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ABSTRACT Traditional manufacturing industries are currently immersed in an automation process, integrat-
ing new techniques and tools, driven by the demands from producers to improve the manufacturing process
as well as the working conditions of employees. For the footwear industry, bonding is a key operation in
the manufacturing process where the outsole is assembled onto the lasted shoe. However, in this operation,
workers are often subjected to hazardous substances (i.e., organic solvents) and perform repetitive tasks with
limited added value. Against this background, this paper describes the results of a research project, whose
aim was to obtain the maximum benefit from different technologies analyzed, such as collaborative robotics,
artificial vision and multirobot control, for the manipulation of flexible/deformable objects. The main result
of this project is a robotic workcell for shoe bonding that has been introduced in the production line to
fully automate the operation. This workcell integrates three collaborative robots, one for (hot melt) adhesive
application and another two, with two-finger electric grippers, to carry out the bonding synchronously.
Different vision systems have also been embedded to conduct the various processes involved. The entire
operation is controlled and coordinated through ROS (Robot Operating System). The key findings of this
research showcase the automation of a process traditionally undertaken by humans. In this novel approach,
two robots collaborate to manipulate flexible objects, liberating the operator from engaging in repetitive,
non-value-added tasks and the handling of hazardous substances.

INDEX TERMS Bonding, footwear, fourth industrial revolution, robotics and automation, smart manufac-
turing, manufacturing automation.

I. INTRODUCTION

Industrial development stimulates a strong socioeconomic
reactivation and improvements in the quality of life of
the population. The 4" industrial revolution is a real-
ity that begins to impact on the new forms of produc-
tion, organization of companies and, of course, on the
safety and health of workers. Incorporating technologies
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such as robotics into traditional manufacturing sectors
with a strong presence in Europe can determine the dif-
ference between preserving the relevance of the Euro-
pean manufacturing sector and weakening it at the global
level.

European footwear is recognized worldwide as a distinc-
tive symbol of traditional values combined with high quality
products. In 2018, the European footwear sector [1] (EU28)
was represented by 19,856 companies and 260,309 direct
employees.
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In terms of footwear total production, Europe is in a relative
weak position compared to Asia, despite 7 EU countries
being among the world’s largest producers, with Italy at the
top (10% position), based on 2018 data. Regarding footwear
exports by quantity, the panorama improves considerably.
Asia, and specially China, leads the ranking, with almost two
thirds of all footwear exports. However, Germany, Belgium,
Italy, Netherlands and Spain appear in the top ten [2].

Due to the Asian dominance in footwear production,
Europe has had to focus on more expensive, higher quality,
value-added footwear to face this competition. This can be
clearly observed in the average export prices per country,
where Italy is the unrivalled leader among the world’s top
20 producers. Europe’s position is therefore further improved
when the value of footwear exports is considered rather than
the quantity. From the value of exports in 2019, 9 of the
top 15 exporters are European. Among the main exporters of
footwear, focusing on the countries totally or partially inte-
grated in the southwest European region (SUDOE), France
occupies the 7" position, Spain the 9 and Portugal the 15,

All these data highlight the importance of preserving and
modernizing an industrial sector with such economic weight
and prestige in the European industrial background, improv-
ing its technological level and sustainability. To fight against
increasing competition, it is important to raise productivity to
keep prices down, while maintaining the level of quality that
differentiates European footwear.

Traditionally, the manufacture of footwear requires to per-
form several manual operations. These are precise operations,
most of which involve the manipulation of flexible objects
such as leather, insoles and outsoles of different materials and
shapes. The automation of these operations is a key factor
in improving footwear production in Europe, and hence,
the productivity of companies. This is vital to ensure that
they continue producing in Europe and that the jobs they
generate survive, while becoming higher quality, knowledge-
intensive and more technologically advanced. Technologies
like robotics [3] and artificial vision [4] help in the automation
of processes, which is one of the main ways to improve the
efficiency of manufacturing chains and raise the productivity
of traditional footwear industry.

Thus, protecting and improving the quality of existing
jobs, and creating new ones is the main objective behind
the knowledge and technologies investigated and developed
in the research carried out. The sectors on which this study
focuses may be impacted considerably by the results of the
research due to their high employment rate and great impor-
tance in the economy of European countries.

Il. BACKGROUND

Analyzing the state of the art about the automation of the
bonding process in the footwear industry, different research
works related to the operation can be found, mainly for glu-
ing application systems, using cartesian robots and a vision
system [5], [6], or anthropomorphic robotic arms to spray the
outsole [7]. References can also be found about systems for
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applying adhesive to the shoe upper using adhesive extrusion
systems [8], as well as about other systems to deposit glue
so as to wet the shoe upper controlling the force between
the glue extruder and the surface of the shoe upper during
the application [9]. Different approaches can also be iden-
tified to automate footwear manufacturing plants from the
3D CAD information of the footwear model [10], but results
are not particularly satisfactory or limited to the large-scale
manufacturing; however, given the specific characteristics of
this sector, where short series of shoe models are usually
manufactured and different sizes and feet (right and left)
must be considered, fully automating a plant is particularly
challenging. Other systems apply adhesive onto the shoe
upper and the outsole [11], but no reference has been found
about robotic systems that perform the bonding operation of
these two parts of the shoe after adhesive application.

When reviewing solutions for other sectors we observe
operations executed with two robots to manipulate heavy
objects [12]. However, these systems often lack the precision
required for the proposed operation. In the automotive indus-
try, numerous assembly operations can be automated using
robots [13]. Nevertheless, the majority of components manip-
ulated by these robots are rigid and lack flexibility. Over
the past years, there has been significant development in the
field of dexterous grippers, resulting in various robotic system
designed to enhance the flexibility of industrial assembly
operations [14].

Therefore, the aim of this paper is to present a robotic
workcell for footwear manufacturing to apply glue and per-
form the bonding process between the shoe outsole and upper.
This workcell has been built as a demonstrator of different
technologies that could carry out together one of the most
common operations in footwear manufacturing.

Insole

Outsole

Last
Upper

FIGURE 1. Shoe parts.

Ill. DESCRIPTION OF THE SHOE BONDING PROCESS

The bonding operation starts with the preparation of the
pieces. Outsoles must be cleaned and treated physically or
chemically so that the adhesive bonds perfectly. The upper
also need to be prepared, which usually involves deburring
and roughening [15] to remove bulky folds from the material
and to improve adhesion. Once prepared, the adhesive [16] is
applied, left to dry, then reactivated and the bond between the
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two parts is made. After bonding, the shoe is placed in a press
designed for this purpose, where adhesion is consolidated.
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FIGURE 2. Footwear bonding process.

In the gluing process, adhesive has been conventionally
applied to both parts, that is, the outsole and the upper [17].
However, in the process described in this paper, a reactive
polyurethane (PUR) adhesive [18], [19], [20] is used, which
only needs to be applied to one of the parts: the outsole,
is used. This adhesive is, in addition, more environmentally
friendly as it does not contain any solvents [21].

Once the adhesive has been applied, the operator brings
both parts and performs the assembly operation joining the
outsole to the upper. This process needs a high level of
precision so that the outsole is perfectly aligned to the shoe.
Subsequently, the operator introduces the shoe in a press to
finish the bonding process.

IV. SYSTEM DESCRIPTION
The proposed system is the result of the integration of various
interconnected elements.

A. SOFTWARE

In terms of software, the decision was to use ROS (Robot
Operating System) [22] for the entire project, which is widely
implemented in academic environments. ROS is a framework
for the development of robotic applications, based on the
distribution of processing in nodes that communicate by mes-
sage passing. Its main advantages are being widely supported
by most robots and devices and its large library of packages
that provide necessary functionalities already implemented,
such as simulation, motion planning and collision calcula-
tions.

The Kinetic Kame version of ROS, released in 2016, was
employed in order to have a stable and tested version. In addi-
tion, ROS requires the use of Linux as the general operating
system; specifically, Ubuntu 16.04 was chosen.

Working with ROS as the base framework implies that any
piece of software used in the demonstrator workcell must run
under this system to communicate seamlessly with the rest
of it. If this was not possible, the software in question would
be responsible for sending and receiving the information it
manages under the ROS protocol, so that it can be interpreted
by the rest of the system. RViz [23] is used as a primary
visualizer in ROS and the Movelt! [24] Motion Planning
Framework [25] plugin is employed in ROS to perform the
motion planning and robot trajectory calculation.
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B. ROBOTS

For the proposed system, three robots are used: one Universal
Robots UR3 for the adhesive application, and two Universal
Robots UR10 for the rest of the process, including grasping,
rotating and assembly. The outsole, being a flexible object,
is difficult to manipulate and maintain the desired shape
with a single grip point. This complicates movement and
assembly onto the upper. The upper, assembled onto the last
(see Figure 1: Shoe parts.), have a curved shape at the bottom,
depending on the type of last and heel height. Thus, several
grip points are needed on the outsole to adapt its shape to this
curvature.

The movement of the robotic arms can be performed in
several ways depending on the requirements of each task
within the demonstrator. Each of the alternatives and their use
cases are explained below:

1) Movelt PLANIFICATION (ROS)
This is the most typical way for robot motion planning when
working with ROS.

Movelt is a ROS package in charge of planning and exe-
cuting robotic arm movements. It receives, on the one hand,
the geometric information of the cell environment, and on the
other hand, the description of the robotic arm, with the size
and shape of each segment and axis of the robot.

With this information, given an origin value for the robot
axes and a final cartesian position for the end of the robotic
arm, Movelt plans the movement of the entire robot to reach
its destination and avoid collision with obstacles in the envi-
ronment. To this end, Movelt calculates the value for each
axis of the robot at each instant of the movement.

These features make Movelt a good choice. However, it has
several drawbacks:

o Planning time: The motion calculation is not as fast as
desirable, which may involve delays in the execution of
the operation that may be excessive in some cases.

« Randomness: Movelt uses a random seed for motion
planning, therefore, two executions of the tool with the
same origin and destination may not result in the same
path. This raises uncertainty in the robot movements,
which in some cases is not desirable.

Movelt planning will be employed either in most move-
ments, except in those cases where the disadvantages men-
tioned above make it inadvisable, or to take advantage of the
benefits of another type of movement.

2) SEND COMMANDS TO AXIS TOPICS (ROS)
In this way, the desired values for the robot axes are directly
sent to the robot through messages in ROS. This avoids the
two main drawbacks of Movelt: delays and randomness.
The main problem of this system is that the desired values
of the axes must be directly calculated, which is complicated
to obtain in execution time, therefore, they must be obtained
beforehand. In addition, it must be ensured that there will be

VOLUME 12, 2024



J.-F. Gdmez-Hernandez et al.: Development of an Integrated Robotic Workcell

IEEE Access

no collision between the current position of the robot and the
desired one, since the system will not check it.

For those reasons, this type of movement is suitable when
the initial and final positions are predefined and when delays
need to be prevented.

Furthermore, this system can also be used if randomness is
to be avoided, as in a multi-robot synchronized movement,
but the axis values cannot be obtained beforehand. In this
case, the KDL (Kinematics and Dynamics Library) ROS
tool must be incorporated. This tool offers functionalities for
calculating axis values from cartesian positions, that is, the
calculation of the inverse kinematics of the robot.

3) UR SCRIPT
Finally, ROS can be bypassed, and the robot can move by
sending scripts with the desired movement directly to it.

The problem with this system is that it stops the execution
of the ROS node on the robot and must be restarted when the
scripted motion is completed. This process of stopping and
restarting ROS on the robot generates a slight delay that is
not desirable.

However, the advantage of using scripts on the robot is that
they can react immediately to changes in the robot signals.
This makes it the only option when it is required to achieve
perfect synchronization of two hypothetical robots used to
perform the operation, which have interconnected physical
digital signals.

In a context where there are two robots simultaneously
holding the same object, it is very important to ensure that
they can be moved at the same time, that is, synchronously.
There are two main ways to achieve this, depending on the
needs of each movement:

a: SYNCHRONISING THROUGH MESSAGES IN ROS

With this system, both robots are coordinated through mes-
sages in ROS to start their movement at the same time. One
of the benefits is that all the tools and information provided
by ROS are available without having to leave the ROS envi-
ronment. In addition, the delay associated with relaunching
ROS once the movement has finished is avoided.

However, the synchronization with this system is not per-
fect, since it depends on the latency associated with the
messages passing through the network as well as with the pro-
gram itself when reading the message and executing the
command.

Therefore, this synchronization will be used when the
distance is small and the speed is slow, allowing for some
flexibility in the timing and high precision provided by the
ROS environment.

b: SYNCHRONISING THROUGH PHYSICAL SIGNALS

To obtain a perfect synchronization, the best option is to
interconnect physical signals between both robots. In this
way, any latency associated with communication over the
network is avoided.
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In addition, to read these signals and react as quickly
as possible, combining this synchronization with movement
through scripts is an advantageous approach.

This way, it is the robot itself that is waiting for the right
signal to change in order to know when to move. This syn-
chronization will be used with long fast movements but not
necessarily precise.

C. GRIPPERS
For the manipulation of outsoles, two different grippers have
been employed from two different companies. The first robot,
with the highest workload, is equipped with a Robotiq 2F85
gripper, while an OnRobot RG2 gripper is integrated into the
second robot.

FIGURE 3. Left: Robotiq 2F85; Right: OnRobot RG2.

To improve the grip with grippers, which sometimes have
to hold the outsole by themselves, flexible thimbles were
printed in 3D with flexible material and air bubbles inside.
These thimbles make easier to grip different types of outsoles,
adapting its shape to maximize contact surface and improve

grip.

FIGURE 4. Thimbles for the grippers.

D. VISION SYSTEM

The vision system is composed of five 3D cameras Intel
RealSense D415 [26], attached to the structure in different
ways and positions to obtain the best representation of the
environment. One of the cameras is used for grasping in
the rotation station, described in the next section. The other
four cameras (synchronized by hardware) are used for the
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reconstruction [27], [28], [29] of the environment and the
control of the deformation [30], [31] in the assembly station.

For the adhesive application, a more precise digitalization
system is required; a Gocator 2350D 3D Laser Line Profile
Scanner is utilized for that purpose. This device provides
a high quality and dense point cloud of the outsole, which
is used for the reconstruction of the outsole surface and
calculates the toolpath that the UR3 robot employs to apply
the adhesive over the outsole.

~ A lobie |
l MANipdfl |#bn of

FIGURE 5. Distribution of the cameras of the vision system.

E. MODULES

The system has been divided into four modules or stations.
The first module is the adhesive application station. The sec-
ond is the grasping station, where the robot grasps the outsole.
The third module is the rotation station, where the robot
rotates the outsole to invert the outsole grasping. The fourth
module is the assembling station, where two robots collabo-
rate to place the outsole onto the upper and bond them.

Rotation
STATION

[

. Assembling G,
peill  sTaTiON _ g

Grasping -
STATION

Adhesive
application
STATION
~,

| .

FIGURE 6. Workcell modules.

All these modules have been installed in a structure that
integrates the different elements.

A modular scheme based on 4 stations has been devised to
facilitate the design and construction of the workcell and to
establish a clear division of the work to be performed. The
final implementation of the system is illustrated in Figure 9,
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FIGURE 8. Structure view (from assembling station).

where the appearance of the different stations integrated in
the final demonstrator can be observed.

The conveyor grasping station can be identified at one end
of the adhesive application station, which is in the background
of the image. The entire structure of the final demonstrator is
shown in the foreground, with the rotation station represented
as a pair of rods at the top of the image, and the assembling
station, with the shoe upper upside down and secured in the
center of the demonstrator’s workcell.

1) ADHESIVE APPLICATION STATION

This station is composed of a conveyor that moves the outsole
from the input area to the output area, a digitizer that obtains
a 3D point cloud from the outsole, a Universal Robots UR3,
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FIGURE 9. General view of the system.

and a hot-melt applicator for the application of the adhesive
over the outsole.

FIGURE 10. Adhesive application station.

During the operation, the user inserts the outsole in the sys-
tem by placing it in the conveyor Subsequently, the scanner
scans the outsole, and the system reconstructs the geometry of
the outsole and sends the point cloud to ROS in order to start
the calculation of the grasping point. With the configuration
of the adhesive application, it calculates the toolpath for the
adhesive application. This toolpath is, in most cases, a double
parallel around the outside of the outsole, including start and
end areas.

The robot follows the calculated toolpath, properly apply-
ing the adhesive to the outsole. The outsole then reaches the
end of the conveyor belt, where it can be grasped.

This station could work independently from the rest of the
workcell and has been developed in C#. To communicate this
station with ROS, the library RosBridge [32] has been used.
This communication is produced in three points (Figure 12):

« When the outsole is digitized, the point cloud is sent to

start the calculation of the grasping point.

o At the end of the process, when the outsole reaches

the grasping area, which is located at the end of the
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FIGURE 11. Adhesive toolpath, single (left) and double (right) parallel.

conveyor, the final position of the outsole is sent to start
its grasping of the outsole. The message sent in this
case contains the displacement of the outsole, over the
conveyor, with respect to the point cloud sent previously.
o The last communication is produced when the grasping
station grasps the outsole from the conveyor to indicate
to the adhesive application station that it can resume the
conveyor movement and continue with the process.

Adhesive application station

Outsole in
pickable
Object scanned position. Start conveyor

Stop conveyor

Information

stored Outsole

Grasp outsole Grasped

Calculate
grasping points

Grasiping station

FIGURE 12. Communication protocol.

Within ROS, communication between nodes can occur in
different ways, mainly: topics, services, and actions. Among
them, actions are chosen at all three communications points,
since it is necessary to have confirmation that information has
been received and processed every time.

The adhesive employed, PUR (hot-melt), is applied by
the robot as a bead on the outsole surface. The viscosity of
the adhesive is crucial, as it enables us to invert the outsole
without any spillage in subsequent stations. Hot-melt adhe-
sives represent solvent-free organic adhesives utilized in the
bonding stage of footwear production. This leads to a notable
decrease in the emission of volatile organic compounds into
the atmosphere. These adhesives, being 100% solids, bring
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about various technical and economic enhancements in the
footwear manufacturing process. Notably, they eliminate the
need for additives, are applied exclusively to one side (outsole
only) and obviate the necessity for drying.

2) GRASPING STATION

This station uses one of the UR10 robots with a gripper; for
this purpose, a Robotiq 2F85 gripper is used. The process
starts when the station receives the message from the adhesive
application station with the point cloud of the outsole. At this
point, the station calculates the grasping antipodal points of
the outsole, using the GeoGrasp [33], [34], [35] algorithm,
without a previous recognition of the outsole. The method is
based on the extraction of the outsole’s outline using concave
hulls and the measurement of the curvature in the contour
areas. The process considers the different shapes, sizes, mate-
rials, and colors that outsoles can be featured with; these can
be determined from the point cloud of the digitization of the
object. Thus, antipodal points are calculated only with the
information from visual data.

It must be taken into account that electric grippers are used
and that the calculated points represent the position of the
gripper fingers. Therefore, there should be two points placed
on opposite sides of the outsole with a maximum distance of
100 mm.

FIGURE 13. Top left: full point cloud; Top right: concave hull; Bottom:
calculated grasping points.

From the two points obtained as grasping points, which
represent the gripper fingers, the position of the gripper center
is determined, and Movelt is used to calculate the complete
position of the robot.

In addition, the distance at which the gripper fingers must
be closed for optimal grasping can be calculated by measur-
ing the distance between the grasping points.

After grasping the outsole, the UR10 robot picks up the
outsole, sends the message to continue to the adhesive appli-
cation station, and moves the outsole to the next station.

3) ROTATION STATION

Once the robot grasps the outsole from the conveyor, the
outsole already has the adhesive on the upper side, which is
why it must be grasped by the robot from the outside. Prior
to assembling the outsole onto the upper, it is necessary to
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FIGURE 14. Robot grasping the outsole with the gripper.

Sole with
adhesive on the
conveyor belt

send 3D scanned

image

Move sole to

rotation station
Obtain grasping

Sole in points
grasping
position?
Grasp sole

Is grasp
stable?

Stop conveyor
belt

Send position

FIGURE 15. Grasping station schema. On pink background: adhesive
application station. On blue background: grasping station.

invert the outsole in order to put the adhesive in contact with
the shoe upper.

FIGURE 16. Left: grasping the outsole from the conveyor. Right: grasping
the outsole to do the assembly.
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Multiple options have been tested to conduct this oper-
ation, resulting eventually in the use of two steel rods for
reversing the robot’s grip on the outsole. This is the most
simple, effective, and cheap solution to perform the operation.

Grasped
sole in

rotation

station

Leave sole on the
rodas

(—I First robot grasp

Obtain first robot
grasping peints

Sole 4
graspe
from below
with the two
robots

First robot sole
rotation

Obtain second robot Second robot
grasping peints grasp

FIGURE 17. Rotation station scheme.

The process consists of leaving the outsole on the pair of
rods that keep the sole in horizontal position, while providing
enough mobility to grasp the outsole from the bottom, as it
can be observed in Figure 18.

FIGURE 18. Top: pair of rods of the rotation station. Left: leaving the
outsole over the rods. Right: grasping the outsole from the rods.

The process begins by placing the outsole on top of the
rods. Subsequently, it is necessary to obtain the grasping
points that will be used to pick the outsole up again from
below. This is advisable, even if theoretically the position of
the sole is known, as it is not possible to guarantee that the
sole has not moved when it has been left on the rods.
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For this purpose, the GeoGrasp tool is also used, with a
point cloud captured by one of the 3D RealSense cameras
integrated in the workcell, which is located directly below the
rods.

FIGURE 19. Left: rods and 3D camera location. Right: calculated grasping
points.

The software calculates two pairs of grasping points: in the
toe area and in the heel area. The points of the heel area are
used for grasping with the first robot, leaving enough space
for the second robot to grasp the outsole from the toe area in
the next step, thus minimizing the risk of collision between
them during the subsequent multi-robot manipulation.

Once the image from the RealSense camera is obtained,
the robot is moved to the bottom part of the sole, and from
the grasping points obtained and with the use of Movelt, the
position of the whole robot to reach these points is calculated.
The movement is performed, and the gripper closes to grasp
the outsole again, this time from below.

Once the outsole is grasped from the bottom part, the only
step remaining is to rotate it 180°, in order to leave it in a
suitable position to be grasped by the second robot and to
perform the subsequent assembly onto the shoe upper.

After rotating the outsole 180°, the second robot has to
grasp it from the other end, that is, from the toe area, as it
can be observed in Figure 22.

To ensure that the grasping points for the second robot
are correct, they must be obtained again, using the same
RealSense camera located under the rods, but in this case,
selecting the grasping points of the toe area.

Now, the outsole is grasped with the two robots, and they
must be moved synchronously to carry the outsole to the
assembly station.

4) ASSEMBLING STATION

This station performs the bonding process between the shoe
outsole and upper. It starts with the outsole being grasped by
the two robots and inverted, ready to be joined to the upper.
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FIGURE 22. Grasping the outsole with the second robot.

At this point, the two robots move in a coordinated way,
transporting the outsole to the upper of the lasted shoe, which
has been fixed upside down on the structure (see Figure 24).
Once the outsole is located at a safe distance over the shoe, the
assembly operation is performed, with the two robots moving
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FIGURE 23. Calculated grasping points for the second robot.

more slowly to specific points calculated on the lasted shoe
with a 3D vision system.

s

FIGURE 24. Pneumatic clamp for the last.

Once the shoe and the sole are joined together, a small
pressing step is performed using the grippers, first with one
robot, and then with the other, in order to ensure that the joint
does not move during the process.

After this process, the shoe is ready to be inserted in the
press to finish the bonding process correctly.

Do Assembly
between sole and
last

Lastin
assembling
station

Move sole to
assembly station

Sole in
position?

Twao robots
grasped sols
from below

Assembling
correct?

One robot
pressing

Second
robot

End
Assembly )
pressing

FIGURE 25. Assembly