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Abstract. Cable-driven wrench applicators are widely used in robotics
due to their lightweight design, large workspace, and ability to exert
wrenches. Usually, a subset of wrench components needs to be pre-
cisely controlled depending on the application at hand, whereas the other
wrench components need to be managed according to some criteria. This
paper presents a framework for analyzing and comparing cable systems
equipped with an arbitrary number of cables greater than the cardinal-
ity of the wrench subset they need to apply. Three performance metrics,
including one for selecting the tension distribution and two for evaluat-
ing cable tensions and the quality of the applied wrench, are introduced.
The proposed framework is applied to assess the feasibility of reducing
the number of cables to be used in a rehabilitation task, enhancing ac-
cessibility and ease of use for the physiotherapist during the exercise.
Simulation results validate this possibility.

Keywords: Cable-driven parallel robots, Rehabilitation robotics, Force
control, Tension distribution, Performance index.

1 Introduction

In many practical applications, the ability to separate position control from
wrench exertion is essential for achieving task-specific objectives efficiently. This
division is particularly relevant in systems where the primary goal is to apply
precise wrenches while delegating positional control to an external mechanism
or operator (rehabilitation [1], training [2], and haptic devices [3] for example).
Cable-driven parallel robots are particularly suited for such applications due to
their inherent advantages related to force control [4]. These systems use cable
tensions to achieve forces on the end-effector with relatively high precision in a
wide and scalable workspace and with minimal mechanical complexity compared
to rigid-link manipulators [5].

Despite significant research on workspace analysis [6] and performance eval-
uation [7] for cable-driven parallel robots to be used as traditional position-
controlled robots, there is a notable absence of comprehensive frameworks for
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evaluating and optimizing these systems when used primarily for wrench appli-
cation, while the demand for such systems across various applications is growing.
This gap highlights the need for novel methodologies that address the unique
challenges of force-focused applications, including: (i) managing the potentially
different control solutions depending on the number of employed cables [8], (ii)
minimizing undesired wrench components that do not need to be controlled, but
still emerge when a wrench subset is controlled [9], (iii) ensuring that cable ten-
sions are positive and bounded while meeting pose-dependent force requirements
[10], and (iv) developing metrics that meaningfully capture wrench application
performance [11].

This paper addresses these challenges by introducing an analytical framework
specifically designed for comparing cable-driven wrench applicators, regardless of
the number of cables that are used or the task to be performed. First, we present a
method for tension computation, under the assumption that the number of cables
is greater than the number of wrench components to be controlled. Second,
we introduce three relevant performance metrics: (i) the Overall Performance
Index (OPI) for selecting the optimal tension planner, and (ii) the Maximum
Tension Index (MTI) and (iii) Maximum Parasitic-Wrench Index (MPI) for
evaluating cable tensions and undesired wrench components. We demonstrate a
practical application of our framework, by comparing a 4-cable and an 8-cable
robot for a rehabilitation training. The rest of the paper is structured as follows.
Section 2 illustrates the tension computation model for a cable-driven wrench
applicator. Section 3 introduces the three performance metrics at the heart of
the comparative framework. An application is proposed in Section 4, where a 4-
cable and an 8-cable wrench applicator are compared on the same rehabilitation
task. In the end, conclusions and future work are discussed in Section 5.

2 Wrench application and tension control

In a cable-driven wrench applicator (CDWA), a certain wrench is applied to the
end-effector (EE) by pulling on n cables attached to it. This section presents
the mathematical framework to compute the cable tensions of a generic CDWA
when a number of wrench components smaller than n has to be controlled, while
the other components (particularly those that may hinder the task at hand) have
to be minimized or managed.

In the following, O(x, y, z) is an inertial frame, while O′(x′, y′, z′) is a mobile
frame attached to the EE (Fig. 1). The EE pose is described by the position
vector p in the inertial frame and the rotation matrix R. In this paper, R is
parametrized with tilt and torsion angles [12]. The i-th cable, modeled as a
massless straight segment, is guided into the workspace through an eyelet at
point Bi, described in the inertial frame by the vector bi. The cable is attached
to the EE at point Ai, which is described in the moving frame by the constant
vector r′i and in the inertial frame by ri = Rr′i. The cable vector connecting
points Ai and Bi is li = bi − ai, and the cable direction is ti = li/||li||.
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Fig. 1: Geometric model of the CDWA.

The relationship between the tension array τ ∈ Rn and the wrench w ∈ R6

applied to the EE is given by the structure matrix A ∈ R6×n:

Aτ = w (1)

If (×) is the vector product between two vectors, each column ai of A can
be expressed as:

ai =

[
ti

ri × ti

]
, i = 1, . . . , n, (2)

In wrench-application problems, w is either partially or fully defined, de-
pending on the number of components to be controlled. If m is the number of
controlled components, the remaining s components, with s = 6−m, are uncon-
trolled and may be classified, depending on their impact on the application, as
parasitic, if they hinder the task and affect robot performance by introducing
negative effects, or as residual, if they are neutral or inconsequential to the task
and should not be considered in performance evaluation. In stand-balance train-
ing, for instance, Fx and Fy are controlled to correct instability, Fz is residual
as it doesnt’t affect balance, and moments are parasitic [13]. The m controlled
components are denoted as wc ∈ Rm, the residual components as wr ∈ Rh and
the parasitic components as wp ∈ Rk, with h + k = s. For simplicity, we will
assume that the controlled coordinates are the first in the array w and the resid-
ual components are the second, that is, w = [w⊤

c w⊤
r w⊤

p ]
⊤. According to this

partition, Eq. (1) can be rewritten as:

Acτ = wc, Arτ = wr, Apτ = wp (3)

where Ac ∈ Rm×n, Ar ∈ Rh×n, Ap ∈ Rk×n and A = [A⊤
c A⊤

r A⊤
p ]

⊤. The left-
most, central, and rightmost relations in Eq. (3) are referred to as controlled,
residual, and parasitic equilibrium equations, as they account for controlled, resid-
ual and parasitic components of the wrench, respectively.

Based on Eq. (3), our goal is to determine the tension vector τ that generates
the desired forces wc, while maintaining wr and wp within some boundaries.
Additionally, a constraint accounting for positive cable tensions is required to
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avoid cable slackness. The solution to this problem is presented in [14] and is
briefly recalled here.

The existence of a solution primarily depends on the number of cables and the
properties of the structure matrix. Cable-driven systems require at least m + 1
cables to control m components of the wrench, as cables can only pull [15]. This
condition establishes the physical limit for the maximum number of controllable
components of the wrench: m ≤ n − 1. Moreover, the desired wrench vector
wc must be within the subspace spanned by the structure matrix Ac, having a
rank(Ac) = m.

Assuming that all the above conditions are satisfied, Acτ = wc may admit
infinite solutions of τ ∈ Rn and constrained optimization techniques can be used.
Despite a number of optimization methods are known in the literature [5]-[1], in
this paper we rely on quadratic programming (QP) only, for its computational
efficiency, ability to avoid tension discontinuities and its widespread practical use
[16]. The QP solution will provide a tension array τ which generates the desired
wc, the undesired wp, and the residual wr, while attempting to maintain wp,
wr and τ within given boundaries.

The leftmost relation in Eq. (3) is overdetermined in τ , and it can be solved
as in [17]:

τ = A+
c wc +A⊥

c λ, (4)

where A+
c ∈ Rn×m is a right-inverse of Ac, A⊥

c represents a basis for the right
null-space (kernel) of Ac and λ ∈ Rn−m is a (n−m)-dimensional array of real
coefficients allowing one to determine a specific element in the null-space. We
can now substitute Eq. (4) into the right-most relation in Eq. (3), obtaining the
analytical expression of parasitic components:

wp = Ap

(
A+

c wc +A⊥
c λ

)
. (5)

The elements of λ can assume any real value, and they can be determined
by optimizing a cost function. We hereby propose two different cost functions
to be minimized with QP, as they highlight critical differences between CDWAs
performing the same task, as it will be highlighted in Sec. 4: (i) Minimizing the
2-norm of Cable Tensions (QPT), focusing on reducing total cable tensions to en-
sure safety and minimize energy consumption, and (ii) Minimizing the 2-norm of
Parasitic Components (QPP), aiming to reduce undesired wrench components.
The cost function of QPT can be derived from Eq. (4) as:

∥τ∥2 = λ⊤Hλ+ 2K⊤λ+ J, (6)

with:

H = (A⊥
c )

⊤A⊥
c , K = (A⊥

c )
⊤A+

c wc, J = w⊤
c (A

+
c )

⊤A+
c wc.

and the QPT optimization problem can be formulated as:
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min
λ

∥τ (λ)∥2

s.t.
[
Ap

Ar

]
τ (λ) ≤

[
wp,max
wr,max

]
,

τmin ⪯ τ (λ) ⪯ τmax.

(7)

where ⪯ refers to element-wise inequalities, wp,max and wr,max are the vectors
holding maximum values of parasitic and residual wrench components, respec-
tively, and τmin and τmax are lower and upper cable tension limits, respectively.

Alternatively, we can compute λ with QPP. The corresponding cost function
can be found from Eq. (5) as:

∥wp∥2 = λ⊤Lλ+ 2M⊤λ+N, (8)

with:

L = (A⊥
c )

⊤A⊤
p ApA

⊥
c , M = (A⊥

c )
⊤A⊤

p ApA
+
c wc, N = w⊤

c (A
+
c )

⊤A⊤
p ApA

+
c wc.

and the QPP optimization problem can be formulated as:

min
λ

∥wp(λ)∥2

s.t. Arτ (λ) ≤ wr,max

τmin ⪯ τ (λ) ⪯ τmax.

(9)

Once λ is found with either QPT or QPP, one can finally compute the tension
distribution (TD) τ by Eq. (4), the parasitic wrench wp by Eq. (5) and residual
wrench wr by the central relationship in Eq. (3).

3 Performance Metrics for Cable-Driven Wrench
Applicators

In this section, we introduce three new performance metrics designed for cable
driven wrench applicators (CDWAs), aiming at two objectives: (i) given a robot
architecture, evaluating different TD strategies, by means of the performance
index Overall Performance Index (OPI); (ii) given a TD, assessing the perfor-
mance of different robot architectures through the Maximum Parasitic-Wrench
Index (MPI) and/or the Maximum Tension Index (MTI). The proposed met-
rics are local ones, in the sense that they are computed for a given position i
and for a set of limited relevant orientations.3 By discretizing the workspace
into N positions, with each one being associated with the same M orientations,
the metrics can be analyzed either globally across the workspace, or in specific
regions relevant for the task.
3 Cable-driven parallel robots are well-known for their large translational workspace

but have limited orientational capabilities, except when specifically designed [18].
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Furthermore, for practical applications and physical meaningfulness, when
defining the controlled, residual, and parasitic components of w, it is convenient
that both wc and wp are a subset of forces or moments only. This choice pro-
vides dimensional consistency in the cost functions in Eqs. (6) and (8) and in
performance metrics.

3.1 The Overall Performance Index (OPI)

The Overall Performance Index (OPI) is a dimensionless index developed to
evaluate and compare the effectiveness of two TDs in a CDWA. Different TDs
may require a trade-off between cable tensions (and consequently power, safety
concerns, etc..) and parasitic wrench components that negatively impact the
task. Determining λ with QPT minimizes cable tensions at the potential expense
of higher parasitic components, whereas using QPP may do the opposite. The
OPI provides a tool to compare two different TDs and determine which one
offers a better balance between cable tension and parasitic-effect minimization.

Given (i) an EE position i, (ii) a set of M task-relevant orientations, and
(iii) two TDs, one computed by QPT (denoted by τT ) and the other by QPP
(denoted by τP ) we define:

τ ∗
T,i = max

j
∥τT,ij∥/

√
n, τ ∗

P,i = max
j

∥τP,ij∥/
√
n, (10)

w∗
pT,i

= max
j

∥wpT,ij
∥, w∗

pP,i
= max

j
∥wpP,ij

∥, (11)

where j is the index that identifies a specific orientation in the list of the con-
sidered ones. Basically, τ ∗

T,i and τ ∗
P,i are the largest RMS values of the tension

arrays among the considered orientations, computed with QPT and QPP, respec-
tively, while w∗

pT,i
and w∗

pP,i
represent the largest 2-norm values of the parasitic

wrench among the considered orientations.
To illustrate how τ ∗

T,i is computed, consider the case where 8 cables and 2
orientations per position are considered (n = 8, M = 2). At a given position i,
we obtain two TDs from QPT, one for each orientation. If the computed TDs
are τ j=1

T,i = [80, 80, 80, 80, 0, 0, 0, 0]⊤ and τ j=2
T,i = [40, 40, 40, 40, 40, 40, 40, 40]⊤,

τ∗T,i is:

τ ∗
T,i = max(∥τ j=1

T,i ∥, ∥τ
j=2
T,i ∥)/

√
8 = max(56.5, 40) = 56.5N.

Comparing different TDs using the RMS value helps quantify how well the ten-
sion is spread across cables. The maximum RMS value among all orientations
is chosen because it represents the worst-case scenario in terms of cable effort,
ensuring that the most demanding orientation is accounted for in the analysis.

The OPI at position i is defined as:

OPIi = ∆τ i +∆wp,i, (12)

∆τ i =
τ ∗

P,i − τ ∗
T,i

(τ ∗
P,i + τ ∗

T,i)/2
· 100, ∆wp,i =

w∗
pP,i

−w∗
pT,i

(w∗
pP,i

+w∗
pT,i

)/2
· 100,
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where ∆τ i quantifies the relative change in cable tensions, with respect to the
mean value, if QPP is used instead of QPT, while ∆wp,i quantifies the relative
change in parasitic components under the same change. If both ∆τ i and ∆wp,i

are positive, QPT outperforms QPP by minimizing both cable tensions and par-
asitic effects, resulting in a positive OPI. Conversely, if both values are negative,
QPP achieves lower tensions and parasitic effects compared to QPT. In scenarios
where ∆τ i and ∆wp,i have opposite signs, a trade-off is needed. A positive OPI
indicates that the reduction achieved by QPP in one metric (the negative term)
cannot outweigh the increase in the other, favoring the use of QPT overall. The
opposite happens when OPI is negative. In any case, the sign of OPI serves as
a clear indicator of a preferred strategy. When OPI is greater than 0, QPT is
more advantageous, while having an OPI smaller than 0 suggests the opposite.

The OPI index has some drawbacks that should be considered. By directly
summing the two contributions of ∆τ i and ∆wp,i without weighting them, we
implicitly assume that the two terms have the same importance. Depending on
the application, though, this might not be true, and weighting the two factors
may be relevant. Moreover, when both w∗

pP,i
and w∗

pT,i
are close to zero (which

is an ideal situation), ∆wp,i may become undefined. A possible solution could
be to define a threshold such that, when both terms in ∆wp,i are very small,
wp,i is set to zero. In this case, OPI only depends on τ , since wp is ideal in both
optimizations.

By analyzing OPI across the workspace, it is possible to identify regions that
suggest the use of specific TDs, as their advantages outweigh disadvantages.
Therefore, OPI provides a practical tool for selecting which TD should be used
among two potential candidates, either across the entire workspace or within
specific regions relevant to the task. By identifying TDs that optimally balance
tensions and parasitic wrench-components, OPI contributes to strengthening the
performance of CDWAs.

3.2 Maximum Tension Index (MTI) and Maximum
Parasitic-Wrench Index (MPI)

The Maximum Tension Index (MTI) and Maximum Parasitic-Wrench Index
(MPI) are designed to evaluate the performance of different CDWAs, as they
provide a measure of the system’s ability to work with minimal effort (thus,
minimizing cable tensions) and limited interference to the task (thus, minimizing
the parasitic effects), once a TD strategy is selected.

Given an EE position i, and its set of M task-relevant orientations, the MTI
and MPI are defined as:

MTIi = maxj ∥τ ij∥/
√
n, MPIi = maxj ∥wp,ij∥. (13)

The MTIi measures the maximum RMS value of the tension array at position
i, and MPIi measures the maximum 2-norm of the parasitic wrench, across M
different orientations.

The workspace can be mapped with MTI and MPI values, thus enabling a
quantitative assessment of the robot performance. These indices can be useful
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for: (i) identifying regions within the workspace where the robot experiences high
cable tensions or parasitic effects, (ii) designing tasks by selecting trajectories
that pass through areas with low MTI and MPI values, and (iii) comparing
different robot architectures under the same workspace and task constraints.
The MTI and MPI may serve as tools for evaluating and optimizing CDWAs,
facilitating informed design and task decisions.

4 Application: Comparison of Two Cable-Driven Force
Applicators for Rehabilitation

The Overall Performance Index (OPI), Maximum Tension Index (MTI), and
Maximum Parasitic-Wrench Index (MPI) form a framework for analyzing the
performance of CDWAs: OPI allows one to assess how the TD choice affects
performance, while MTI and MPI provide a direct evaluation of the robot per-
formance once the TD has been chosen. This section shows the application of the
proposed framework to compare two Cable-Driven Force Applicators (CDFAs)
performing the same rehabilitation task. Among CDWAs, CDFAs are a relevant
subset for practical applications where forces need to be precisely controlled, and
moments are considered unwanted parasitic effects, such as in [19]. Two CDFAs
with 4 and 8 cables, respectively, are analyzed, and their relative and absolute
performance in the same potential task is assessed.

4.1 Rehabilitation Task and System Setup

The task focuses on improving stand-balance capabilities. During the rehabilita-
tion session, the patient stands with their feet in a fixed position, wears a pelvic
belt (representing the robot EE) and is instructed to follow a custom-designed
trajectory displayed on a screen. This trajectory challenges the patient’s stabil-
ity by requiring controlled bending movements that push their center of mass
to the limits of equilibrium. The robot provides assistance only in case of a loss
of stability, by applying planar horizontal corrective forces, namely Fx and Fy,
directed towards the patient’s neutral position. This control strategy is referred
to as "assist-as-needed" [20].

Currently, the task is carried out with an 8-cable design, implemented by the
RobUST robot [13] (Fig.2a, geometric parameters in Tab. 1). In this study, we
applied the presented framework to evaluate the feasibility of a simplified 4-cable
design (Fig.2b, geometric parameters in Tab. 2), with all pulleys positioned in a
single intermediate plane, to improve accessibility for the physiotherapist during
the rehabilitation task, while maintaining adequate performance.

The volume relevant to the rehabilitation exercise was discretized, in both
architectures, with N = 1000 positions and a set of M = 15 orientations
for each position. The workspace bounds were set to x, y ∈ [−0.5, 0.5]m and
z ∈ [0.3, 1.2]m for position, and ±20◦ (tilt) and ±10◦ (torsion) for orientation.
The patient’s body weight was considered to be 85 kg. The controlled wrench
wc = [Fx, Fy]

⊤ was set to 10% of the patient’s body weight directed towards the
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(a) 8-cable CDFA (RobUST)
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Fig. 2: Architecture comparison (CDWAs eyelets are in red, cables are black
lines, and the cylindrical object is the EE).

Table 1: Geometrical parameters of the RobUST architecture.
i 1 2 3 4 5 6 7 8

bi [m]

 0.9
−0.9
0

 0.90.9
0

 −0.9
−0.9
0

 −0.9
0.9
0

  0.9
−0.9
1.5

 0.90.9
1.5

 −0.9
−0.9
1.5

 −0.9
0.9
1.5


r′i [m]

 0.14
−0.14
−0.05

  0.14
0.14
−0.05

 −0.14
−0.14
−0.05

 −0.14
0.14
−0.05

  0.14
−0.14
0.05

 0.140.14
0.05

 −0.14
−0.14
0.05

 −0.14
0.14
0.05



patient’s neutral position. Two tension distributions, namely QPT and QPP,
were compared for each architecture, and the following constraints were con-
sidered: τmin = 10N, τmax = 90N, wr,max = 70N (accounting for Fz), and
wp,max = 15Nm (accounting for parasitic moments Mx, My, Mz). The mathe-
matical framework described in Sec. 2 was implemented for both architectures in
MATLAB. Eqs. (6) and (8) were solved by using the quadprog function, allowing
for the computation of OPI, MTI, and MPI.

4.2 Tension Distribution Selection via OPI

The comparison between TDs provided by QPT and QPP was evaluated through
OPI for each robotic architecture, with the results illustrated in Fig. 3a and 3b.
In general, both 4-cable and 8-cable robots exhibit predominantly positive OPI
values across the workspace, indicating the convenience of using QPT for both
architectures. However, a notable subregion of the 8-cable robot’s workspace
(Fig. 3a) displays negative OPI values and requires further investigation.
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Table 2: Geometrical parameters of the 4-cable architecture.
i 1 2 3 4

bi [m]

 0.9
−0.9
0.75

  0.9
0.9
0.75

 −0.9
−0.9
0.75

 −0.9
0.9
0.75


r′i [m]

 0.14
−0.14

0

 0.140.14
0

 −0.14
−0.14

0

 −0.14
0.14
0


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(a) 8-cable
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(b) 4-cable

(c) Workspace and task trajectory (d) Focus on task trajectory

Fig. 3: (a) and (b) show the OPI distribution over the workspace, (c) and (d)
present the task subregion analysis of the 8-cable robot (task trajectory in black,
positive OPI values in blue, negative OPI values in red).

To better assess the significance of these negative OPI values, we analyzed
the intersection between a potential task’s trajectory and the 3D workspace, as
shown in Fig. 3c. In this figure, the task trajectory (depicted in blue) is overlaid
on a 3D map of OPI values. Blue dots represent points with positive OPI, while
red dots indicate negative OPI values. As Fig. 3d demonstrates, the majority of
the points surrounding the trajectory’s relevant subregion are blue, suggesting
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that negative OPI values have minimal impact on the task. Therefore, QPT
remains a viable and recommended choice even for the 8-cable device.

4.3 Performance Evaluation with MTI and MPI

With the selected TD (QPT) applied to both architectures, performance was
analyzed in terms of cable tensions and parasitic moments, captured by MTI
and MPI, respectively.

The 4-cable architecture demonstrates high values of MTI, indicating sig-
nificant cable tensions across the entire workspace, as shown in Fig. 4a, com-
pared to the 8-cable architecture, which achieves consistently lower MTI values
(Fig. 4c). Hence, for the given setup, the 8-cable system is more effective at
minimizing cable tensions. Regarding parasitic moments, the 4-cable configura-
tion exhibits a steep gradient (Fig. 4b), with MPI values increasing substantially
as positions move further away from the pulley plane. On the other hand, the
8-cable architecture displays a more uniform distribution of parasitic moments
(Fig. 4d), maintaining relatively constant and generally higher values throughout
the workspace.

(a) 4-cable MTI (b) 4-cable MPI

(c) 8-cable MTI (d) 8-cable MPI

Fig. 4: Comparison of 4-cable and 8-cable robot performances. (a) and (b) show
the MTI and MPI for the 4-cable configuration, respectively. (c) and (d) present
the corresponding MTI and MPI for the 8-cable configuration.
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For the rehabilitation task under consideration, the trajectory is positioned
at the center of the workspace (Fig. 3c), a region where the parasitic moments for
the 4-cable architecture are significantly reduced, aligning well with the task’s re-
quirements. This localized reduction mitigates the impact of the 4-cable system’s
limitations and suggests that it can perform adequately for the given exercise.

5 Conclusions

This paper introduced a framework for Cable-Driven Wrench Applicators using
three performance metrics: OPI for selecting the tension distribution, and MTI
and MPI for performance evaluation. The framework provides a tool for assessing
task feasibility and guiding design choices for cable-driven wrench applicators.
It was applied to simulate and evaluate the feasibility of replacing an 8-cable
with a 4-cable robot for a rehabilitation task. Results showed that a 4-cable
system performs as well as an 8-cable system in applying a given force along a
given trajectory, while maintaining applied moments under control. Cable ten-
sions, however, are comparatively higher in the 4-cable system, despite tension
minimization being applied during the tension computation. Overall, results val-
idated the feasibility of performing the rehabilitation task using the simplified
4-cable design.
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