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Abstract: Collaboration between humans and machines is the core of the Industry 5.0 paradigm,
and collaborative robotics is one the most impactful enabling technologies for small and medium
Enterprises (SMEs). In fact, small batch production and high levels of product customization make
parts assembly one of the most challenging operations to be automated, and it often still depends
on the versatility of human labor. Collaborative robots, for their part, can be easily integrated in
this productive paradigm, as they have been specifically developed for coexistence with human
beings. This work investigates the performance of collaborative robots in machine parts assembly.
Design and research activities were carried out as a case study of industrial relevance at the i-Labs
industry laboratory, a pole of innovation that is briefly introduced at the beginning of the paper. A
fully-functional prototype of the cobotized station was realized at the end of the project, and several
experimental tests were performed to validate the robustness of the assembly process as well as the
collaborative nature of the application.

Keywords: collaborative robots; machine parts assembly; collaborative applications

1. Introduction

Robots have been effectively integrated into various industries, including the au-
tomotive and pharmaceutical sectors. Their recent proliferation is quickly extending to
other fields and workplaces, such as hospitals [1-3], construction sites [4,5], public spaces,
and offices. Among the surge in robotization in various workplaces, one of the fastest-
growing sectors is industrial robots [6]. In particular, collaborative robots, called cobots,
have recently made their appearance.

Cobots are a new category of robots designed for direct physical interaction with a
human operator, including the ability to manipulate objects in collaboration with a human
operator [7,8].

Cobots in manufacturing applications offer flexible layout changes and potential
benefits; however, understanding their correct use and characteristics is essential for in-
dustry uptake [9,10]. Collaborative human-robot manufacturing cells can reduce human
workload, reduce the risk of strain injuries, and are compatible with safety standards [11].
In assembly processes, cobots can lead to more sustainable, high-quality, and efficient
manufacturing processes, thereby improving operator working conditions and overall
company performance [12]. The integration of robot precision and strength with human
dexterity and problem-solving ability has the potential to enhance both the quality of pro-
duction and the working conditions of employees [13]. Furthermore, cobots can be utilised
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as an additional hand in the assembly process, offering enhanced precision, the ability
to lift heavier components, and a boost in productivity while reducing the risk of injury
to workers [14]. In comparison to traditional industrial robots, collaborative robots offer
enhanced safety, flexibility, and cost-effectiveness in assembly processes [15].

The integration of collaborative robots in assembly lines has the potential to signif-
icantly enhance productivity, particularly when the distribution of workload between
workers and robots is optimised [16]. Furthermore, multi-robot multi-operator collabora-
tive assembly systems have the capacity to enhance throughput and flexibility [17]. The
need for flexibility is paramount in the modern industry, where a User-Centered Design
(UCD) paradigm is even more crucial [18,19]. This paradigm requires custom and/or
flexible manufacturing. Several works aiming to satisfy this requirement can be found in
the literature [20].

With this in mind, the aim of the present paper is to investigate a collaborative and
flexible assembly station designed to handle the tolerated assembly of multiple machine
components by using a single gripper and sharing the workspace with human personnel.
Here, the presence of the operator is necessary to perform the final testing of the assembled
components, which is essential to ensure proper mounting in the associated machine.
In other words, while the cobot handles all the heavy and repetitive tasks, the operator
adds value to the process by providing experience and insight.

Collaborative robots have been used in previous works for assembly applications.
In [21], the authors programmed a dual-arm cobot to assemble the electrical components
of a PCB board by using a Time Petri Net to schedule the automated activities, whereas
the human-robot interactions were handled by means of a depth camera exploited to
acquire the positions of the operator’s hands over time. A similar solution was developed
in [22], where a depth sensor capable of recognising body gestures via a skeleton tracker
application was integrated into the station to prevent contacts between the operator and
the industrial robots. Collaborative machine parts assembly was also investigated in [23],
where the authors used a cobot equipped with a custom gripper to attach the bolts of a car
wheel. Finally, collaborative robot admittance control was exploited in [11] to obtain the
collaborative assembly of homokinetic (Rzeppa) joints. Compared to the aforementioned
works, the main novelties of the current paper are:

e  Using a collaborative robot to handle tolerated assembly of multiple machine parts
without the need for a tool changing system.

¢ Developing a flexible and reconfigurable station which can be modified or expanded
to process different parts.

*  Establishing a method to validate safety measures by identifying a proper set of
devices.

This work builds upon a previous study in which the first part of this station was
developed [24].

Furthermore, another the purpose of this paper is to present a general methodology
that can be used to investigate the possibility of integrating a collaborative robot into
industrial processes. The three steps of the proposed method are illustrated in the flowchart
shown in Figure 1, and are briefly explained below:

1.  Cobot choice: The first step of the procedure is verification of the payload, the reacha-
bility of all areas of interest, and the cycle times. This analysis can be conducted by
consulting the user manuals and through simulations, providing the most suitable
cobot manufacturer and model for the application under study as an output.

2. Application analysis and implementation: This intermediate step aims to verify that
the collaborative robot can efficiently perform all of the operations required in the
application. If the result of this investigation is negative, the integration of auxiliary
support systems for the cobot must be considered.

3. Risk analysis and safety measures validation: Finally, in the last step, the risks
arising from the application, in particular from the auxiliary systems, are analyzed
and evaluated. If the presence of the operator in the shared workspace of the robot
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is one of the project requirements, then appropriate strategies must be adopted in
order to mitigate any risks highlighted by the analysis in accordance with current
regulations. The chosen safety measures must then be experimentally validated with
appropriate and certified tools.

Cobot choice

Step 1 | Cobot selection N —
|

| Simulation & Manuals |

Is the cobot
compliant in terms of
* Payload
* Reach
* Cycle time

Step 2 | Preliminary tests
Application analysis
and implementation

Can the cobot
perform all the operations
required in the
application?

-
Design auxiliary
Yes systems

__________________________________________________ i________

Step 3 Risk analysis and evaluation |
Risk analysis

and safety meastires
validation

Is the application
safe according to current

regulations?

Y

Safety measures

implementation

Yes
Safety measures
validation by

certified devices

!
| Station prototyping |

Figure 1. Flux diagram of the three-step methodology presented in this work.

The assembly station presented in this work was designed according to the aforemen-
tioned procedure, as detailed in the following sections of the paper. However, as stated
before, the workflow and its tools can be generally applied to cobot integration analysis
regardless of the application under study. The methods we use in this paper, along with
the hardware and software tools, represent a workbench that can be exploited to overcome
the challenges associated with using collaborative robots in industrial processes.

The rest of this article is structured as follows. Section 2 defines the scenario under
study, including the components to be assembled and the preliminary tests conducted to
evaluate the integration of collaborative robots. Subsequently, Section 3 details the actual
robotic station, with a focus on the main devices and technological solutions adopted in
this study. Section 4 discusses the operation of the station, presenting the collaborative
tests conducted to ensure the safety and effectiveness of human-robot interactions. Finally,
Section 5 reports the main innovations and results achieved through this study, highlighting
its contributions to the field of industrial automation and human-robot collaboration.
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2. Scenarios and Preliminary Tests

The customer who commissioned the study is a medium-sized company operating
in the local manufacturing industry, specialising in high precision engineering, assembly
and production of assembled parts; its innovation needs arise from the adoption of the
Industry 4.0 and subsequent Industry 5.0 paradigms. The company intends to innovate its
production department, which represents the heart of its business. The company’s need for
innovation stems from two main factors: the thrust of the new production paradigms, and
a shortage of personnel. In particularly, these production paradigms require:

*  Flexibility and customisation, enabling customised mass production to better respond
to customer needs.

* Automation and efficiency, as advanced automation reduces human errors while
increasing productivity and operational efficiency.

*  Competitiveness, as the adoption of advanced technologies enables companies to
remain competitive in the ever-changing global marketplace.

*  Sustainability, as more advanced technologies can contribute to more sustainable
practices and reduce environmental impact.

*  Resilience, ensuring business continuity via increased ability to adapt and respond to
changes and crises.

At the same time, the company faces increasing difficulties in finding and training
personnel for its production and assembly areas. For this reason, it wishes to innovate by
automating and robotizing those production and assembly processes that are repetitive,
uncomfortable, and provide low added value for the human operator. The renewal process
undertaken by the company has a multi-year scope. This work is part of that innovation
process, as a continuation of some studies already carried out for the company focused on
the automation of their assembly area. In fact, the assemblies described below have already
been dealt with in preliminary studies to assess their feasibility.

2.1. Overview of Components and Manual Assembly Processes

This paper investigates automating the assembly of two different machine components.
The production volume of these two components is medium to low and the demand is
discontinuous, characterized by occasional orders of thousands of parts during the year,
making automation of the assembly process optimal. Currently, the assembly process of
the two components is performed entirely by human operators.

In the following, the machine components which are the object of this study are
referred as component 1 and component 2, whereas the term “part’ is generally used to
indicate their respective subcomponents such as bearings, Seeger rings, and metal cases.

The machine component referred as ‘component 1’ is shown in Figure 2a; it is part of
the stock of a rifle, to which a leather strap is attached for transport. Component 1 consists
of three parts: a circlip (also known as a Seeger ring) for locking, a metal eyelet into which
the leather strap is inserted and on which the seat for the Seeger ring is cut, and a metal
cap which is fixed to the rifle and into which the metal eyelet is inserted. The assembly of
component 1 involves the use of a conical interface to guide the Seeger ring into its seat
on the eyelet. The conical interface is reused for each assembly cycle, and is designed to
facilitate the elastic deformation of the ring; the push applied on the Seeger ring when
it slides along the conical interface causes the ring to expand and conform to the size of
the seat. Upon reaching the seat on the eyelet, the ring attempts to return to its original
size, thereby securing the cap to the eyelet through a tightening action. The actual manual
assembly process includes the following operations:

1.  Pick up and position the eyelet.

2. Pick up and position the cap.

3. Pick up and position the conical interface.

4. Pick up and position the ring on the conical interface.
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5. Insert the ring into its seat by sliding it along the conical interface by means of a
manual press operated by the human operator.

6. Remove the conical interface from the workpiece and reposition it in its starting
position.

The assembly process of component 1 consists of a sequence of gripping, positioning,
and insertion operations. These are all repetitive monotonous actions with low added value
for the human operator. According to information provided by the customer, the average
time taken by the operator to finish assembling a component is 15 s. This statistic is
subject to large oscillations due to several factors that influence the work of the human
operator, including;:

e  Physical and mental fatigue, which can reduce the efficiency and speed of the operator,
especially in repetitive and monotonous operations such as those of the component 1
assembly cycle.

e Unplanned interruptions and distractions in the workplace.

<+—— Seeger Ring @4— Radial Ball Bearing

<«— Conical Interface Oe—— Seeger JV30

@ 44— Radial Needle Bearing

i <— Metal Eyelet O <+——— Seeger JV28

Cap @4— Steel Case
() «—— Steel Ring
(a)

(b)
Figure 2. Subfigure (a) shows an exploded view of component 1 with its four labeled parts: the
Seeger ring, metal eyelet, cap, and conical interface used for manual assembly, which is displayed in
the mounting position. Subfigure (b) displays an exploded view of component 2 with its multiple
labeled parts: radial ball bearing, Seeger ring JV30, radial needle bearing, Seeger ring JV28, steel case,
and steel ring.

Fluctuating production times and the low added value of the performed operations
are among the reasons for the customer wanting to conduct this study of production
automation.

The second component, referred to in the following as ‘component 2" and shown
in Figure 2b, is a support element for a bandsaw shaft. The assembly consists of seven
parts: a steel case, into which the various slots for the rolling and stopping elements are
cut; a single-row radial ball bearing; a radial needle roller bearing; two external Seeger
rings of different sizes, referred to by their designations (JV28 and JV30); and a steel
ring manufactured by the customer. Several of the listed elements must be inserted with
interference fit coupling; therefore, a manual press is used by the operator to push the
components into the correct position. The assembly process currently performed by the
operator consists of the following steps:

1.  Mounting of Seeger ring JV28 inside the steel case; the Seeger ring is inserted into its
seat by means of a ring gripper.

2. Insertion of the needle bearing into the housing until it touches Seeger ring JV28; as
the case-needle bearing coupling requires interference fitting, the manual press is
used to push it into position.

3. Again using the manual press, Seeger ring JV30 and the ball bearing are inserted in a
single operation.
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4. Insertion of the steel ring; this element is pushed into the case using the press until its
flat surface aligns with the lower edge of the case.

5. Installation of the rubber gasket, for which a seat on the gasket is provided for the
steel ring previously inserted into the case.

In the final assembly, the two bearings are left free to slide axially. Seeger ring JV28
provides a reference for the position of the radial needle bearing, while Seeger ring JV30 is
used as a spacer to prevent contact between the case and the radial ball bearing. After as-
sembly, component 2 is tested by means of a pass/fail test to check whether the process
has been carried out correctly. The test involves pushing component 2 against a shaft of
tolerated diameter with a determined force equal to 10 N. If the shaft slides freely inside the
case, then the assembly is considered correct; however, if the case jams during sliding some
components may be misaligned, indicating an incorrect assembly. Similar to component 1,
both the assembly process and the verification process of component 2 can be described
as a sequence of picking, placing, and inserting components. The cycle time indicated
by the customer for completion of the assembly and its verification is 2 min. The same
considerations and problems highlighted for the assembly cycle of component 1 apply
to component 2 as well; therefore, the customer identified the possibility of innovating
the process for both components.

2.2. Preliminary Tests

Following to the flowchart in Figure 1, the development of the station was preceded
by a number of preliminary tests. First, functional simulations were carried out in RoboDK
to verify that the robot could move quickly enough to perform the two processes within the
limits set by the assigned cycle times. In these analyses, the insertion times of the various
parts were simulated by including delays in the respective phases. The collaborative robot
UR 10e by Universal Robots was chosen as a result of the simulations.

Second, experimental tests were carried out in order to identify the most effective
strategies for performing several of the assembly cycle tasks. For component 1, the handling
and pushing phases for inserting the Seeger ring into the eyelet housing were analysed.
In these tests, two specific plastic fingers were produced by 3D printing (Figure 3). Here,
the gripper fingers have two gripping surfaces: a tooth to grasp the Seeger ring, and a
groove that reproduces the negative of the conical interface in Figure 2a to push the ring
into place.

In the gripping tests, the Seeger ring was gripped by the tooth on the fingers from
among a stack of components and placed on the conical interface. The tests showed that
this task could be successfully handled by means of the gripper and collaborative robot
solution. However, gripping by means of the gripper was not very repeatable due to the
small size of the Seeger ring and inaccuracies in the positioning of the robot. For this reason,
an auxiliary system that reduces errors in gripping by the robot was developed in the robot
cycle. This system is explained in detail in Section 3.

For the insertion tests of the Seeger ring, the same condition that occurs during
the manual assembly cycle was reproduced. Thus, the elements of the assembly were
prepositioned on the base for assembly and the conical interface was placed over the metal
eyelet by the robot. The Seeger ring inserted into the conical interface was then pushed by
the robot along the element by means of the negative groove on the fingers of the gripper
until it was inserted into the seat on the eyelet. The tests showed that the force applied
by the collaborative robot was sufficient for this operation. Thus, in the final solution,
the insertion of the Seeger ring into its seat was performed by the collaborative robot.

The operations that were the subject of the preliminary tests for component 2 involved
picking up and handling the two Seeger rings, JV28 and JV30, inserting Seeger ring JV28
into its seat, and pushing the two bearings into the steel case. As the insertion of the
bearings inside the case is done by interference, it was necessary to measure the required
force with a tensile machine in order to determine whether the robot was able to force the
bearings into the case.
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Figure 3. Preliminary tests for component 1: Gripping fingers for insertion of the Seeger ring in the
conical interface.

In the bearing insertion tests, the metal case was clamped on the plane of the tensile
machine, and the part to be pushed was placed on top of it. To make the tests as similar as
possible to the real cycle, several parts of the assembly were already inserted; in particular:

*  Because Seeger ring JV28 acts as a reference for the position of the needle bearing, this
element had already been inserted into its seat.

*  The ball bearing was inserted together with Seeger ring JV30, as these two parts are
pushed into the case with a single piston stroke during the assembly cycle.

Tests were performed for both the needle bearing and the ball bearing. The values
obtained from the tests were on the order of 0.9 kN for the needle bearing and 0.15 kN for
the ball bearing. Forces of this magnitude are higher than those that collaborative robots
can apply; therefore, an appropriately designed auxiliary system such as a pneumatic
cylinder must be included in the robot station to generate the required forces.

Seeger ring insertion tests were performed in order to assess the feasibility of manipu-
lating and inserting the rings using the gripper mounted on the robot flange. For these tests,
two plastic fingers with steel tips were produced by 3D printing. A pneumatic gripper was
used to provide enough force to deflect the Seeger ring and insert it into its seat. In the tests,
the Seeger rings were placed on a base while maintaining the same orientation and the
robot was brought into the gripping position. For the JV28 Seeger ring, both the gripping
and insertion tasks were tested. For the JV30 Seeger ring only the feasibility of handling
with the gripper was assessed, as this ring is not inserted into a seat and instead rests on
the inner circumference of the case. Two main problems were found during the tests:

¢ Insertion of the gripper pins into the holes of the Seeger ring is particularly difficult,
as this operation requires high precision in positioning both the robot and the Seeger
ring in the gripping position.

e  When the JV28 Seeger ring is compressed by the gripper, it tends to rotate out of the
plane in a way that is difficult to predict and cannot be repeated.

Therefore, without a complex vision system that adapts the positioning and move-
ments of the robot to the position and configuration assumed by the Seeger ring, gripping
and inserting this part is impossible. For this reason, the possibility of manipulating the
Seeger rings and inserting the JV28 ring into the case using the robot gripper was discarded
and an alternative solution was developed, as described below.

3. Robotic Station Auxiliary Systems

Different technologies and systems are integrated in the assembly station. A number
of its components are commercial products, whereas the auxiliary devices was specifically
designed for this application. The main component of the station is the UR10e collaborative
robot. This cobot has a wrist payload of 10 kg and a reach of 1300 mm, characteristics that
make it suitable to support the gripper used to grasp the different parts of both components
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and to reach all points of the station. In order to prevent risks for the operator and ensure
that the application is collaborative, a collaborative tool must be mounted on the wrist of
the cobot. For this application, the SCHUNK Co-Act EGP-C 64-N-UREK gripper was used,
which is a two-finger parallel gripper certified for collaborative operation.

As stated above, the robotic station needs several crucial auxiliary systems designed
to overcome the limits of the chosen collaborative robot and optimize the assembly process
of the machine components studied in this work. These auxiliary systems feature several
parts manufactured by high-precision stereolithography (SLA). In this work, we used a
Formlabs Form 3+ SLA 3D printer, which exploits a laser to polymerise resin. The material
used to produce these parts was Grey V4 resin, which has good mechanical properties
combining rigidity and strength. The resin also offers high precision, making it perfect for
printing complex models drawn for tolerated assembly.

For component 1, an automatic Seeger ring feeding system (Figure 4) and specialized
assembly base (Figure 5) were designed to improve the repeatability of Seeger ring handling
and enhance alignment of the component parts. The development of an automatic Seeger
ring feeding system was necessary to handle gripping of the Seeger rings. In fact, as seen
in our preliminary tests, while gripping the Seeger rings using a tooth on the fingers of
the gripper is possible, it does not ensure the repeatability of the operation. The automatic
feeding system involves insertion of the Seeger ring into the conical interface used for the
subsequent pushing and mounting into the eyelet. The cone is grasped by the robot gripper
and placed under a hole of the same size as the Seeger ring. The Seeger ring to be inserted is
then selected and pushed towards the hole, falling onto the conical interface. The removal
and displacement of the Seeger ring from the stack is achieved by means of a ‘sandwich’
structure and the stroke of a pneumatic piston. The ‘sandwich’ structure consists of three
plates: the central aluminium plate is moved by the pneumatic piston, while the other two,
made of Plexiglas, are fixed. The upper plate has a hole that houses the first element of the
Seeger ring stack, while the lower plate contains the hole from which the selected Seeger
ring falls onto the conical interface. Thanks to the piston stroke, the hole on the moving
plate is brought into alignment with the holes on the fixed plates. When the moving plate
hole matches the top plate hole, the first column Seeger ring falls into the moving plate hole
and rests on the bottom plate. Subsequently, after the piston is actuated, the moving plate
bore matches the bottom plate bore. In this configuration, the Seeger ring falls through the
hole of the bottom plate and into the conical interface tightened by the gripper.

Seeger Hole

Linear Guides

Pneumatic
, Slider

Slider

Ry
= “"j ot

Plexiglass Panels L

Figure 4. Automatic Seeger ring feeding system mechanism required in order to increase the
repeatability of ring insertion over the conical interface for component 1.
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The assembly base, shown in Figure 5, represents the point of assembly of component 1.
Here, the parts of the associated component are placed in sequential order, forming the
basis for subsequent assembly. The shape of the assembly base allows for precise and
tolerated mounting.

Figure 5. Assembly base for component 1. This base allows the cap to be assembled, and is designed
to accommodate the various part of the component and handle the correct positions.

Two pneumatic presses support the precise insertion of the parts of component 2,
including the JV28 Seeger ring, which cannot be handled by the cobot alone due to the
complexity of its insertion. The first pneumatic press is shown in Figure 6a. This system is
also detailed in section view in Figure 6b, where piston A is designed for forcing the Seeger
ring into conical guide B. Through the thrust of the piston, the Seeger ring slides inside
the conical groove and shrinks. At the end of the conical guide, the Seeger ring reaches
maximum compression and is forced into the case. Finally, at the end of the cylinder stroke,
the Seeger ring is inserted into its seat. The press also features disc C, which is supported
by a compression spring. The Seeger ring is placed on disc C by the robot at the beginning
of the insertion process, meaning before the piston stroke. The disc-spring system has
a dual function; it prevents the Seeger ring from rotating out of its base plane, thereby
preventing jamming, and also allows the system to return to its initial configuration. This
solution presents cylindrical symmetry and has the advantage of not depending on the
way the Seeger ring is taken up by the robot; thus, it reduces the complexity of the station
feeding machines, increases the repeatability of the process, and eliminates the need for a
dedicated vision sensor.

Spring

7L o 7%\ Metallic

case

3 Mounting

base

(@) (b) (0)

Figure 6. Auxiliary systems designed to assemble component 2. The first press (a,b) inserts the
JV28 Seeger ring into a metal case using a pneumatic piston with a 3D-printed cap and conical
guide. The second press (c) places bearings and other parts, ensuring correct alignment with a
3D-printed base.
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The second pneumatic press, shown in Figure 6c, is used to push the bearings into
their positions within the metal case of component 2. This press consists of a pneumatic
piston, on which a plastic cap obtained through 3D printing is mounted. A 3D-printed
base under the piston aligns the steel case with the cylinder. This design ensures that
each inserted part achieves the correct position without the need to adjust the distance
traveled by the cap mounted on the piston, as all elements are pushed by the same stroke
of the cylinder.

The last custom part developed for this station consists of the fingers of the SCHUNK
Co-Act gripper. As stated before, the only positions reached by the Co-Act gripper jaws
are ‘fully open’ and ‘fully closed’. Therefore, the fingers of the gripper were designed to
grip all the different parts of components 1 and 2 using only these positions. The fingers
were obtained by 3D printing, and their design combined several solutions developed in
previous works.

For component 1, the fingers of the gripper feature two gripping surfaces: one for
gripping the conical interface, and one for gripping the metal eyelet. In addition, the fingers
have a conical groove to force the Seeger ring along the conical interface until it is inserted
into the seat. Figure 7a shows the prototype of the fingers.

The fingers designed to manipulate component 2 have two gripping zones: one at
the end of the fingers, and the other at the base. The decision to include two different
zones was due to the need to grip some of the parts from the inside in order to insert them
into the steel case. The gripping surfaces at the base of the fingers were designed to grip
the two Seeger rings, needle bearing, ball bearing, and steel ring from the inside, whle
the surfaces at the end of the fingers allow the other two parts to be gripped from the
outside. By rotating the pliers 180°, the surfaces at the tips of the fingers allow the conical
guide B in Figure 6b, which is required to insert the JV28 Seeger ring into its seat, to be
gripped externally. Finally, the smaller-diameter surface at the end of the fingers allows
the metal case to be gripped in both directions of the pliers. This double gripping of the
steel case was introduced in order to allow it to be rotated during the assembly cycle. The
prototype of the fingers is shown in Figure 7b.

(a) (b)
Figure 7. Custom 3D-printed gripper fingers designed to grip the different parts of the two compo-

nents using only the ‘fully open’ and ‘fully closed’ positions. Subfigure (a) shows the prototype fingers
designed to handle the parts of component 1. Subfigure (b) shows the prototype fingers designed
to handle the parts of component 2. Both prototypes were 3D-printed by means of high-precision
stereolithography (SLA).

The final gripper fingers solution combines the designs of the fingers developed for
components 1 and 2, as shown in Figure 8. In particular, the gripping surfaces for parts with
similar diameters, such as the steel ring and Seeger rings JV28 and JV30 for component 2,
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were joined into a single gripping surface to reduce their number. Finally, the gripping
areas were reorganised so as not to interfere with each other.

@ (b)
Figure 8. Custom 3D-printed gripper fingers designed to grip all the different parts of the two

components using only the ‘fully open” and ‘fully closed” positions. Subfigure (a) shows the prototype
fingers, while subfigure (b) shows the different gripping areas. Green indicates gripping areas shared
by the parts of both components, blue indicates gripping areas for component 1 parts, and red
indicates gripping areas for component 2 parts.

Table 1 presents a schematic summary of the auxiliary systems designed for the robotic
station, illustrating their functionality.

Table 1. Summary of custom systems in robotic station.

System Features Functionality Special Features Component Figure Reference
Automatic pneumatic  piston, Automates the repeat-  Utilizes a ‘sandwich’ structure with mechanically syn- 1 Figure 4
Seeger ring  ‘sandwich’ structure  able feeding and place-  chronized plates to select and align Seeger rings pre-
Feeder of Plexiglas and ment of Seeger rings cisely for insertion.
aluminium plates. into the conical inter-
face.
Assembly 3D-printed base Ensures correct assem-  Designed for high repeatability, free of support struc- 1 Figure 5
Base bly of component parts  tures on functional surfaces.
Pneumatic 3D-printed cap, pneu-  Used for inserting bear- ~ The first press inserts the JV28 Seeger ring into its 2 Figure 6
Presses matic piston, spring-  ingsand Seegerringsin  seat inside the metal case. This involves a conical
supported disc component 2 guide and a pneumatic piston with a 3D-printed cap
that compresses the Seeger ring. A spring-supported
disc prevents jamming. The second press pushes bear-
ings and other elements into their positions within the
metal case.
Gripper fin-  3D-printed  fingers, Used for manipulate  Designed to grip all the parts of the two components ~ 1-2 Figure 8
gers SCHUNK Co-Act  parts of the two compo-  using only the ‘fully open” and ‘fully closed” gripper po-
gripper nents sitions.

4. Automated Assembly Station

The final assembly station is showed in Figure 9. Here, the UR10e robot is placed on
an edge of the work table, whereas the the areas dedicated to component assembly are
located on both sides of the cobot. Therefore, the work table is divided into two areas:

1. The first area, intended for component 1, contains the automatic Seeger ring feeder
and the assembly base.
2. The second area, dedicated to component 2, contains the auxiliary systems necessary
for assembly, i.e., the pneumatic presses.

An automated feeding system for the parts of component 2 is beyond the scope of this
work. Therefore, after the work cycle of component 2 is completed, the parts required for
subsequent assembly must be manually repositioned in their pick-up positions.
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According to the customer’s requirements, the storage area for the assembled compo-
nents is placed behind the UR10e robot approximately 1 m from the work table. This area is
also dedicated to the visual inspection, verification, and manual testing of the components
performed by the company operators. The developed station layout is flexible and can be
modified according to future requirements; for instance, it is possible to change the relative
position of the work bench and the finished component unloading area. It is also possible
to change the arrangement of the elements on the work bench based on changes in the
assembly cycle of a component or the introduction of a new component.

Component 2

SICK NanoScan3

P

Station entrance Inspection and

final test area

Figure 9. Station layout, arranged according to the client’s requirements. The colored areas on the
working table are dedicated to robotized assembly of the components. Areas 1 and 2 can be accessed
by the operator to perform final inspection on the products, which are unloaded by the cobot onto
the yellow table.

4.1. Station Logic

The station’s logic allows for multiple use cases depending on production require-
ments. It is possible to choose whether to assemble both components or only one of them.
The robotic assembly cycles essentially follow the sequence of operations of the manual
cycle with a few variations. For component 1, manual picking of the Seeger rings is replaced
by the automated feeding solution. For component 2, the JV28 Seeger ring and bearings are
inserted manually using the automated presses described in the previous chapter. As stated
before, the pass/fail test is left to the operator. To ensure compliance with cycle times and
increase the efficiency of the assembly process, the cobot is programmed to move at the
highest speed. The cycle times for assembling the two components are as follows:

1.  For component 1: 14 s, compared to 15 s for the manual process.
2. For component 2: 93 s, compared to 2 min for the manual process.

Following the flux diagram in Figure 1, a risk assessment was performed to prevent
injuries to the operator and ensure that the whole application is collaborative. Because the
area dedicated to the manual inspections and final tests lies inside the cobot workspace,
safety measures must be implemented to mitigate the risks due to unexpected high-speed
collisions between the robot and the operator. Furthermore, considering the forces involved
in assembling component 2, it is necessary to prevent operators from accidentally placing
their hands beneath the presses during operation. Therefore, a SICK NanoScan3 laser
scanner was installed on the floor of the station to monitor the entire station. The laser
scanner was positioned at the rear of the station, between the work table and the unloading
area of the finished components approximately 3 m from the personnel entrance area to the
station. The relevant areas which are objects of this monitoring are as follows (Figure 9):
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1.  Areal (green): Includes the shared and collaborative workspace.
2. Area2 (red): Behind the pneumatic presses designed for assembly of component 2

In order to prevent injuries to the operator, the station logic integrates the power and
force limitation collaborative strategy. Specifically, when the operator moves inside Area
1, the system reduces the robot’s speed below a safety threshold, which is determined
as described in the following subsection. Moreover, if the operator reaches Area 2, then
the system slows the cobot down, as stated before, and denies consent to the presses
through a dedicated safety channel, preventing accidental crushing of the operator’s hands
until Area 2 is clear.

4.2. Experimental Collaborative Tests

To assess whether the set safety threshold complies with the limits imposed by current
regulations and whether the application is truly collaborative, collision tests were carried
out using the GTE Cobosafe CBSF-35 and CBSE-75 contact sensors. The Cobosafe system is
a system for measuring force and pressure, and is designed for inspecting transient and
quasi-static forces and pressures on collaborative robots (Figure 10). At the heart of the
force measurement device is a force sensor with a linear guide measuring mechanism.
The CBSF series consists of nine individual force gauges, each with a different spring
constant between 10 N/mm and 150 N/mm. Depending on requirements and objectives,
the settings can be configured with up to nine force gauges with different spring constants.
Combination of the elastic constants with one of the additional damping elements allows
the biomechanical properties to be configured in accordance with EN ISO 10218-1 [25], EN
ISO 10218-2 [26], or EN ISO/TS 15066 [27].

Using these sensors, we collected data on the pressure and force developed during
a simulation of an operator impact. The tests were repeated for different robot speeds in
order to identify a safe threshold according to the limits for maximum contact force and
pressure specified in ISO/TS 15066:2016 [27]. Specifically, in relation to the robot motion
cycle and station layout, two types of tests were performed:

1. A simulation of a free collision with the human operator’s shoulder and back; in this
test, the UR10e collaborative robot was rotated around its axis 1 until it hit the CBSF-
35 sensor.

2. A free collision with the operator’s hand, simulating the unloading of a finished
component in the inspection area; in this case, the UR10e robot descended along the
z-axis until the end effector collided with the CBSF-75 sensor.

Figure 10. GTE Cobosafe CBSF contact sensors, showing the different zones that can be simulated by
the sensor, the GTE Cobosafe CBSF contact sensors, and the damping elements.
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Figure 11 shows the station setup for the collision tests performed to assess the safety
of the application.

Figure 11. Robotic station setup during the collision tests, with the GTE Cobosafe sensor positioned
between the robot and the unloading area to simulate an impact with the operator’s back.

The results of the force and pressure diagrams obtained from the tests is shown in
Figures 12 and 13. The force diagram refers to the test simulating a collision with a human
operator’s hand, with the speed of the cobot’s end effector being equal to 300 mm/s. In this
diagram, the evolution of the force applied to the sensor as a function of time can be
observed. In addition, the diagram shows the maximum value provided by the standard.
The following figure shows the simulation of an impact with the operator’s shoulder, with a
rotation speed along the robot’s first axis of 120°/s. This graph shows the 3D diagram of
the pressures applied to the sensor surface using a colour scale to quantify the different
pressure values recorded. The maximum value required by the standard is shown in
this graph as well.

300

..........................................................................................................................................

250~

200-

150-

Force [N]

100~

50~

P/—d’-ﬂ-’-

0 02505075 1 12515175 2 22525275 3 32535375 4 425 45475 5
Time [s]

P
1]
]

Figure 12. Force diagram of the collision test. The graph refers to the test simulating a collision with
the human operator’s hand, where the speed of the cobot’s end effector was 300 mm/s.



Machines 2024, 12, 572

15 of 18

330

330
264

264
198

198

P [N/cm2] - - P [N/em?]
132 [ -
66 ]
66
0
0

36 3
Y 48 b
My 60 60 o)

Figure 13. A 3D diagram showing the pressures (P) present during the collision test. This graph was
obtained for the impact with the operator’s shoulder, with a rotation speed along the robot’s first axis
of 120°/s. The colour scale quantifies the different pressure values.

The results of the tests are shown in the Table 2. All of the values reported here are
below the limit values indicated by the standard. The joint and linear speeds set during the
tests depicted in Figures 12 and 13 and Table 2 were then set as the safety threshold in the
station logic according to the power and force limitation collaborative strategy. Therefore,
the station’s work cycle complies with the regulations on human-machine collaboration,
and the application can be classified as collaborative.

Table 2. Measurement results of collaborative tests with maximum linear speed equal to 300 mm/s
and maximum joint speed equal to 120°/s.

Collision Test Sensor Force [N] Threshold Pressure [N/cm?] Threshold Result
Back 1 CBSF-35 171 420 53 420 PASS
Back 2 CBSF-35 171 420 37 420 PASS

Shoulder 1 CBSF-35 152 420 266 320 PASS
Hand 1 CBSF-75 27 280 54 380 PASS
Hand 2 CBSF-75 27 280 50 380 PASS

5. Conclusions

This article has describes the development of a fully functional prototype of a cobo-
tized station for the assembly of two different machine components. The resulting station
represents an example of integrating different technologies and collaborative systems.
Thanks to the layout, which is designed to be adaptable and to integrate safety systems,
the station not only fulfills the required criteria of collaboration and precision, it also
offers a flexible solution allowing for future modifications according to changing opera-
tional requirements. In addition, this work included several experimental tests carried
out to validate the robustness of the assembly process and the collaborative nature of
the application.

This study provides three main outcomes:

1.  The developed solution improves the efficiency of the specified manual assembly
processes by significantly reducing the cycle time of component 2 while meeting the
requirements imposed by the company, including for manual tests and inspections
performed by the operator.
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2. The design methodology introduced in this work and the tools used to verify the
compliance of the adopted collaborative strategy could be applied to other projects to
certify the collaborative nature of robotic applications, even when non-collaborative
robots are involved. This is anticipated to be supported by a forthcoming new version
of the regulations which is currently in development.

3.  The auxiliary device developed to insert the Seeger rings can be industrialized to
automate the assembly of machine components.

4. The development of this application demonstrates the growing interest and research
in implementing collaborative solutions in the manufacturing industry.

From a qualitative perspective, a rigid automation system based on dedicated ma-
chines would certainly be capable of performing the same assembly operations with very
high performance; however, the components under study are characterized by medium to
low and discontinuous production rates; additionally, the company has expressed the need
for a flexible and re-configurable assembly station that can be quickly adapted to assemble
different components with simple modifications to auxiliary systems and gripping tools,
tasks that the company, which is experienced in the production of precision mechanical
components, can carry out independently once trained in cobot programming. These
reasons underpin the choice to use a collaborative robot instead of rigid machines.

Lastly, the impact of training on new enabling technologies as well as the reskilling
of personnel in departments and the development of highly specialized skills offered to
designers and R&D technicians should not be underestimated. Among these, collaborative
robotics represents a driving force that will enable the company to attract new highly-
educated personnel from universities.

The developed station could be the subject of future work and improvements. For in-
stance, an automatic component feeding system for component 2 could be introduced.
The current solution assumes manual feeding of the different parts. An automatic feeding
system could be realised through one of two different approaches:

¢ The parts could be placed in the picking area according to an orderly and repeatable
pattern, allowing the robot to always pick up the parts from the same places and in
the same way.

*  The parts could be arranged in the picking station in a random arrangement; in this
case, a vision system and component reorientation and separation system would need
to be implemented in order to provide the robot with the position and orientation of
the components to be picked.

Another potential optimisation would be the integration of a vision system to verify
the assembly of the two components. This vision system would have to recognise both the
correct assembly of component 1 and the pass/fail test result for component 2. For this
purpose, an artificial intelligence could be trained to detect faulty assemblies of components
using a camera. In the event of a faulty assembly, the cobot would place the component in
a rejection zone.
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