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Abstract— Conventionally, a cable driven parallel mechanism
(CDPM) pose is obtained through the forward kinematics from
measurements of the cable lengths. However, this estimation
method can be limiting for some applications requiring more
precision. This paper proposes to use cable angle position
sensors in addition to cable length measurements in order to
improve the accuracy of such mechanisms. The robot pose is
first obtained individually by the cable length measurements
and the cable angle position measurements. A data fusion
scheme combining these two types of measurements is then
proposed in order to improve the CPDM accuracy. Finally,
simulations and experiments are presented in order to assess
the benefits of using cable angle position sensors on the CDPM.

I. INTRODUCTION

Cable driven parallel mechanisms research has seen a
growing interest in the last two decades. Their implemen-
tation as an alternative to rigid-link parallel mechanisms
such as the Gough-Stewart platform for applications needing
larger workspace has grown with developments in area
such as haptics [1], motion simulator, material handling, 3D
printing and maintenance [2]. As opposed to conventional
rigid links mechanisms, CDPMs are known to admit larger
workspace with a relatively low inertia. The Skycam [3]
and (a version of) the RobotCrane [4] used to remove paint
on military aircraft are good examples of CDPMs with
large workspace used in commercial applications. Increasing
workspace comes with new challenges in terms of posi-
tion accuracy. Conventionally, the CDPM pose is obtained
through the forward kinematics by using a measurement of
the cable length as input. This method has proven satisfac-
tory for a number of applications, but can be limiting in
application requiring more precision. This paper proposes to
use cable-angle position sensors in addition to cable length
measurements in order to improve the accuracy of such
mechanisms. Some research has been done on the accuracy
of CDPMs [5], but none, to the knowledge of the authors,
employ angular position sensors. Measurement redundancy
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Fig. 1: Photograph of the CDPM and sensors used in this
work.

of parallel robots for calibration has been proposed in the
literature with additional length sensors [6], but not for an-
gular sensors. Measurement redundancy with angular sensors
has also been proposed for parallel robots [7], but as a
means of solving the forward kinematic in a closed form.
Another solution to improve forward kinematic accuracy is
to use external vision sensor [8], [9]. Vision based sensor
and hefty cable model are in the control scheme to achieve
better positional accuracy. The drawback of this method is
the cost and encumbrance of the camera system.

The simplification of massless and rigid cable is used in
this paper. While this is a common simplification in the
cable robot literature, it is important to verify its validity.
Nguyen and al. [10] assess the validity of some of those
simplifications in computing the forward kinematic. Kraus
and al. [11] added elasticity to their model and saw an
increase of up to 50% in accuracy of the forward kinematic.
The validity of the simplification is assessed in sec.VI.

In this paper, the main objective of using angular sensors
in conjunction with typical cable length sensor is to increase
the accuracy of the CDPM pose estimate. The hypothesis is
that using both the cable length measurement and the angular
measurement in a sensor fusion scheme would lead to an in-
creased accuracy. For instance, the angular information could
increase the accuracy when the cable length measurement
have a low kinematic sensitivity [12], e.g. where large end-
effector movements results in small changes in length.

This paper is structured as follows. The angular sensor is
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Fig. 2: The angular position sensors proposed in this work
with the measured axis displayed.

first presented. Then, the kinematic equations of a general
CDPM are independently obtained with the cable length
as input and with the angular position measure as input.
A fusion algorithm using both inputs is then developed
to obtain an estimation of the pose. A simulation using
a planar two-degree-of-freedom CDPM, as that shown in
Fig. 1, is then presented to asses the theoretic improvement
on accuracy by comparing the independent pose estimation
and the sensor fusion estimation. Finally, an experiment is
performed to assess the practical difference on the accuracy.

II. ANGULAR POSITION SENSOR

In more traditional applications, the CDPM cable lengths
are measured by using sensors such as encoders similarly
to the FALCON [13], the INCA6D [14], the ReelAx [15].
However, measuring the angle of departure of the cable in
three-dimensional space is a more involved problem to which
different solutions have been proposed in the literature.
Amongst them are a non-contact sensor using the magnetic
field [16], accelerometers based inclinometers [17], machine
vision [18], [19], a cardan-based mechanism [20], a linear
cable displacement sensor [21] and observer based solutions
[22]. The angular position sensor used in this work [23],
[24] has been developed to be robust, accurate, simple and
low cost. A contact sensor using encoders was preferred
since it represents a proven and robust solution in the
industry. Amongst existing contact based sensors, Cardan
based mechanisms [20] and sensors detecting the horizontal
displacement of the cable [21] could also be used. However,
their design implementation inherently limits the precision
and achievable workspace.

The sensor used in this work is a two-degree-of-freedom
(DOF) angular position sensor as shown in Fig. 2. It consists
of two concentric grooved guides which are driven by the
cable as it passes through them. Both axes of rotation of
the guides are intersecting at the origin point of the cable.
Fig. 2 shows the axes, θ and φ, about which the angles
are measured. The two guides are independent from each
other and rotate about orthogonal axes thus allowing the
measurement of two independent angles. The cable angular
positions are obtained by rotational encoders affixed to both
cable guides. A lightweight construction and the use of ball
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Fig. 3: Geometric model of a generic cable driven parallel
mechanism.

bearings limit the interaction forces between the cable and
the guides.

III. KINEMATICS

In this section the kinematic equations of a cable based
mechanism are developed, both by considering measure-
ments of the cable lengths and measurements of the cable
angular positions. A general cable mechanism with an end-
effector moving in three-dimensional space is considered. It
is constrained by m cables attached by reels to the fixed
frame, as shown schematically in Fig. 3. The position of
the ith anchor point Ai is defined by vector ai expressed in
the fixed reference frame F originating at point O. Each
anchor point has a corresponding fixed reference frame Ai,
which defines the angular sensor pose. The corresponding
attachment point on the end-effector is defined by vector ri
expressed in the mobile reference frame P . The origin of
this latter frame is P , and its position with respect to O
is represented by vector p. The orientation of the mobile
reference frame P with respect to the fixed reference frame
F is defined by the rotation matrix Q. Also, the orientation
of each anchor point reference frame Ai with respect to the
fixed reference frame F is defined by the rotation matrix
QAi. It is important to note that cable elasticity and mass
are considered negligible and are not accounted for in this
model. The validity of this assumption is assessed in sec. VI.

A. Kinematics for cable length measurements

The length ρi of the ith cable can then be written as

ρ2i = uTi ui =‖ p + Qri − ai ‖2, (1)

with ui defined in Fig. 3.
By differentiation and rearrangement of (1), the corre-

sponding velocity equation is written as

ρiρ̇i = (p + Qri − ai)
T
ṗ + [(Qri)× (p + Qri − ai)]

T
ω

(2)
where ω stands for the angular velocity of the end-effector.



For m cables, this leads to the following first-order kine-
matic relationship

Kρ̇ = J1t, (3)

where

ρ̇ = [ρ̇1, · · · , ρ̇m]
T , t =

[
ṗT ,ωT

]T
,

and

J1 = [cT1 , · · · , cTm]T , K = diag[ρ1, · · · , ρm], (4)

where ci is a six-dimensional vector defined as

ci =

[
(p + Qri − ai)

(Qri)× (p + Qri − ai)

]
. (5)

B. Kinematics for cable angular position measurements

The first-order kinematic relationship between the pose
and the angular position sensor can be obtained in a similar
way. The angular position of each cable in their respective
reference frame can be expressed as[

tan(θi)
tan(φi)

]
=

[uy

uz
ux

uz

]
, (6)

where [ux uy uz]
T

= [ui]Ai
expressed in its correspond-

ing referential frame Ai.
By differentiation and rearrangement of (6), the velocity

equation can be written as

[
θ̇i
φ̇i

]
=

 0
uiz

u2iy + u2iz
− uiy
u2iy + u2iz

uiz
u2ix + u2iz

0 − uix
u2ix + u2iz

 u̇i (7)

expressed in its corresponding referential frame Ai.
By differentiation of the loop closure equation

ui = p + Qri − ai, (8)

the velocity equation

u̇i = ṗ + [ω]×Qri, (9)

can be obtained, where [ω]× is the skew symmetric matrix 0 −ωz ωy
ωz 0 −ωx
−ωy ωx 0

 . (10)

By rearranging (9),

u̇i =
[
1 [Qri]

T
×

]
t, (11)

with 1 ∈ R3×3 being the identity 3×3 matrix. Inserting (11)
in (7) expressed in the referential frame Ai gives[

θ̇i
φ̇i

]
= Dit (12)

where

Di =

[
0 uiz

u2
iy+u

2
iz
− uiy

u2
iy+u

2
iz

uiz

u2
ix+u

2
iz

0 − uix

u2
ix+u

2
iz

]
Q−1
Ai

[
1 [Qri]

T
×

]
.

(13)
For m cables, the kinematic relationship is

ψ̇ = J2t (14)

where
ψ̇ = [θ̇1, φ̇1, · · · , θ̇m, φ̇m]T (15)

and
J2 = [DT

1 , · · · ,DT
m]T . (16)

C. Combined kinematics

The full first-order kinematic relationship can then be
obtained from (3) and (14) and becomes[

K 0
0 1

] [
ρ̇

ψ̇

]
=

[
J1

J2

]
t. (17)

When dealing with mechanism with orientation capabilities,
Euler angles time derivatives (ė) can be mapped linearly to
angular velocities by a matrix S defined as ω = Sė. The
linear relationship for small displacement can then be written[

K 0
0 1

] [
∆ρ
∆ψ

]
=

[
J1

J2

] [
∆p
S∆e

]
. (18)

IV. SENSOR FUSION

The robot pose can be obtained independently by the
cable length measurements or the cable angular position mea-
surements. In this section, a fusion algorithm is developed
which uses both of these measurements as input. For an
unknown true pose x, the best pose estimate x̂ is the one that
minimizes ∆x = x − x̂. The problem to solve is common
in sensor fusion and can be written as

minimize
x̂

∥∥∥∥W([
ρ̂T ψ̂

T
]T
− h(x̂)

)∥∥∥∥2
2

, (19)

where ρ̂ and ψ̂ are measurements from the sensor, h(x̂)
is the inverse kinematics of the mechanism and W is a
weight matrix. For most parallel mechanisms h(x̂) is easily
derived from (1) and (6). In most applications, (19) is
solved numerically with an initial estimation stemming from
the previous pose. The choice of the weight matrix W is
of major importance. In stochastic sensor theory [25], this
matrix is chosen as the inverse of the covariance matrices.
It is expressed as

W = diag ([αρσρ1, · · · , αρσρm, αψσψ1, · · · , αψσψm])
−1
,

(20)
where αρ and αψ are added weights that normalize the

difference in measure units. This method is still applicable
here even if the readings are not picked from a Gaussian
distribution. An estimate of the absolute error on each
sensor can be used instead of the variance of the sensor
measurements.
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Fig. 4: Geometric model of the simulated CDPM.

V. SIMULATION

As previously detailed in the paper, the robot pose can be
obtained 1) with the cable length as input, 2) with the cable
direction as input and 3) with a fusion algorithm using both
the cable length and direction. In this section, the theoretical
accuracy of these methods is compared by simulation. To
assess the accuracy of a pose estimate, it is possible to bound
the pose error of the estimator x̂ by projection of the sensor
articular errors in the end effector space. By linearising at x̂,
(18) is used to compute a region containing ∆x as

∆τ ≤ A∆x ≤ ∆τ̄ (21)

with

A =

[
K 0
0 1

]−1 [
J1

J2

]
, (22)

where ∆τ and ∆τ represents the upper and lower error
boundaries in articular space. This is mathematically ex-
pressed as

∆τ ≤
[
ρ
ψ

]
−
[
ρ̂

ψ̂

]
≤ ∆τ̄ . (23)

A planar two DOFs CDPM is used as illustrated in
Fig. 4 for the simulation. The inverse kinematics for this
mechanism is


l1
l2
θ1
θ2

 = h(x) =



√
x2 + y2√

(d− x)2 + y2

tan−1

(
x

−y

)
tan−1

(
d− x
−y

)

 , (24)

with the pose being x =
[
x y

]T
. The expression of the

first order kinematic relationship A can be expressed as

A =



x√
x2 + y2

y√
x2 + y2

−d+ x√
(d− x)2 + y2

y√
(d− x)2 + y2

−1

y(1 + x2

y2 )

x

y2(1 + x2

y2 )
1

y(1 + (d−x)2
y2 )

d− x
y2(1 + (d−x)2

y2 )


. (25)
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Fig. 5: Limits of pose error while using measurements from
lengths and angles. Errors are ±0.02 m in cable length and
±1.8◦ in angular measurement. Center point of each region
is the simulated true pose. Cable anchor points are at [0, 0]
and [1, 0].
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Fig. 6: Portion of Fig. 5 at pose x = 0.5m and y = −0.3m.

The pose estimation error bounds is shown in Fig. 5 both by
using the cable length as input and the angular position as
input. These bounds are obtained from eq. (21). The inter-
section of both region represents the error while using data
fusion with both types of sensor. Those regions are traced
for several points inside the workspace. The uncertainty on
each sensor has been set to ±2 cm for the cable lengths and
to ±1.8◦ for the angular measurements. Fig. 6 is a close-up
of Fig. 5 for the case where x =

[
0.5 −0.3

]T
. In many

places on the workspace, the intersection of the two regions is
smaller than each of the two taken separately, which signifies
a reduced error. From those figures, it can be noted that
the benefits of using additional angular position sensors are
most apparent when approaching the edges of the workspace
where the measurement sensitivity of the cable length sensor
is low. This happens when J1 is near a singularity, like in
this example when y → 0.



VI. EXPERIMENT

An experiment is devised to further benchmark the benefits
of using angular position sensors on a real mechanism.
The mechanism used for testing is shown in Fig. 1 and
has the same architecture as the simulated one shown in
Fig. 4. The experimentation is done by generating a quasi-
static trajectory with the mechanism and by comparing the
estimated pose obtained from three different sets of sensors
relatively to a ground truth. The three different sets are :
cable length measurements only, angular position sensor only
and the combination of the two by using the sensor fusion
algorithm. For the first two sets, the forward kinematic is
used to get the estimated pose. The forward kinematic for
this mechanism amount to the intersection of two circles for
the cable length measurements and the intersection of two
lines for the case of angular measurements. For the last set,
the fusion method described in sec. IV is used. The ground
truth is obtained with the help from an external measurement
of the pose, which is performed by a vision system.

The experimental set-up is shown in Fig. 1. Two winches
with incremental encoders are used in conjunction with two
angular position sensors. Those are shown in the figure in
the upper-left and upper-right corners of the frame. The end
effector is a small mass of 115 g on which each cable is
attached to the same point. The cable is light with a linear
weight of 1.5 g/m. The cable is highly stiff for this purpose
with a stiffness larger than 50 N/mm, since expected tension
should not surpass 10 N. The external vision system, a
VICON c©, is also shown in Fig. 1. This system can track
a marker in three dimensional space and has an accuracy
in the order of a millimetre, given its calibration method
and this particular installation. Incremental encoders used
for cable length measurements have a resolution of 2048
per revolution and are coupled to a gearbox with a ratio
of 5.9 giving a resolution of 0.03◦. Using a pulley with a
radius of 25.4 mm, the resolution of the cable length is 0.013
mm. Given some backlash in the gearbox, some compliance
in the winches and uncertainty in the initialization of the
incremental encoders, the errors in measured length is in
the order of one centimetre. As for the angular position
sensor, the resolution of the encoders are 2000 counts per
revolution and are directly attached to the guides, which
gives an angular resolution of 0.18◦. Given uncertainty in
the initialisation, an error in the order of two degrees is to
be expected.

To assess the validity of the rigid and massless cables
simplification, the catenary equation presented in [10] are
used to compute the shape of a corresponding extensible and
hefty cable modelled with the characteristic of the cable used
in the experiment. At a worst case scenario (the end-effector
near one of the anchor point coupled with a low tension), an
error of 0.21◦ is observed for the angle of departure at the
anchor’s point between the two models. As for the stiffness,
with a maximum tension of 10 N an error of less than 0.5
mm can be expected. Both of those errors are within the
margin of error of the measurements.
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Fig. 7: Pose of the end-effector tracked by the VICON c© and
pose estimate by the cable length sensor only, the angular
sensor only and sensor fusion

TABLE I: Observed error between the vision system and the
pose estimate from the different sets of sensor

rms error [cm] max error [cm]
Cable length only 3.92 5.01

Angular sensor only 4.18 10.52
Fusion 3.19 4.16

During the initialization phase, each sensor is referenced
to a common frame of reference by open loop measure-
ments to allow comparison of each pose estimation with
each other. While this method is representative of the use
of the mechanism without external measurements like the
VICON c© system, it can be expected to have an offset bias
with the external measure. This is observed in Fig. 7 where
the VICON c© measurement of the pose has an offset with
the pose estimators.

Table I presents the root-mean-square (rms) error between
the pose estimate of each set of sensors to the externally
measured pose. The maximal error between the estimate and
the measured pose is also presented.

It can be observed that the error obtained from the angular
position sensors is higher than the estimate obtained from the
cable length sensors but the fusion of both measurements
presents better result. A diminution of the rms error of 19%
is observed between the cable length and the fusion estimate
along with a diminution of 17% on the maximal error.

From the same set of data, a realignment of the VICON c©
measurement can be done in post-processing so that each
estimate starts at the same position. This position is chosen to
represent a real world implementation, where the initial po-
sition is known. The graph of Fig. 8 is obtained by removing
via post-processing the offset bias caused by uncertainties in
the calibration phase. The corresponding rms and maximum
errors are presented in Table II.

It can then be observed that the benefits becomes a
reduction by 18% of the rms error and a reduction by 45%
of the maximum error.
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Fig. 8: Pose of the end-effector tracked by the VICON c© and
pose estimate by the cable length sensor only, the angular
sensor only and sensor fusion after post-processing

TABLE II: Observed error between the vision system and
the pose estimate from the different sets of sensor with post
processing calibration

rms error [cm] max error [cm]
Cable length only 1.52 6.32

Angular sensor only 3.90 12.3
Fusion 1.25 3.48

VII. CONCLUSION

This paper proposed to use cable angle position sensors
in addition to cable length measurements in order to im-
prove the accuracy of cable driven parallel mechanisms. The
angular position sensor was first presented. The kinematic
equations were then individually obtained by considering
only the cable length measurements and then with the cable
angle position measurements. A data fusion scheme com-
bining these two types of measurements was then presented.
Finally, simulations and experiments were presented in order
to assess the benefits of using cable angle position sensors
on the accuracy of CDPMs.

The results show an improved accuracy, especially in low-
sensitivity robot configurations, which often occur near sin-
gularities. Indeed, near these positions, the error boundaries
are high but each type of sensor sensitivity is different, so
that the fusion of their measurements leads to an improved
overall accuracy.

Future work will focus on determining the benefits of
using cable angle sensors with more complex CDPMs. Ad-
ditionally, the benefits of using cable angle sensors in order
to discriminate between multiple solutions of the forward
kinematics will be explored. Indeed, strategic placement of
additional sensor on a parallel mechanism can lead to a
closed-form resolution of the forward kinematics even for
complex mechanisms [7].
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