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Abstract: Human-robot collaboration has gained attention in the field of manufacturing and assembly
tasks, necessitating the development of adaptable and user-friendly forms of interaction. To address
this demand, collaborative robots (cobots) have emerged as a viable solution. Deep Learning has
played a pivotal role in enhancing robot capabilities and facilitating their perception and understand-
ing of the environment. This study proposes the integration of cobots and Deep Learning to assist
users in assembly tasks such as part handover and storage. The proposed system includes an object
classification system to categorize and store assembly elements, a voice recognition system to classify
user commands, and a hand-tracking system for close interaction. Tests were conducted for each
isolated system and for the complete application as used by different individuals, yielding an average
accuracy of 91.25%. The integration of Deep Learning into cobot applications has significant potential
for transforming industries, including manufacturing, healthcare, and assistive technologies. This
work serves as a proof of concept for the use of several neural networks and a cobot in a collaborative
task, demonstrating communication between the systems and proposing an evaluation approach for
individual and integrated systems.

Keywords: cobots; Deep Learning; neural network; collaborative robotics; human-robot interaction

1. Introduction

The manufacturing industry currently requires more flexible and user-friendly ma-
chinery, which has led to the growing popularity of collaborative robots (cobots) [1,2].
Cobots are specifically designed to work alongside humans, performing repetitive, danger-
ous, or high-precision tasks while also interacting and collaborating with humans. Their
programming flexibility allows users to reconfigure and adapt them for various tasks,
placing humans at the center of the manufacturing process and promoting harmonious
collaboration between humans and machines [3].

Traditional industrial automation has undergone significant changes. Fixed automa-
tion systems and robotic arms have played a critical role in achieving high production rates
and ensuring consistency in mass-production industries. However, these systems have
limitations in their ability to adapt to evolving production needs and seamlessly collaborate
with human workers. As manufacturing requirements continue to evolve, there is an
increasing demand for more flexible and efficient solutions. Although humans can easily
deal with the variability of the process, they are restricted by their physical capabilities in
terms of speed, strength, precision, and repeatability [4]. Human limitations can hinder
the efficiency of the manufacturing process; therefore, human-robot collaboration (HRC)
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has been implemented as a new approach in which humans and robots work together,
taking advantage of automation and manual labor [5]. Thus, the limitations of traditional
automation systems highlight the need for more versatile and adaptable technologies,
such as cobots and machine learning [6-8]. In this context Cyber—physical systems have
emerged as a new paradigm. These systems integrate software and physical hardware
components and have the potential to automate tasks in almost every industry [9].

In recent years, various machine learning approaches have emerged to address prob-
lems of different magnitudes and complexities. For example, Deep Learning (DL) has
gained significant attention and relevance in both research and industry due to its ability to
make predictions based on extensive datasets used for training. DL algorithms are specifi-
cally designed to identify patterns and features within complex data, enabling machines to
perform more intricate tasks than ever before [10]. DL algorithms have also been success-
fully applied to cobots to enhance their sensing capabilities, analyze visual information,
design optimal trajectories, and improve control mechanisms, among other applications.
The integration of DL in cobots has the potential to revolutionize industries across the
board, including logistics, manufacturing, healthcare, and assistive technologies [11,12].

Previous studies have explored the implementation of DL in cobots for collaborative
manufacturing and human-robot interactions [13]. These applications include palletization
and assisted manufacturing [14], contact identification in pick-and-place routines [15], ob-
ject handling with trust-aware human-robot interaction [16], collaborative assembly based
on hand gestures [17], learning and reproducing human-taught activities [18], adaptive user
preference-based robot assistance [19,20], and collaborative manufacturing tasks [21,22].
Moreover, significant efforts have been dedicated to harnessing artificial intelligence in
the realm of medical robotics [23]. Noteworthy instances include the application of auto-
mated probe movement in obstetric ultrasound [24] and the development of placental pose
estimation to facilitate automated fetoscopy [25].

Artificial Neural Networks have been extensively utilized in cobot applications for
human-robot collaboration, serving various purposes. For example, voice-command
recognition enables cobots to receive instructions through spoken commands related to
movements, positions, or speed. This approach has been applied in domains such as
medical assistance, workshops, and manufacturing [26-28].

Furthermore, computer vision systems integrated with neural networks have found
multiple applications in cobots. One such application is image classification, specifically
object recognition, which allows cobots to interact with different objects. This capability has
been utilized for route control and pick-and-place routines [29,30]. Additionally, computer
vision in cobots has been employed for safety purposes, including gesture recognition and
human position tracking [31,32], where vision systems integrated with neural networks are
applied to track the body of the user.

In a specific study by Liu et al. [33], a system consisting of multiple neural networks
was developed for multi-modal human-robot collaboration, incorporating audio, gesture,
and body position inputs. However, there was no direct interaction between the different
DL systems utilized.

Through our examination of the current research on human-robot collaboration,
we identified a notable absence of comprehensive systems able to process inputs from
different sources that facilitate human-like interactions. Moreover, the limited instances of
employing multiple Deep Learning models in human-robot applications were evident in
our review [12,13].

This study seeks to address these gaps by developing a human-robot interaction
system capable of processing inputs from a variety of sources. The primary aim of this
study is to address the following research questions: (1) How can different Deep Learning
models be integrated into a human-robot system for voice-command recognition, part
classification, and hand-tracking in assisting assembly tasks? (2) What is the success rate of
collaborative routines between humans and robots facilitated by Deep Learning integration
for assembly activities involving part handover and storage? These questions guide our
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exploration into the feasibility and effectiveness of incorporating multiple Deep Learning
models for enabling human-like collaborative activities in assembly tasks.

In this work, we propose the integration and application of cobots and DL to assist
users in an assembly activity involving the handover and storage of parts. These two
activities are supported by three Convolutional Neural Networks (CNNs). One CNN is
focused on recognizing the 11 voice commands required to guide the robot in the desired
activities; another CNN uses images to classify the parts received from the user. Finally, a
pre-trained hand-tracking CNN facilitates the approach of the robot to the hand of the user
for part handover and retrieval. Figure 1 illustrates the interconnected systems involved
in each task. The rest of the paper is organized as follows. Section 2 provides information
on the materials and methods used in each of the composing systems. Section 3 has a
detailed description of the processes and methods applied for the stated problem. Section 4
describes the proposed experiments. Section 5 showcases the results, while Section 6
discusses and compares the results with the existing literature. Finally, Section 7 provides
the conclusions drawn from the findings.

Voice 3-D Hand Robot
command posmon movements
-|||||-|-
Pre- tramed Robot Part
CNN sequence Inventory
Voice 3-D Hand Robot Object
command posmon movement classnﬁcatlon
5%7 '|||||'"
Pre- tralncd Robot Inventory
CNN sequence

Figure 1. Processes involved in the functionality of the system. The arrow represents the part flow

from or toward the user. (a) The user asks the robot to bring a part. (b) The user asks the robot to
store a part.

2. Materials and Methods
2.1. Object Classification

In object classification, various strategies leverage computer vision techniques to
categorize objects within images [34]. One common approach involves traditional computer
vision methods, such as feature extraction and template matching [35]. These techniques
rely on identifying distinctive patterns or features in images and comparing them to
predefined templates for classification.

Another widely employed strategy is machine learning-based classification, where
algorithms learn patterns and relationships from labeled data used for training [36]. Support
Vector Machines (SVMs) and Random Forests are examples of such techniques. These
models analyze input features and make predictions based on learned patterns [37].

Notably, CNNs represent a state-of-art strategy for object classification [38,39], and
have steadily gained popularity in recent years. CNNs outperform other methods at au-
tomatically learning hierarchical features directly from pixel values, making them highly
effective in direct image-related tasks. These neural networks employ convolutional lay-
ers to extract the spatial hierarchies of features, enabling robust object recognition and
classification [40].

2.2. Voice Recognition

Voice recognition is a field that has evolved significantly over recent decades. Re-
searchers have focused on various scientific techniques to enhance voice recognition sys-
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tems. These techniques can be separated into two approaches, speaker-dependent and
speaker-independent, each with distinct advantages and applications.

Speaker-dependent recognition involves training the system with samples from spe-
cific people and adapting the system to recognize them accurately. Its primary drawback
lies in its limited applicability, catering only to certain users. If a user who has not trained
the model attempts to use it, there is a high likelihood of commands being misclassified.
On the contrary, speaker-independent recognition aims to identify speakers without prior
training, making it a versatile and general solution [41].

Furthermore, neural networks have become a powerful tool for voice recognition.
Deep Learning models, such as CNNs, have exhibited remarkable results in improving
the accuracy of voice recognition systems. These networks excel at extracting meaningful
features from audio data, thereby enhancing recognition performance and enabling the
system to adapt and recognize diverse speakers more effectively [42].

CNNs’ approach involves representing one-dimensional (1D) audio signals as 2D
spectrograms. Before any analysis of audio samples, raw audio data are transformed
into 2D spectrograms. This representation offers a visual representation of audio signals,
facilitating more robust feature extraction and classification [43].

2.3. Human Body Tracking

Human body tracking involves monitoring and analyzing human movements within
a given space. This can be conducted for body parts or the full body. Tracking body
parts can be achieved by one of a variety of methods, which range from traditional com-
puter vision techniques to advanced machine learning approaches. Traditional methods
often use background subtraction and contour analysis to track human figures in video
sequences [44].

Machine learning-based approaches for human body tracking have gained prominence.
By leveraging algorithms capable of learning intricate patterns from labeled datasets, they
are capable of accurately tracking the human body. Recently, CNNs have emerged as a
cutting-edge solution for human body tracking [45,46]. The convolutional layers in CNNs
allow for the extraction of meaningful features from images or video frames, enabling
robust and accurate human body tracking in diverse scenarios.

3. Implementation
3.1. Assembly and Layout Design

A Universal Robots® UR5e cobot (Odense, Denmark) was used as the main platform.
For this purpose, it was necessary to design a layout where the cobot is able to interact
with the operator and with parts of a proposed assembly. The layout was designed
considering the workspace of an 850 mm radius around the cobot. Figure 2a depicts
the computational model of the layout, while Figure 2b shows the experimental layout
employed. Additionally, the delimited regions for cobot operation, object storage, object
classification, human assembly, and human-robot interaction can be observed. Within the
inventory, each object has its own storage area.

The operator is asked to complete a specific task in collaboration with the robot. The
task consists of the assembly and disassembly of a connecting rod—crank mechanism. The
user can request the system to bring or store the parts in the inventory. All these parts are
shown in Figure 3, along with the stock for each part and the full assembly. They were all
designed in SolidWorks 2022® (Dassault Systems, Vélizy, France) and later manufactured
with fused filament fabrication on a FlashForge® creator pro printer (Zhejiang, China)
using PLA.
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Figure 2. Layout for experimentation. (a) CAD isometric view. (b) Implemented layout with identified
zones (dashed red lines and solid arrows) and components (green, dashed arrows) identified.
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Figure 3. Sketches of printed parts for the assembly of a connecting rod—crank mechanism.

3.2. Robot Operation and Routines

The system is composed of two parallel programs running simultaneously. On the one
hand, there is an external computer running the Robot Operating System (ROS) library with
several nodes that allow for interaction with various subsystems, which will be described
later. On the other hand, within the program running in the control box of the robot, there
is a module specifically designed to oversee the waypoints, routines, and calibration. The
system obtains the position and orientation of the layout through a marker inspected by a
RobotIQ® wrist camera (Lévis, QC, Canada) integrated into the cobot end effector. This
combination of programs ensures coordinated control and system operation.

Figure 4 illustrates the various steps and systems involved in each routine. The main
loop of the system begins when it expects a “bring” or “take” voice command in the position
called “Home”. The cobot receives the information from the ROS system through the digital
inputs in the control box. Digital signals are sent when voice commands are detected and
when objects are classified within the storing sequence (discussed in Sections 3.3 and 3.4).

An inventory control system, present in both the external ROS system and the embed-
ded program within the robot, tracks and manages the total number of parts. Therefore,
if the “bring part” routine is executed and no parts are available, the system will provide
feedback to the user and request another part, and during the “take part” routine, the
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system will return the part to the user if the stock is full. Finally, the “return part to user”
routine occurs when an object is not recognized by the object classification subsystem and
when the detected part has no available space in the inventory. In such cases, the part is
returned to the user in the same position from which it was received.

—| Home
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Figure 4. Flow diagram of the robot routines composed of the different subsystems involved.

3.3. Object Classification System

The assembly part classification system enables the effective detection and storage
of the various elements of the assembly. To achieve this, the system follows a three-stage
process: image acquisition, image preprocessing, and image classification.

A Logitech® C910 camera (Lausanne, Switzerland) was used as the input for the
system, as shown in Figure 5. Figure 5a exemplifies the position in which parts were pho-
tographed for classification, as well as the setup used for both the training and classification
images. Figure 5b shows the robot retrieving the object after it was properly classified.
Once the image was captured, data processing was carried out simultaneously in a Python3
script as follows. The images were captured using the OpenCV library. Subsequently, the
images were resized to the desired dimensions of 224 x 224 pixels, which were designated
for the design of data pipelines. And finally, contrast and brightness were modified from
the captured images. These preprocessing steps allowed us to enhance the differences
between objects, enabling the identification of small differences that distinguish the parts.
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Figure 5. Setup used for object classification. (a) The object is positioned for image capture. (b) The
CNN classifies the object and the cobot retrieves the object for storage. (c) Structure and window size
of CNN for object classification.

The image classification was performed using a CNN (Convolutional Neural Net-
work) trained with the TensorFlow DL library. The architecture used for the model was a
modification of the “AlexNet” first proposed by Krizhevsky et al. [47]. The CNN consists
of five convolutional layers, one layer for normalization after the first convolutional layer,
max pooling layers after the second to fifth convolutional layers, two fully connected layers,
and a drop-out layer.

Figure 5c illustrates the structure of each layer in the CNN, including the window
sizes used. To train the CNN, a data pipeline was implemented in Python3 using a dataset
obtained from the same setup as the one used for the application.

Each of the seven classes (one for each object observed in Figure 3) was trained with
approximately 150 preprocessed images. The dataset was split into 70% used for training,
20% for validation, and 10% for testing. The trained model achieved an accuracy of 0.98
on the test data. The system was integrated into a Python3 script using an ROS node
structure. This node subscribed to the camera topic to receive RGB images and published
the observed class. The images were classified in 10 consecutive instances within the central
node to achieve a precise classification. The mode of these measurements was then used as
the final class. This approach ensures accurate classification and prevents the capture of
undesired frames.



Appl. Sci. 2024, 14, 839

8of 17

3.4. Voice Recognition System

In the voice recognition system, a neural network was implemented to classify the
audio input from a microphone. The audio recognition process comprises three stages:
audio recording, preprocessing, and classification. For audio recording, an nRF52840 SoC
Nordic semiconductor® (Trondheim, Norway) processor coupled with an omnidirectional
digital microphone MP34DTO06]TR from STMICROELECTRONICS® (Geneve, Switzerland)
was utilized. The audio amplitude of the audio wave is captured in real-time, allowing for
the collection of these amplitudes over time to reconstruct and analyze the audio wave at a
later time.

The audio wave capture initiates when the amplitude exceeds a predetermined, ex-
perimentally set threshold. This ensures that the recording begins when the microphone
detects a high level of sound activity. Each audio sample has a duration of 2 s and contains
3327 amplitude registers. As mentioned in Section 2.2, 2D spectrogram representations of
audio signals are widely used for audio classification. Therefore, prior to analyzing the
audio samples collected, the audio data were processed by a Python3 script that generated
a 2D spectrogram.

The spectrogram is generated by applying a Hamming window to the audio segments.
A fast Fourier transform with a size of 256 was used, along with a 50% overlap between
segments, representing the magnitude of spectral coefficients. This provides a visual
representation of the spectral energy of the audio signal over time, enabling classification in
the voice recognition system. Once the audio is represented as a 2D spectrogram, the voice
recognition system utilizes a CNN to classify the audio into 1 of the 11 different classes
recognized as commands. The neural network consists of four convolutional layers, each
followed by a max pooling layer and a final dense layer with SoftMax activation to classify
audio into the specified commands, as illustrated in Figure 6.

input convl

J-y fel dol fc2 output
bl |
: _LEEEE 7 classes
| 1x1x4096 1x1x128

1x 32 %128 0.5
1X 64 X128

2% 52 % 128 | convolutional + ReLU
s

i~/ max pooling
(=7 fully connected + ReLU

(=7) dropout

| softmax

— V]
IX513X5  1x513%x32

Figure 6. CNN for voice command structure and sizes.

The neural network was trained with a dataset of 300 audio samples per class, recorded
by 10 different individuals. An additional noise class was added to recognize when no
command was spoken. The dataset was distributed as follows: 80% for training, 10% for
validation, and 10% for testing. To simplify the problem, two different models were trained,
one to recognize numbers and the other one to recognize actions. Both models included
the command ‘cancel’ to be able to use this command regardless of the model. The whole
process was integrated into a Python3 script running an ROS node, which receives the
audio waveform as an input and outputs the class predicted by a neural network and the
confidence rate of the prediction made. This node also oversees switching between the two
models (numbers and actions models) used along the robot routines.
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3.5. Hand-Tracking System

The objective of the hand-tracking subsystem is to determine the location of the hand
in space and facilitate human—-machine interaction for part delivery and retrieval within
the assembly space. The Metacarpophalangeal Joint (MCP) in the middle finger was used
as the reference point of the hand (Figure 7a). The system consists of three stages: hand
capture, hand detection processing, and coordinate array generation.

Middle finger
Metacarpophalangeal Joint

(@) (b)

Figure 7. (a) The Metacarpophalangeal Joint (MCP), located in the hand of the user, can be located to
allow for hand tracking. (b) Robot-Human collaboration/hand-tracking zone.

A volume was defined inside the workspace of the robot where human-robot col-
laboration was permitted, as shown in Figure 7b. An Intel® RealSense Depth Camera
D435 (Santa Clara, CA, USA) was necessary to accurately capture the depth, ensuring
the end effector could reach any desired point. Hand recognition was performed using
the MediaPipe library, which employs a pre-trained model for real-time image processing
and the extraction of information about the hand position of the operator. The MediaPipe
process consists of two stages: The first one receives the whole RGB image as an input and
locates hands with oriented bounding boxes. Then, another model is applied to the hand
bounding box region and outputs a matrix with landmarks for the detected palm. One
of these landmarks is located at the Metacarpophalangeal Joint, which is the target of the
hand recognition system [48].

The robot is commanded to move to the position of the MCP joint as long as it is
detected within the allowed volume. It uses the Inverse Geometric Model (IGM) of the
robot to calculate the joint-based movements. Figure 8 exemplifies the application of the
hand-tracking subsystem, in Figure 8a for bringing a part and in Figure 8b for taking and

storing the part.

(b)

Figure 8. Use example of hand tracking. (a) The robot brings a part to the user for assembly. (b) The
user gives a part to the cobot for storage.
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3.6. Systems Integration

All subsystems in the project communicate with a Central Processing System (CPS)
through an ROS node. The CPS acts as an orchestrator, synchronizing the activation and
communication between the subsystems mentioned earlier. It receives the output of each
subsystem and temporarily stores it until another system requires the feedback.

Figure 9 presents the CPS node, designed to receive three inputs: hand position
coordinates, recognized voice commands, and the class of the detected object. The CPS
node processes these data and transmits signals to the cobot, enabling control over its inner
program routines. To facilitate precise control of the movements performed by the cobot,
the UR ROS Driver library was used to guide the end effector toward the desired hand
position. UR ROS Driver is an ROS library used to control a Universal Robots® cobot; this
library contains communication functions that allow one to send movement commands via
ROS topics to the cobot. For signal transmission, digital signals are sent to the cobot via
digital inputs.

Additionally, each subsystem sends status messages to the CPS, providing valuable
information for monitoring the overall state and performance of the system. The CPS also
generates its status messages, which help the user interact with the robot. To enhance
user-friendliness, these messages undergo audio conversion using the gTTS (Google Text-
to-Speech) Python3 library and are subsequently played back, enabling users to effortlessly
communicate and control the system through speech and auditory feedback.

The audio feedback provided by the system includes messages indicating when and
which commands the robot can receive, the detected object, and alerts for any issues
that arise, such as insufficient storage space for an additional piece or when an object is
detected unexpectedly.

Microphone
(MP34DTO6JTR)
Voice Voice
.. commands Ty gl
N , recognition tring) | | 0 == _[ Digital ] ..........
- (string) r signals
Y | e
Hands Central _— — Cf)bOt
camera _(Tmage ) coordinates . | Trajectory (Universal
(RealSense I . processing control Robots
D435) X,y,z (int) system - URSe)
camera O Hardware -+ Sensor's data o
(Logitech < Ros nodes = = Ethernet communication
C910) — Ros tOplC - Dlgltal Signal

Figure 9. CPS intercommunication with the different systems.

4. Experimental Setup: Isolated Systems and Integration

For the object classification system evaluation, a total of 30 tests were performed for
each of the seven parts, resulting in an accumulated 210 tests. These tests were carried
out using a fixed setup and constant lighting. To assess the accuracy of the classification
system, prediction and confidence rates were recorded for each test.

The voice recognition system was tested with the assistance of 20 volunteers. A total
of 200 tests per command were carried out to determine the accuracy of the system in
a controlled environment. Each volunteer was responsible for pronouncing commands

”ou

from the generated model; this consisted of seven commands for numbers (“one”, “two”,
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“three”, “four”, “five”, “six”, “seven”) and four commands for instructions (“bring”, “take”,
“g0”, “cancel”). The command “cancel” was tested 400 times. Of the 20 participants, 7 were
women and 13 were male.

Voice command recognition tests were performed inside a closed and noiseless space.
The audio signals were sent to a computer running the CNN model and a program that
evaluated the performance of each prediction. During the tests, each volunteer sat in a chair
positioned 25 cm away from a table where the microphone was connected to the computer.
Once the program was running, the detected command and its corresponding confidence
rate were recorded.

Hand-tracking subsystem tests were performed by positioning a hand 50 cm parallel
to the Intel® RealSense depth camera while running the hand-tracking program. The cobot
end effector moved to the predicted position of the hand and the distance between the
MCP and the end effector was measured.

The success of the tests was evaluated by assessing the accuracy of the predicted
hand position. A predetermined success threshold of 50 mm was set, indicating that if the
predicted position of the hand fell within a 50 mm range of the actual position, the test was
deemed successful. The tests were performed by 10 different users, and measurements
were captured after each run.

For testing the integrated system, a total of 560 routines were performed by 16 in-
dividuals. Each person had to construct the assembly twice by performing a complete
“bring part” and “take part” routine. Figure 10a exemplifies the “bring part” routine,
and Figure 10b exemplifies the take part routine for object number 5. These tests were
conducted in a closed and dedicated room to minimize external noise. During the tests,
the individual carrying them out stood in front of the table designated for human-robot
interaction, positioned in front of the Intel® depth camera, and 25 cm away from the
microphone. To evaluate these tests, all the results and errors obtained with the system
were recorded. For a test to be considered successful, it had to fulfill the following criteria:
correct voice command recognition, accurate hand tracking (distance to MCP under the
50 mm threshold), correct object classification, execution of adequate UR5e routines, and
real-time inventory updates for each part in both systems.

(@)

Approach hand

Classification

Drop part for
classification

Store part

(b)

Voice
command

Figure 10. Visual examples of routines. (a) “Bring part” routine. (b) “Take (and store) part” routine.

5. Results
5.1. Object Classification

The object classification system achieved the results observed in Figure 11, where the
confidence rates of all predictions made by the image classification CNN across all tests are
shown. From the 210 tests, the average confidence rate obtained was 98.42%, with classes 5
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and 6 exhibiting the highest number of outliers. However, all the tests performed yielded
average results within the predefined threshold of 95%, considering that in all cases the
classes were adequately predicted. It should be noted that while the tests were conducted
under the expected conditions of the position and lighting within the system, variations in
these aspects may potentially result in incorrect object classifications.

1 L .
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Figure 11. Box plot showing the confidence rate from the CNN classification of the objects within the
210 object classification system tests performed.

5.2. Voice Recognition

The voice recognition system obtained an average accuracy of 94.5% from the 200 tests
conducted. Figure 12 displays the obtained predictions. The command “five” had an 89.4%
accuracy; in most of the mistaken predictions, the command was confused with “one”.
The prediction mistakes are attributed to the low sample rate used for data acquisition
and command recording, variations in word pronunciation, and voice volume. It was
observed that better results were obtained under isolated conditions. The system presented
a high sensitivity to background noise and better performance to low-pitched voices. This
is attributed to the training dataset used.

Misclassification of voice commands may lead to the execution of incorrect routines.
However, the “cancel” command serves to halt misidentified routines, as depicted in
Figure 4. Moreover, our tests revealed that the “cancel” command demonstrated a predic-
tion accuracy of 99.7%, as observed in Figure 12. For safety measures, an emergency stop
button is available for immediate use when necessary.
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bring | 185 | 15
cancel | 2 LN 3 2 1 2
five 195 2 2 1
four 2 193 2 3
go 200
% one 14 | 4 179 | 3
O seven 1 1 190 3 5
g six 2 184 13 1
= take| 11 1 188
three 1 3 9 184 | 3
two 1 5 1 2 2 189

93.4% 99.7% 89.4% 95.5% 99.5% 96.2% 95.0% 93.4% 92.6% 91.1% 93.6%

Predicted Class

Figure 12. Confusion matrix showing the results from the voice recognition system tests.

5.3. Hand Tracking

In the hand-tracking subsystem, the distance measurements were made from the end ef-
fector to the MCP joint of the user, presenting a 99% effectiveness from the 100 isolated tests.
It was observed that users adapted to the motion of the robot and approach seamlessly,
performing the tests adequately. The interaction area was marked to indicate the human
workspace and the hand-tracking zone as seen in Figure 2b. This helped the users to posi-
tion their hands within the collaboration area. Most measurements ranged between 10 and
30 mm, falling underneath the 50 mm threshold used to determine the success of each test.

5.4. Integrated System

The integrated system tests achieved an average accuracy of 91.25%, with 49 out of
560 full routines failing. Most errors occurred in the voice command recognition system
(47 failures) due to the misclassification of commands by the CNN. Hand recognition had
two failures when exceeding the 50 mm distance limit. Object classification, robot routines,
and inventory checks worked adequately in all tests. While user experience with cobots
and gender did not impact results significantly, high-pitched voices were found to originate
more classification errors in voice recognition.

Based on the performed experimentation, the optimal performance of the neural
networks requires a controlled environment. The audio recognition system faced challenges
with background noise, and the object classification CNN performed well under controlled
conditions but can be affected by lighting, background, and object orientation. To enhance
the voice recognition performance of the CNN, a more diverse dataset encompassing
pronunciation, tone, and voice volume variations is recommended.

The hand-tracking pre-trained model performed accurately. However, external control
resulted in longer trajectory calculations. To improve stability and robot movement, trans-
ferring complete routine control to internal control is suggested by migrating the controller
responsible for hand position from the ROS driver to the internal control of the cobot. These
enhancements would lead to an improved response time.

6. Discussion

CNN models, such as the ones implemented here, offer a significant advantage for
human-robot collaborative tasks due to their adaptability based on training. Compared to
traditional vision-based models, they require relatively shorter training times while swiftly
adapting to new sets of parts. While other architectures, such as ResNet or MobileNet,
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could have been implemented, the model selection was influenced by its shorter training
duration and controlled experimental conditions. The CNN models implemented here
exhibited high accuracy within a short training period, making them suitable for the
current application. However, different conditions, such as varying lighting or movement
scenarios, might warrant the utilization of more robust models. A similar discussion could
be presented for voice recognition models such as Recurrent Neural Networks, which have
shown excellent performance [49]. Once again, a CNN proved sufficient for discerning
11 commands. More robust models could be advantageous for applications involving
larger command sets.

The proposed integrated system reached an accuracy of 91.25%. Individually, the object
classification model achieved 98.42% accuracy, voice command recognition averaged 94.5%,
and hand tracking reached 99% accuracy. The high accuracy of the object classification
system is attributed to the robustness of the model in classifying the objects in the lighting
conditions used. In the case of the integrated system, the accuracy was affected by errors
from the different systems, mostly by voice command misclassification. These results
are in line with other previously reported works for both the integrated system and each
independent model.

For instance, Murali et al. [15] developed a human-robot collaboration system
based on AND/OR graphs, achieving an 80% success rate in 30 tests. On the other hand,
Paxton et al. [50] proposed a behavioral tree-based task planning system that reported
100% accuracy in 10 tests across different tasks. However, this system lacked active human
interaction beyond a graphical interface. Both aforementioned systems represent human—
robot collaborations without the integration of machine learning algorithms.

In contrast, Liu et al. [33] implemented various neural networks in a human—cobot
environment, achieving 70% accuracy for body posture estimation, 96% for hand motion
recognition, and 93% for voice command recognition. Yet, these models were not deployed
for human-robot task completion. Further developments include the work by Rodrigues et
al. [32], which presents a CNN model for detecting collisions between users and cobots with
an accuracy of 89%, and by Morrison et al. [51], which develops a generative grasping CNN-
based model achieving between 88% and 94% accuracy for grasping static and moving
objects. Additionally, Sekkat etal. [29] utilized a reinforcement learning model for grasping
tasks with a 5-DOF robot, reporting 95.5% accuracy, albeit without human interaction. In
summary, current accuracy benchmarks for human-robot collaboration tasks surpass 80%.
CNN models in collaborative robot applications exhibit between 70% and 95% accuracy.

Furthermore, the conducted experimentation surpassed the existing literature by en-
compassing 560 full routines for testing. The experimentation involved distinct evaluation
procedures for the models (outlined in Section 4) and an assessment of integrating various
models in a practical use-case scenario, yielding comprehensive results. Supplementing
quantitative measurements, qualitative evaluations via questionnaires could enhance the
findings derived from the experimentation.

7. Conclusions

In this study, three CNNs were successfully integrated to enable human-cobot inter-
action in a predefined assembly task. The system utilized voice commands for executing
routines, a pre-trained hand-tracking model for part handover and storage, and image
classification to ensure the accurate placement of the parts.

The results demonstrated the effectiveness of each CNN, with a success rate of 91.25%.
It was observed that previous experience in the manipulation of cobots did not change
the results of the tests, pointing to the seamless adaptation and use of the system. These
findings highlight the significant contribution of the implemented neural networks in
enhancing the capabilities of the cobot in assembly tasks, reducing the need for manual
intervention, and moving towards a more human-like human-machine interaction.

The success can be attributed to the accurate interpretation of user commands through
the audio command classification system and the object-type identification system, which
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eliminates the requirement for user intervention in identifying object types. In addition,
the use of the hand-tracking system enables flexible human-robot collaboration.

Further work could focus on exploring different Deep Learning architectures or imple-
menting different collaborative human-robot activities. The models performed adequately
in the environment used for experimentation; nonetheless, by using more robust models,
the system could be used in environments with more variations in lighting or movement for
the object classification models, or one could implement a bigger set of voice commands.

The use of Deep Learning has the potential to push collaborative human-robot systems
to new frontiers. The integration of several CNNs working together in a collaborative
task allows one to broaden the range of capabilities. For instance, with the use of voice
commands, users are able to perform activities while waiting for an object to be brought or
stored. The use of flexible routines and tasks, as seen in [52,53], would enable adaptable
routines according to specific application needs.

The evaluation methodology proposed for individual subsystems and their integration
can be further utilized in similar projects. The integration of Deep Learning and cobots
is widely employed across various domains, ranging from manufacturing to medical
assistance. Furthermore, this work serves as a proof of concept for seamlessly integrating
multiple CNNs in a collaborative system.
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