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Abstract

This paper aims to model manual mammfactoring processes by parametenizing operator force readings, specifically engine and coolant hose
connections in an aufomotive assembly line. During automotive assembly, many processes are still performed manually by the human operator
due to the complexity of automating the process or product with cumrent technology. Processes include completing hose connections and
subsequent "push-pull-push” verification testing. Mamual work introduces an opportunity for Imman error because of the inconsistencies when
completing tasks; even a slight variation in operation can lead to an incomplete or missed process. These incomplete processes can pass post-
production checks, such as a pressure test, but later loosen and fail. cansing rework or warranty issues. To minimize nunan error, operator force
was parameterized to provide real-time feedback to the comnection status. The operator force was chosen to classify connections and to verify
testing quantitatively. The parametrization was completed by isolating the shear and normal forces using custom fixtures, with shear being the
primary required force type. The varying finger and hand engagement for the different connector locations were factored into the parametrization
to encompass a broader range of mamually completed tasks. It was found that operator forces in finger engagement for manual assembly could

be effectively represented by a limited set of measurable parameters.
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1. Introduction

This paper investigates three connector types utilized in
joining engine hose components used as venting or fluid
transfer lines. Due to the process flexibility needed, these
operations are performed mamually. This introduces the
possibility of emor while completing and checking the
connections. Fach of the connectors offers a click-type
verification design that is andible but may go unnoticed in a
noisy mamifactuning environment; therefore, a coupled push-
pull-push test is in place. The initial push completes the
connection, the pull tests connecfion veracity, and the final push
reseats the connection This process is dependent on the forces
applied by the operator and the proper completion of the
process steps. Failure to properly perform this check can result
in missed or incomplete connections causing rework if the error
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is found during product testing or potential warranty issues if
the product fails in the field.

This research aims to parameterize manual connections
through forces applied to output the status of the connector to
the operator. The parametrization provides numerical targets to
the sensors used in measuring the operator forces. These force
windows determine the likelihood of a successful connection as
the operator force is applied. The primary contributing force
investigated in the connection completion is a shear force with
a less influenfial secondary normal force.

To establish an understanding of the forces exhibited by the
operator in mamial assembly, shear and normal force must be
accounted for and differentiated for importance. Mot all forces
measured in manual operations contribute directly to the
connection completion, but that does not mean that these forces
are not necessary. For example, a normal force applied to the
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hose or connector, which acts perpendicular to the direction of
motion for connection completion, is needed to mimimize
slipping allowing for constant finger engagement. This creates
a need for an understanding of the differentiation of the critical
forces that are needed to physically mate the two connector
halves and other forces indirectly contributing to the operation.
Current shear force measurement devices are limited, leaving a
gap in capability for measuring operator forces. A more capable
form of operator shear force measurement is needed. Once the
mmportant forces are known, the operator target force envelopes
can be established for the parametrization.

The mamally performed task characterization utilizes
mflection points in the force profiles to determine if the
operator conducts the push-pull-push verification. It will also
observe operator movements and approach to understand how
the connection is completed This will provide necessary
mformation regarding applied force directions for the
parametrization. The parametrization is a series of target force
envelopes and the differentiation of mmltidimensional force
signatures exhibited by the operator to understand the primary
forces acting in the direction of the comnnector locking and
additional measured forces acting in other directions.

The operator forces' successful parametrization will be used
m production, providing real-time feedback to the worker as a
source of task completion verification, classifying the assembly
operations. These classifications can later act as a stepping
stone for automating mamally completed manufacturing
processes by implementing the findings into autonomous
systems to yield an automatic verification of the process.

Discussed in the following sections are an overview of the
need for greater technology to complete manually performed
assembly tasks and the state-of-the-art in wearable sensing and
shear force sensing. This is followed by the expenimental setup
and procedure for measuning applied shear force through a
series of custom fixtures with prototype sensors for the given
connecfor types. An analysis of the observed data is then
discussed with wvisuals and target force thresholds for
completing each connection with statistical likelithood
Concluding remarks and future work follows.

2. Background

The probability of a human error occurring in manufacturing
systems tends to increase as the workers gets farther into their
shift An experiment was conducted using historical data on
non-compliance (rejected items and rework offline) directly
atiributed to man, with findings showing human error
probability of 2-16% dependent on the task and elapsed time in
the worker's shift [1]. As a result of human error, cost, and
efficiency, recent efforts in mamfactuning are moving towards
the automation of repetitive tasks, providing an opportunity to
create a sociefal change in manufactuning, ". . improving the
quality of life, raising productivity and earnings; making work
less dirty, dangerous, physically punishing, and dull; and
mcreasing the value of thinking, creativity, and expertise " [2].
Societal changes shape the automation of repetitive, manually
completed tasks performed by workers in automotive
production. However, many of these tasks are foo complex to
automate with exisiing robot technologies. Current robot

designs do not perform well in varying unstructured
environments with people and existing technology [2]. This is
due to the kmowledge gaps in robotics' adaptability and control
when deviating from the programmed function. Robotics lack
the flexibility to perform wvarious mamial processes because
manipulation, mobility, and computation of current robotic
technologies are customarily fixed processes [3]. Fixed
processes meaning that robots are typically carefully designed
and specified by fixed programming methods that cannot
handle the process variability of mamal automotive assembly.

Worker completed assembly offers a flexible format that can
use reasoning and logic, increasing the potential of what the
assembly line worker can determine [3]. This flexibility n
workers can help ensure that vanations from an ideal
configuration in a production line do not majorly disrupt the
production flow or lead to an incomplete or dysfunctional
product. In automotive production, common mamal tasks
inclode hose connections, wire roufing, and subsystem
assembly. Much of the automotive production line assembly is
performed by a human operator, generating the possibility of
inconsistent or incomplete work.

A preater understanding of the product, process, and work
system environment engaged in mamially conducted tasks can
be used to bridge the gap between manual work to collaborative
mamufacturing and collaborative to autonomy [4]. Quantifying
characteristics in mamal assembly requires perception and
intelligent data interpretation [2], [5], [6]. These advancements
can be achieved through greater sensing, vision, and cognition
technologies [7]. To provide the necessary mputs for these
technological advancements, parametrization and
characterization of the manual work are needed These
parametrizations are also utilized for the calibration of solutions
such as wearable sensing for automotive assembly. Such
solutions will provide the operator with feedback on the process
as if 1s completed ensuring all steps and verification of each step
were completed.

Data about worker abilifies, limitations, and variability must
be quantified and applied to the design to improve compatibility
between workers and product assembly [8]. The stronger the
compatibility between the worker and the product being
assembled, the greater the understanding of how the process is
completed. Part of the solution fo mamual task classification is
understanding the cycle of mamual production processes
through feedback of information on critical forces [9]. Active
force readings based on the operator can yield the status of
mamually completed work in real-time.

Example applications demonstrated in this paper are hose
connections and subsequent verification testing of connectors.
These force readings can then be used to provide feedback to
an operator or a robot giving subjective analytical contact
detection [10]. As connections are manually completed, the
operator applies a combination of normal and shear force to one
half of the connector to join the two parts, with shear being the
dniving factor towards complefing the connection These force
measurements can then be parameterized by creating target
force windows and sample-based statistical probability to
numerically prove the outcome of a connection. This yields the
categorization of the connections and manual checks for review
by the worker. Connectors categorized as incomplete can be
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reinvestigated, ensuring the components are assembled
correctly in imitial assembly, minimizing future rework after
leaving production rework and field failures.

3. Literature Review

In mamifacturing, force sensors are encountered in machine
monitoring, assembly-line production, and quality testing.
Force sensing allows the manufaciurer to monitor critical forces
involved to verify the completion of a process or determine
production components' health by determining force limits and
targets. For example, force sensors can be found on machining
equipment to detect when the machine, tool, or workpiece may
be dewiating from expected behavior. On the assembly line
specifically, mamufacturers are implementing sensing
technologies into the buman-driven tasks to increase the
operator's physical, sensing, and cognitive capabilities [11].
Commonly force sensing is utilized, providing feedback such
as finger activation and area of contact for the force [12]. This
sensing can provide real-time data for the operator, decreasing
lnman errors in the final product.

Sensor types developed for human tactile sensing can be
classified as invasive and non-invasive forms. Invasive forms
could be extreme, like a physical implant incorporated info a
worker, or more moderate, like physical angmentative
technology such as wearable sensing [13] Non-invasive
technology can also be a form of motion capture or aundible
signatures [9], [14].

Many sensors for augmentfing human abilities utilized in
mamifacturing are capable of measuring normal force through
capacitive or resistive materials. A relatively few sensors have
documented findings showing the ability to measure shear
force. Work has been conducted to develop and research sensor
capabilities and applications with a recent focus on compacting
sensor size amd thickness for a less imvasive solution,
optimizing cost, and making the sensors more tractable [15]-
[17]. There have been successful efforts in reducing sensor
profiles, but the work is incomplete. Many efforts have looked
towards the implementation of force sensing info a wearable
sensing platform. Formats include a glove worn by the user to
allow them to contimie to perform work with minimal
interference or inconvenience [9]. [15]. [16], [18]. [19].

Advancements in the realm of measuring shear force acting
between multiple surfaces or bodies effectively are much less
complete than normal force sensing. Shear force sensors have
been developed offering compact size, vanable measurement,
linear readings, and high sensitivity, but one that encompasses
all attributes to a high degree does not exist [15]. Applications
for these shear force sensors vary widely as well. A mulfi-axis
sensor was developed to evaluate car seat comfort, which had a
linear measurement with good sensitivity [20]. However, this
design is not compact or thin enough for a glove application
Piezoresistive sensors have also been developed, which provide
a highly sensitive measurement and quick response times, but
fabrication techniques are costly [21]. 3D printed shear force
sensors are another researched variation Applications include
thin almost 2D designs or 3D layouts [22]. There is a need for
a shear force sensor that can be used in a wearable format, that

is minimally invasive to avoid dismuption fo workers and
possesses an acceptable working range and sensitivity.

4. Experimental Setup

Experiments were developed to correlate forces observed as

the operator completes a connecfion mto their shear and normal
components. The experiments using force isolating fixtures will
then be used to determine the force windows for each connector
type to provide operator feedback on the connector status. The
1solated forces will also be used in the calibration of the
developed wearable shear force sensor.

To encompass a broad range of operator completed tasks in

assembly, three engine component type connectors were
investigated in this study. Fach of these three types is ufilized
on mulfiple occasions m the final product. An example of each
of these connector types can be seen in 1. Type 1, 2, and 3
transmit air for pollution filiration gasoline, and act as a
venting line, respectively. Three pairs (fwo mating halves for
each pair) of each connector type mentioned above were
utilized for the invesfigation to eliminate the risk of an
abnommal connector exhibiting different properties or
connection characteristics. Although pmltiples of these
connectors are seen across the entire assembly, this is not
representative of the manual work for all of assembly.
However, methodologies and general parameters can be used
towards characterizing other connector fypes or manual
processes. Since the connectors are in mulfiple locations,
associates use a multitude of grips triggering varying finger
engagement. These grip variations result from the approach and
body position, causing the operator ergonomics to vary with
their level of reach and how the force is applied.

Figz. 1. Connector Types 1, 2, and 3 (left to right)

The two connector halves mate together by jomning a male
and female end, which is then locked in place by plastic clips
that are automatically or mamally engaged. When completing
connections in production. the operator's orip stvle and
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shear force in a wearable sensing format are limited, two
fixtures were created to isolate and calibrate forces. An
msertion force fixture measures the force acting on the
connector to mate the fwo halves in one direction The mating
of the two halves can be performed at the desired speed via a
servo motor or mamually to mimic actual assembly. The shear
force fixture measured the applied shear force by applying a
known force to a block that can slide along a fixed axis.

4.1. Insertion Force Fixiure

To measure nommal force and calibrate the sensor glove, the
msertion force fixture secured one-half of the investigated
connectors to a sliding alominimm block that restricted motion
m all directions except the x-direction, as seen in Fig. 3Fig 4.
Finger engagement demonstrating the utilization of shear force in grip. This
allows the aluminium block to slide freely with the force sensor,
recording the force in the x-direction while completing the
connecfion To understand the predominant force, the shear
force, the data is first collected in terms of the nommal force with
the insertion force fixture. The insertion force needed to
complete each coonection can then be applied fowards
correlating the shear force necessary. As the operator grips the
hose or connectors, a normal force is applied perpendicular to
the x-direction, which keeps the fingers from slipping. The
shear force 15 applied in the x-direction, which is the same
direction that the force sensor measures data. The force sensor
used in the study is a Mark-10 series 51 force indicator and
series MRO1-100 transducer with a dynamic range from 0.5 N
to 10 kN [23].

F1g. 3. Insertion torce hxture setup

As the associate grips the half of the connector that is not
secured, they utilize a grip that exhibits the shear force
mentioned earlier, as seen in Fig 4. The associate force acting
on the connector is translated to the force sensor and recorded.
This force is later used in conjunction with the developed shear
force sensor to create the parametrization

Fig 4. Finger engagement demonstrating the utlization of shear force in grp

A series of tests were conducted across all three connector
types with three replications of testing, using a new connector
for each replication The testing began with completing the
connections using controlled speeds via a servo motor at 50
mm/s. This speed was selected to mimic the speed at which the
assembler completes the connection The servo motor utilized
in testing is the Applied Motion Products TSM235-3RG [24].
This allowed us to establish controlled baseline parameters for
the force necessary to complete each connector type and a curve
profile for each. Samples were collected at 250 Hz as this is the
maximmm sampling rate Matlab offers. From this, we moved
on to the more variable, manually completed connection. Here,
we fried to mimic the movements, speed, and timing of a
production line associate. The manual connections were used to
establish the initial push and characterize the connection push-
pull-push check. To complete all tests, including the push-pull-
push check, the aluminum block m the normal force fixture was
secured to one side of the force sensor. The other end of the
block was fixed, restricting movement in all directions. This
allowed for the force sensor to flex and record forces acting on
the connector and for a relative pushing and pulling motion to
be completed.

4 2. Shear Force Fixture

To provide a preliminary understanding of the shear force, a
shear force fixture was developed. This fixture isolated the
applied shear force by applying a force only m the x-direction
on a thin sensor design, as seen in Fig. 5. The sliding part of the
fixture (orange and green, which are fixed together) moves
along the blue plate by applying a known force to the block via
a cord attached to the eyelet, seen in Fig 5. This cord is drawn
over the pulley only to act parallel to the relative motion, and
weights are added to the cord's end. The displacement was also
recorded fo determine the operating range of the sensor.

‘{_
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Fig. 5. Shear force fixture setup

The schematic of the developed shear force sensor can be
Seen in

Wi Top Kapton Layer
iper

Bottom Kapton Laver

Fig. 6. The sensor relies on relative movement, exhibiting
shear, of a conductive wiper along a resistive track. The top and
bottom are attached to the sliding and fixed components of the
shear force fixture by an adhesive to determine the shear force
applied to the sensor and correlate it with resistance change As
the wiper moves along the resistive track when loaded in shear,
the resistive output changes.

Wi Top Kapton Layer
iper

Bottom Kapton Laver

Fiz. 6. Shear force resistive track sensor design
4.3 Sensor Glove Integration

Fig. 7 shows the functional sensor on the glove. It should be
noted that the depicted sensor design and glove format are not
in their final design format Optimization of the sensor
geometry, stability, and implementation into the glove was
ongoing at the time of submission for the paper. Howewver, the
sensor’s function remains the same, so the parametrization data
15 accurate.

Fig. 7. Shear force sensor and placement of the sensor on the glove

Takble 1. Section 4 Testing Summary.

. . Test Total
Test Type Fl’f::l‘ ?’J"“: Repetitions for  Number
each Object of tests
50 mm's Insertion 3 compector 20 180
force types
Manmual Insertion 3 comnector 30 270
inserfion force types
Shear sensor ~ Shear force  Semsor
testing prototype

5. Resulis and Analysis

An important assumption made for the insertion force data
is that the force applied is in line with the sensor. This means
there is no angular misalignment or linear offset, as depicted in
Fig. & This ensures that the force applied to the connector is
translated into the force sensor as an angular misalignment can
be especially problematic due to only the force acting in the
sensor direction is being recorded by the force sensor. There
will be an x and ¥ component to the force, but only the x will
show.
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Fig. 8. Angular misalignment (top) and linear offset (bottom)
5.1 Controlled Speed

The speed of 50 mm/s was selected fo imifate the speed at
which the operator completes the connections. This baseline
data was used to ensure the expenimental sefup's consistency to
1solate forces while determining outside factors' influence
versus the indiscriminate locking force needed to complete the
connection

The locking point for each connector type was established
by utilizing camera footage concumrently to the force profiles.
Customarily, the locking point for each force profile exhibited
an upward or downward spike in force. Seen below in Error!
Reference source not found. is the force profile over time for
the Type 1 connector. As mentioned previously, three of each
connector type were ufilized in the investigation. This is the first
pair for Type 1. Twenty tests were repeated with identfical
parameters, and each line indicates one of the twenty tests.

Each profile's locking point is centred around the zero point
of the x-axis. This helped to compare the profiles to ensure
consistency. The x-axis unit is fime in seconds, and while it
shows negative, this does not indicate a negative time_ Since the
locking points were centred around zero, the range of the scale
for each connector should be recogmized. It takes approximately
0.12 seconds for each connector to lock and an additional 0.045
seconds fo seat, totalling an approximate connection
completion time of around 0.165 seconds at a speed of 50 mm/s.
The remainder of the force profiles for each connector type's
remaiming pairs are shown in Fig 16-23 in section A 1 of the
Appendix.

Farce {M|

Fiz. 9. Type 1, Parr | 50 mm/'s connection force profile over

We determined the parametrization of connector completion
in controlled conditions and the connectors' degradation over
time from this experimentation. The parametrization presented
the target force needed for each connector type and the
likelihood of a successful connection as force increases. This
target force was used to ensure the mammally completed
connections were completed correctly by comparing the two
sets of locking forces. As expected, the likelihood of a
completed connection increases as higher forces are applied. A
visualization of this is shown in Fig 10. This graph
encompasses all three pairs for the Type 1 connector. Critical
points for plotting were established using the miminmm,
average, and maximum forces observed and benchmarks
increments of 10 to provide more data points. The remaining
connection completion profiles are shown in Fig. 24 and 25 in
section A 2 of the Appendix The degradation properties of each
connector type were observed by repeating the connection over
hundreds of trials. It was found that the connectors exhibited no
degradation in the completion force in the amount of time or
number of tests conducted for this study. Therefore, the tests'
order or the differentiation for each line in Error! Reference
source not found. is insignificant because locking forces did

not decrease or increase with time or use.
Fiz. 10. Type 1 50 mm's connection completion likelthood based on the force
apphed

5.2. Push-pull-push

The push-pull-push test is composed of three stages. The first stage 15 the
inxfial push, whach is the manumal completion of the connection through
locking and seating, similar to the force profile seen above for 50 mm's. The
second phase 1s the operator's pulling motion to venfy the completion of the
mitial push phase's connection. The third phase, a secondary push, 15 a
reseating of the connector to ensure the connector 15 m the optimal final
position. A single force profile of the push-pull-vush test can be seen below

&)

4

2

P T e O

Force (M)

-'ZII.2 IZI !]i2 ':Iid Dii 'Zli3
Teme {s)

Fig 11 The stages are divided by inflection points on the graph

{when there is a sign change in force readings). Each stage is

parameterized individually so it can be mcorporated into a force

measurement device for the operator.
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Fig. 11. Type 1, Pair 1 push-pull-push force profile over fime (one test)

The complete 30 test profile is shown in Fig 12 As
mentioned before, the tests' order is insignificant because
variation in the data is not due to degradation of the connector
over time or as more connections are completed The push-
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pull-push phases, such as the ones indicated in
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Fig 11, contimue to utilized inflection points as indication of a
change in the applied force direction. The remaining push-pull-
push force profiles for all types can be seen in Fig 26-33
smhnnAEGfthﬂappendm

Force (M)

eruring 00 (2021) 000-000 7

Fig. 12. Type 1, Pair 1 push-pull-push force profile over time (30 tests)

The push-pull-push parametrization utilized a similar
approach to the parameirization for the 50 mm/s controlled
speed. However, the initial push is the most critical that requires
a more detailed look into the recorded forces. As stated before,
the probability of a completed connection increases as the force
applied increases. This likelihood is displayed in Fig. 13, which
resembles a linear trend for the bulk of the data. The nuddle
range is most critical for determining force as either side of this
becomes closer to steady-state and is well below or above the
force needed to complete the connection. This linear trend of
the middle data. highlighted in red, will be used for calibration
once the force sensors are applied in a format for operator use.
All three types of connectors exhibit this linear trend, creating
an efficient method for real-time operator feedback The
likelihood of a completed connection for the remaining two

types are in section A 2 of the Appendix_
100%%
B0%

60%

y=0.0299x - 1.1786
R*=0.9835

Completion Rate

20%

0%
30 50 70 20

Force (N)

Fig 13. Type | push-pull-push connection completion hkelihood based on
the force apphed

Baseline target forces were established on a 90% success
rate. These values apply to the inmitial push. The pull and
secondary push data were operator dependent, establishing
forces based on whatever "felt" sufficient for connection
verification. These force values were lower than the force
necessary or the forces observed for the first push. An average
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of approximately 20 N and slightly below the inifial push were
seen for the pull and secondary push, respectively. Rather than
requiring a specific force target for the pull and push 2 stages,
the inflection points are utilized. This confirms that the operator
completes the check If a connection is completed successfully,
these forces do not need to be large. The pull will separate the
two connector halves relatively easily if the connection is
unsuccessful. Table 1 below shows the charactenization of the
operator motion when completing any of the three connector
types. These numbers can be adapted to reflect a greater
probability of success.

Table 1. Characterization of the push-pull-push test

Push1 | Pull Push 2
Typel |>6952N |<0N >0 N
Type2 |[>120N |[<ON >0 N
Type3 |>80N <ON >0 N

Target values were set, and real-ime feedback can be shown
to the operator yielding the connector's status and the force
profile or max force achieved. This is done by ufilizing the
output from the developed shear force sensor. As menfioned
previously, the sensor has a resistive track in which a
conductive wiper moves along as the shear force is applied.
This change in resistance can be calibrated to the change in
force, such as the profiles seen in Fig 14

120 850 _
g J-
S 100 800 =
& T
= EU 1]
] 750 £
= &0 g
v 700 3
E 40 b

650 &
§ 20 P
= 2
g 0 600 =
£ 0 1 2 3 4 5 =

Time (s)

Fiz. 14. Real-time operator feedback example inserion force and analog
resistance profiles over time

As shown in Fig_ 15, this setup utilized a grip with the sensor
mounted on the thumb based on assembly line observations.
The resistance profile in Fig 14 shows a relatively constant
value when the sensor 15 unloaded in shear but loaded in normal
(i.e, the operator is gripping the hose). This slight fluctuation
1s due to noise and slight positional adjustments from the
operator. The profile exhibits a positive change in resistance as
the wiper moves along the track, which aligns with the insertion
force change. After the connection is completed, the operator
released the hose, which caused a momentary discontimuity
between the track and wiper, causing the analog resistance
readout fo fall below the steady-state seen before the
connection

Fig 15. Operator gnp with the shear force sensor attached to the thumb on
the glove

6. Conclusion

This paper’s goal was to parametenize mamnually completed
tasks by the worker in an automotive assembly environment,
providing numerical targets to the sensors used in measuring
the operator forces. This was done by monitoring the operator's
forces to complete 3 connection types used in assembly. The

100 — , . . , . . . . , |
£
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a0 |

Frrcs {M]
[

Farcs

© a1z

0

i}

-0o8
me S|

primary force utilized was a shear force with a secondary
normal force. Force profiles over time were produced from the
insertion force fixture, which was then attributed to the change
in resistance in the developed shear force sensor.

The expenimental work on operator forces was successfully
parameterized for connection completion and subsequent
verification testing through the push-pull-push Results can be
utilized for the implementation of wearable force-sensing
devices, providing real-time operator feedback This can be in
the form of a force profile output or indication of target forces
being met for the operation. This will minimize rework once the
product leaves the manufacturing facility by verifying that
manual assembly tasks are completed. The characterization of
the manual work can also contribute to robots’ calibration as
repetitive tasks are automated in manufacturing.

Future research efforts can investigate sensor refinement to
more accurately measure shear force with a repeatable, stable
outcome. This will help direct another research path of a more
detailed breakdown of applied forces and their proposed targets
and thresholds. Continued efforts will confribute to the
transition for collaborative manufacturing and Industry 5.0
robotics in manufacturing.

Appendix A. Force Profiles and Connection Probability

Al Conirolled speed connection force profiles
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Fig. 16. Type 1, Pair 2 50 mm's connection force profile over ime
Fig. 17. Type 1, Pair 3 50 mm's connection force profile over ime

Fiz. 18. Type 2, Pair 1 50 mm's connection force profile over ime
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Fiz. 19. Type 2, Pair 2 50 mm's connection force profile over ime
Fiz. 20. Type 2, Paxr 3 50 mm's connection force profile over ime
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A 3. Push-pull-push force profiles
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Fig. 26. Type 1, Parr 2 push-pull-push connection force profile over fime

Fig. 26. Type 1, Parr 3 push-pull-push connection force profile over fime
Fig. 27. Type 2, Parr | push-pull-push connection force profile over fime

Fig. 28. Type 2, Parr 2 push-pull-push connection force profile over fime
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Fig. 29 Type 2, Parr 3 push-pull-push connection force profile over fime

Fig. 30. Type 3, Parr | push-pull-push connection force profile over fime
Fiz. 31. Tvpe 3, Parr 2 push-pull-push connection force profile over time

Fig. 32. Type 3, Parr 3 push-pull-push connection force profile over fime
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