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Abstract

Efficient industrial production processes today demand
increasing throughput rates while at the same time requiring
unrestricted high production quality. Acoustic quality
control in end-of-line testing has been established to address
this challenge and is gaining popularity in combination with
advanced machine learning techniques. This paper discusses
current progress in the field, presenting acoustic click
detection in the assembly of electrical connectors for heated
fluid lines.

Initial feasibility investigations include measurements of
connector click sounds in different production facility noise
background, acoustic signal analysis for NOK detection and
classifier development using machine learning. With
positive results from the initial studies, the click detection
algorithm is brought into practical application, being
implemented in a re-designed version of the assembly line
production machine. Further applications of the presented
methodology are presented as an outlook of this study.

Background and Approach

In the assembly process of electrical connectors for heated
fluid lines (Figure 1), connector plugs are assembled to
crimped contacts manually to assure a secure contact-to-plug
connection. The completed connectors are then tested for
mechanical fit in a pull-back force test. With the goal of
increasing efficiency in the assembly process and avoiding
potential damage of the connectors from the pull-back test,
acoustic testing of the contact-to-plug connection is
investigated. Therefore, the typical high-frequent click sound
of the latching lug when sliding into the connector rest needs
to be detected, and an OK/NOK criterion needs to be
determined.
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Figure 1: Electrical connector for heated fluid lines,
top: disassembled, bottom: assembled

Initial feasibility studies have been performed in different
background noise conditions to evaluate the potential for the
acoustic click detection. The acoustic measurement data has
been post-processed and used as input data for the
development of a classification algorithm. Various machine
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learning models have therefore been created and compared,
allowing a robust detection of NOK connections.

Feasibility Studies

Three consecutive measurement campaigns have been
performed to evaluate the feasibility of the acoustic
classification of the contact-to-plug connection. A manual
test rig has been investigated to allow reproducible assembly
of the connectors. As a starting point, measurements of the
occurring click sounds have been performed in a quiet,
acoustically treated test cell at HEAD acoustics,
Herzogenrath. Additional measurements have then been
performed in production facility surroundings of VOSS
Wipperfiirth and VOSS Bahovitsa, Bulgaria in typical
facility background noise conditions.

Acoustic Measurements / Datasets

The manual test rig has been equipped with a three-
dimensional accelerometer at the plug rest and a near field
measurement microphone in close distance to the connection
point. The contact with latching lug is inserted into a
movable carriage and pushed towards the plug to connect.
Limiting the time frame for the expected click sound, a light
barrier signal is used to trigger the acoustic measurements.
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Figure 2: Measurement setup at manual test rig

NOK test samples have been provoked by damaging the
latching lug of some connectors. Table 1 shows the total
count of connector test samples (OK/NOK connections),
measured in different acoustic background noise.

Table 1: Total count of measured connectors

(OK/NOK connections)
Test Location OK NOK
Quiet Test Cell 348 600
Wipperfiirth Production 662 360
Bahovitsa Production 201 127




Acoustic Analysis

With the goal of separating OK from NOK connections, the
typical click sound of the latching lug needs to be identified.
Figure 3 shows the airborne noise FFT spectra vs. time for a
typical click sound (right) in contrast to a recording with
missing click sound (left), measured in the acoustic test cell.
The differences between OK and NOK measurements are
obvious towards high frequencies, where typical click
sounds are characterized by a strong impulsive event. Low
frequent signal content can be assigned to the stop of the
plug at the rear end of the test rig.
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Figure 3: Comparison of typical FFT spectra of NOK
measurements (no click sound, left) to OK measurements
(clear click sound, right)

A direct comparison of the peak-hold spectra of exemplary
OK and NOK measurements shows level differences of up
to 35dB at high frequencies in quiet conditions (Erreur !
Source du renvoi introuvable., top).
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Figure 4: Comparison of exemplary peak-hold spectra of
NOK samples (no click sound, green) to OK samples (clear
click sound, red) for measurements in the acoustic test cell
(top) and in production background noise (bottom)

The final application of a potential acoustic classifier for
NOK detection in production surroundings however depends
on the actual noise background in the facilities. Background
noise measurements have been performed in both locations
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to estimate the expected signal-to-noise ratios. Level
differences between OK and NOK measurements decrease
with given production facility background noise but remain
at sufficiently high values at higher frequencies for potential
classification (Figure 4, bottom).

Figure 5 displays the distribution of measured sound
pressure and acceleration levels at high frequencies for OK
and NOK connections in Wipperfiirth production
surroundings. A separation of the NOK measurements is
promising, especially for the acceleration signals that are
less effected by the production facility background noise.
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Figure 5: Distribution of measured sound pressure and
acceleration levels at high frequencies for OK and NOK
connections in Wipperfiirth production surroundings

Besides simple level considerations, various acoustic and
psycho-acoustic signal processing methods have been
calculated with the goal of increasing the gap between OK
and NOK samples. Amongst others, the following analysis
methods have been investigated:

- Kaurtosis (indicator for signal impulsiveness)

- Loudness Analysis (expected to be high at click), [1]
- Sharpness Analysis (expected to be high at click), [2]
- HEAD Hearing Model Impulsiveness, [3]

- HEAD Relative Approach (highlighting click), [4]

Emphasizing the high-frequent impulsive character of the
click sounds, all presented analysis methods provide
promising results in identifying the click (see Figure 6).
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Figure 6: Results of various acoustic and psycho-acoustic
analysis methods for one exemplary click sound in
Wipperfiirth production facility background

Classifier Development

In order to identify the ideal classifier for OK/NOK
detection, machine learning approaches have been followed.
Figure 7 shows the basic workflow of machine learning
model development. The available data from both
production facility measurement campaigns is used to define
the measurement dataset. The labeling of all single
datapoints has been done together with the recording,
assigning “OK” labels to all measurements of stable contact-
to-plug connections (re-tested by manually pulling the
cable), and “NOK?” labels to all measurements on damaged
connectors (no click sound, no stable connection).
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Figure 7: Machine learning workflow

An important step in the model development is the
extraction of features from the data that can be used to
separate OK from NOK classes. The previously identified
acoustic analysis results have been used as potential features.
Selecting the representative single values as predictors in the
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classification model requires the selection of the relevant
frequency range, analysis parameters and single value
extraction (e.g. peak-picking).

A classification algorithm is then selected to train the
potential model, trying to predict the correct classes
instrumentally. Typical classification algorithms that have
been tested and compared include Logistic Regression,
Support Vector Machines classification, Naive Bayes
classification and various other methods. The accuracy in
predicting the correct responses can be assessed by
evaluating true positive rates and true predictive rates vs.
false negative and false discovery rates for the applied
algorithms [5].

An important aspect during the classifier development is the
validation of the model in a cross-validation approach. The
initial dataset is therefore subdivided into a training dataset
to create the model, and a validation dataset to estimate the
classification accuracy for unknown input data. Based on an
extended 3-fold cross-validation, a statistical approach is
followed to ensure model robustness towards unknown data
as described in [6]. Based on the results of the cross-
validation procedure, model parameters such as selected
predictors and classification algorithm parameters can be
optimized.

Finally, the ideal classification model is selected as the
model that provides best results for unknown validation data.
The confusion matrix of the final model for tested validation
datasets is presented in Figure 8. It summarizes the accuracy
for correct OK/NOK classification for measurement data
acquired in production facility background. The high number
of validation datapoints (18200) is a result of the statistical
cross-validation approach, in which a high number of
possible 3-fold data splitting permutations is evaluated. Only
a few outlier datapoints are misclassified, resulting in true
positive and true predictive rates larger than 99.5%.

True Positive False
Rates/ Negative
Recal Rates

Confusion Matrix: Cross-Validation Data
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Figure 8: Confusion matrix of the final model for cross-
validation data

The high classification accuracy of the identified algorithm
refers to the manual test rig setup, operated in controlled
(acoustic) conditions. The final implementation of the
classifier in End-of-Line assembly applications needs to be
validated, as background noise of the production facility and
noises from the assembly machine itself (moving parts, etc.)
will differ from the feasibility study conditions.



Implementation at the Assembly Line

With the goal of implementing the developed OK/NOK
classifier at the connector assembly line, the current
production procedure is under revision and will be extended
with a re-designed version of the connector assembly
machine. Both microphone and acceleration data needs to be
recorded in the production process for each contact-to-plug
connection to ensure robust identification of potential NOK
samples. Hence, the sensor placement is subject to different
boundary conditions: The acoustic signals at expected click
time frames need to be recorded close to the connector,
while at the same time must be integrated into moving parts
of a complex assembly machine. Also, accessibility of the
sensors must be given for maintenance purposes. Figure 9
shows the assembly machine.

To ensure robust NOK detection in the final production
process, the previously presented acoustic classification
algorithm needs to be re-trained with new measurement data
from the actual assembly machine.

Figure 9: Assembly machine

Outlook: Implementation as Wearable Device

Current development activities are undertaken to implement
the click detection algorithm on a wearable device, which
shall be used in the manual process of assembling electrical
connectors. Providing high flexibility for manual assembly
tasks, such a tool could be used for various connection types
and applications. A design study of the wearable device is
shown in Figure 10.

Figure 10: Wearable device
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Acceptance in using a wearable device in the assembly
obviously comes with challenges apart from the acoustic
classification problem. Wearing comfort is a fundamental
prerequisite and needs to be respected in the choice and
placement of sensors and data processors. Another
challenging aspect is a limitation of the expected click sound
time frame. If the expected time frame cannot be limited, a
high false positive rate in click detection might occur from
potential background noise events with comparable noise
signature. Also, a re-training of the classification algorithm
based on actual data is mandatory.

Summary

The presented classification algorithm for acoustic quality
control in End-of-Line assembly of electrical connectors
achieves high accuracy in predicting OK/NOK classes for
measurements of contact-to-plug connections in typical
production facility background. It uses acoustic features that
focus on the detection of impulsive, high-frequent click
sounds originating from the latching lug sliding into the
connector rest.

With promising results from these initial feasibility studies,
the classification algorithm is currently being implemented
in a re-designed assembly machine. Final re-training of the
classifier and validation of the NOK detection needs to be
performed at the actual assembly machine, as sensor data
quality as well as background noise of the final production
facility and from moving parts of the machine differ from
feasibility study conditions.

Further applications of the click detection algorithm are
currently investigated. The development of a wearable
assembly device has been presented exemplarily to
emphasize additional constraints beyond the acoustic
classification problem. Creative engineering ideas are
necessary to overcome such challenges for future
implementations of the presented approach.

Literature

[1] ISO 532-1:2017. Acoustics. Methods for calculating
loudness. Part 1: Zwicker method. International
Organization for Standardization, Genf, Schweiz, 2017

DIN 45692:2009-08. Messtechnische Simulation der
Hoérempfindung Schirfe. Deutsches Institut fiir
Normung, Beuth Verlag, Berlin, 2009

Sottek, R., Vranken, P., Busch, G.: Ein Modell zur
Berechnung der Impulshaltigkeit. DAGA 1995,
Proceedings, Saarbriicken, Germany, 1995

(2]

[3]

Genuit, K.: Objective Evaluation of Acoustic Quality
Based on a Relative Approach. Inter-Noise *96, 25th
Anniversary Congress, Liverpool, 1996

Tharwat, A., Classification assessment methods,
Applied Computing and Informatics, Vol. 17 No. 1, pp.
168-192, Emerald Publishing Limited, 2021

Fiebig A., Kamp, F.: The role of cross-validation
approaches in sound quality metric development.
Acoustical Society of America, 5th Joint Meeting,
Honolulu, Hawaii, USA, 2016



