20

25

Thisis aprevious version of the article published in Computers in Industry. 2021, 125: 103370. https://doi.org/10.1016/.compind.2020.103370

Collaborative robotics in wire harnesses spot taping process.
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Abstract

Wires harnesses are used in several industrial sectors such as automotive, white goods, toys, or electrical and mechanical engineer-
ing. One of the key tasks of the process is to assemble and secure harnesses with a taping pistol in several spots to group single
wires and make the final harness with all the required ramifications. The proposed method tries to advance the state of the art and
enhance the current process, which is being performed manually, by adding robotic arms in a custom cell that collaborates with
the human worker. The robotic solution of the proposal will perform all the spot tapings of the process, while the worker performs
only the positioning of the cable. It reduces the processing time of the task and allows workers to work on two harnesses at the
same time. The results of the present proposal will have a positive impact on companies dedicated to the production of wiring and
the sectors to which they supply their products. The solution will also impact on the ergonomic conditions of workers through an
innovative work environment that removes the most tedious and repetitive tasks of the operator.

Key words: Collaborative robots, Manufacturing, Ergonomics, Wire harness

1. Introduction one described as it leads to negative effects on the health of
s workers both in the short and long term [13]. Several methods
Robots still find challenging to work with flexible materials  are available to objectively measure the ergonomics of a task or
because the unpredictability of the initial state in a real oper- process [14, 15] whose score is useful to compare different ap-
ation in terms of pose and shape, compared the conditions es-  proaches and test enhancements before implementing the one
tablished in the training process [1, 2]. Among those flexible  yith better ergonomics. Those methods have been used for risk
materials, automated electrical wire handling has been a sub- ,  jccessment on different real world scenarios [16-20].
ject of intensive research in the last few years, especially in the One of the technologies that helps with both enhancing cy-
automotive sector. cle time and ergonomics is collaborative robotics [21]. This
After the revision of related works on this field, in [3] a technology is being used in Industry 4.0[22] to improve pro-
Survey can be found on the production process of automotive  gyctivity in sectors with high customization and to enhance er-
wire harness. « gonomics by removing from the equation the part of the work
Accordingly, Wire harness optimization of spot taping pro-  ha¢ is repetitive and does not add value to the final product
cess has been achieved in [4] by using genetic algorithms to [23]. No collaborative solutions have been found in the state of
optimise the taping route and jigs layout [5]. However this ap- the art for the specific problem. The Poka-Yoke method [24]

proach did not include the way to calculate the maximum strain, — js yged in multiple industrial applications of the sector to im-
which must be introduced manually. Other applications related prove the quality tool of operations in the process by reducing
to wire harnesses are the routing performed by artificial intel- worker mistakes while handling materials during the task pro-
ligence systems [6], the assembly of harnesses inside the body  cegs. Using robotics to reduce the number of operations to be
of cars [7], weight analysis and reduction of harnesses to re-  performed by the operator will minimise the need to use these

duce car payload [8], robotised recognition of wire harnesses  ype of methods as well as improve the quality of the final prod-
[9], task guidance interfaces for assembly [10], wire harness ., yct.
design software [11] among others. Cycle time is one of the Low cost embedded systems such as Raspberry Pi have been
most important factors in wire harnesses production. Automo-  ysed in industrial robotic automation solutions [25-27] allow-
tive sector takes this seriously by using optimization and line ing to run complex industrial systems with modest computing
balancing with Kaizen approaches to improve it [12] which can  p5ards and reducing the overall cost of the robotic solution,
be transferred to other sectors using wire harnesses. Correct . which is a key point when implementing on SMEs.
ergonomics are a key component of manufacturing processes Additive manufacturing [28] helps in the prototyping part of
with workers involved, specially on repetitive tasks such as the  5rcegs automation, specially due to cost restrictions and in sce-
narios where iterative and incremental methodologies are used
during the process [29].
60 Simulation techniques [30] allow users to find and solve is-
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sues before the manufacture process takes place in a real robotic
cell. This way, cost production may be reduced whereas the
quality of the final product is increased.

This article is organised as follows: Section 2 gives a de-
tailed explanation of the design phase of software, hardware
and additive manufacturing parts of the proposed solution. Sec-
tion 3 measures and compares the cycle time of the actual man-
ual process and the proposed method. In Section 4, a compara-
tive of both methods is performed from the ergonomics point of
view. Section 5 showcases different alternative setups to scale
the solution and adapt to other scenarios, and conclusions are
drawn in Section 6.

2. Solution design

The proposed solution has been designed to allow opera-
tors to work with two wire harnesses at the same time. This
is intended to improve the cycle time of the process, reducing
costs and increasing benefits. By using collaborative robotics
the process is split in two separate tasks with the former being
the handling and positioning of the wire harnesses on the pan-
els to work with and the latter, the spot taping process. This
way the human operator is performing the part of the job that
adds value to the task, as handling of ductile materials such
as wires is very difficult to automate, while the collaborative
robotic arm is performing the repetitive task that does not re-
quire of human skills. This design improves the ergonomics
of the process for the human worker, since it removes part of
the manual process and therefore minimises the movements re-
quired by the human operator. Additional improvements in er-
gonomics are bound to the design by adjusting the required pose
of the worker to handle the robotic cell during the process. The
design of the proposed solution is described in detail in the next
subsections, which include all the information about software
modules, robotic cell hardware components and additive man-
ufacturing used for the prototype.

2.1. Software modules

The robotic cell prototype is commanded by three separated
software modules. The main module is the cell control software
which is the one that is in direct contact with all the hardware
parts of the cell as shown in Fig.1. It gets signals from the pedal
that tells the software that the operator has finished his part of
the process and wants to move the panel to one side so a cobot
starts the spot taping process while the operator receives the
batch to handle. The two panels are joined together and their
movement is handled by a linear axis. This axis is controlled
by the cell control software which moves it to two pre-recorded
work positions and constantly checks if the axis has finished its
movement to continue with the process. The controller is also
managing the movement of the two collaborative robots, send-
ing the desired path for the spot-taping process when necessary
and checking whether it has finished or not to continue with the
process. A FSM (Finite State Machine) [31] has been used as
shown in Fig.2 to ensure the correct behaviour of the robotic
cell elements with the expected transitions between states. This

Left cobot Right cobot

Robot control software

< Pedal H Cell control software

Worker

‘ Configuration Management Software

Manager

Figure 1: Software modules of the prototype and their relationships.

Move Axis
Move U Pedal \ 2N/ Move
ended pushed ended

Button pushed

Figure 2: FSM diagram of the controller states and transitions.

FSM ensures that the cell does not move the linear axis when
the pedal is pushed while it is already moving as well as when a
robotic arm is still working even if the human operator pressed
the pedal to continue with the process, avoiding dangerous sit-
uations for the operator and the cell elements [32]. The robot
control software is responsible for receiving the trajectory from
the cell control software, moving the robots and notifying the
controller software that the process has finished. The last soft-
ware module lets users configure parameters of the robotic cell
through its graphical user interface such as the size and tilt of
panels, spot time delay and offsets to adjust the virtual simula-
tion to the physical elements of the cell, since slight differences
might appear due to imprecision in the materials or in the as-
sembly process. This software module allows users to change
the layout of the spots used to perform the taping process in
shape, position, orientation and order as can be seen in Fig.3.
It allows cell to adapt to different wire harnesses models and
configurations without having to reprogram the process, saving
time and money. Software generates the trajectory that will be
used to move the cobots and perform the spot-taping process,
allowing to visualise and simulate in a 3D environment. The
generated trajectory can be sent to the robotic cell controller
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Figure 3: GUI for spot-taping layout configuration.

software to be stored for later use in the operational process.
For each spot of the bidimensional layout designed inside the
cell configuration software, two points should be calculated to
project position and rotation from 2D space to 3D space to gen-
erate the trajectory used to move both cobots.
1 0 0 ][COS(Q‘-F{,:) =sin(Ospor) O [ Py
in = | 0 cosOrinr) —sininr) || sin(@spor) cosBspor) 0][P ]
Pin =10 Sincen) costén) o ™ Lo
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Equation Eq.1 is used to obtain a 3D vector p;, describing the
projected 2D spot position P and its rotation 6,,,, after applying
the tilt angle 6,;;, of the jig used for positioning and spot taping
wire harnesses on the robotic cell.

1 0 0

0
0 cosBrur) —sin@ur) || 0 |2,
0 Si”(ertiltt) Cus((},,{,;) ][ 1 ] of fset

Pout = Pin — (2)
In equation Eq.2 a second point p,,, is obtained for each spot
to slide along the Z direction vector transformed with the 6,
of the jig an amount of millimetres determined by the taping
offset f, 4 to separate the taping pistol from the jig in the di-
rection that the taping pistol should approach to the jig. For
each point in the generated trajectory, the cobot will move the
taping pistol to p,,, and then, it will move to p;, by using lin-,,,
ear interpolation to get close to the jig and ending with a final
movement back to p,,; to move out of the jig and get ready to
repeat the process with the remaining points. Figure 4 shows a
generated trajectory by using this method inside a 3D viewport
using a custom 3D engine based on OpenGL [33] included in
the software package to preview the resulting trajectories before
sending them to cobots.
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2.2. Robotic cell hardware components

This section showcases the design and construction process
of all the hardware parts of the prototype created to experiment
and test the proposed solution. The main design of the cell
is shown in Fig.5. It shows a working environment made ofiss
aluminium profiles with several components attached to it. A
linear axis is attached to this chassis with 1 meter of horizontal
movement and a speed of 500 mmy/s. In top of the axis, a pair of
aluminium panels rest, both moving in the same direction and
alternating sides on each process step. The robotic cell has ao
kill switch to stop it when necessary and a pedal to allow the
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Figure 5: Design of hardware parts of proposed robotic cell.

operator to tell the controller that the current step is finished
and to move to the next part of the process. Cell is using two
collaborative robots, one at each side, because it is required to
allow workers to handle two wire harnesses at the same time,
taking into account that one wire harness cannot be completed
in a single step as it requires the following steps:

o Place the first wires of the harness on the panel
e Perform two spot tapings

o Place the second wires of the harness

e Perform the remaining five spot tapings

This constraint limited the design of a solution in which
the cell is able to handle the four step process described and to
maintain the collaborative aspect of the proposed method. The
sequence diagram in Fig.6 reflects the flow of the process for
each actor involved in the task.

The finished hardware parts can be visualised in Fig.7 and
Fig.8

The back side of the robotic cell prototype contains all the
required electronics, including the raspberry pi controller [34],
a networking switch, the linear axis PLC and the controllers for
both collaborative robots.
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Figure 7: Finished prototype from aerial view.

A simulation has been performed to verify that the design is
feasible with the selected materials and components before ac-
quiring them, to avoid unnecessary costs. This simulation was
also required to check whether there will be any safety problemyss
[35] with collisions of the robots with other cell elements or
with the operator. Fig.9 shows the simulation performed com-
plying with the distance between both in the proposed robotic
cell and the reach of each cobot. It shows that the place where
the operator is located while the cell is working in the task Sz
right in the middle of the reach of both cobots. To avoid hurt-
ing workers and damaging the robotic cell itself, two measures

Figure 9: Simulation of workspace for both cobots

have been taken into account. The first one is to limit the work-
ing space of the tool for each robot to the panel with a mini-
mal offset on the Z direction to avoid movement between spot
points. This measure partially protects workers as it takes into
account only the taping spot tool, but not other moving parts of
the robot such as shoulder or elbow. The second measure is to
put virtual fences on [36] to avoid any moving part of the cobot
to go beyond a virtual plane in space. Figure.10 shows a virtual
barrier used on one of the two cobots of the proposed method
to enhance safety.

2.3. Additive manufacturing

In this project an additive manufacturing has been used to
create three-dimensional objects by adding layers of fused ex-
truded material with a technology called Fused Deposition Mod-
eling (FDM) [37]. This additive manufacturing technique al-
lowed to create functional or aesthetic prototypes of parts inside
the robotic cell [38]. This was a key factor for the experiments,
as it was an iterative process where design changed multiple
times after some experimentation of the produced parts, which
could have led to expensive machining costs for each change.
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Figure 10: Virtual barrier to increase safety.

The first 3D printed object built has been the spot taping pis-
tols. To start the experiments, two of them were printed with200
the same weight of 980 gr, same proportions and shape as the
original ones. It allowed to experiment with them having al-
most no economic cost and without damaging or breaking the
expensive functional taping pistols. The next part to be built
was the support that holds the spot taping pistol from the last
axis of the collaborative robot. After the design of the support
becomes final, it can be machined into a solid metal part, which
is unnecessary as great forces are not to be withstand during the
spot taping process. The plastic spots used to support the wires
while positioning and spot taping follow the Poka Yoke guide-
lines [39] to ensure users perform the tapings in the only correct
place. They were redesigned to reduce its size while maintain-
ing their functionality. Lights inside the spots used in the man-**
ual process to visually tell workers the order and next spot to
tap were removed as they are no lo longer necessary, since the
spot taping process is now being performed by cobots. The lat-
est 3D printed parts were focused on safety, to avoid human
operators to put their hands or fingers between the two panels®'®
and in the rail below them. Support spots and both safety parts
can be seen in Fig.11.

Figure 11: 3DP used for support spots and safety parts.

Method Tposl Ttapl TposZ TtapZ Taxis
Manual 14s 45 9s 11s -
Proposed 14 s 2s 9s 7s 25s

Table 1: Measured averaged values for manual and proposed subprocesses.

3. Cycle time

To measure the improvement to the cycle time of the wire
harnesses spot taping process, the equation Eq3 has been ob-
tained.

n
1
Tg = ; 2T gis + E(maX{Tpoxla Tiap1} + max{T post, Tiap2} 3)

+ maX{TposZ, Ttapl} + maX{TposZ, Ttap2 })

Being Ty the total time required by the proposed solution to
finish n wire harnesses, T,,;s the time required by the linear
axis to move panels from one side to another, T 1, Tpos2 the
time needed by human operators to handle and position the first
and second set of wires on the harness and Typ1, T1qp2 the time
required by the cobots to perform the first and second part of
the spot tapings.

The manual process takes an average of 38 seconds to com-
plete a full wire harness. This can be split in multiple subparts
to create the equation Eq.4 used to measure the cycle time T
of the manual approach.

n

To = Z Tposl + Ttapl + TposZ + TtapZ 4

i=1
In this equation, both T}, and T}, refer to the time needed
by the human operator to grab the taping pistol and perform the
spot tapings for the first and second step of the manual process.
Real time values were measured from the manual process to
obtain each variable of the equation; those values can be seen
in Table.1.

Note that values for T, and T, are equal for both man-
ual and proposed method, as they are performed by human op-
erators even in the proposed method, where only the spot taping
part of the process is automated. With these values a graph has
been generated in Fig.12 to showcase the comparison between
cycle times on both manual process and the proposed method
up to a full 8 hour shift. The proposed method reduces the cycle
time from 38 to 28 seconds with a 35.8% increased production
and a linear trend. Experiments have been carried out to mea-
sure and compare the expected results with the real world sce-
nario of the prototype, leading to the same values. A full four
wire harnesses batch were created multiple times with the au-
tomated prototype resulting in an average time of 1 minute and
52 seconds which is 28 seconds for a single wire harness. For
comparison, the manual process is able to create a maximum of
757 wire harnesses in a single shift while our proposed method
is able to build 1028, 271 more harnesses per shift.

4. Ergonomics

Tasks in which human workers are present need to take into
account their health. To avoid or minimise mid and long term
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Score | Level of MSD Risk
1-2 | Negligible risk, no action required
3-4 | Low risk, change may be needed
5-6 | Medium risk, further investigation, change soon | **

- Very high rish, implement change now

Table 2: Level of risk depending on RULA score.
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health problems of the current process, ergonomics has been

studied and improved. The RULA method [40] is a popular er-
gonomic assessment tool has been used to measure ergonomics
objectively both in the actual manual process of the task and
in the proposed solution. This indicator will be used to detect
if there are ergonomic problems in the actual manual process
that need to be fixed and will also allow to compare the actual
process with the improved one in the proposed solution. The
score in RULA is obtained by measuring location and rotations
of different body parts required to perform the desired task [41].

After the RULA score is obtained, it should be compared
with the musculoskeletal disorder risk table of the RULA method
shown in Fig.2 to obtain the ergonomic quality of the process
and whether actions should be taken to improve it.

The manual process can be seen in Fig.13 To obtain the
RULA score of the manual process a set of videos of the current
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Figure 13: Manual process of the spot taping task.

manual process recorded from different angles have been stud-
ied to determine the positions and rotations of different body
parts required to perform the spot taping process from the po-
sitioning of the cables to the spot taping itself. The obtained
score is 7, which, according to the MSD risk table, poses a very
high risk and, thus, changes in the ergonomics of the process
should be implemented as soon as possible.

To improve the score, a set of changes have been imple-
mented in the proposed method. The most impactful change
has been to completely remove the spot taping process from
the task, as it is now being performed by a collaborative robot.
This reduces the movements required by the human worker to
perform the task and obtain a finished wire harness, since now
the operator only needs to handle the positioning of wires. The
following improvement has been to allow workers to sit while
working, but with the correct height to allow a correct posi-
tioning of their back. The panels where cables are handled are
placed with a proper inclination to minimise the angles required
by wrists to handle wires. A pedal is located in the bottom part
of the proposed collaborative cell to allow workers to notify
that they have finished their current part of the task and allow
panels to move to and from cobots without requiring workers
to move their hands out of the working panels. With all these
design changes to the hardware of the proposed robotic cell,
the RULA score has been lowered down to 3. Fig.14 shows a
worker handling the proposed robotic cell with the ergonomic
improvements included. According to the MSD risk table, the
risk is now low and further changes may be needed. The score
and the ergonomics itself of the current process have been sig-
nificantly improved and the risk of health problems minimised
but there is still room for improvement for future work.

N A

Figure 14: Worker handling proposed robotic cell with improved ergonomics.
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s. Scalability 295

The minimal proposed setup uses two cobots and a sin-
gle worker to produce two wire harnesses at the same time.
However, this robotic cell has been designed with scalability
in mind, allowing to create more complex setups with slight
design modifications. The first proposed modification shown in
Fig.15 involve mirroring the robotic cell and using the same two
cobots, but with two workers to achieve processing four wire”
harnesses at the same time. This approach takes advantage of
cobot downtimes that occur while the operator is preparing the
wire harness of its side to work with the mirror panel located
behind the robot, improving the productivity while maintaining
the cycle time and without adding more collaborative robots o
the design.

310

315

320
Figure 15: Scalable option to produce 4 wire harnesses at the same time
A more extreme version to show the scalability potential of
the current proposal is shown in Fig.16. This setup uses fours,
cobots and four workers to achieve processing sixteen wire har-

nesses at the same time, maintaining the cycle time but multi-
plying by eight the production.

330

335

340

345

Figure 16: Scalable option to produce 16 wire harnesses at the same time

The current design also allows to create further setups that
meet the needs of companies implementing the proposed solu-
tion.

6. Conclusions

Handling of ductile materials is a difficult task to perform
with robotics and is one of the keys to automate more manu-
facturing processes in sectors that use them such as automotive,
white goods, textile, shoe-making, etcetera. The automotive
sector uses wire harnesses and need to perform tasks with them,
which are performed by hand. The proposed method allows hu-
man operators to collaborate with robotic arms so their task is
enhanced, allowing them to focus only on the handling and po-
sitioning part of the job, while the collaborative robots perform
the repetitive spot taping process. This enhances the precision
of the taping, allows the operator to work with two wire har-
nesses at the same time increasing revenue and improves the
ergonomics of the worker. Additive manufacturing has been
another key factor to achieve a functional prototype in time and
to perform different experiment and design changes without ex-
pending much money. Future works will be focused on the scal-
ability of the proposed solution by experimenting with different
setups consisting on more cobots and workers, taking advan-
tage of the working time of cobots to enhance the actual cycle
time.
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