robot. The main drawback of this substitution is 
that cables can only be used for exerting tensile forces. Thus, they always have to be kept under tension.  

 
The common method for providing the required tension condition in cables is that two sets of cables are used. 

The first set is located above the moving platform and connects the moving platform to the upper section of the 
fixed base. The second set is located below the moving platform and is connected to the lower section of the fixed 
base as shown in Fig. (1). 

In Fig. (2), the workspace of the moving platform is limited to the space formed by the planes passing through 
the locations of winches. However, it is obvious that for points located near the boundary planes the robot will 
approach singularity. 

 
The alternative proposed design eliminates the lower cables; however, to compensate for the tension provided 

by these cables a novel method is used.  
 
An additional limb consisting of two links connected by a prismatic joint connects the top of the moving 

platform to the fixed base. The prismatic joint can be actuated by using a screw-ball mechanism or a hydraulic 
cylinder. Since the added limb is attached to both the fixed and moving platforms, it should be able to rotate about 
any arbitrary coordinate axis; thus two spherical joint are used to connect the new limb to the fixed and moving 
platform; that is, two universal joints are used at the ends of this limb.  
 
3. Kinematics analysis 

 
Herein, the procedure by which the length of the hydraulic cylinder is determined is discussed. 
 

3.1 General loop-closure equation  
 
Fig. (3) shows the kinematical construction of the robot. In order to write the loop-closure equation as the base 

equation for kinematical analysis, we first attached a frame to the fixed base such that the positive direction of the 

“y”axis is from point P located at the center of the fixed platform to point 1A . The positive direction of the other 
axis is shown in Fig. (3). 

 

 
 

Fig. 3. Schematic design of the cable robot 
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Each cable is shown by vector iL  and its length is designated by iL which is a function of the initial length il

and the revolute angle of the winches iθ and is computed using Eq. (1). 

(1) iii rlL θ+=  3,2,1=i  

in which r  is the radius of the cable pulley’s of the winches. However, for the initial conditions of the moving 
platform located at the calibration location, the initial lengths of all the cables are equal. 

Now, the loop-closure equation can be written for the robot. The three loop-closure equations can be derived 
by using the vector addition of successive position vectors. The loop-closure equations can be written as: 

(2) i i iPQ QB PA L+ − =  3,2,1=i  

 
3.2 Forward Kinematics 

 
In the forward kinematic analysis of this robot, the angles of the revolutions for motorized winches are known, 

and the final position of the moving platform has to be determined. Knowing the revolution angles for the winches, 
the length of the cables can be computed from Eq. (1). Afterwards, by substituting the lengths in Eq. (2), three 
equations are obtained. These equations are strictly nonlinear; thus, a Maple™ code is developed to find the 
numerical solutions for the forward kinematics. In order to ensure the robustness of the derived solution, numerical 
results obtained from Maple™ code are evaluated by experimental results. 

 
Regarding Eq. (2), the position vector of the mass center of the moving platform designated by PQ is a vector 

as follows: 

(3) PQ [ , , ]Tx y zQ Q Q=  

 
The position vectors of the vertices of the moving platform with respect to the moving platform mass center 

Q  are designated by iQB and have fixed magnitudes, as follows: 

(4) 

1
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3
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2 6
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The position vectors of the vertices of the fixed platform with respect to the coordinate system fixed at P  are 

designated by iPA and have fixed magnitudes and directions as follows: 

 

(5) 
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Now the loop-closure equation is rewritten for each loop, resulting in three vector equations. On the other 

hand, there are three unknowns, which are the coordinates of point Q  of the moving platform. Hence, there is a 

system of three unknowns and three equations that must be solved simultaneously in order for the position of the 
moving platform to be determined. 

 
3.3 Inverse Kinematics 

 
In inverse kinematics analysis of this robot, the position of the moving platform is known as PQ and the 

components of the iL need to be determined. Afterwards, the magnitude of iL  can be computed, and finally, by 

using Eq. (1) and substitution of the i| L | revolute angles for each winch can be determined as follows: 

(6) i i
i

L l
r
−

θ =  1, 2,3i =  

 
4. Jacobian analysis 

 
For Jacobian analysis of this robot, firstly the loop closure equations should be derived as in Eq. (1). 

Afterwards, the time differentiation of both sides must be computed. The most important issue about the time 
differentiation is that the time differentiation of each iL  has two components. The first component is due to 

changes in the length of the cable, which changes when the winches revolve. The second one is due to the rotation 
of iL  with respect to the coordinate system fixed at point P. However, the time differentiation of the vectors iPA

and iQB  are zero, since their magnitudes are constant.  Moreover, due to the translational motion of the moving 

platform, they experience no change in their orientations. On the other hand, the time differentiation of PQ  has 

two components, one of which is due to changes in the length of the prismatic actuator, d , and the other is due 
to the rotation of the prismatic actuator. 

 
From a computational viewpoint, both components of the time differentiation of PQ depict the velocity of 

point Q , which is equal to the absolute velocity of the moving platform. 

The main result that d   is not computed directly and explicitly is that the central limb does not transmit any 
torque and it only provides the required compressive force for keeping the cables under tension condition. Thus, 
the time rate of change of its length is a function of the time differential of the length of other cables. 

(7) 
i i i i

i i i i

PA A B PQ QB

PA A B PQ QBd d d d
dt dt dt dt

+ = +

+ = +
 

(8) i i i i QL L+ × =
is ω s V  1, 2,3i =  

 
in which is  is the unit vector in the direction of the ith link. In order to eliminate the angular velocity of each 

cable, both sides of the above equation have to be dot multiplied by is : 

(9) is .s ω .(s s ) s .Vi i i i i i i QL L+ × =  1, 2,3i =  
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Two Jacobians can be defined in the above formula. The first one is the coefficient of the moving platform 

velocity vector QV  and the other one is the coefficient of the scalar iL : 

(10) 
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Fig. 4. Schematic depiction forward kinematics singularity (case I: both platforms on a single plane) 
 

5. Singularity analysis 
 
5.1 Inverse Kinematic Singularities   

 
Since qJ I=  is an identity matrix, there exists no inverse kinematic singularity within the workspace of the 

robot. However, inverse kinematic singularities can occur at the boundaries of the workspace where the central 
limb is in its fully stretched or retracted positions. 

 
5.2 Forward Kinematic Singularities 

 
For forward kinematic singularity analysis, the determinant of the forward kinematics Jacobian xJ should be 

set to zero. Thus we would have: 

(11) 1 2 3 1 2 3 1 2 3

1 2 2 1 2 3 1 2 3

( ) 0

( ) 0

x

x y z y z x z x y

z y x y x z x z y

Det J
s s s s s s s s s

s s s s s s s s s

=
+ +

− + + =

 

 
Afterwards, the concluding equation should be solved to determine the positions at which a singularity occurs. 

However, the analysis is performed for two straightforward scenarios. 
5.2.1 Case I 

 
Regarding Eq. (11), the Z-component of is appears in all terms of the determinant of xJ . If is does not have 

any component in Z  direction, then Eq. (11) would be satisfied. That is equivalent to the robot cables being 
stretched in the plane of XY . In such cases the moving platform can perform infinitesimal motions while the 
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winches and prismatic actuator are fully locked. The schematic orientation of the robot for this singularity is 
depicted in Fig. (4). 

 

 
 

Fig. 5. Depiction of singular workspace (case II) 
 

5.2.1 Case II 
 
In Eq. (11) when is  does not have components in the directions of X  and Y , the equation would be satisfied. 

This case occurs when the triangle formed by the winches is identical to the moving platform and has a length of 

edge equal to those of the moving platform, that is =a b . 
 
However, this condition is required but not sufficient. In order for the robot to become singular, is  should be 

normal to the plane of XY . In this case, the workspace in which a singularity occurs is a prism the upper base 
of which is located at the plane of the moving platform while the prismatic actuator is fully retracted. The lower 
base of that prism lies on the plane of the moving platform while the prismatic actuator is fully stretched. The 
singularity workspace in this case is depicted in Fig. (5). 

 
6. Numerical analysis of motion 

 
A numerical analysis is conducted to study the relations between the revolute angles of the winches, the length 

of the prismatic actuator, and the position of the end-effector. 
 
The analysis is conducted for a suggested workspace trajectory determined as a welding path, depicted in Fig. 

(6). The path is expressed in parametric form as a function of the time parameter t . Parametric coordinates of the 
end-effector as functions of time are as follows: 
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Fig. 6. Welding path for the end-effector 
 

 
 

Fig. 7. Changes of 1θ  with respect to time 
 

 

 (12) 


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⋅⋅⋅=
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1.0)(
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 40 ≤≤ t  

 
For numerical analysis, the first step is to discretize the path along which the end-effector travels. For 

discretization of the path, a time step of 0.001 second is set as the increment. The values for the coordinates of the 
end-effector are computed for every time step. Afterwards, for all time steps, loop closure equations are written 
and expanded in scalar form for all the cables. Then, the lengths of the cables are computed from the three scalar 
components of the loop closure equation. Finally the revolute angle corresponding to each time step is computed 
by using Eq. (6). The changes of the revolute angles of winches with respected to time are depicted in Fig. (7) 
through Fig. (9). 

 
On the other hand, since the length of the prismatic actuator is equal to the magnitude of the position vector 

of the end-effector, by using the discretized value for the coordinate of the end-effector, the length of the prismatic 
actuator can be computed as depicted in Fig. (10). 

 
As depicted in the figures showing the changes of the revolute angles and the prismatic actuator’s length, there 

is a negative slope in the last second of the motion. This occurs because the robot is assumed to return to its 
original position when reaches the end point of the curved welding path. 
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7. Conclusion 
 

This paper has presented the kinematical analysis of a 3-DOF cable robot. We also performed Jacobian 
analysis in order to find the forward and inverse kinematic Jacobian matrices. Afterwards, singularity analysis 
was done for two special cases, and singular workspaces were found. Finally, a numerical analysis was done to 
study the changes of the winches’ revolute angles with respect to time for a special given welding path. 

 

 
 

Fig. 8. Changes of 2θ  with respect to time 
 

 
 

Fig. 9. Changes of 3θ  with respect to time 
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Fig. 10. Changes of prismatic actuator’s length with respect to time 
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