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Abstract. This paper introduces a novel cable-driven planar haptic
device with 4 DOF, six actuators, and two end-effectors, which can be
used to provide planar motion and grasping capabilities. In this design,
the rigid end-effector that is found in regular cable-driven robots is
replaced by a configurable platform, i.e. a closed-loop that possess some
internal DOF, which in the present case is made of cables in tension.
Both the position and the configuration of the platform can be fully
controlled through motors located on the frame of the device, offering
a novel solution to provide grasping capabilities in parallel cable-driven
mechanisms. After establishing the governing kinematics and statics rela-
tions, a workspace analysis of the novel mechanism is presented. Then,
a proof-of-concept prototype has been developed in order to validate the
kinematics. Finally, an optimization of the design parameters for maxi-
mal compactness of the system is presented. This design is expected to
find applications in haptics technology due to its unique gripping mech-
anism and high structural stiffness architecture.

1 Introduction

In order to render realistic force feedbacks in impedance controlled haptic device,
a device must possess a high mechanical bandwidth, such that the high-frequency
content of the forces occurring during contact with stiff environment can be
rendered properly. Parallel mechanisms [1] are often used now a days as haptic
devices since they offer higher stiffness and lower inertia than comparable serial
devices [2]. This is mainly due to the fact that all their motors are generally
located on or near the base.

In some haptic applications, it is interesting to allow the operator to interact
with the remote or virtual environment via multiple contact points, allowing
the user to feel the shape and stiffness of the manipulated object. When grasp-
ing capabilities are needed, a conventional approach is to mount an additional
grasper with a dedicated motor at the top of the parallel manipulator [3]. This
however results in additional inertia and lower mechanical bandwidth, since mass
is added at the point that is the furthest from the base.
c© Springer International Publishing AG 2018
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Cable-driven parallel manipulators have also been used as haptic devices [4–6]
because, aside from the advantages of rigid-link parallel manipulators, they can
also offer a practically unlimited translational workspace and even lower inertia.
However, adding an actuated haptic gripper to a cable-driven mechanisms would
be more complicated due to the absence of rigid links to attach the power and
communication wires, and would proportionally have a worst effect on the total
inertia of the system.

In this paper, we propose a new type of cable-driven parallel mechanism,
which offers planar motion and grasping capabilities with force feedback, while
all the motors are located at the base. The innovative structure is based on the
use of a multi end-effectors configurable platform [7], also formed by cables in
tension, for which both the position and configuration can be fully controlled
from the actuator at the base.

After a general presentation of the system in Sect. 2, the notation used and
the geometric, kinematic and static analysis of the system are presented in Sect. 3
and their governing equations are summarized. Section 4 attains to the workspace
definitions and analysis to describe the reach of the robot. Section 5 presents a
demonstrator developed to validate the design and summarizes the obtained
experimental results. Finally, Sect. 6 presents a way to optimize the system for
maximum workspace to robot frame ratio.

2 System Description

This section introduces the novel cable-driven architecture on which the haptic
device is based. The innovation in this architecture is in the use of a configurable
platform made of two cables in tension which allows the interface to interact with
the operator via two end-effectors (EEs), allowing grasping capabilities.

Figure 1 shows the schematic of the 4 DOF (two EEs, each having x and
y translation capabilities) six actuators, cable-robot with the novel grasping
mechanism. The red dots represent the location of the actuators on the robot
frame, with cables connecting to the blue colored EEs and the rings (indicated
as circles). The rings are allowed to slide along the two platform cables in order
for the system to achieve equilibrium. While the cable lengths attached to the
motors can vary with different positions of the EEs, the summarized lengths
of the two cables between the two EEs are kept constant. The cable lengths
between the EEs are based on the desired gripping distances, i.e. the desired
minimum and maximum distance between the EEs. The gripping distances con-
sidered are 0.04 m to 0.10 m for ergonomic purposes. To enable these gripping
distances, the cable lengths between the EEs are considered to be 0.105 m each
which is the minimum requirement for a 0.10 m gripping distance and collisions
avoidance. Although the minimum number of cable needed to fully control a 4
DOF mechanism is 5, an over-redundant design with six cables was preferred
in order to achieve symmetry in the structure and more symmetry in the robot
workspace and performance. Compared to the use of a dedicated grasping motor
on the end-effector, enabling grasping capabilities from the coupled action of the
motors located on the base reduces the inertia of the haptic device, improving
the mechanical bandwidth of the mechanism.
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Fig. 1. Schematic of the 4 DOF, two end-effectors cable mechanism.

3 Geometric, Kinematic and Static Analysis

In this section, the kinematic relations between the end-effectors positions and
the actuated cable lengths will be established based on the geometry of the
architecture. The relations between the tensions in the actuated cables and the
forces created at the end-effectors will also be introduced based on static equi-
librium. We first introduce the notation and analysis of classical cable-driven
robots and show how these concepts can be extended to a cable-driven robot
with a configurable platform.

3.1 Modeling and Notation in Regular Cable-Driven Mechanisms

In case of planar robots, the orientation of each cable can be described with a
unit vector di along the cable i as

di =
[
dix
diy

]
(1)

When tension fi is applied, the cable i exerts a pure force fidi on the end-
effector. As a cable robot can function only when the cables are in tension, fi
always has to be positive. For a mechanism with a point-shaped end-effector, the
total force applied on end-effector must be zero under static equilibrium. These
conditions can be represented with the following system of equations:

AT f + w = 0, fi > 0 (2)

where the structure matrix is represented by AT = [d1 d2 d3 d4 .... dm], the
forces on the cables are summarized in f = [f1 f2 f3 f4 .... fm]T and w rep-
resents other external forces on the EE, like the gravity or other user defined
forces.

The cable lengths (li) at each pose can be calculated by inverse kinemat-
ics. As explained by Tobias et al. in [12], it is possible to get satisfying force
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values, for low velocities with applied low minimum force limits. However, with
increasing velocities and accelerations the gripper starts to wobble due to slack
cables. To avoid this, it is suggested to set appropriate upper (fmax) and lower
(fmin) bounds on the system forces. For our system, forces were bounded by
fmin = 5 N and fmax = 100 N. Since the mechanism exhibits force redundancy,
multiple values of feasible forces for each robot pose are possible. In order to get
at least one dimensional solution set for force distribution for a specific robot
pose, we select the minimum Euclidean norm of vector f as the applied forces.
This optimal force solution set is computed for the desired system by using the
MATLAB inbuilt optimization algorithm fmincon.

3.2 System Realization

Using the cable robot generic system equation as given in Eq. (2), the cable robot
force equilibrium can be modeled.

[
d1x d2x d3x
d1y d2y d3y

] ⎡
⎣f1

f2
f3

⎤
⎦ +

[
0
0

]
=

[
0
0

]
(3)

Equation (3) represents the system equation for a three cables robot shown
in Fig. 2(a). To extend this representation to our mechanism, we consider the
complete architecture of the 4 DOF mechanism, as a collection of regular cable-
driven mechanisms that are sharing some cables. For example, the system shown
in Fig. 2(b) can be considered as two 3-cables mechanisms, sharing a common
cable. This common cable introduces force constraints in the system. Forces f3
and f4 are equal in magnitude and opposite in directions as they represent the
same cable. By concatenating the structure matrices for the two robots and
adding an extra row to model the identical tension magnitudes in cables 3 & 4,
the structure matrix for this arrangement is given by:

⎡
⎣d1 d2 d3 0 0 0

0 0 0 d4 d5 d6

0 0 1 −1 0 0

⎤
⎦

⎡
⎢⎢⎢⎢⎢⎢⎣

f1
f2
f3
f4
f5
f6

⎤
⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎣

0
0
0
0
0

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

0
0
0
0
0

⎤
⎥⎥⎥⎥⎦ (4)

Following this principle, the 4 DOF mechanism can be modeled as four mech-
anisms (2 nos. each of 3-cables & 4 cables mechanisms) sharing cables, as shown
in Fig. 3(a). Besides the force constraints introduced by the shared cables on the
system, the rings introduce additional constraints. The rings are not fixed enti-
ties like the EEs but are allowed to slide along the platform cables to achieve
equilibrium when the EEs attain a particular configuration. The cables on the
two sides of the rings are indeed the same cable. This results in the force equal-
ities f5 = f7 and f12 = f14. Concatenating the 4 mechanisms and adding these
constraints due to the shared cables, the system equation for a 6 cable robot
with 2 EEs is obtained.
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Fig. 2. Geometric modeling.

Fig. 3. (a) 4 DOF six cable robot with force equality constraints, the shared cables
have equal and opposite forces for respective robots. (b) system configuration with
end-effectors at an angle.

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

d1 d2 d3 d4 0 0 0 0 0 0 0 0 0 0
0 0 0 0 d5 d6 d7 0 0 0 0 0 0 0
0 0 0 0 0 0 0 d8 d9 d10 d11 0 0 0
0 0 0 0 0 0 0 0 0 0 0 d12 d13 d14

0 0 0 1 −1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 −1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 −1 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 −1
0 0 0 0 1 0 −1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 −1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

f1
f2
f3
f4
f5
f6
f7
f8
f9
f10
f11
f12
f13
f14

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
0
0
0
0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
0
0
0
0
0
0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5)
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Equation (5) represents the system equation of the 6 cable robot. In order
to simulate this system of equations, it is necessary to know the positions of
the rings and end-effectors a priori. The positions of the EEs are the input to
inverse kinematics. If a ring can slide freely on a platfrom cable while keeping
the cable in tension, it will trace the trajectory of an ellipse with the two EEs
at the focii as shown in Fig. 4(a). In order to compute the positions of the rings,
two hypothesis were laid down.

(1) The rings will be positioned on the ellipse at a point which is at shortest
distance from the pulley connected to that ring.

(2) The line joining the pulley and the ring on the ellipse, aligns with the angle
bisector of the angle formed by joining the two focii to the ring as in Fig. 4(b).

The second hypothesis comes from the fact that, at each junction (of
rings/end-effectors), the forces are in equilibrium. Which means force f6 in
Fig. 3(a) is a resultant of the forces f5 and f7. In theory, the resultant should
be equal and opposite to force f6. The second hypothesis in fact validates the
first hypothesis. Simulating the two conditions proved that the angle bisec-
tor described in hypothesis (2) is indeed the shortest distance discussed in
hypothesis (1).

Fig. 4. System description (a) the ellipse concept with EEs at the foci and rings tracing
the ellipse trajectory. (b) the shortest distance and angle bisector hypothesis, F are the
ellipse foci.

4 Workspace Analysis

This section deals with the determination of workspace for the desired system
[8,9,11]. The position of the mechanism is defined as the point at the mid
distance between the two end-effectors. A point is considered a part of the
workspace, if for its defined pose, all the cables have positive forces within the
stated bounds [10]. To determine the workspace of the desired system, each point
in the workspace is scanned to check and Eq. if all the required conditions are
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satisfied. Figure 5(a) and (b) represent the robot workspace with an end-effector
angle of 0◦ & 10◦ respectively. The grasping distance is 0.10 m and the design
parameters as shown in Fig. 3(b) are dp = 0.15 m and L = Wf = 0.30 m.

Fig. 5. Workspace with (a) EEs at 0◦ (b) EEs at 10◦.

This being a haptic device, it is important for the operator that the workspace
is easily conceivable. To deal with this problem, regular shaped workspace within
the actual workspace was determined which involved computing the largest con-
ceivable shape possible in the obtained contour. The new retrieved workspace
will henceforth be referred as Useful Workspace, as shown in Fig. 6(a).

Fig. 6. (a) Useful workspace with EEs at 10◦. (b) intersected Useful workspace area.

A point is a part of the translational workspace if all postures of robot are
possible at that point i.e. at all defined gripper distances (distance between two
EEs, g) and EE angles (represented by α in Fig. 3(b)) within certain ranges.
It is observed that workspace size reduces with decreasing gripper distance and
increasing magnitude of angle between the EEs. For the purpose of this paper,
a gripper distance of 0.04 m to 0.10 m and an angular range for α of ± 10◦ is
considered. By varying geometric and design parameters dp, Wf , L, α (as shown
in Fig. 3(b)) and the gripping distance, different translational workspaces can be
obtained.
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An useful translation workspace for all gripper distances and different EE
angles is computed as the intersection of useful workspaces for each gripping
distance and EE angle values. As expected, this final workspace is much smaller
than the initially computed useful workspace for individual gripping distances
and EE angles. This whole process is depicted in Fig. 6(b).

5 Proof of Concept and Kinematic Validation

In order to validate the kinematic and static model of the novel architecture,
a proof-of-concept demonstrator of the system was built and experiments were
conducted for various tensions in the cables. This section illustrates the technical
design of the robot architecture based on the proposed kinematic model. Task
performance of the system is judged with positioning accuracy. The design is
done keeping in mind haptics interface, which is considered as the final appli-
cation of the system, and attention has been paid to ergonomics. These factors
will govern the values of design parameters of the robot.

Fig. 7. Experimental set up (1) gripper (2) wooden plank, robot frame (3) table frame
(4) weights and sandbags (5) pulley. Also shown: Gripping mechanism with two EEs
and rings.

Figure 7(a) shows the experimental set up. It consists of a metallic table
frame to hold the robot frame. A wooden plank of 0.75 m× 0.75 m served as the
robot frame. Six pulleys mounted on adjustable C-clamps were screwed to the
frame. The distance between the two pulleys on the same edge of the frame was
fixed at 0.19 m each from the center, while the single pulleys were positioned in
the middle of the edge. Nylon wires with low elasticity were used as cables. For
the gripper, two cups and two rings were used as shown in Fig. 7.

The 3D printed gripper cups have a dimension of 1.5× 10−2 m diameter for
a human finger to fit in. Gripper distances can be varied from 0.04 – 0.10 m,
these figures are again ergonomically influenced, considering the minimum and
maximum grasping possible for a human hand. For providing tensions in the
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cables, discrete weights with sand bags for weight flexibility were hanged from
the cables. A grid paper of 1× 10−2 m x 1× 10−2 m grids was stuck on the
wooden plank for measurements.

While carrying out the experiment, it was important to take into account
that the mechanical forces operating at the grippers, must be within a range
that a human can exert. The considered force bounds for the system are 5–100
N which correspond to weights of 0.5 – 10 kg, operators can comfortably exert
forces of any value in this range. Friction and other external forces on the system
have not been accounted for in this design, however considering these forces will
only alter the vector w of the system Eq. (2), which will not be a difficult task.

The main objective for kinematic validation is to test if the proposed designed
kinematic model works in a real set-up. Seven different positions of EEs, with
different angles and gripping distances were given to the MATLAB code as
inputs and the force values were noted. These positions were randomly selected
and are presented in Table 1. Weights equivalent to these forces were hanged from
the cables and the gripper was allowed to attain equilibrium. Once the gripper
achieved stability, the positions of the EEs with angle and gripping distances
were noted and compared with the simulated values. At every test point, the end-
effector positions were marked with a pencil on the grid paper and the required
measurements were taken from these markings after removing the EEs from
the position. This helped in avoiding parallax to some extent. Table 1 shows a
comparison between the simulated positions and the experimental positions, for
the same cable tensions.

Table 1. Simulation & experimental data analysis

Simulated values Experimental values Error

Angle

(α) (deg)

Gripping

dist. (g)

(m)

Position

(x,y) (m)

Angle (α)

(deg)

Gripping

dist.(g)

(m)

Position

(x,y) (m)

� α � g (� x, � y)

−10 0.06 (0.25, 0.26) −11 0.064 (0.253, 0.27) −1 0.4 (0.3, 1)

10 0.08 (0.58, 0.29) 9.2 0.83 (0.587, 0.293) −0.8 0.3 (0.7, 0.3)

−5 0.07 (0.40, 0.40) −5.4 0.072 (0.383, 0.39) −0.4 0.2 (−1.7, −1)

−5 0.06 (0.29, 0.54) −4.6 0.061 (0.292, 0.537) 0.4 0.1 (0.2, −0.3)

0 0.09 (0.20, 0.40) 0 0.096 (0.205, 40.05) 0 0.6 (0.5, 0.5)

5 0.08 (0.34, 0.34) 4.8 0.083 (0.33, 0.344) −0.2 0.3 (−1, 0.4)

0 0.10 (0.47, 0.47) 0 0.095 (0.476, 0.47) 0 −0.5 (0.6, 0)

A number of factors affect the positioning accuracy of a system such as wear
of parts, dimensional drifts, tolerances, assembly errors and limitations, friction,
component manufacturing errors, measurement errors etc. These factors can
explain the small deviations between the actual kinematic parameters and their
nominal/experimentally obtained values.
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6 Optimization

The workspace varies with size of the robot frame (length L and width Wf ) and
also with the distance between the two pulleys dp as shown in Fig. 3(b). These
three parameters namely L, Wf and dp formed the design variables used for
optimization of the useful workspace. Since the whole device can be scaled up
or down, the optimization objective is defined as the ratio between area of the
frame and area of the intersected useful workspace.

Ratio =
Area of frame

Area of useful workspace
(6)

Table 2 briefly presents the optimization parameters, their roles and consid-
ered bounds.

Table 2. Optimization parameters

Parameter Role Notation Bounds

Ratio Objective function Ratio NA

Frame width Design variable Wf 10 to 20

Frame length Design variable L 10 to 20

Dist. between pulleys Design variable dp 2.5 to W

Pattern Search and Grid Search optimization algorithms were used for this
purpose and the optimizer was made to compute the workspace for angle values
of −5◦, 5◦ and 0◦ and gripping distances of 0.04 m – 0.08 m. These ranges
are different than those considered for experimentation to aid optimization and
reduce the simulation time. Grid Search algorithm performed a discrete crude
search while a Pattern Search algorithm was used to refine the search. The entire
workspace is scanned for feasible robot positions with a resolution of 0.01 m. The
values for step size and resolution are considered to be discrete for the purpose
of optimization as the complexity of the program and hence the computation
time increases exponentially with increasing parameter and resolution precision.

Table 3. Optimization results for grid & pattern search algorithm

Parameter Non-optimized
value

Optimized value (grid
search)

Optimized value
(pattern search)

dp (m) 0.10 0.14 0.16

L (m) 0.20 0.20 0.197

Wf (m) 0.20 0.20 0.197

Frame area (m2) 0.04 0.04 0.039

Useful workspace (m2) 93.5× 10−4 137.49× 10−4 137.49× 10−4

Ratio 4.28 2.91 2.83
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Fig. 8. Grid search plot.

Table 3 shows the optimization results for both the algorithms. Figure 8 show
the variation of area of useful workspace with d and Wf/L.

Pattern Search algorithm was used to refine the search to cover the data
skipped by Grid Search. However, there is not a significant difference between the
results obtained in both the cases. This step to optimize the structure was done
to get an idea about how the effective useful workspace changes with geometric
parameters. Figure 8 shows how the workspace area varies with the chosen design
parameters.

7 Conclusions

This paper presented a novel cable-driven master device for planar grasping for
haptics interface. The need for a traditional gripper at the robot EE is elim-
inated by the unique gripper design with the two EEs and rings. Fixing the
positions of the two EE, the position of the rings was geometrically computed
for each pose of the robot. The wrench feasibility of the cable robot was inves-
tigated by fmincon algorithm, such that all cables have positive tensions. The
optimum values of cable forces were obtained which were set to fluctuate within
pre-set minimum and maximum values of cable tension. The kinematic theory
was validated through a working demonstrator. A comparative study of the
results obtained experimentally and through simulations was done to support
the design validation. Finally, a design optimization was carried out to maximize
the workspace of the device for a given frame dimension. This design is expected
to find applications in haptics technology due to its unique gripping mechanism
and light and sturdy architecture.
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