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Abstract: This study presents an ear-mounted photoplethysmography (PPG) system that is designed
to detect mental stress. Mental stress is a prevalent condition that can negatively impact an individ-
ual’s health and well-being. Early detection and treatment of mental stress are crucial for preventing
related illnesses and maintaining overall wellness. The study used data from 14 participants that
were collected in a controlled environment. The participants were subjected to stress-inducing tasks
such as the Stroop color–word test and mathematical calculations. The raw PPG signal was then
preprocessed and transformed into scalograms using continuous wavelet transform (CWT). A con-
volutional neural network classifier was then used to classify the transformed signals as stressed or
non-stressed. The results of the study show that the PPG system achieved high levels of accuracy
(92.04%) and F1-score (90.8%). Furthermore, by adding white Gaussian noise to the raw PPG signals,
the results were improved even more, with an accuracy of 96.02% and an F1-score of 95.24%. The
proposed ear-mounted device shows great promise as a reliable tool for the early detection and
treatment of mental stress, potentially revolutionizing the field of mental health and well-being.

Keywords: mental stress; scalograms; continuous wavelet transform (CWT); photoplethysmography
(PPG); convolutional neural network (CNN)

1. Introduction

Stress is a common and increasing issue in modern society that can have negative
impacts on physical and mental health [1,2]. In particular, mental stress is a major public
health issue, with increasing evidence linking it to cardiovascular disease, anxiety, and
depression [3]. There is a significant amount of research focused on identifying stress due
to the growing evidence linking stress-related health issues to the fast-paced and stressful
nature of modern living [4]. Modern stress is in large part the result of pressures at work.
Workplace stress can lead to both long-term health problems such as heart disease [5] and
sudden, catastrophic outcomes such as accidents, injuries, and even fatalities [6,7]. Due to
the potentially life-threatening nature of their jobs, firefighters and smoke divers frequently
experience significant levels of stress. Thus, it is important to monitor their mental stress to
prevent accidents or injuries [8].

Questionnaires and professional consultations are the most common approaches to
diagnosing mental health, but these are expensive, time-consuming, and subjective [9,10]
The other approach is using biomarkers such as salivary alpha-amylase and cortisol [11,12].
Although the biomarker method is an objective approach for measuring stress, it has
drawbacks, such as the inconvenience of measurement and the inability to continuously
monitor stress. As a result, researchers have been working to develop compact, portable,
and accurate technology for detecting and monitoring mental stress.

The use of wearable sensors has increased significantly in recent years, allowing
researchers to develop a system that can monitor mental health and stress, which can help
in quickly detecting and managing these conditions. Research on stress measurement
mostly leverages signals from a wearable sensor such as an electrocardiogram [13–15],

Biosensors 2023, 13, 397. https://doi.org/10.3390/bios13030397 https://www.mdpi.com/journal/biosensors

https://doi.org/10.3390/bios13030397
https://doi.org/10.3390/bios13030397
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com
https://orcid.org/0000-0002-7540-6334
https://orcid.org/0000-0002-0121-855X
https://doi.org/10.3390/bios13030397
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com/article/10.3390/bios13030397?type=check_update&version=2


Biosensors 2023, 13, 397 2 of 20

galvanic skin response [16,17], motion sensor [18], and electroencephalography [19,20],
and even a combination of these [21]. Our present design employs photoplethysmography,
a technology that is widely accepted and recognized for its ergonomic benefits. PPG is
commonly integrated into smart rings or wristbands to monitor stress levels [22]. As
a wearable technology, PPG is both affordable and non-invasive, making it easy to use.
Furthermore, various studies have reported that PPG is not harmful and can be safely
used in various clinical settings [23–25]. These findings suggest that PPG technology
can be effectively used to detect and manage stress levels without causing any harm to
the subjects.

Previous studies have used PPG sensors to monitor stress signals with these sensors
primarily located at the ear [26–28] and wrist [29–34]. In those studies, heart rate variability
(HRV) was the most used health parameter for stress assessment because it is sensitive to
variations in psychological and physical well-being and can distinguish between healthy
and unhealthy individuals. However, it can be affected by motion artifacts, which refer to
any interference in the PPG signal caused by movement or other external factors. Motion
artifacts can distort the PPG signal, making it difficult to accurately measure heart rate
variability. Thus, it is important to use a wearable device that is properly secured to the
body and to minimize unnecessary movement during the measurement period. This study
presents an in-ear wearable biosensor with an IoT-connected platform for stress detection,
which is convenient for wearing and reduces motion artifacts compared to other body
locations [28]. The authors investigated the use of a device to assess mental stress under
controlled laboratory conditions. The stress detection method chosen was based on the
continuous wavelet transform (CWT), which is known for its ability to provide more specific
information about the frequency patterns of heart rate variability. By utilizing this method,
it becomes possible to identify patterns that may indicate stress or other physiological
states. To classify the transformed PPG signals into stressed or non-stressed categories, a
convolutional neural network (CNN) with a fixed architecture was designed. In comparison
to methods that rely on many manually proposed features, the proposed approach using a
simple CNN structure may be an efficient way to detect stress in various settings, including
workplaces, schools, and sports. However, it is worth noting that traditional classifiers for
binary classification, such as decision trees [35,36], random forests [37], and support vector
machines (SVMs) [38,39], have also been widely used for binary class classification. These
classifiers often require a feature engineering step where relevant features are selected or
extracted from the data, which can be time-consuming and may require domain expertise.
In summary, this paper makes significant contributions to the field of stress detection
through the development of a novel in-ear wearable biosensor and the implementation
of an efficient stress detection approach using an effective CNN architecture. The main
contributions of this paper are as follows.

1. The design and development of an ear-mounted wearable biosensor for the detection
of mental stress.

2. Development of a motion artifact reduction method that employs an adaptive recur-
sive least squares (RLS) filter in conjunction with a dynamic reference signal.

3. Transformation of the 1D PPG signals into 2D time–frequency images (scalograms)
using CWT and evaluation of the performance of the transformed signals at different
signal segments.

4. The design and implementation of an efficient and accurate CNN model for stress
detection using the 2D scalogram images of PPG signals obtained from 14 volunteers.

The paper is organized as follows: Section 2 presents the proposed hardware architec-
ture and stress detection data analysis method. In Section 3, the experimental results are
demonstrated. Discussion and conclusion are presented in the final section.
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2. Materials and Methods

This section discusses the design of a smart in-ear wearable biosensor for monitoring
mental stress. Next, the experimental setup for data collection is discussed, followed by a
detailed description of the proposed system for mental stress detection.

2.1. Proposed Hardware Architecture

Figure 1 presents an overview of the proposed system and components used in our
design. The system consists of two main modules: (1) a motherboard consisting of a
microcontroller unit, power supply, and communication systems; and (2) an earbud board
that houses two sensors, a PPG, and an inertial measurement unit sensor for measuring
signals from a subject. The following subsections discuss the details of each component
that is used in the design of the system.
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Figure 1. Block diagram of the proposed hardware system.

a. Motherboard

The motherboard serves as the central hub of the system, integrating all necessary
components such as the microcontroller, communication module, and power supply units.
The headband is designed to fit comfortably on the user’s head and securely hold all
the necessary components in place. The components housed within the motherboard,
including the microcontroller, communication module, and power supply units, will be
discussed in further detail in the subsequent sections.

Microcontroller unit: We used the Seeeduino XIAO microcontroller unit (MCU) for our
design since it is a small and powerful microcontroller with a wide range of applications.
It is manufactured by Seeed Studio (Shenzhen, China), a Chinese company, and is based
on the ARM Cortex M4 architecture, known for its high processing power and low power
consumption. The microcontroller has 1 MB of flash memory and 128 kB of SRAM, sufficient
for many applications. It also has a wide range of peripherals and interfaces, making it
easy to connect to other devices and sensors. This microcontroller is packaged in a small
10 × 10 mm2 quad flat package, making it easy to integrate into compact systems.

Power supply: Our system was powered by a rechargeable Lithium Polymer (LiPo)
battery with a 3.7 V, 500 mAh output, which is known for its high energy density, long cycle
life, and stable voltage, making it suitable for portable devices and projects. The Sparkfun
Lipo Battery Charger was used to charge this battery; it was designed specifically for
LiPo batteries and has several safety features such as power regulation, built-in protection
IC, and monitoring charging status and temperature, The charger charges the battery via
micro-USB connection to an external power supply, and it also has an on-off button.

Connectivity: The nRF24l01 transceiver module was used for wireless data transmission.
It is a wireless communication module manufactured by Nordic Semiconductor, which is a
company based in Trondheim, Norway that can be used to transmit data from the device to a
central processing system for analysis. It uses the 2.4 GHz industrial, scientific, and medical
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band and can transmit data over short distances (up to a few hundred meters, depending on
the environment). The nRF24l01 module is low-cost and low-power, making it well-suited
for use in portable devices such as the stress monitoring system. By integrating the nRF24l01
module into the system, it is possible to transmit data wirelessly from the device to the central
processing system for analysis without the need for a physical connection. For this study, the
sampling rate for both PPG and IMU signals was set to 100 Hz.

b. Earbud board

The earbud board consists of two sensors: a photoplethysmography (PPG) sensor
and an accelerometer sensor, which allows for measuring vital signs and body movement.
These sensors were positioned in the earbud such that they were facing the tragus, a small
protuberance on the outer ear. Positioning the sensors toward the tragus can help stabilize
the PPG sensor and secure it while it is being worn.

Pulse Oximeter: In our study, we used the MAX30102 reflective pulse oximeter to
collect photoplethysmography signals. It is manufactured by Maxim Integrated; a semi-
conductor company based in San Jose, CA, USA. This sensor is intended for non-invasive
measurements of the human body’s oxygen saturation and heart rate, small and low power,
making it well-suited for portable and wearable applications. It shines red and infrared
LED lights on the tissue and measures the reflected light. The module has features such as
optical elements and low-noise electronics to minimize interference from ambient light and
improve measurement accuracy. The module can operate with a single power supply of
1.8 V for the digital electronics and another power supply ranging from 3 to 5.25 V for the
LEDs. It has an I2C-compatible serial interface and a compact size of 5.6 × 3.3 × 1.55 mm3,
making it easy to incorporate into small devices.

IMU sensor: A BNO055 module, provided by Bosch Inc., Stuttgart, Germany, is a
9-DOF sensor was used in the study. This module combines a triaxial 14-bit accelerometer,
a 16-bit gyroscope, and a triaxial geomagnetic sensor in a single package. In our study, we
used only the accelerometer part of the BNO055 module to remove motion artifact from
photoplethysmography (PPG) signals. The module’s rapid response time, low noise, and
small size made it well-suited for this purpose. By utilizing the triaxial accelerometer, we
were able to measure the acceleration of the body part where PPG was being measured, and
use this data to remove the motion artifact from PPG signals. Although the full capabilities
of the BNO055 module were not used in our study, its advanced design and integration of
multiple sensors make it a versatile and powerful sensing device for various applications
in robotics, drones, virtual reality, and other motion-sensing devices.

In Figure 2, the connections between the components of the system are depicted
using wires. Table 1 provides a summary of the components of the sensing module along
with their specifications. The motherboard enclosure was designed using 3D modeling
software for the purpose of being worn on a headband during data collection (Figure 3).
The commercial earbud was modified to include both a PPG and IMU sensor.

Table 1. Specifications for the components of the system.

Components Specification

MAX30101 sensor
Operating Voltage: 1.8 V
Operating Temp. (◦C): −40 to +85
Size: 5.6 mm × 3.3 mm × 1.55 mm

BNO055 sensor Acceleration Ranges: ±2 g/±4 g/±8 g/±16 g
Operating Voltage: 3–5 V

Seeeduino XIAO MCU

Operating Voltage: 3.3 V/5 V
CPU: 40 MHz ARM Cortex-M0+
Flash Memory: 256 Kb
RAM: 32 KB
Size: 20 mm × 7.5 mm × 3.5 mm
I2C: 1 pair
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Table 1. Cont.

Components Specification

nRF24l01module

Operating Voltage: 1.9–3.6 V
Modulation: GFSK
Data Rate: 250 kbps, 1 Mbps, and 2 Mbps
Size: 2.9 cm × 5 cm × 1.2 cm

LiPo battery Operating Voltage: 3.7 V
Capacity: 500 mAh

LiPo battery charger Capacity: 5 V, 1 A output
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Figure 3. In-ear PPG setup, showing simultaneous recordings of PPG and tri-axis acceleration signals,
with accompanying data acquisition software.

2.2. Experimental Methodology

The experiments in this study were conducted on a workstation computer that had a
64-bit Windows 10 Pro operating system, an AMD Ryzen 5 5600G processor with Radeon
Graphics, 16 GB of RAM, and MATLAB version of 2022b. This workstation was chosen
because it was powerful and fast enough to handle the demands of the experiments and the



Biosensors 2023, 13, 397 6 of 20

proposed stress detection method. The stress detection system consists of four pipelines that
work together to detect and measure mental stress in individuals (Figure 4): data acquisition,
preprocessing, continuous wavelet transform, and convolutional neural network.
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2.2.1. Data Acquisition and Protocol

Data for this experiment were collected using the in-ear biosensor in a laboratory at
Pukyong National University from 14 healthy volunteers (8 males and 6 females, aged
22–35 years, with BMIs of 17.6–33.8 kg/m2). Before the trial, each participant completed
a questionnaire about their cardiovascular and mental health and any medications that
could potentially affect the results. Participants with hypertension, cardiac arrhythmias, or
cognitive impairments were not included in the study. Throughout the trial, the volunteers
were subjected to a variety of mental stressors and relaxation activities, including the
Stroop color–word test and mental arithmetic tasks. Examples of the collected signals for
the stressed and non-stressed conditions are seen in Figure 5. The figure illustrates that a
stressed PPG signal may have a lower amplitude and a shorter distance between the two
peaks compared to a non-stressed PPG signal. This is because stress can cause changes
in the autonomic nervous system, leading to changes in blood flow and vasoconstriction,
which can affect the PPG signal.

This study was reviewed and approved by the Pukyong National University’s Institu-
tional Review Board (IRB number: 1041386-202003-HR-13-01). The review process of the
IRB included a comprehensive examination of the study protocol and informed consent
procedure, as well as an evaluation of potential risks and benefits to participants. Informed
consent was obtained from all participants prior to the start of the study. Any deviations
from the original study protocol were approved by the IRB.
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2.2.2. PPG Signal Preprocessing

The preprocessing of the raw PPG signal is illustrated in Figure 6. The pipeline
includes the input data of PPG and tri-axis accelerometer signals, removal of DC signals,
bandpass filtering, and adaptive cancellation of motion artifacts. The following sections
provide an explanation of each stage.
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a. DC Remover

The AC component of the PPG signal is of particular interest in stress detection because
it contains the pulsatile information of blood flow that is sensitive to changes induced by
stress. Therefore, this study focused solely on the AC component of the PPG signal for
stress analysis. To obtain the AC component, we applied the DC remover method, which
is an IIR filter design commonly used to remove the low-frequency voltage offset in PPG
signals [40]. The following equations explain how the DC remover works.

m(t) = x(t) + a ∗m(t− 1) (1)

y(t) = m(t)−m(t− 1) (2)

Y(Z)
X(Z)

=
1− Z−1

1− a ∗ Z−1 (3)

where x(t) represents the PPG signal’s sampling point input at each time, which is the
raw signal obtained from the PPG sensor; m(t) represents the calculated value of the
operation process, which records the DC drift of the PPG signal; a is the operation parameter
that controls the filter cutoff band range and response speed; and y(t) represents the AC
component of the PPG signal, which is obtained by subtracting the previous value of m(t)
from the current value of m(t). At a = 1, the filter effect is no longer present, but as it
approaches 1, the slope of the filter response grows steeper, and only the frequencies that
perturb the signal are damped. Equation (3) represents the transfer function of the DC
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remover filter design, where X(Z) and Y(Z) represent the z-transforms of the input and
output signals, respectively.

b. Bandpass filtering

There are several forms of noise that might affect the photoplethysmography sig-
nal obtained from a photoelectric pulse sensor, such as motion artifacts caused by head
movement and random noise during the recording process. Removing these sources of
noise will allow for more precise measurements, which can be achieved through bandpass
filtering, which may be used to silence noises that are beyond the range of the human pulse
(0.5–3.5 Hz). In this study, a 4th-order Chebyshev-II filter was utilized with a bandpass
frequency of 0.5–3.5 Hz. Similarly, all three acceleration signals are bandpass filtered to
guarantee uniformity. Aside from not utilizing them independently, PPG signals obtained
from the infrared and red LED of the Max30102 sensor are normalized and averaged to
create a composite PPG signal. As a result, the influence of noise on the signal is reduced,
thus making the measurement more precise.

c. Motion Artifact Cancellation using Adaptive Filtering

Motion artifacts are a persistent challenge for accurate wearable photoplethysmogra-
phy monitoring, caused by the constant movement of the human body. These can corrupt
the waveform of the PPG, leading to improper signal interpretation, and thus these should
be minimized. Signal preprocessing techniques must be applied to eliminate any motion
artifacts (MAs) present in the recorded signal [41,42].

Many methods have been proposed to reduce the MA of the corrupted PPG signal.
These include independent component analysis [43], empirical mode decomposition [44–46],
Kalman filtering [47], and adaptive noise cancellation (ANC) [48–51]. Among these tech-
niques, ANC is a well-known and efficient method for reducing MA in a noisy PPG signal.
One of the benefits of the ANC is its fast response time, allowing it to quickly adapt to
changing conditions. Additionally, ANC can continuously process a signal in real time,
even in situations where the noise is rapidly changing. The three most widely used al-
gorithms in adaptive filtering are least mean squares (LMS), normalized LMS (NLMS),
and RLS. We adopted an adaptive motion artifact reduction approach based on an RLS
adaptive filter since it provides a faster convergence speed and stable filtering. Utilizing
the acceleration signal as the reference signal for RLS adaptive filtering to minimize MA is
a popular practice nowadays. Nevertheless, the MA removal performance of the adaptive
filtering method will be influenced by the selection of a suitable reference signal. Figure 7
illustrates the block diagram of the proposed adaptive RLS filter algorithm.

Biosensors 2023, 13, x FOR PEER REVIEW 10 of 22 
 

The forgetting factor, λ, is an adjustable parameter in the RLS algorithm that deter-
mines how much prior data the algorithm accounts for. It has a decaying value that de-
creases over time, which in turn reduces the influence past data points have on the 
model’s coefficients. When set to 1, the algorithm utilizes all available data for estimating 
the model’s parameters, not disregarding any information. However, if the data are non-
stationary and the trends are changing, using a value of λ less than 1 can enable the RLS 
algorithm to adapt more swiftly to these changes. The forgetting factor determines the 
balance between the model’s ability to adapt to new trends and its stability. A higher value 
leads to more stability but slower adaptation, whereas a lower value results in faster ad-
aptation but may also introduce noise and instability in the model’s parameter estimates. 
In this study, we used a forgetting factor of λ = 0.999. 

 
Figure 7. Block diagram of the adopted RLS algorithm. 

Figure 8 illustrates a sample of a raw PPG signal that has undergone various prepro-
cessing steps to prepare them for further analysis. One of these steps is DC signal removal, 
which is depicted in Figure 8b. This process eliminates the constant offset in the signal 
that can cause problems with further processing. Another step is bandpass filtering, 
shown in Figure 8c; this step removes unwanted high-frequency and low-frequency noise 
from the signal. The last step is motion artifact reduction using an adaptive RLS filter, also 
shown in Figure 8c; the filter uses an RLS algorithm to adaptively estimate the parameters 
of the filter and reduce MAs. 

  
(a) (b) 

Figure 7. Block diagram of the adopted RLS algorithm.

The effect of motion during data collection may be the combined effect of single or
multiple axes. In this method, the tri-axis acceleration components (i.e., X, Y, and Z) were
used as the reference input signal of the improved RLS adaptive filter. The accelerometer
output is initially preprocessed using the same signal processing methods as a PPG signal
by applying the DC remover and bandpass filtering. A stronger correlation between the
reference signal and the MAs results in improved motion artifact reduction. The Pearson
correlation coefficient (r) [52] was used to find a suitable reference signal among the three
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axes of the accelerometer signal. A higher absolute correlation value indicates greater
similarity between the PPG and reference signal. The absolute correlation coefficient (|r|)
between the PPG and acceleration signal (reference signal) is computed using Equation (4).
In this study, the maximum absolute correlation coefficient (|r|max) among the three
computed values was used to check if there is a high or low correlation between PPG
and acceleration signals. The acceleration signal with the maximum absolute correlation
coefficient was used as a reference signal. In our case, we empirically set the threshold at
|r|max > 0.3 to indicate a strong correlation between the PPG and acceleration signals.

|r| =

∣∣∣∣∣∣ ∑(PPGi − PPG)
(

Acci − Acc
)√

∑ (PPGi − PPG)
2

∑ (PPGi − PPG)
2

∣∣∣∣∣∣ (4)

where PPGi represents the primary signal, Acci represents the reference acceleration
signal, PPG and Acc are the arithmetical mean values of the primary and reference
signals, respectively.

In the RLS algorithm, there are two primary inputs: X(n) and N(n). X(n) represents
the PPG signal, which includes MAs, whereas N(n) is one of the tri-axis accelerometer
signals. As shown in Figure 7, the output signal, X’(n), can be obtained by using the
following equation:

X′(n) = d(n)− N′(n) (5)

N′(n) = ωT(n)N(n) (6)

From Equations (5) and (6), we can see that the optimal weight vector ω (n) should be
iterated to obtain the output of the signal. The cost function of the RLS adaptive filtering
J(n) is provided as in the following equation, where λ is the forgetting factor.

J(n) = ∑k
n=1 λ

k−n∣∣X′(n)∣∣2 = ∑k
n=1 λ

k−n
∣∣∣d(n)−ωT(n)N(n)

∣∣∣2 (7)

Taking the derivative of the weight vector ω (n) yields the minimum value of the
cost function J(n). This can be written as:

ωopt(n) = R−1(n) ∗ r(n) (8)

where R(n) = ∑k
n=0 λ

k−nu(n)uT(n) and r(n) = ∑k
n=0 λ

k−nu(n)d(n) . Using the above
equations, we can compute the output signal, X′(n).

The forgetting factor, λ, is an adjustable parameter in the RLS algorithm that de-
termines how much prior data the algorithm accounts for. It has a decaying value that
decreases over time, which in turn reduces the influence past data points have on the
model’s coefficients. When set to 1, the algorithm utilizes all available data for estimat-
ing the model’s parameters, not disregarding any information. However, if the data are
non-stationary and the trends are changing, using a value of λ less than 1 can enable the
RLS algorithm to adapt more swiftly to these changes. The forgetting factor determines
the balance between the model’s ability to adapt to new trends and its stability. A higher
value leads to more stability but slower adaptation, whereas a lower value results in faster
adaptation but may also introduce noise and instability in the model’s parameter estimates.
In this study, we used a forgetting factor of λ = 0.999.

Figure 8 illustrates a sample of a raw PPG signal that has undergone various prepro-
cessing steps to prepare them for further analysis. One of these steps is DC signal removal,
which is depicted in Figure 8b. This process eliminates the constant offset in the signal that
can cause problems with further processing. Another step is bandpass filtering, shown in
Figure 8c; this step removes unwanted high-frequency and low-frequency noise from the
signal. The last step is motion artifact reduction using an adaptive RLS filter, also shown
in Figure 8c; the filter uses an RLS algorithm to adaptively estimate the parameters of the
filter and reduce MAs.
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d. PPG Signal Segmentation

This experiment aims to classify signals based on their length, specifically comparing
the performance of segments lasting 3 and 5 s. Signals that were 3 min long were obtained
for each class per subject, and then divided into 2 non-overlapping segments for classifi-
cation (Table 2). The experiment used 11 subjects for training and 3 subjects for testing.
By comparing the performance of the different segment lengths, the experiment aims to
determine which segment length is most effective for signal classification.

Table 2. Number of training and testing data by type of length of signal.

Length of Signal Number of Training Data Number of Testing Data

3 s 1320 360

5 s 792 216

2.2.3. PPG Signal Transformation

The PPG signal comprises many frequency components that correlate to various
physiological functions that are helpful in detecting stress. Different signal processing
methods, such as the continuous wavelet transform (CWT), may be used to extract and
evaluate these frequency components. The CWT is a popular tool for analyzing signals in
the time–frequency domain. It works by using a set of wavelet functions to decompose
a signal, allowing for the identification of specific frequencies and their corresponding
amplitudes at different points in time. This technique has been widely used in a variety of
applications, particularly in signal processing and image analysis. The CWT was utilized
in this experiment to convert the PPG signal into a time–frequency representation, known
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as a scalogram, which was then fed into a convolutional neural network (CNN) to identify
mental stress. Formally, given a signal x(t), the CWT is defined as:

Cx(a, b) =
1√
a

∫ ∞

∞
x(t).ω

(
t− b

a

)
dt (9)

where a is the scale parameter, b is the translation parameter, and ω(t) is the wavelet func-
tion. The CWT employs scale parameters to give high-time and low-frequency resolution
for identifying high-frequency events in the PPG signal, as well as low-time and high-
frequency resolution for detecting low-frequency events [53]. Equation (10) demonstrates
the frequency-domain representation of the scale parameter.

F =
Fc ∗ fs

a
(10)

where Fc is the center frequency of the mother wavelet, and fs is the sampling frequency of
signal x(t) [54]. A CWT filter bank is used to create the scalogram images for the stressed and
non-stressed conditions. Different wavelet functions, or ‘mother wavelets’, can be used in the
CWT to decompose a specific signal into the time–frequency domain. The selection of the
wavelet function should be carefully chosen to optimize the decomposition of the signal. In
this study, the generalized Morse wavelet was used as the mother wavelet, defined as:

ϕβ,γ(t) =
1

2π

∫ ∞

0
aβ,γωβe−ωγeiωtdω (11)

where aβ,γ is the normalizing constant, γ characterizes the Morse wavelet’s symmetry, and
β is the compactness parameter. The PPG signals were segmented into two sets (3 and
5 s sets) and transformed into 224× 224 pixel scalograms for use as input to the proposed
CNN. Figure 9 illustrates two scalogram images generated for two different classes of PPG
signals using a filter bank.
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2.2.4. Proposed CNN for Mental Stress Detection

CNNs are a type of deep learning algorithm that uses convolutional operations to
replace general multiplications in traditional neural networks. These are particularly useful
for classification tasks, particularly in image recognition, due to their ability to automatically
extract discriminatory features through the training process. In recent years, CNNs have
been adopted in a variety of applications [55]. In this research, we designed a simple yet
effective CNN, which has many typical structures: a convolutional layer, a pooling layer, a
fully connected layer, and a dropout layer.

The proposed architecture is shown in Figure 10. The network is composed of three
main parts: an input layer for accepting input data, convolutional blocks for extracting
deep features from the input tensor, and a fully connected layer for combining all the
features extracted by the convolutional blocks and producing the final classification result.
The configurations of each layer of the network are listed in Table 3. Input layer: the input
to the proposed CNN comprises 3-channel scalogram images 224 × 224 pixels in size.
Convolution block: the network consists of four convolutional blocks, each of which includes
two convolution layers, a pooling layer, and a dropout layer. The convolution layers use
64 kernels measuring 3× 3 pixels with a step size of 2 and the ReLU activation function.
Following the processing of the input tensor by the 2 convolutional layers, a maximum
pooling of 2× 2 pixels is carried out to minimize the number of features. The dropout
layer has a rate of 0.25 and is used to prevent overfitting and improve training speed by
randomly dropping out some neurons during each training iteration [56]. Fully connected
layer: the input matrix undergoes four convolutional blocks to extract deep features with
multiple channels. These features are then combined and flattened into a single dimension
and passed through a fully connected layer with 128 cells and a ReLU activation function. A
dropout layer with a dropout rate of 0.5 was added after this layer. The final fully connected
layer outputs the classification result, which is a single class (stressed/non-stressed) with a
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sigmoid activation function representing the probability that the input matrix belongs to a
particular category.
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Table 3. A summary of the setups of each layer of the network in the proposed CNN model.

Layer Output Number Kernel Size/Pool Size Stride Activation Function Padding Dropout Rate

Input layer 1 - - - - -
Conv1-1 64 3 × 3 2 × 2 ReLU same -
Conv1-2 64 3 × 3 2 × 2 ReLU same -
Maxpool 64 3 × 3 2 × 2 ReLU valid -

Droupout1 64 - - - - 0.25
Flatten - - - - - -

FC1 128 - - ReLU - -
Droupout2 128 - - - - 0.5

FC2 1 - - Sigmoid - -

The proposed CNN model was optimized by adjusting its hyperparameters, such as
using a batch size of 32, a learning rate of 0.0001, and utilizing 3 different optimizers (Adam,
RMSprop, and SGDM), as listed in Table 4. Through this fine-tuning process, the model
was able to achieve the best results in terms of accuracy and other performance metrics.
During the training phase, the binary cross-entropy loss function was employed to measure
dissimilarity between the predicted probability distribution and the true distribution. This
loss function is commonly used in binary classification problems.

Table 4. Hyperparameters setting.

Parameter Tuning for CNN

Optimizer Adam, RMSprop, SGDM

Learning Rate 1 × 10−4

Max. Epochs 50

Validation Patience 10

2.2.5. Performance Evaluation

We evaluated the effectiveness of our proposed approach in predicting mental stress
using four commonly used metrics: accuracy, precision, recall, and F1-score [57]. Each
metric is defined as follows in Table 5, where TP stands for true positive, TN for true
negative, FP for false positive, and FN for false negative. These metrics can be used to
evaluate the performance of the model in terms of how well it is able to correctly classify
mental stress (positive cases) and no stress (negative cases).



Biosensors 2023, 13, 397 14 of 20

Table 5. Evaluation metrics.

Accuracy = TP+TN
TP+FP+FN+TN

Precision = TP
(TP+FP)

Recall = TP
(TP+FN)

F1 score = TP
TP+ 1

2 (FP+FN)

3. Experimental Results

We evaluated our proposed method using two different signal segments (3 s and 5 s
segments), with results detailed in Tables 6 and 7. The results show that our proposed
method achieved high accuracy, precision, recall, and F1-scores for both the 3 s and 5 s
signal segments. The Adam optimizer provided the best results for the 3 s segment, while
the RMSprop optimizer performed best for the 5 s segment. These findings suggest that
the performance of our proposed method is influenced by the signal segment length and
the choice of optimizer. Overall, our results demonstrate the potential of our proposed
method for accurately classifying signal segments. However, it is important to interpret
these results with caution, as further investigation is needed to identify the underlying
factors behind the performance differences between the optimizers and to address any
potential sources of bias or error.

Table 6. Classification results of the proposed method using 3 s segments.

Optimizers LR Accuracy (%) Precision (%) Recall (%) F1-Score (%) Elapsed Time

Adam 0.0001 86.01 84.39 87.95 86.14 21 min 11 s

RMSprop 0.0001 88.1 85.8 90.96 88.3 23 min 36 s

SGDM 0.0001 86.61 86.67 86.14 86.4 52 min 52 s

Table 7. Classification results of the proposed method using 5 s segments.

Optimizers LR Accuracy (%) Precision (%) Recall (%) F1-Score (%) Elapsed Time

Adam 0.0001 91.54 87.91 90.91 89.39 9 min 49 s

RMSprop 0.0001 92.04 91.86 89.77 90.8 14 min 38 s

SGDM 0.0001 90.05 94.74 81.82 87.8 28 min 55 s

Figure 11 illustrates the receiver operating characteristic (ROC) curves of the proposed
method for different signal lengths. The classifier was trained using different optimizers
and segments of data, and ROC curves were generated to evaluate the performance. The
best performance was seen with the SGDM (AUC = 0.954) and Adam (AUC = 0.975)
optimizers, for the 3 and 5 s segments, respectively. This suggests that the classifier trained
with the Adam optimizer had the greatest accuracy in distinguishing between positive
and negative classes. Overall, the Morse wavelet with a 5 s segment and Adam optimizer
demonstrated the highest diagnostic accuracy among the various configurations evaluated.

To improve performance, we decided to increase the size of the training dataset by
adding white Gaussian noise with a mean value equal to 30% of the original scalogram.
This noise contamination was included to make the model more robust [58], and the size of
the train dataset doubled from 792 to 1584 as a result. The data augmentation significantly
increased the accuracy of the experiment from 92.04% to 96.02% (Table 8, Figure 12). This
indicates that the model was able to learn more effectively when presented with a larger
and more diverse dataset, which contained a greater variety of signal samples. Additionally,
the researchers conducted a ROC analysis to evaluate the diagnostic accuracy of the model,
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which revealed that data augmentation had resulted in an increase in the model’s AUC-
ROC value from 0.973 to 1.0 (Figure 13). This suggests that the data augmentation improved
the ability of the model to correctly classify positive and negative samples. In short, data
augmentation improved the performance of the experiment, resulting in a more robust and
accurate model for signal classification.
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Elapsed time 14 min 38 s 36 min 35 s

Biosensors 2023, 13, x FOR PEER REVIEW 17 of 22 
 

  
(a) (b) 

Figure 12. The confusion matrices for the combination of the best-performing signal segment (5 s) 
and optimizer (RMSprop) (a) before and (b) after data augmentation. 

 
Figure 13. ROC analysis for the combination of the best-performing signal segment (5 s) and opti-
mizer (RMSprop) are shown before and after data augmentation. 

It has been challenging to compare the results of this study with those of other meth-
ods due to the unique nature of the dataset used. We compared our results with those of 
other state-of-the-art CNN transfer learning methods, including GoogleNet [59], ResNet-
50, ResNet-101 [60], and DenseNet-201 (Table 9) [61]. To ensure a fair comparison, all ex-
perimental settings were the same as those used in our proposed CNN model. In short, 
the proposed CNN method was more effective for mental stress detection compared to 
the CNN-based transfer learning methods. Additionally, our network resulted in shorter 
training time. 

Table 9. Comparative analysis with existing CNN models. 

Models LR Optimizer Accuracy Precision Recall F1-Score Elapsed Time 
GoogleNet 0.0001 RMSprop 90.1 93.54 86.13 89.69 21 min 11 s 
ResNet101 0.0001 RMSprop 90.59 89.22 89.11 90.58 32 min 56 s 
ResNet-50 0.0001 RMSprop 90.59 92.71 88.12 90.56 35 min 43 s 

Figure 12. The confusion matrices for the combination of the best-performing signal segment (5 s)
and optimizer (RMSprop) (a) before and (b) after data augmentation.



Biosensors 2023, 13, 397 16 of 20

Biosensors 2023, 13, x FOR PEER REVIEW 17 of 22 
 

  
(a) (b) 

Figure 12. The confusion matrices for the combination of the best-performing signal segment (5 s) 
and optimizer (RMSprop) (a) before and (b) after data augmentation. 

 
Figure 13. ROC analysis for the combination of the best-performing signal segment (5 s) and opti-
mizer (RMSprop) are shown before and after data augmentation. 

It has been challenging to compare the results of this study with those of other meth-
ods due to the unique nature of the dataset used. We compared our results with those of 
other state-of-the-art CNN transfer learning methods, including GoogleNet [59], ResNet-
50, ResNet-101 [60], and DenseNet-201 (Table 9) [61]. To ensure a fair comparison, all ex-
perimental settings were the same as those used in our proposed CNN model. In short, 
the proposed CNN method was more effective for mental stress detection compared to 
the CNN-based transfer learning methods. Additionally, our network resulted in shorter 
training time. 

Table 9. Comparative analysis with existing CNN models. 

Models LR Optimizer Accuracy Precision Recall F1-Score Elapsed Time 
GoogleNet 0.0001 RMSprop 90.1 93.54 86.13 89.69 21 min 11 s 
ResNet101 0.0001 RMSprop 90.59 89.22 89.11 90.58 32 min 56 s 
ResNet-50 0.0001 RMSprop 90.59 92.71 88.12 90.56 35 min 43 s 
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It has been challenging to compare the results of this study with those of other methods
due to the unique nature of the dataset used. We compared our results with those of
other state-of-the-art CNN transfer learning methods, including GoogleNet [59], ResNet-
50, ResNet-101 [60], and DenseNet-201 (Table 9) [61]. To ensure a fair comparison, all
experimental settings were the same as those used in our proposed CNN model. In short,
the proposed CNN method was more effective for mental stress detection compared to
the CNN-based transfer learning methods. Additionally, our network resulted in shorter
training time.

Table 9. Comparative analysis with existing CNN models.

Models LR Optimizer Accuracy Precision Recall F1-Score Elapsed Time

GoogleNet 0.0001 RMSprop 90.1 93.54 86.13 89.69 21 min 11 s

ResNet101 0.0001 RMSprop 90.59 89.22 89.11 90.58 32 min 56 s

ResNet-50 0.0001 RMSprop 90.59 92.71 88.12 90.56 35 min 43 s

DenseNet-201 0.0001 RMSprop 88.61 86.79 91.09 88.89 33 min 46 s

Proposed CNN 0.0001 RMSprop 92.04 91.86 89.77 90.8 14 min 38 s

4. Discussion and Conclusions

In this research, we proposed a method for detecting mental stress by utilizing an
ear-mounted biosensor. The ear-mounted PPG sensor was chosen for its non-invasiveness
and convenience, as well as its ability to minimize MAs. Through signal processing and
transformation, we were able to classify stressed and non-stressed states using a robust
CNN with high accuracy. Our method demonstrated a high classification accuracy of
92.04% in identifying mental stress, as well as a high precision of 93.90%, meaning a high
proportion of its positive predictions were accurate. The recall was 87.55%, demonstrating
the method’s ability to identify a high proportion of actual positive instances. The F1-score
of 90.06% further shows that precision and recall are balanced and high. These results
demonstrate the effectiveness of our proposed method in detecting mental stress and its
potential for use in monitoring mental stress in various settings, such as occupational health
and wellness programs.
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This research also examined the impact of signal length on the accuracy of mental
stress detection using CWT and CNNs. Using a signal length of 5 s, rather than 3 s, achieved
better accuracy in detecting mental stress, likely because longer segments of signals contain
more data, which can provide more information for the analysis. However, longer segments
may also have more noise and lower frequency resolution. On the other hand, shorter
segments may contain less data, but they may have higher frequency resolution. These
trade-offs should be considered when selecting the length of the signal for mental stress
detection; it is important to strike a balance between having enough data for analysis and
having high-frequency resolution to obtain more insights. Additionally, the results of this
specific research may not be generalizable to all mental stress detection scenarios, and it
would be important to test the results on different data sets and real-life applications.

Moreover, this study demonstrates that the performance of a CNN can be greatly
affected by the choice of optimizer. There are several commonly used optimizers, such
as SGD, Adam, and RMSprop, each with their own unique characteristics that may make
them better suited for certain tasks. It can be useful to experiment with a few different
optimizers and compare their performance on a particular task to determine the best one to
use. Properly tuning the hyperparameters of the optimizer, such as the learning rate, can
also contribute to improved performance.

Our study has some limitations that should be acknowledged. One limitation is the
relatively small sample size, which means that our results may not be generalizable to a
larger population. This could limit the ability to draw broad conclusions from our findings.
Another limitation is that the subjects in our study were only exposed to a limited range
of stressors. This may not fully represent the complexity of mental stress in real-world
situations, and therefore, our results may not be fully applicable to other types of stressors.
Future research could address these limitations by increasing the sample size and recruiting
participants from a more diverse population. Additionally, future studies could expose
participants to a wider variety of stressors, to better understand how mental stress is
affected by different types of stressors.

In conclusion, the proposed method of utilizing ear-mounted PPG in our study is a
promising approach for mental stress detection. The system was able to accurately detect
mental stress in real time with a high level of accuracy. The use of PPG sensors, which are
non-invasive and easy to wear, makes this approach a convenient and practical solution for
mental stress detection. However, further research is needed to confirm these results and
explore the full potential of this method. One important aspect of further research would
be investigating the potential of the method for continuous monitoring of mental stress
in a variety of different situations. This may include exploring the use of this method in
different populations, such as in different age groups, genders, or cultural backgrounds.
Additionally, it could be useful to test the method in different settings, such as in the
workplace, home, or educational environments where mental stress is a concern. Another
important aspect of further research is to examine the limitations of the method more
closely, in order to identify areas where improvements could be made. For example, the
study could look at factors that affect the accuracy of the method, such as the impact of
different types of noise, or the effect of MAs on the measurements. Furthermore, the study
could also try to identify potential biases in the dataset or potential confounding variables
that might have influenced the results. By addressing these limitations, the method could
become more effective and widely applicable for detecting mental stress.

Author Contributions: Conceptualization, H.B. and W.-Y.C.; methodology, H.B. and W.-Y.C.; soft-
ware, H.B. and W.-Y.C.; formal analysis, H.B. and W.-Y.C.; investigation, H.B. and W.-Y.C.; resources,
W.-Y.C.; data curation, H.B. and W.-Y.C.; writing—original draft preparation, H.B. and W.-Y.C.;
writing—review and editing, H.B. and W.-Y.C.; visualization, H.B. and W.-Y.C.; supervision, W.-Y.C.;
project administration, W.-Y.C.; funding acquisition, W.-Y.C. All authors have read and agreed to the
published version of the manuscript.



Biosensors 2023, 13, 397 18 of 20

Funding: This work was supported by the National Research Foundation of Korea (NRF) [NRF-
2019R1A2C1089139].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Cho, D.; Ham, J.; Oh, J.; Park, J.; Kim, S.; Lee, N.K.; Lee, B. Detection of Stress Levels from Biosignals Measured in Virtual Reality

Environments Using a Kernel-Based Extreme Learning Machine. Sensors 2017, 17, 2435. [CrossRef] [PubMed]
2. Can, Y.S.; Chalabianloo, N.; Ekiz, D.; Ersoy, C. Continuous Stress Detection Using Wearable Sensors in Real Life: Algorithmic

Programming Contest Case Study. Sensors 2019, 19, 1849. [CrossRef] [PubMed]
3. Vogel, J.; Auinger, A.; Riedl, R.; Kindermann, H.; Helfert, M.; Ocenasek, H. Digitally Enhanced Recovery: Investigating the Use

of Digital Self-Tracking for Monitoring Leisure Time Physical Activity of Cardiovascular Disease (CVD) Patients Undergoing
Cardiac Rehabilitation. PLoS ONE 2017, 12, e0186261. [CrossRef] [PubMed]

4. Järvelin-Pasanen, S.; Sinikallio, S.; Tarvainen, M.P. Heart Rate Variability and Occupational Stress—Systematic Review. Ind. Health
2018, 56, 500–511. [CrossRef] [PubMed]

5. Kivimäki, M.; Leino-Arjas, P.; Luukkonen, R.; Riihimäki, H.; Vahtera, J.; Kirjonen, J. Work Stress and Risk of Cardiovascular
Mortality: Prospective Cohort Study of Industrial Employees. Br. Med. J. 2002, 325, 857–860. [CrossRef]

6. Occupational Stress and Work-Related Unintentional Injuries among Iranian Car Manufacturing Workers. Available online:
https://apps.who.int/iris/handle/10665/117482 (accessed on 3 January 2023).

7. Salminen, S.; Kivimäki, M.; Elovainio, M.; Vahtera, J. Stress Factors Predicting Injuries of Hospital Personnel. Am. J. Ind. Med.
2003, 44, 32–36. [CrossRef]

8. Bhardwaj, R.; Natrajan, P.; Balasubramanian, V. Study to Determine the Effectiveness of Deep Learning Classifiers for ECG Based
Driver Fatigue Classification. In Proceedings of the 2018 13th International Conference on Industrial and Information Systems,
ICIIS 2018, Rupnagar, India, 1–2 December 2018; pp. 98–102. [CrossRef]

9. Dai, X.; Ding, Y. Mental Health Monitoring Based on Multiperception Intelligent Wearable Devices. Contrast Media Mol. Imaging
2021, 2021, 8307576. [CrossRef]

10. Goyal, A.; Singh, S.; Vir, D.; Pershad, D. Automation of Stress Recognition Using Subjective or Objective Measures. Psychol. Stud.
2016, 61, 348–364. [CrossRef]

11. Urwyler, S.A.; Schuetz, P.; Sailer, C.; Christ-Crain, M. Copeptin as a Stress Marker Prior and after a Written Examination—The
CoEXAM Study. Int. J. Biol. Stress 2015, 18, 134–137. [CrossRef]

12. Garcia, E.; Valdés, A.A.; Aguiló, J.; García, E.; Aguiló, S.; Arza, A.; Garzón-Reya, J.M. Psychological and Physiological Profiles
in Oncology Caregivers: A Multivariable Cross-Sectional Study Health Monitoring on Embedded Platforms View Project
Psychological and Physiological Profiles in Oncology Caregivers: A Multivariable Cross-Sectional Study. Trans. Mach. Learn. Artif.
Intell. 2017, 5, 547–557. [CrossRef]

13. Szakonyi, B.; Vassányi, I.; Schumacher, E.; Kósa, I. Efficient Methods for Acute Stress Detection Using Heart Rate Variability Data
from Ambient Assisted Living Sensors. Biomed. Eng. Online 2021, 20, 73. [CrossRef]

14. Kalatzis, A.; Stanley, L.; Karthikeyan, R.; Mehta, R.K. Mental Stress Classification during a Motor Task in Older Adults Using
an Artificial Neural Network. In Proceedings of the 2020 ACM International Joint Conference on Pervasive and Ubiquitous
Computing—UbiComp/ISWC 2020 Adjunct and Proceedings of the 2020 ACM International Symposium on Wearable Computers,
Virtual, 12–17 September 2020; Association for Computing Machinery: New York, NY, USA, 2020; pp. 244–248. [CrossRef]

15. Lee, S.; Hwang, H.B.; Park, S.; Kim, S.; Ha, J.H.; Jang, Y.; Hwang, S.; Park, H.K.; Lee, J.; Kim, I.Y. Mental Stress Assessment Using
Ultra Short Term HRV Analysis Based on Non-Linear Method. Biosensors 2022, 12, 465. [CrossRef]

16. Greco, A.; Valenza, G.; Lazaro, J.; Garzon-Rey, J.M.; Aguilo, J.; De-la-Camara, C.; Bailon, R.; Scilingo, E.P. Acute Stress State
Classification Based on Electrodermal Activity Modeling. IEEE Trans. Affect. Comput. 2021, 14, 788–799. [CrossRef]

17. Villarejo, M.V.; Zapirain, B.G.; Zorrilla, A.M. A Stress Sensor Based on Galvanic Skin Response (GSR) Controlled by ZigBee.
Sensors 2012, 12, 6075–6101. [CrossRef]

18. Garcia-Ceja, E.; Osmani, V.; Mayora, O. Automatic Stress Detection in Working Environments From Smartphones’ Accelerometer
Data: A First Step. IEEE J. Biomed. Health Inform. 2016, 20, 1053–1060. [CrossRef]

19. Arsalan, A.; Majid, M.; Butt, A.R.; Anwar, S.M. Classification of Perceived Mental Stress Using A Commercially Available EEG
Headband. IEEE J. Biomed. Health Inform. 2019, 23, 2257–2264. [CrossRef]

20. Asif, A.; Majid, M.; Anwar, S.M. Human Stress Classification Using EEG Signals in Response to Music Tracks. Comput. Biol. Med.
2019, 107, 182–196. [CrossRef]

http://doi.org/10.3390/s17102435
http://www.ncbi.nlm.nih.gov/pubmed/29064457
http://doi.org/10.3390/s19081849
http://www.ncbi.nlm.nih.gov/pubmed/31003456
http://doi.org/10.1371/journal.pone.0186261
http://www.ncbi.nlm.nih.gov/pubmed/29020079
http://doi.org/10.2486/indhealth.2017-0190
http://www.ncbi.nlm.nih.gov/pubmed/29910218
http://doi.org/10.1136/bmj.325.7369.857
https://apps.who.int/iris/handle/10665/117482
http://doi.org/10.1002/ajim.10235
http://doi.org/10.1109/ICIINFS.2018.8721391
http://doi.org/10.1155/2021/8307576
http://doi.org/10.1007/s12646-016-0379-1
http://doi.org/10.3109/10253890.2014.993966
http://doi.org/10.14738/tmlai.54.3291
http://doi.org/10.1186/s12938-021-00911-6
http://doi.org/10.1145/3410530.3414360
http://doi.org/10.3390/bios12070465
http://doi.org/10.1109/TAFFC.2021.3055294
http://doi.org/10.3390/s120506075
http://doi.org/10.1109/JBHI.2015.2446195
http://doi.org/10.1109/JBHI.2019.2926407
http://doi.org/10.1016/j.compbiomed.2019.02.015


Biosensors 2023, 13, 397 19 of 20

21. Arsalan, A.; Majid, M. Human Stress Classification during Public Speaking Using Physiological Signals. Comput. Biol. Med. 2021,
133, 104377. [CrossRef]

22. Greene, S.; Thapliyal, H.; Caban-Holt, A. A Survey of Affective Computing for Stress Detection: Evaluating Technologies in Stress
Detection for Better Health. IEEE Consum. Electron. Mag. 2016, 5, 44–56. [CrossRef]

23. Gedam, S.; Paul, S. A Review on Mental Stress Detection Using Wearable Sensors and Machine Learning Techniques. IEEE Access
2021, 9, 84045–84066. [CrossRef]

24. Charlton, P.H.; Celka, P.; Farukh, B.; Chowienczyk, P.; Alastruey, J. Assessing Mental Stress from the Photoplethysmogram: A
Numerical study. Physiol. Meas. 2018, 39, 054001. [CrossRef] [PubMed]

25. Ming, D.K.; Sangkaew, S.; Chanh, H.Q.; Nhat, P.T.H.; Yacoub, S.; Georgiou, P.; Holmes, A.H. Continuous Physiological Monitoring
Using Wearable Technology to Inform Individual Management of Infectious Diseases, Public Health and Outbreak Responses.
Int. J. Infect. Dis. 2020, 96, 648–654. [CrossRef] [PubMed]

26. Correia, B.; Dias, N.; Costa, P.; Pêgo, J.M. Validation of a Wireless Bluetooth Photoplethysmography Sensor Used on the Earlobe
for Monitoring Heart Rate Variability Features during a Stress-Inducing Mental Task in Healthy Individuals. Sensors 2020,
20, 3905. [CrossRef] [PubMed]

27. Chauhan, U.; Reithinger, N.; MacKey, J.R. Real-Time Stress Assessment through PPG Sensor for VR Biofeedback. In Proceedings
of the 20th International Conference on Multimodal Interaction, ICMI 2018, Boulder, CO, USA, 16–20 October 2018. [CrossRef]

28. Tomita, Y.; Mitsukura, Y. An Earbud-Based Photoplethysmography and Its Application. Electron. Commun. Jpn. 2018, 101, 32–38.
[CrossRef]

29. Celka, P.; Charlton, P.H.; Farukh, B.; Chowienczyk, P.; Alastruey, J. Influence of Mental Stress on the Pulse Wave Features of
Photoplethysmograms. Healthc. Technol. Lett. 2020, 7, 7–12. [CrossRef]

30. Hao, T.; Chang, H.; Ball, M.; Lin, K.; Zhu, X. CHRV Uncovering Daily Stress Dynamics Using Bio-Signal from Consumer
Wearables. Stud. Health Technol. Inform. 2017, 245, 98–102. [CrossRef]

31. Zangróniz, R.; Martínez-Rodrigo, A.; López, M.T.; Pastor, J.M.; Fernández-Caballero, A. Estimation of Mental Distress from
Photoplethysmography. Appl. Sci. 2018, 8, 69. [CrossRef]

32. Baek, H.J.; Cho, J. Novel Heart Rate Variability Index for Wrist-Worn Wearable Devices Subject to Motion Artifacts That
Complicate Measurement of the Continuous Pulse Interval. Physiol. Meas. 2019, 40, 105010. [CrossRef]

33. Tazarv, A.; Labbaf, S.; Reich, S.M.; Dutt, N.; Rahmani, A.M.; Levorato, M. Personalized Stress Monitoring Using Wearable Sensors
in Everyday Settings. In Proceedings of the Annual International Conference of the IEEE Engineering in Medicine and Biology
Society, EMBS 2021, Virtual, 1–5 November 2021; pp. 7332–7335. [CrossRef]

34. Rashid, N.; Chen, L.; Dautta, M.; Jimenez, A.; Tseng, P.; Al Faruque, M.A. Feature Augmented Hybrid CNN for Stress Recognition
Using Wrist-Based Sensor. arXiv 2021, arXiv:2108.03166.

35. Rezapour, M.; Khavaninzadeh, M. Association between Non-Matured Arterio-Venus Fistula and Blood Pressure in Hemodialysis
Patients. Med. J. Islam. Repub. Iran 2014, 28, 144.

36. Rezapour, M.; Taran, S.; Parast, M.B.; Zadeh, M.K. The Impact of Vascular Diameter Ratio on Hemodialysis Maturation Time:
Evidence from Data Mining Approaches and Thermodynamics Law. Med. J. Islam. Repub. Iran 2016, 30, 359.

37. Garg, P.; Santhosh, J.; Dengel, A.; Ishimaru, S. Stress Detection by Machine Learning and Wearable Sensors. In Proceedings of the
International Conference on Intelligent User Interfaces, Proceedings IUI, College Station, TX, USA, 14–17 April 2021; pp. 43–45.
[CrossRef]

38. Wang, X.; Xiao, Y.; Deng, F.; Chen, Y.; Zhang, H. Eye-Movement-Controlled Wheelchair Based on Flexible Hydrogel Biosensor
and WT-SVM. Biosensors 2021, 11, 198. [CrossRef]

39. Barayeu, U.; Horlava, N.; Libert, A.; van Hulle, M. Robust Single-Trial EEG-Based Authentication Achieved with a 2-Stage
Classifier. Biosensors 2020, 10, 124. [CrossRef]

40. Wu, C.C.; Chen, I.W.; Fang, W.C. An Implementation of Motion Artifacts Elimination for PPG Signal Processing Based on
Recursive Least Squares Adaptive Filter. In Proceedings of the 2017 IEEE Biomedical Circuits and Systems Conference, BioCAS
2017, Turin, Italy, 19–21 October 2017; pp. 1–4. [CrossRef]

41. Zhang, Z.; Pi, Z.; Liu, B. TROIKA: A General Framework for Heart Rate Monitoring Using Wrist-Type Photoplethysmographic
Signals during Intensive Physical Exercise. IEEE Trans. Biomed. Eng. 2015, 62, 522–531. [CrossRef]

42. Pan, H.; Temel, D.; Alregib, G. HeartBEAT: Heart Beat Estimation through Adaptive Tracking. In Proceedings of the 3rd IEEE
EMBS International Conference on Biomedical and Health Informatics, BHI 2016, Las Vegas, NV, USA, 24–27 February 2016;
pp. 587–590. [CrossRef]

43. Kim, B.S.; Yoo, S.K. Motion Artifact Reduction in Photoplethysmography Using Independent Component Analysis. IEEE Trans.
Biomed. Eng. 2006, 53, 566–568. [CrossRef]

44. Zhang, Y.; Liu, B.; Zhang, Z. Combining Ensemble Empirical Mode Decomposition with Spectrum Subtraction Technique for
Heart Rate Monitoring Using Wrist-Type Photoplethysmography. Biomed. Signal Process. Control 2015, 21, 119–125. [CrossRef]

45. Khan, E.; Al Hossain, F.; Uddin, S.Z.; Alam, S.K.; Hasan, M.K. A Robust Heart Rate Monitoring Scheme Using Photoplethysmo-
graphic Signals Corrupted by Intense Motion Artifacts. IEEE Trans. Biomed. Eng. 2016, 63, 550–562. [CrossRef]

46. Roy, B.; Gupta, R. MoDTRAP: Improved Heart Rate Tracking and Preprocessing of Motion-Corrupted Photoplethysmographic
Data for Personalized Healthcare. Biomed. Signal Process. Control 2020, 56, 101676. [CrossRef]

http://doi.org/10.1016/j.compbiomed.2021.104377
http://doi.org/10.1109/MCE.2016.2590178
http://doi.org/10.1109/ACCESS.2021.3085502
http://doi.org/10.1088/1361-6579/aabe6a
http://www.ncbi.nlm.nih.gov/pubmed/29658894
http://doi.org/10.1016/j.ijid.2020.05.086
http://www.ncbi.nlm.nih.gov/pubmed/32497806
http://doi.org/10.3390/s20143905
http://www.ncbi.nlm.nih.gov/pubmed/32668810
http://doi.org/10.1145/3281151.3281156
http://doi.org/10.1002/ecj.12019
http://doi.org/10.1049/htl.2019.0001
http://doi.org/10.3233/978-1-61499-830-3-98
http://doi.org/10.3390/app8010069
http://doi.org/10.1088/1361-6579/AB4C28
http://doi.org/10.1109/EMBC46164.2021.9630224
http://doi.org/10.1145/3397482.3450732
http://doi.org/10.3390/bios11060198
http://doi.org/10.3390/bios10090124
http://doi.org/10.1109/BIOCAS.2017.8325141
http://doi.org/10.1109/TBME.2014.2359372
http://doi.org/10.1109/BHI.2016.7455966
http://doi.org/10.1109/TBME.2005.869784
http://doi.org/10.1016/j.bspc.2015.05.006
http://doi.org/10.1109/TBME.2015.2466075
http://doi.org/10.1016/j.bspc.2019.101676


Biosensors 2023, 13, 397 20 of 20

47. Galli, A.; Narduzzi, C.; Giorgi, G. Measuring Heart Rate during Physical Exercise by Subspace Decomposition and Kalman
Smoothing. IEEE Trans. Instrum. Meas. 2018, 67, 1102–1110. [CrossRef]

48. Wan, C.; Chen, D.; Yang, J.; Huang, M. Combining Parallel Adaptive Filtering and Wavelet Threshold Denoising for
Photoplethysmography-Based Pulse Rate Monitoring during Intensive Physical Exercise. IEICE Trans. Inf. Syst. 2020, E103.D,
612–620. [CrossRef]

49. Arunkumar, K.R.; Bhaskar, M. Heart Rate Estimation from Photoplethysmography Signal for Wearable Health Monitoring
Devices. Biomed. Signal Process. Control 2019, 50, 1–9. [CrossRef]

50. Wang, M.; Li, Z.; Zhang, Q.; Wang, G. Removal of Motion Artifacts in Photoplethysmograph Sensors during Intensive Exercise for
Accurate Heart Rate Calculation Based on Frequency Estimation and Notch Filtering. Sensors 2019, 19, 3312. [CrossRef] [PubMed]

51. Lin, W.-H.; Wang, H.; Samuel, W.; Fallet, S.; Vesin, J.-M. Robust Heart Rate Estimation Using Wrist-Type Photoplethysmographic
Signals during Physical Exercise: An Approach Based on Adaptive Filtering. Physiol. Meas. 2017, 38, 155. [CrossRef]

52. Kirch, W. (Ed.) Pearson’s Correlation Coefficient. In Encyclopedia of Public Health; Springer: Dordrecht, The Netherlands, 2008;
pp. 1090–1091. [CrossRef]

53. Guo, M.F.; Zeng, X.D.; Chen, D.Y.; Yang, N.C. Deep-Learning-Based Earth Fault Detection Using Continuous Wavelet Transform
and Convolutional Neural Network in Resonant Grounding Distribution Systems. IEEE Sens. J. 2018, 18, 1291–1300. [CrossRef]

54. Wu, Z.; Lan, T.; Yang, C.; Nie, Z. A Novel Method to Detect Multiple Arrhythmias Based on Time-Frequency Analysis and
Convolutional Neural Networks. IEEE Access 2019, 7, 170820–170830. [CrossRef]

55. Yamashita, R.; Nishio, M.; Do, R.K.G.; Togashi, K. Convolutional Neural Networks: An Overview and Application in Radiology.
Insights Imaging 2018, 9, 611–629. [CrossRef]

56. Krizhevsky, A.; Sutskever, I.; Hinton, G.E. ImageNet Classification with Deep Convolutional Neural Networks. Commun. ACM
2017, 60, 84–90. [CrossRef]

57. Sokolova, M.; Japkowicz, N.; Szpakowicz, S. Beyond Accuracy, F-Score and ROC: A Family of Discriminant Measures for
Performance Evaluation. AAAI Workshop Tech. Rep. 2006, WS-06-06, 24–29. [CrossRef]

58. Atzori, M.; Cognolato, M.; Müller, H. Deep Learning with Convolutional Neural Networks Applied to Electromyography Data:
A Resource for the Classification of Movements for Prosthetic Hands. Front. Neurorobot 2016, 10, 9. [CrossRef]

59. Szegedy, C.; Liu, W.; Jia, Y.; Sermanet, P.; Reed, S.; Anguelov, D.; Erhan, D.; Vanhoucke, V.; Rabinovich, A. Going Deeper with
Convolutions. In Proceedings of the IEEE Computer Society Conference on Computer Vision and Pattern Recognition, Boston,
MA, USA, 7–12 June 2015; pp. 1–9. [CrossRef]

60. He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the IEEE Computer Society
Conference on Computer Vision and Pattern Recognition 2016, Las Vegas, NV, USA, 27–30 June 2016; pp. 770–778. [CrossRef]

61. Huang, G.; Liu, Z.; van der Maaten, L.; Weinberger, K.Q. Densely Connected Convolutional Networks. In Proceedings of the 30th
IEEE Conference on Computer Vision and Pattern Recognition, CVPR 2017, Honolulu, HI, USA, 21–26 July 2017; pp. 2261–2269.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1109/TIM.2017.2770818
http://doi.org/10.1587/transinf.2019EDP7156
http://doi.org/10.1016/J.BSPC.2019.01.021
http://doi.org/10.3390/s19153312
http://www.ncbi.nlm.nih.gov/pubmed/31357674
http://doi.org/10.1088/1361-6579/AA506E
http://doi.org/10.1007/978-1-4020-5614-7_2569
http://doi.org/10.1109/JSEN.2017.2776238
http://doi.org/10.1109/ACCESS.2019.2956050
http://doi.org/10.1007/s13244-018-0639-9
http://doi.org/10.1145/3065386
http://doi.org/10.1007/11941439_114/COVER
http://doi.org/10.3389/fnbot.2016.00009
http://doi.org/10.48550/arxiv.1409.4842
http://doi.org/10.48550/arxiv.1512.03385
http://doi.org/10.48550/arxiv.1608.06993

	Introduction 
	Materials and Methods 
	Proposed Hardware Architecture 
	Experimental Methodology 
	Data Acquisition and Protocol 
	PPG Signal Preprocessing 
	PPG Signal Transformation 
	Proposed CNN for Mental Stress Detection 
	Performance Evaluation 


	Experimental Results 
	Discussion and Conclusions 
	References

