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Abstract This paper presents a geometric calibration method of a spatial over-
constrained Cable-Driven Parallel Robot (CDPR) using partial external pose
measurement, where only the position of the moving platform is measured by a
laser tracker. The CDPR under study is actuated by spiral winch drums. There-
fore, this paper presents an adapted model of the winch and its associated iden-
tification process. A laser tracker along with actuator encoder data is used for
calibration of the model of the CDPR prototype. The proposed calibration
method is validated using the measurement data collected via the laser tracker.
The validation results show an overall average improvement in position accu-
racy of the moving platform from 1.1 to 0.47 mm.

1 Introduction

Cable-driven parallel robots (CDPRs) are parallel manipulators that are ac-
tuated by cables. CDPRs are well-known for outperforming conventional paral-
lel manipulators in terms of reconfigurability, large workspace-to-footprint ra-
tio, heavy payload capa-bilities, and high acceleration, etc. [1]. Figure 1 shows
the CDPR prototype of CABTIVE project at Clermont, which is the subject of
geometric calibration in this study.

Using a CDPR for Fused Deposition Modeling (FDM) additive manufactur-
ing of medium-sized pieces requires sub-millimeter accuracy in end-effector po-
sitioning. Manufacturing and assembly tolerances introduce geometric errors,
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causing a devia-tion in the geometric model from its nominal behavior. Hence,
the calibration and identification of the manipulator geometric parameters, such
as pulley positions, winch radii, and Moving Platform (MP) anchor points are
fundamental steps to guar-antee its overall positioning performance. Therefore,
various geometric calibration methods are detailed in the literature. A compari-
son between two main calibration methods, namely calibration with external
measurements and self-calibration, is pre-sented by Dit Sandretto et al. in [2].

The calibration of geometric parameters is a well-established problem in
parallel robotics and several seminal works have established the theoretical
foundation for both self-calibration and external calibration methods [3-7]. The
selection of calibra-tion poses is an important issue in geometric calibration [8-
12]. In this study, the poses were selected randomly while ensuring sufficient
variation in the platform posi-tion and orientation. Miermeister et al. in [13]
used internal sensors (motors’ encod-ers) for the auto-calibration of CDPRs
showing a good correspondence between model predictions and experimental
measurements. In [14], the kinematic calibration of a triple-level spatial posi-
tioner consisting of a CDPR, an active gyro stabilizer and a Stewart platform is
studied using 6 Degree-of-Freedom (DoF) laser tracker pose measurement. A
planar over-constrained CDPR and its two self-calibration approach-es, i.e., ten-
sion-based and jitter-based ones, are presented in [15]. Martin et al. in [16] pro-
poses a cable length measurement correction method based on a direct cable
length measurement sensor as a possible application toward auto-calibration of
CDPRs.

Unlike the self-calibration approaches described above, exteroceptive calibra-
tion us-es measurement systems such as laser trackers. These systems can pro-
vide high meas-urement accuracy (typically in the order of tens of micrometers)
and can significantly improve the geometric accuracy of CDPRs after calibra-
tion. However, they require a clear line of sight and involve higher equipment
costs, while self-calibration methods rely only on internal sensors but may suffer
from observability issues and generally provide lower measurement accuracy.
Hamann et al. in [17] developed an identifica-tion method based on radial basis
functions and laser tracker measurements for the geometric parameters of a 3-
DoF reconfigurable CDPR. While their approach relies on a data-driven approx-
imation of the geometric error, the method proposed in this paper follows a
model-based calibration strategy relying on an explicit geometric model of the
CDPR.

This paper makes two primary contributions to the geometric calibration of
over-constrained CDPRs. First, it uses partial pose measurements obtained with
a laser tracker to determine the 3D position of the MP. Second, the paper models
the spiral winch drums employed in the CDPR. Most CDPRs studied in prior
works use radial winch drums.
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2 CDPR Parameterization and Modeling

This research work aims to develop a CDPR offering high static and dynamic
performance needed for 3D printing of medium-sized pieces. The corresponding
prototype is driven by 8 cables in an over-constrained configuration and is shown
in Fig. 1(right).

2.1 Geometric Model

For the calibration method under study, the geometric model of the CDPR
with pulley is considered. Compared to the commonly used simplified model
where the cable anchor point is fixed, this model eliminates systematic kine-
matic errors, and thereby improves the positioning accuracy of the MP [18]. The
CDPR geometric model is based on the modeling approach presented in [19],
which takes the pulley geometry into account by computing the cable exit point
and direction at the pulley. This approach is based on an already-known model-
ing method.

Figure 1 (left) shows the schematic representation of the main geometric pa-
rameters used in the CDPR. The MP reference point C is defined as the origin of
the MP frame Ryp and its position in the base frame R, is denoted by °c;. The
loop-closure relation of the CDPR for cable i at pose j is given in Eq. (1). The
vector “il; ; denotes the vector from the MP anchor point B; to pulley exit-point
A;, expressed in i-th pulley frame R, . The active cable length is then calculated

as ” eilj_i”Z. The rotation matrix from Ruyp; to the base frame R, is given by

°Ryp» while the rotation matrix from R, to R, is *'Ry . The vector ""b; rep-
resents the coordinates of B; expressed in Ryp. “n;; denotes the cable vector
corresponding to the portion of cable wound on the pulley between 4; to P;. It
is a function of the pulley radius 7, ; and pulley orientation. Finally, the Carte-
sian coordinates vector of P; and C; in R, are defined by °p; and’c}, respectively.

eilj’i + Einj'i = eiROj (Opl - OC] - ORMPjMPbi) ) i= 1, ey 8 ) j = 1, ...,](1)

Building on this geometric description, the next subsection presents the
winch model, which relates the spiral winch actuation to the amount of cable
effectively wound/unwound, and hence to the active cable length introduced in
the loop-closure equations.
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Fig. 1. (Left) Schematic representation of the cable routing and spiral winch drum geometry
used in the geometric model — (Right) CABTIVE prototype for FDM 3D printing.

2.2 Spiral Winch Model

Two main drum geometries are commonly used in CDPR winches: radial and
spiral. Spiral ones (Fig. 1) are less studied and employed in CDPRs. Unlike radial
winch design, the spiral winch drum relies on the variation of the winding ra-
dius as the cable winds on the previous layer, resulting in a compact design but
a varying transmission ratio between the motor angle and cable length. The spi-
ral winch model is formulated as follows:

np_i—l
i = sign(Bp,i) . (|9p_i| — Znnp_i). (rw_i +n,; dc) + 27 Z (rW,i + kdc) 2
lpartial k=0
Lrun

where i denotes the cable number, p € {0, j} denotes the pose index (p = 0 cor-
responds to the home pose and p = j to pose j), 6, ; is the angular displacement
of motor i at pose p where 6,,; = 0 corresponds to the configuration where the
cable of winch i just begins to wind around the drum, and sign(6,;) indicates
whether cable i is being wound (-) or unwound (+). The variable [, ; represents
the length of cable i at pose p, while n,,; denotes the number of complete revo-
lutions of cable i around the winch drum at pose p. The parameter 7, ; is the
initial winch radius (first cable layer), and d, is the cable diameter. In Eq. (2),
Ly represents the cable length corresponding to the fully wound layers of the
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drum, while [,4,¢iq; corresponds to the cable length wound during the remain-
ing angular displacement on the current layer. The cable is routed from the
winch to the MP through a pair of pulleys: the first is fixed to the base frame,
while the second is a swiveling pulley that redirects the cable toward the MP,
ensuring that the cable configuration remains fixed between the winch exit
point and point P;. Finally, the difference in the wound/unwound cable length
on the winches with respect to the home pose (p = 0) is the active cable length:

“i |2 = Al =l = Lo (3)

This spiral winch drum model enables the conversion of motor encoder meas-
urements into accurate cable length variations. This transmission model there-
fore allows precise cable length estimation, providing the information required
for the geometric parameter calibration process.

2.3 Geometric Parameters

This subsection presents the complete set of geometric parameters that are
considered for geometric calibration. A total of 65 parameters are listed in Table
1.

Table 1. Geometric calibration parameters

Parameter symbol Total parameters
Pully points Opi = [Pix Piy Piz], i=1,..,8 24
Anchor points Mpbi = [bi,x bi,y bi,z]T. i=1,..,8 24
‘Winch drum ra- Tw,;» i=1,..,8
.. ’ 8
dii
Pulley radii T, i i=1,..,8 8
Cable diameter d,

3 Proposed Calibration Method

The proposed calibration of the geometrical parameters of the CDPR is for-
mulated as a hierarchical optimization problem. The overall process consists of
an outer optimization loop (the main optimizer) and one nested optimizer that
solves the direct kinematics, i.e., the pose of the MP for eight given cable lengths.
The calibration procedure is performed offline using recorded measurement data
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from the laser tracker and actuator encoders. The complete set of the all param-
eters listed in Tab. 1 is considered for the calibration as follows:

T T
f = [Opl ’---:Ops 'Mpbl )

T
T mpp T 65
s 0Dg Ty 1y s Twgr s Tp s s Tpogs Ao ] ER®> (4)

It should be noted that, the pulley radii r;,; are included in the geometric
modeling of the CDPR and follow the formulation described in [19]. The main
identification optimizer aims to find the optimal parameters set §,,, that mini-

mize the total position error of the MP across all measurement configurations
(error) as follows:

1-

Initialization: The parameters are initialized as & = &, with their respec-
tive lower and upper bounds, &;;, and §,,;,. The initial values are selected
based on the nominal dimensions obtained from the CAD model and
measurement data while the bounds are defined to allow reasonable de-
viations to account for possible assembly and measurement uncertain-

Cost function evaluation: For the current &, the calibration procedure in-
volves an outer optimization loop and a nested nonlinear least-squares
optimization used to solve the Direct Geometric Model (DGM).

Inverse Geometric Model (IGM): It calculates the cable lengths for
measured geometric parameters, including the position °c, and ori-
entation °R,,p of the MP. In the case of p = 0 (home pose), the sec-
ond norm of the cable length vector ||1,]|, is calculated by applying
Eq. (1) to the home pose configuration, where [, represents the vec-
tor of cable lengths corresponding to this reference pose. The home
pose of the MP, including both its position and orientation, is meas-
ured by the laser tracker.

DGM: For each j, the pose of the MP, including both position and
orientation, is estimated from the cable length equations. Since the
number of cable equations exceeds the six unknown pose variables,
the system is solved in a nonlinear least-squares sense by minimizing
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the residual between the cable lengths obtained from the winch
model and those predicted by the geometric model:

8
min Z (Unji = li(x;, §)? (5)
i=1

where x; denotes the pose of the MP, [, ;; is the i-th cable length
obtained from the winch model and [;(x;, §) is the cable length pre-
dicted by the DGM.

*  Residual computation: The predicted MP position ¢, j, extracted
from the estimated pose x;, is compared with the position measured
by the laser tracker €y ;-

e Main calibration cost: The current parameter vector § is calculated
as one minimizing the total sum of the Euclidean norms of position
residuals over all recorded measurement poses:

J
mgin Z” Cpreaj(§) — ‘-'mes.j”z ®)
=0

e Dataset iteration: Set j « j + 1 and repeat the winch model, DGM,
and residual computation steps for the next dataset.

3- Convergence check: If the convergence criteria of the outer optimizer are
satisfied, the current parameter vector is taken as the optimal solution
$ope- The solver stops when the parameter updates and the residual
norm, or both fall below a pre-defined tolerance, or when the first-order
optimality is satisfied. Maximum iteration and function-evaluation limits
are also enforced.

The calibration procedure is carried out under the following hypotheses. All
measurements are performed under static conditions. The cables are made of
stainless steel and are assumed to remain perfectly taut, neglecting sagging and
elasticity effects. A small pretension is applied during the calibration experi-
ments to ensure that all cables remain taut, and therefore cable slackness is not
considered in the modeling. The CDPR base frame is considered rigid (no defor-
mation). The base frame reference is obtained by measuring the center of the
base frame with the laser tracker, and an additional measured point along the x-
direction of the frame defines the x-axis orientation. The z-axis is aligned with
the gravity vector provided by the laser tracker. The anchor points on the MP,
B;, are perfectly fixed to the MP. The pose of the MP in its home position is fixed
and repeatable during the whole measurement.

Most of the initial geometric parameters of the prototype can be measured by
conventional measurement tools. However, some can hardly be measured di-
rectly and are therefore estimated from the CAD model. The former includes
the fixed pulley points P;, the pulley radii r;, ;, the winch radii 7;,; and the cable
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diameter d.. The latter includes the initial cable lengths [;; and the position
vector of the MP anchor points expressed in the MP frame, *b;. Table 2 gives
the measured coordinates of the cable exit points corresponding to the pully
fixed points P; and Table 3 shows the coordinates of the cable anchor points to
the MP.

Table 2. Cartesian coordinates of the pulley fixed points (mm) in the base frame

Coordinates . °p, bz ’py ‘b °Ps °pz  °ps
X 861.1 -140 -141.4 860.4  860.7 -139.1 -139.1  859.8
y 1058.3 1058.7 56.2 57.7 1061.3  1060.5 60.3 59.7
Z 1097.1 1096.2 10914 1092.8 44 43.1 36.8 41.6

Table 3. Cartesian coordinates of the MP cable anchor points (mm) in the platform frame.

Coordinates MPp, MPp, MPp, MPp, MPh. MPh MPp,  MPp.
X 49.9 -499  -499 49.9 27.3 -27.3 -27.3 273
y 86.6 86.6 —86.6 -86.6 961 96.1 -96.1  -96.1
z -73 -73 -73 -73 -73 -73 -73 -73
The other geometric parameters are 1;,; = 8.6 mm,1,,; = 60, mm fori =1,...,8

andd, = 0.48 mm.

4 Calibration Results and Validation

This section focuses on the validation of the proposed calibration method us-
ing laser tracker measurements. The initial (nominal) geometric parameters used
to start the optimization are first reported, followed by the estimated optimal
parameter values obtained after calibration. Finally, the resulting improvements
are quantified by comparing the MP position error before and after calibration.
Ninety poses were randomly selected to ensure a broad variety of translations
and orientations of the MP. The laser tracker measured only the position of the
MP, while its orientation was estimated through the geometric model during the
calibration process. For the validation measurement set, ten complete poses were
captured.

The calibration parameters are estimated in MATLAB by solving a nonlinear
least-squares problem using MATLAB function 1sgnonlin. Bound constraints
are imposed to enforce physically meaningful parameter ranges, as given in
Tab.4. Central finite differences are used for Jacobian approximation. The solver
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stops when the step tolerance, function tolerance, or first-order-optimality
reaches 107¢, 1072°, and 10~27, respectively. The maximum number of iteration
and function evaluation is set to 250 and 10%3, respectively.

Table 4. Parameters bounds used in a nonlinear least-squares optimization

Parameter Bounds

Exit points (mm) Opp,l-im,t -10<%,,; < Opp'iinit +10, i=1,..,8,p=xy,2
Anchor points (mm) MPbp,iinit -10< MPbp'i < Mpbp'iim,t +10, i=1,..,8, p=x,y 2
Winch radius (mm) 59 =n,,, <61, i=1.,8

Pulley radius (deg) 7.7 < T, ; <93, i=1,..,8

Cable diameter(mm) 042<d,.<0.58

Finally, the optimal cable diameter is computed as d,,; = 0.422 mm. The

other optimal geometric parameter values are given in Tabs. 5, 6 and 7.
Table 5. Optimal Cartesian coordinates of pulley fixed points (mm)

Coordinates Opl,opt Opz,opt 0p3,0pt Op4-,opt Ops,opt 0p6,opt Op7,opt 0p8,opt
x 859.4 -143.3 -1315 8506 861.2 -130.2  -139.8 860.4
y 1067.8 1063.4 55.9 58.7 1071.2  1068.8 53.3 56.8
z 1106.7 1105.8 1101.2 11025 538 51 46.8 51.5

Table 6. Optimal Cartesian coordinates of the cable anchor point to the MP (mm)
: MP MP MP MP MP MP MP MP
Coordinates bl,opt bz,opt b3,opt b4,opt bS,opt bé,opt b7,opt b8,opt

X 43.4 -40 -54.6 55 32.4 -21.6 -30.9 32.6
y 92.4 95 -93.4 -90.5 106 102.4 -99.6 -106
z -63.3 -63.1 -71.3 -66.4 -65.6 -62.9 -62.6 -63.7

Table 7. Optimal pulley and winch radii (mm)

i (Cable index) 1 2 3 4 5 6 7 8
Ty opt 8 7.9 7.9 7.8 7.7 8.4 8 85
rw,opt 59 59 602 59 604 601 605 601

The position measurement of the MP and the corresponding motor encoder
data acquisition for a given pose take a few minutes. The calibration optimiza-
tion calculations require approximately 57 minutes when executed on a laptop
equipped with an Intel Core Ultra 9 processor.

The optimized parameters yield error(fopt) = 0.38 mm between the model
and the measurement, compared with error(§,,y,) = 1.6 mm for the nominal
parameters, corresponding to a 76% error reduction. To assess the predictive ca-
pability of the calibrated model, an independent validation set of 10 additional
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poses not used during the calibration was considered. For these poses, the nom-
inal model yields a position error of 1.1 mm, whereas the calibrated model re-
sults in a position error of 0.47 mm and an orientation error of 0.5°.

5 Conclusion

This paper introduced the geometric parameter calibration of an over-con-
strained CDPR prototype intended for FDM 3D printing. The geometric model
of the proto-type including that of its spiral winches has been presented. A laser
tracker has been used as an exteroceptive sensor to measure the position of the
CDPR moving plat-form. The optimization of geometric parameters results in
the reduction of the average position error of the moving platform from 1.1 mm
to 0.47 mm without considering the elasticity of the cables. Future works in-
clude the auto-calibration of the prototype using the laser tracker sensor as part
of the 3D printing process. The elasticity of the cables will be also included in
the modeling to enhance the precision of the 3D print-er CDPR.
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