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Abstract. Monitoring, inspection, maintenance, construction, and restoration are
nowadays challenging activities conducted during the process of civil infrastruc-
turemanagement, due to the revolutionary impact ofmechatronics and information
technology for their automation. In this paper, numerical simulations are proposed
for a Cable-Driven ParallelManipulator designed for inspection andmonitoring of
buildings and structures. Robots can effectively replace personnel for performing
dangerous or unsafe operations. Referring to structures’ inspection, autonomous
or tele-operated solutions can be used. In addition to conventional robotics, such
as drones, mobile robots and climbing robots, which have become a reality in
the last years, Cable-Driven Robots can be used, as completely new application,
to locate the terminal link, i.e., the end-effector, carrying suitable sensors and/or
specific tools, in wide application areas. In this paper, we address the problem of
considering a specific type of buildings, those for which there are not regularly
shaped walls or edges. We consider steel glass-façades buildings, with irregu-
lar shape. For this kind of buildings, the inspection can be very difficult, time
consuming and quite expensive. Considering an irregular shape building, design
consideration and simulations results of the inspection are proposed in this paper.

Keywords: Cable-Driven Parallel Manipulators · Simulation · Robotic
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1 Introduction

Automation in production has become the key issue for ensuring the requested qual-
ity with reasonable manufacturing costs. Conventional commercial robots, due to their
limited workspace, or the high cost of the large gantry robots for construction engineer-
ing, leaves the manipulation of heavy payloads over large workspaces still done with
traditional non-automated cranes. Handling of heavy loads in a huge workspace can be
labor-intensive and involves multiple cranes operated by several individuals. This kind
of task has drawbacks related to the limited flexibility and orientation capabilities of the
cranes, including the increase the possibility of labor accidents [1].
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In order to overcome these drawbacks, robotics and mechatronics were introduced
to many sectors, including industrial and construction companies, but also for non-
conventional applications related to agriculture [2], search and rescue [3], remote explo-
ration [4], monitoring of historical sites [5], motion assisting devices [6], just to men-
tion some. The above-mentioned robotic systems are constituted by rigid links parts
connected by multiple joints and uses different types of actuators commanded by suit-
able control. Robotics have been developed and can be applied for performing NDE of
infrastructure. However, still a limited number of initiatives are developed towards semi-
autonomous/fully autonomous systems that can reduce the overall time and resources
taken to provide regular health monitoring services for civil infrastructures. It is for
this reason that the current situation warrants the development of robust, replicable and
cost-effective technological platforms for the SHM of civil infrastructure studies.

As completely new application, CDPM initially developed as laboratory prototypes,
then haptic systems, large-scale 3Dprinting [7] and camera pointing systems [8] are start-
ing to be designed for automation in construction activities, laser distance-measuring
device [9], maintenance of vertical green gardens [10], large scale assembly of solar
panels [11], washing of large areas such as airplanes, windows, walls, curtain widows,
automated assembly, repair and maintenance of facades panels [12]. Applications as
mobility assistance are reported in [13, 14]. Current applications and main character-
istics are reported in [15]. A recent application is referring to automatic curtain wall
mounting using a CDPM was proposed in [16]. Large-scale 3D printing was proposed
and experimentally tested in [17]. Authors in [18] have proposed a solution for robotic
refurbishment by using CDPM. According to the latest research and results in very
recent years, CDPM are starting to be addressed for Logistics because they can quickly
handle pallets and storage in automated mode, in naval construction and renewable
energy, because they can operate on large and heavy parts and structures, also involv-
ing welding, sandblasting, painting, inspection and deconstruction. In nuclear industry
they can move material and equipment, perform maintenance, inspection, monitoring in
radioactive areas,

In this paper, we present an application of a CDPM for inspection and monitoring
of buildings and structures, but instead of considering regularly those with regularly
shaped walls, typically horizontal or vertical and squared or rectangular we focus the
attention on steel glass-façades buildings, with irregular shape. For this kind of buildings,
the inspection can be very difficult, time consuming and quite expensive, because they
involve large scaffoldings, or experienced personnel as sky climbers.

As an illustrative case of study, we consider a building with elliptical base, having
the roof made of thin glassy skin supported by vertical steel blades and an elliptical
steel ring. Steel pilasters sustain the drome, as it will described in the next section.
Considering an irregular shape building, design consideration and simulations of the
inspection are proposed in this paper. Simulation tools are very effecting when it is not
possible to reproduce phenomena with real scale prototypes or construction, or in the
case ofmonumental buildings or architectures that cannot be accessed in advance or have
strict rules in the access. Moreover, the use of advanced tools makes possible to take into
account several environmental conditions, as it was reported in [14]. In this paper we
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propose the modelling a glass and steel building and simulation of inspection/interaction
with the glass façade.

2 Design Considerations for Infrastructure Inspection Robots

Existing structures and infrastructures often need periodic inspections for detecting pos-
sible deterioration and programming their maintenance. Inspections can be classified
as initial inspections, routine inspections, damage inspections, in-depth inspections,
fracture-critical inspections, underwater inspections, and special inspections. The final
goal of all of them is to extend the construction life and avoid critical failure. However,
taking into account that different size, geometry, complexity of conservation, environ-
mental conditions, etc., are present in constructions, the design of automated procedures
for executing these inspections and maintenance tasks is a challenging matter.

Worldwide, large amount of funds is invested each year for infrastructure inspec-
tion using Non-Destructive Testing/Evaluation (NDT/NDE) technologies. Structures
that were built worldwide in the mid-20th century or earlier are becoming an impor-
tant problem, because they are reaching their life expectancy leaving questions about
their structural integrity and deterioration levels, and thus have strong needs for routine
inspection and maintenance to ensure sustainability.

Parallel cable-driven robotics provides the best cost-effective solution, automated and
manually controlled, over large or very large workspaces. They are able to position any
kind of tooling or another anthropomorphic robot, accurately in along a wide workspace
withstanding external loads just by using cables.

According to the specific application related to the inspection and monitoring of
large surfaces of buildings, the following issues should be considered.

Primarily, the task to be accomplished is to located sensors installed on the terminal
link, called end-effectors in the environment. According to that, the first choice is to
design the way of the movement of the robot. Traditionally, the first choice and also
the most used one in outdoor inspection is using Unmanned Aerial Vehicles (UAVs),
[19], which offer the great advantage of high flexibility, reliable wireless information
transmission, suffering of thewell-known drawback of limited time of flight and payload.
On the other hand, for indoor inspection and monitoring of infrastructures and confined
spaces Unmanned Ground Vehicles (UGV) have been designed and used extensively,
as reported in [20]. Mobile robots may have wheels, legs, track or combination of the
latter being hybrid solutions. They can operate both autonomously, without the use of
navigation devices in an unstructured environment, or along a predetermined route, by
using navigation devices in a relatively controlled environment. a special type of mobile
robots are those related to pipe inspection for Oil&Gas or water distribution lines, the
design is specific, therefore they have been named as serpentine or snake robots, as [21].
These systems must negotiate with narrow and long confined working volume, having
the ability of negotiating obstacles and curved pipes.

A new type of robot is the CDPM, a special type of parallel manipulator in which the
rigid links constituting the legs are replaced by cables, which connects the fixed frame
to the end-effector.

A cable-driven parallel robot is mainly composed by few components. The winches,
which include motor, encoder, drum; the cables, which are wounded around the drum
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and whose lengths are changed by controlling the motors; the pulleys that are needed
to redirect cables conveniently, the fixed frame and moving platform (end-effector) for
anchoring the cables both sides; finally, the controller and drives.

The pulleys in particular, can be strategically located for allowing the cable going
from the winch to the desired output point. Pulleys can be fixed on the building or on a
dedicated frame, according to the specific needs.

The lengths of the cables must be synchronized to perform the requested task and
controlled in order to provide the desired end-effector motion in the Cartesian space.
CDPMs open business perspectives inmultiple sectors with a wide range of applications,
as it was detailed in the Introduction.

Referring to the mechatronic systems, main components, are the mechanical part,
the control device, software for the control device, sensors, a drive, and a set of actuators.
The control device is usually a microcontroller, laptop or personal computer. Software
used for Robotics applications can be a low-level language, a high-level language, or
special software for real-time systems. The used sensors can be internal, i.e. depends on
the functionality of the robot, and level of autonomy, for example, accurate calculation,
contact or non-contact proximity sensors, collision avoidance, positioning and other
specific applications. External sensors’ suite [22] depend specifically on the addressed
application.

Vision systems are widely used in robots for inspection and monitoring, for per-
ception of the environment, as well as for acquiring specific data related on the survey.
Thanks to this type of robot sensing system it possible to generate signals for controlling
the robot based on the perception and processing of video information.

Currently, serial production of a wide variety of robot vision systems is expanding
worldwide.

3 Cable-Driven Parallel Manipulators

Cable-driven parallelmanipulators are a class of parallel robots that consist of a fixedbase
and mobile platform, which are connected by several cables. Due to the nature of cables,
they posses in general good characteristics such as: good inertial properties, which give
the possibility to reach high accelerations. Moreover, the actuation and transmission
systems can be conveniently fixed on the base. Cables are lightweight and CDPMs can
have higher payload-to-weight ratio, which makes them effective for many applications.
Moreover, they can be relatively low-cost, modular, and easy to reconfigure according
to their design.

Cable manipulators have been classified into two basic types, the fully-constrained
and under-constrained types, based on the extent to which the end-effector is constrained
by cables only [23] or they rely on gravity, as it is schematically shown in Fig. 1. The
necessary but not sufficient condition for a mobile platform with n degrees-of-freedom
to have a fully-controlled motion is considering at least m = n + 1 cables, which refers
to a completely restrained positioning mechanisms defined in [24], since many cable
robots can be over-determined with respect to forward kinematics but under-determined
with respect to cable forces distribution [23]. Therefore, an issue for their use is the
evaluation of the cable force distributions. Classification based on attachment points is
given in Fig. 2.
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Fig. 1. Schematic representation for classification of CDPMs: a) fully constrained, b) over-
constrained; c) under-constrained (suspended).

Fig. 2. Schematic representation for attachment points for CDPMs: a) point-mass, b) multiple-
points; c) pulley solution proposed in [25] for model simplification.

Point-mass CDPMs are those in which all cables are joining at the same point on
the mobile platform, the advantage is avoiding cables’ interferences, the disadvantage is
not controlling the orientation. The multiple-points connection is the most used because
it is possible to control position and orientation of the moving platform, but the pulleys
dimensionmust be taken into account in themodel. In order to operate the robot avoiding
the need of including the pulleys dimension in the mathematical model, a design concept
has been introduced in [25] and successfully used, it will be applied in the design of
CDPM simulated in this paper.

Considering multiple cables, the motion of the mobile platform can be obtained by
increasing the number of actuated cables, which will also reduce the tension in each
cable for a given payload, but the workspace will be limited by possible interferences
among cables and cables with mobile platform, the problem has been investigated in
[26]. Several workspace classifications have been proposed for fully constrained cable
robots, namely the controllable,wrench feasible, dynamic and force-closureworkspaces.
They are defined as the set of poses at which the mobile platform (or end-effector)
can physically reach while all the cables have positive tension, and some additional
constraints are met. In particular, the controllable workspace has been defined in [27]
as the set of all poses at which the end-effector can statically balance a specific set
of external wrench with all positive cable forces. The wrench feasible workspace [27]
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refers to the wrench set of poses that can balance a specified range of external wrenches
with all positive cable tensions. Under-constrained and cable-suspended robots rely on
gravity force. In a cable suspended parallel robot, the moving platform is suspended and
operated by the attached cables that are connected to the base.

4 Simulations of a Case of Study

Modern architecture demands transparency, lightness and elegance and facade design
with steel and glass is perfect to meet these requirements. Steel and glass constructions
combine amodern glass aesthetics with a filigree, but stable statics and optimal structural
properties. Thanks to innovative design solutions and ultra-modern manufacturing tech-
nologies, in the last two decades a wide variety of geometric shapes have been realized.
Considering steel-glass structures, exceptionally large spans are possible, especially for
large roofs [28]. As the two materials are often combined in the construction indus-
try, steel and glass have been widely used in the roofs and facades of office buildings,
residential buildings, and transport infrastructures.

As illustrative example, we have considered a steel glass structure, as it is shown in
Fig. 3, in which the main dimensions are shown. Figure 4 shows a photo sequence of
the simulation that has been carried out. A 4–4 CDPM has been considered, meaning a
spatial suspended cable robot having 4 cables with 4 different attachment points at the
end-effector.

The choice is to maximize the workspace below the end-effector. The disadvantage
is not being able to control all the degrees of freedom of the system, but for monitoring
applications we can use the positioning capability and using additional systems for
orienting the tool, although it would be advisable to completely restrain the tool, for such
irregularly shaped architectures is rather impossible to have multiple cables working in
any directions.

The fixed attached points (fixed pulley in Fig. 3) are chosen conveniently taking
advantage of the buildings in the surroundings. The actuation is mounted on the ground,
cables are wound around drums, displayed in Fig. 5a), and they are rolled in and out
thanks to the actuation systems. The cables are sent through suitable pulley mounted
on top and displayed in Fig. 5b) to the end-effector tool, shown in Fig. 5c) and 5d).
Figures 6, 7 and 8 shown numerical results for the simulation shown in Fig. 4.

It is worth noting that the shape of the end-effector is designed according to the
principles reported in [25] in order to simply the kinematic model and have better posi-
tion capabilities. Realistic dimensions for the tool and commercial cables have been
considered for the simulations. According to the overall dimensions and end-effector
tool, simulations have been run neglecting the cable sagging effects.
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Fig. 3. An illustrative example for a steel-glass structure being inspected, in the scheme1) path,
2) tool, 3) fixed pulleys, 4) steel-glass structure, 5) horizontal surface, 6) vertical surface.

Simulations have been carried out in CAD environment by using motion tool. The
simulations are kinematics, indeed they refer to the positioning capability of the system.

The considered building has a complex shape, and it is planned to design a CDPM
for inspection purposes, whose main scope is to carry a camera to take pictures, ther-
mal images and/or point clouds thanks to a 3D scan, according to the information that is
required. The systemsmust be eventually able to carry suitable end-effector for position-
ing sensors or cleaning, which would require an interaction between the end-effector and
the structure. Having the possibility of using advanced tools for simulation and testing of
the proposed solutions, it would be possible to realized advanced maintenance programs
based on simulation results [29], as those reported in this paper. Realistic simulations
can be very effective also for the development of Digital Twins related to real structures,
in order to update and operate them, remotely, as described in [30, 31].

Future developments are related to the realization of more advanced cables’ model
taking into account the mass and related sagging effects, and the possible interaction
with the structure, simulating cleaning or maintenance. Cable modelling for realistic
simulations of CDPM is still an open issue to be further explored, although some recent
analytical models have been proposed by [32]. The proposed solution, although designed
for a given case of study of monumental structure, can be properly applied to vertical
surfaces, like building facades, for cleaning, painting, monitoring, placing smart sensors.
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Fig. 4. A photo sequence for the simulation of the operation for the CDPM applied to the steel-
glass structure, configuration at: a) 0 s; b) 3 s; c) 4 s; d) 8 s: e) 12 s; f) 14 s.
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Fig. 5. Mechanical design for the CDPM: a) Pulleys; b) end-effector tool.

Fig. 6. Numerical results for the simulation reported in Fig. 4: a) End-effector tool position; b)
end-effector tool velocity components.

The use of CDPM is well suited because it allows placing the actuators conveniently,
according to the needs and the shape of the structures. The use of additional cables and
fully-constrained solutions allows better control of the tool.
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Fig. 7. Numerical results for the simulation reported in Fig. 4: a) angular configuration for the
four motors Mi; b) angular velocity of the four motors; c) cable lengths; d) angular acceleration
of the four motors.

Fig. 8. Numerical results for the simulation reported in Fig. 4: a) End-effector tool acceleration
components in X and Y; b) End-effector tool acceleration normal and tangential components.
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5 Conclusions

In this paper, the design and simulation results for a large scale Cable-Driven Paral-
lel Manipulator (CDPM) have been detailed. CDPM have attracted the attention of
Academia and applied research for their features, mainly related to large span capabil-
ities. Indeed, applications are increasing enormously, reaching inspection and monitor-
ing of structures and infrastructures, when other types, conventional solutions, cannot
be used. In this context, we have explored the possibility of applying such robot to the
inspection and eventually maintenance of steel-glass structures, which are challenging
because with very complex shapes. In this paper, the design and simulation results are
shown for a realistic case of study referring to a complex shaped steel-glass structure,
for which the inspection of the top roof is proposed. First results are shown, future work
is related to the development of more advanced model, taking into account the sagging
of the cables, and interaction between the end-effector tool and the top roof, simulating
an operation of maintenance. Currently, a scaled prototype is under construction in lab-
oratory environment to test the feasibility of the proposed approach and testing on the
application for smart sensors positioning for monitoring structures and infrastructures.
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