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Abstract. Cultural heritage science envisages understanding of methods and
techniques used by past painters and sculptors in creating their masterpieces
of art. Existing devices for in situ and non-destructive, automated scanning are
large and bulky and built around the assumption of a perfectly planar surface. We
are developing a lightweight, portable robot for scanning of paintings, marbles,
or statues while explicitly allowing for their out-of-plane surface. This paper
presents the kinematic design and analysis of the wrench-feasible workspace of
a cable-driven parallel robot capable of positioning an imaging device with three
translational and two rotational degrees of freedom. At the end stand geometric
parameters optimized for the application requirements allowing for pan and tilt
of 70° each in total, making scanning of the spatial surface of art objects possible.
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1 Introduction

Cultural heritage science aims at deeply understanding cultural heritage objects
which necessitates knowledge of its material character reflecting creation and
history. Insight is commonly acquired by means of imaging techniques such as X-
ray fluorescence imaging or reflectance imaging spectroscopy for the identification
of chemical properties which can reach every layer of paint of an image, even those
below the visible surface. Attribution of paintings to famous artists e.g., Vincent
vanGogh is one use case [3], preservation for future generations another. Given the
heterogeneity of a cultural heritage object, it is often not sufficient to investigate
selected spots, but to scan a significant part of the object [4].
Frequently employed techniques are derived from laboratory setups for the in-
vestigation of planar samples. However, artists purposefully create paintings with
topographical surface to provide a level of plasticity and depth. This is particularly
interesting for painted marbles from Roman or Greek antiquity [2, 7] where cor-
rection for variation in the surface was made in post processing. However, not all
image distortion is recoverable and may more easily be avoided when capturing
an image.
Common devices are handheld, or tripod-mounted or table-mounted. Handheld
operation limits the analysis to isolated spots and, consequently, does not allow for
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Fig. 1: CAD rendering of proposed cable robot CaRISA depicted scanning Vermeer’s Girl with a Pearl Earring (picture CC-
BY-SA 3.0 Unported License).

acquisition of representative data. Tripod-mounted devices can be positionedmore
freely and can, to some extent, account for surface curvature, yet their scanning
range is only a few hundred square centimeters [6]. Table-mounted devices allow
for scanning large areas, and, in some cases, can also follow the surface to keep a
constant distance, however, the measurement head cannot be panned or tilted [17].
Panning and tilting the view is needed to uncover shaded areas and to keep the
plane of focus aligned.
All operated systems provide for serial motion of the imaging device, resulting in
terminal positioning inaccuracy due to error accumulation of each axis. Using a
parallel kinematic manipulator can remedy this disadvantage since the terminal
accuracy is not determined by only a single axis’ error. However, they feature a
workspace much smaller than their footprint due to limited axis stroke. Replacing
the 푚 rigid link actuators with elastic and flexible cables can drastically increase
the workspace of the parallel robot yet compromises accuracy and stiffness.
A cable-driven parallel robot (cable robot) nevertheless seems appropriate for
this type of application due to its large workspace and scalable design. To the
best of the authors’ knowledge, only two types of cable robots have been devel-
oped for carrying an imaging device. The most well-known system is SkyCam
by Cone et al. [5], displacing a camera for aerial view of sports matches. Gos-
selin et al. developed a cable robot for capturing the appearance of objects using
6-degree of freedom (DoF)with a 1-DoF gravity-powered passivemechanism end
effector displacing a high resolution camera on a hemisphere centered around the
object [8]. Practicality of cable robots for scanning art has yet to be investigated.
In this contribution, we present a Cable Robot for Inspecting and Scanning Art-
work (CaRISA) (see Figure 1) of non-planar, spatial objects alike to paintings and
frescos. Our robot is designed to be used in situ i.e., it is deployed on-site of the
artwork and arranges itself around the piece of art. Our resulting robot is novel
in that we are providing the application-optimal geometric design for the task of
scanning artwork in the general realm of paintings.
This paper is structured as follows: Section 2 presents the application and hardware
requirements from which we infer the cable robot properties and archetype design
in Section 3. Succeeding is the workspace analysis in Section 4 showing the
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(a) Suspended: cables routed upwards
from the platform.

(b) Constrained: cables routed up- and
downwards from the platform.

(c) Protruding: thin frame with platform
protruding from it.

Fig. 2: Schematic drawings of (a) suspended, (b) fully constrained, and (c) protruding designs.

used kinematics model as well as the obtained application-optimal final geometry.
Section 5 summarizes and concludes the paper.

2 Application Requirements and Specification

We assume the artwork to be a three-dimensional surface over which the imaging
device is moved subsequently capturing the whole piece. The positioning device
must allow for keeping the optical axis alignedwith the scanning area normal. This
results in a 5-DoFworkspace: 3 translational DoF and 2 rotational DoF for panning
and tilting. The spatial extent of the workspace clearly depends on painting size
and focal range of the imaging device. We assume it to be (80×60) cm in width
and height, the size also covered by established instruments. Panning and tilting
must be possible for the range of (−35 to 35)°, similar to existing devices with
only tilting ability.
CaRISA is equippedwith aDino-LiteDigitalMicroscope camera offering imaging
in visible and invisible light (UV and IR). The camera is attached to a DinoLite
WF-10 WiFi Streamer, providing power over USB and wireless data transmis-
sion. The cable robot operates by capturing an image when at rest, thus no live
data feed is needed. With a focal distance ranging from 22mm to 48mm, the
camera has a maximum field of view of 70°. The camera’s CMOS chip fea-
tures (1280×1024) px giving an image pixel size of 10 µm to 15 µm.
In situ scanning of the art object implies it be left at its location of installation
and the positioning and imaging device being fitted around. As such, the device
must be mobile, transportable, adjustable, and allow for scanning outside of its
footprint.

3 Structural Design

A cable robot consists of a mobile platformwith 푛DoF driven by푚 cables. Verho-
even et al. [18] categorize them by their redundancy 푟 = 푚−푛 as i) underactuated
or incompletely restrained when 푚 ≤ 푛, ii) completely restrained when 푚 = 푛+1,
and iii) overactuated or redundantly restrained when 푚 > 푛+1. Either category
can be operated either suspended i.e., crane-like (CoGiRo [9], Figure 2(a)), or
(fully) constrained (SEGESTA [11], Figure 2(b)). While crane-like cable robots
are unable to withstand all external wrenches and some DoF may be uncontrol-
lable, fully constrained systems can balance arbitrary wrenches and have all DoF
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Fig. 3: Kinematic robot model with world coordinate system KO = (푂;푶̂x , 푶̂y , 푶̂z) and local platform coordinate sys-
tem KP = (푃; 푷̂x , 푷̂y , 푷̂z) .

controllable. Inherent to most cable robots is a small orientation workspace due
to cable-cable collision or infeasibility of attaining static equilibrium. CoGiRo’s
special design allows for large rotation of more than 100° around one axis [9].
A third, rarely used archetype is the protruding FALCON7-design by Kawamura
et al. [12]. It features a thin frame out of which the platform protrudes (see Fig-
ure 2(c)). The design was intended for high-speed pick-and-place applications
requiring high stiffness, achieved by the out-of-plane cable connections. Besides
allowing for a large orientation workspace, this also results in the workspace be-
ing located outside of the frame. Given the limitations of a workspace-enclosing
design or a crane-like design, choosing the FALCON7-design implies itself.

4 Workspace Analysis
The tool center point (TCP) must reach every point within a cuboid of dimen-
sions (80×10×60) cm, the depth of 10 cm chosen to allow also using other
imaging devices in a later stage.

4.1 Kinematics Model
We assume the standard kinematic model (cf. Figure 3) as originally presented
by Albus et al. [1], where the mobile platform is positioned at 풓 with orien-
tation 푹P = 푹푷̂x (훼) 푹푷̂z (훾), pan and tilt; rotation about focal axis 푷̂y is of no
interest. A vector loop is drawn from the 푖-th frame anchor 퐴푖 at 풂푖 and attached
to the 푖th platform anchor 퐵푖 at 풃푖 w.r.t. the platform coordinate system KP. This
yields the cable length from

퐿푖 = k 풍푖 k = k풂푖 − (풓 + 푹P 풃푖)k .
Static equilibrium of the cable robot can be achieved by balancing all 푚 cable
forces 푓푖 with the external wrench 풘 such that it reads

푨> 풇 +풘 =
�
풖1 . . . 풖푚

풃1 ×풖1 . . . 풃푚 ×풖푚

� 
푓1
.
.
.

푓푚

 +풘 = 0 , (1)
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Table 1: Final geometric positions of each cable frame anchor 풂푖 and platform anchor 풃푖 .

Frame anchor Platform anchor
Cable 풂푖x/m 풂푖y/m 풂푖z/m 풃푖x/m 풃푖y/m 풃푖z/m

1 −1.250 0.100 1.250 −0.075 0.075 −0.075
2 1.250 0.100 1.250 0.075 0.075 −0.075
3 1.250 −0.100 1.250 0.075 0.775 −0.100
4 −1.250 −0.100 1.250 −0.075 0.775 −0.100
5 −1.250 0.100 −0.750 −0.075 0.050 0.075
6 1.250 0.100 −0.750 0.075 0.050 0.075
7 1.250 −0.100 −0.750 0.075 0.800 0.100
8 −1.250 −0.100 −0.750 −0.075 0.800 0.100

with the cable direction vector 풖푖 = 풍푖/퐿푖 . Above equation describes the struc-
ture equation with the structure matrix 푨> [10], and at the core of determining
the wrench-feasible workspace (WFW). Even though pulleys are used for guiding
the cables, we neglect them in the analysis since their influence on the workspace
space is negligibly small for the robot dimensions (see [13] for a discussion).

4.2 Workspace Archetype and Criterion

The TCP shall be positioned in the spatial extent of the cuboid in front of the
painting (cf. Section 2) such that any orientationwithin the set of possible rotations
can be attained. This total orientation workspace

WTO(R) = {풓 ∈R3 | 풚̂ = h풓,푹Pi∀푹P ∈ R} ,

is the set of poses which contains all positions 풓 where all orientations 푹P are in a
given set of orientations R. Pose validity is checked based on wrench-feasibility
i.e., checking if there exists a force distribution 풇∼ ∈ [ 풇−, 풇 +] = [10N,150N]
such that Equation (1) holds true. Since the platform must not touch the artwork,
the externalwrench풘 = 푚P · [품>, (푹P 흔× 품)>]> comprises only gravitational forces
and torques,with total platformmass푚P = 5kg, direction of gravity 품 = [0,0,−푔]>,
and the center of gravity (CoG) 흔 in platform coordinates. We solve Equation (1)
using the Improved Closed-Form by Pott [14], which solves

풇∼ = 풇 − 푨>+ (풘 + 푨> 풇 ) ,

where 풇 = ( 풇 + + 풇−)/2. If no force distribution can be found, the pose is not
within the WFW.

4.3 Application-Optimal Workspace

Our design goal is to find a set of dimensions for frame and mobile platform
such that CaRISA covers the whole painting area for all focal distances. As any
arbitrarily large configuration will cover the volume of interest, we search for
those satisfying additional constraints on the platform shape and maximum frame
dimensions. Through gradient-based methods we find a locally optimal solution
to the non-linear constrained optimization problem (see methods in [15]).
The final frame and platform dimensions are given in Table 1, which shows cable
attachment in a crosswise sequence, yet cable-cable collision does not occur in
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(a)Workspace for pan 훼 = 0° and tilt 훾 = 0°. (b)Workspace for pan 훼 = −35° and tilt 훾 = −35°.

(c)Workspace for pan 훼 = 35° and tilt 훾 = −35°. (d)Workspace for pan 훼 = 35° and tilt 훾 = 35°.

Fig. 4: Translation wrench-feasible workspace for multiple orientations of the platform.

the volume of interest. Figure 4 shows the workspace for multiple orientations of
the mobile platform to account for the desired range of pan and tilt. All figures
show the desired workspace in light green, the platform in dark gray, the cables
in red, and the obtainable translational workspace for each rotation value.
The translational workspace for rotations about 풆̂x or 풆̂z close to zero covers al-
most 90% of the robot’s frame area. For maximum angles of pan and tilt, coverage
reduces to approximately 45%. In either case, however, the desired volume is still
within the translational WFW. For large positive rotation about 풆̂x i.e., the camera
pointing downwards, and due to the TCP position not coinciding with the plat-
form’s CoG, the WFW is of much smaller size compared to negative rotations
about 풆̂x i.e., with the camera pointing upwards.We conclude possibility of finding
an application requirements-satisfying geometry for scanning of artwork.
From a theoretical point of view, accuracy and repeatability of the device are in the
required range influenced only by the drive encoder and gear ratio. However, well-
known physical challenges of cable robots of cable elasticity and flexibility do not
allow for making a blanket statement on the obtainable terminal accuracy. As of
writing, the physical prototype is being constructed. We are already developing
further improvements to the system such as additional cable force sensors and
absolute cable length measurement devices to combat cable elasticity and induced
accuracy impairment.
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We expect the final workspace size to be smaller to the analytical result for that
1) friction of pulleys and bearings is neglected but will inevitably impair the
transmitted drive torque/force, and 2) the final assembly will not share the exact
same geometry as determined analytically due to manufacturing inaccuracies and
possible adjustments to the mechanical design. Despite that, the actual physical
workspace is expected to be marginally smaller than the analytical workspace,
which iswhy a theoretically largerworkspace is generally preferred during design–
see also [15] for a critical review of this fact.

5 Conclusions

Wepresent the 5-DoFCableRobot for Inspecting andScanningArtwork (CaRISA)
of cultural significance with a large translation and orientation workspace. Cable
robots deems themselves a good choice due to their lightweight and modular
design and their large workspace. Conventional cable robot designs are limited
in their orientation workspace, which is why we choose the FALCON7-design.
CaRISA’s geometry is optimized for the application requirements of achieving a
wrench-feasible workspace with panning and tilting of the imaging of 70° each,
respectively.
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