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Abstract: The development of biosensors that measure various biosignals from our body is an
indispensable research field for health monitoring. In recent years, as the demand to monitor the
health conditions of individuals in real time have increased, wearable-type biosensors have received
more attention as an alternative to laboratory equipment. These biosensors have been embedded into
smart watches, clothes, and accessories to collect various biosignals in real time. Although wearable
biosensors attached to the human body can conveniently collect biosignals, there are reliability issues
due to noise generated in data collection. In order for wearable biosensors to be more widely used,
the reliability of collected data should be improved. Research on flexible bio-chips in the field of
material science and engineering might help develop new types of biosensors that resolve the issues
of conventional wearable biosensors. Flexible bio-chips with higher precision can be used to collect
various human data in academic research and in our daily lives. In this review, we present various
types of conventional biosensors that have been used and discuss associated issues such as noise and
inaccuracy. We then introduce recent studies on flexible bio-chips as a solution to these issues.

Keywords: biosensor; wearable biosensor; electrophysiology sensor; motion artifact noise; flexi-
ble electrode

1. Introduction

With the spread of smart devices and increasing awareness of the importance of
health, biosensors for simple and easy health management are receiving more attention.
It is difficult to detect abnormalities in the body and diseases before they occur since
the body consists of complex mechanisms that are not revealed. When an abnormality
is felt, it may already be serious, which makes recovery difficult. Therefore, analysis of
data obtained from the body is essential for a more convenient and healthy life. One of
the methods for quickly finding abnormalities in the body is the use of a biosensor that
detects biological information such as temperature and blood in the body. Biosensors that
obtain biodata, which are information about the body, are currently being used for medical
purposes such as independent health checkups and monitoring treatment progress by
putting an analysis system inside the sensor. If a biosensor is developed in a wearable form
for more convenient use, health monitoring can be applied not only in hospitals but also
in daily life [1]. As the use of smart devices becomes more popular, the development of
appropriate sensors is essential, as is the development of sensors applicable to the security
and biomedical fields.

The advancement of biosensors has brought about large differences in our lives.
With the application of biosensors to medical devices, safer and more accurate diagnoses
have become possible and biosensors have been applied in real life with the advent of
data analysis technology such as big data [2]. With these developments, biosensors can
be accessed in the form of smart devices that are most commonly seen in real life. For
example, after exercise, oxygen saturation and heartrate can be easily measured with a
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smart device without going to a hospital or laboratory. However, there is a limitation in that
measurement errors may occur due to poor contact and the surrounding environment [3].
For this reason, many biosensors have not been used in smart devices. To overcome these
limitations, a broad understanding of biosensors is required. If we overcome the limitations
and apply a wider range of biosensors to smart devices, there will be greater progress in
terms of health monitoring.

In this review, we suggest a method of measuring biosensors and the development
process and limitations of these sensors for a broader understanding of biosensors. We hope
that this will facilitate the development of systems that can be combined with biosensors or
knowledge on how to blend biotechnology with what is currently being done. For this, it is
essential to acquire knowledge about the sensor development process. The combination of
biosensors and other technologies will contribute to the advancement of society, such as
remote diagnosis and self-health checks. For that, the limitations of current biosensors and
the development process are reviewed, and the direction of future progress is presented.

2. Current Biosensor Technologies
2.1. Electromyography

Electromyography (EMG) is a bioelectrical signal for in evaluating electrical activity
produced by skeletal muscles. The EMG sensor detects the motor unit potential, which is a
complex potential generated by the muscle fibers of the motor unit during spontaneous
activity of muscle cells, enabling analysis of muscle activity. For muscles to work, electrical
stimulation must be applied to muscle cells by nerve substances generated by a command
from the central nervous system. Contraction and relaxation of muscles occur as a result of
electrical stimulation, and these phenomena occur in several muscles, causing the body
to move [4]. When our brain commands the muscles to contract, the central nervous
system connected to the brain releases neurotransmitters and the neurons that receive these
substances act to transmit electrical signals to the muscles, which make the body move. The
electrical signals generated in muscle cells appear as mechanical signals, muscle contraction,
and relaxation, and this transformation process is called excitation–contraction coupling [5].
The EMG sensor is a device that measures the electrical signals of muscles during this
process. As an example of an EMG signal, the raw data when a muscle contracted and
relaxed with a 1-kg dumbbell was measured by attaching an EMG sensor to the biceps
brachii, as shown in Figure 1. When the muscle contracted, the value was larger than
when the muscle was relaxed. Although the degree of muscle contraction can be visually
confirmed with raw data, analysis is necessary for quantitative evaluation. EMG, which
checks the degree of muscle contraction, is mainly used for medical and biomechanical
research purposes [6]. For medical purposes, when movement is impossible for certain
reasons, an EMG sensor is used to diagnose whether it is due to a problem in the nervous
system or to damage to the muscle itself. When a muscle cannot contract or relax because
of a muscle function problem, an electrical signal can be measured by EMG. If a problem
occurs in the nervous system, the EMG signal cannot be measured. Also, it is possible
to check the muscles that are activated during specific movements and activities, and
through this, it is possible to study more efficient movements and activities. With EMG, it is
also possible to analyze muscle peripheral and central fatigue during specific movements.
If the contractile force of the muscle decreases due to peripheral fatigue, fatigue can be
measured by increasing the raw data of the EMG signal because more electrical signals
are required to maintain the same force. As the speed at which action potentials and
excitations are transmitted by central fatigue slows down, the conduction velocity, which is
the rate at which electrochemical impulses propagate into the nerve pathways, also slows
down. Muscular fatigue is a combination of two types of fatigue, and the EMG sensor can
determine the overall fatigue level [7].
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Figure 1. Electromyography (EMG) raw data during bicep brachii contraction and relaxation.

EMG appears in two forms: surface EMG (sEMG), a noninvasive measurement
method, and needle EMG, an invasive method. (Figure 2) sEMG is used more widely
because it has a great advantage in terms of stability. However, since needle EMG directly
inserts a needle into the muscle, more accurate results can be obtained than with sEMG [8].
As a result of investigating the relationship between the trigger point and the central
nervous system to find problems in muscle pain syndrome and of conducting research
with EMG, the necessary EMG could not be seen with surface recording techniques [9–11].
Although there are limitations of sEMG in a specific field, the development of technology
for sEMG is required for implementation in wearable sensors. Since the applicable fields
differ depending on the type of EMG, we divided this section into needle and surface EMG
to review the research on EMG currently underway.
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Figure 2. (a) Image of surface EMG: the red and black lines represent the + and − electrodes, and the
blue line represents the ground; (b) image of the needle EMG.

2.1.1. Surface EMG

Surface EMG is the most widely known and used method in measuring muscle
contraction. Electrical contributions made by the active motor units are measured in a
noninvasive way on the skin using electrodes [7]. sEMG does not simply measure the
electrical signals generated by the muscles; it represents the potential difference between
two electrodes. If two electrodes are placed along muscle fibers at both ends of the motor
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for the muscle, the same muscle action potentials at both ends of the muscle are recorded
at the same time, making it impossible to measure the potential difference. Therefore, the
EMG signal is measured using a differential amplifier that rejects a common signal from
both electrodes using two electrodes [12]. Since electrical signals exist even in muscles that
are not in use, reference electrodes are required to exclude redundant signals. Finally, three
electrodes must be attached to receive the EMG signal of one muscle. Through this process,
sEMG can evaluate the contractile ability of one muscle from three signals.

In the early days of sEMG, it was used for biofeedback. For example, a study was
conducted to reduce the frequency and severity of tension headaches through EMG biofeed-
back, and another study found that the resting level of frontalis EMG activity is higher
in tension headache patients than in the general population. From this, it was argued
that contraction headaches caused by constant contractions of the scalp and neck muscles
could be relieved by learning to relax these muscles through biofeedback [13]. In another
study, when biofeedback was given through computerized electromyographic evaluation
of pelvic floor muscles, the subjective evaluation of pain decreased by 83% after 16 weeks
and the resting tension level decreased by 68% [14]. However, in the above study, since
only the amplitude of the simple EMG value was used to check the contraction degree of
the muscle and proceeded with biofeedback, more detailed EMG parameters were studied
to evaluate the muscle performance.

To obtain the parameters, EMG data are mainly analyzed in two domains: a time
domain where EMG data can be viewed over time and a frequency domain that can check
the frequency of EMG data within a certain range. In the time domain, the degree of muscle
activation can be visually confirmed over time. Because muscles require a larger electrical
signal to generate more force, they exhibit a larger amplitude in the EMG data. Therefore,
it is possible to check the degree of activation for each muscle using the root mean square
(RMS) value [15,16]. Fate analysis in the time domain is also possible. When a muscle
continuously exerts the same force, a larger electrical signal is required to maintain the
same output; therefore, the more fatigue it builds up, the greater the amplitude displayed.
Fatigue can be analyzed with an increase in RMS indicating an increase in amplitude [17].
In addition, various parameters such as integrated EMG and maximum amplitude are
used in the time domain [18]. In the frequency domain, fatigue is mainly analyzed. As
muscle fatigue builds up, the speed of transmitting electrical signals slows down and the
frequency is lowered, so that the conduction velocity slows down [19]. To capture this,
fatigue is quantified by using parameters such as mean frequency, median frequency, and
peak frequency in a specific range [18]. An example of EMG parameters for fatigue analysis
can be seen in Figure 3.
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Figure 3. Surface EMG data obtained during voluntary contraction of a bicep with a 1-kg weight for a female: (a) raw data,
(b) median frequency and linear regression, and (c) root mean square and linear regression.

Using these parameters, clinical studies have been conducted to measure muscle
fatigue. Since the amplitude of EMG is different for each individual, fatigue was given
using maximum voluntary contraction (MVC) and reliability was confirmed by analyzing
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the EMG parameters for fatigue (Table 1). Fatigue parameters were studied as RMS in the
time domain, mean power frequency (MNF), and median power frequency (MDF) in the
frequency domain, since the power spectrum frequency shift decreased. Mainly, the vastus
lateralis (VL), rectus femoris (RF), vastus medialis (VM), lumbar 1–5, bicep brachii, and
quadriceps were studied. Since the EMG signal has an accurate value when measured
individually for one muscle rather than a complex signal of several muscles, it is limited
to isometric contraction rather than dynamic contraction, which has a risk of complex
measurement of several muscles. As a result of measuring EMG data during fatigue with
isometric contraction, it was reported that most were reliable as indicators of fatigue, but
due to the difficulty of application in dynamic contraction fatigue experiments and noise
from electrode attachment, research on EMG continues.

Table 1. Reliability of EMG parameters for fatigue indices.

Ref Purpose Electrode
Location Subjects Experimental

Method Parameters Used Conclusion

[20]
2000

Investigation of EMG
variable (MNF, RMS)
for valid indicators of

muscular fatigue

VL, RF, VM 11 males,
10 females

Repetitive
maximum

isokinetic knee
extensions

RMS, MNF, MDF,
torque, knee
joint position

MNF is a good
criterion validity.

[21]
1999

Investigation reliability
of sEMG VL, RF 9 males,

9 females
Isometric knee

extension
RMS, MDF,

torque

MVC
measurement is
best suited for

clinical
applications from

rectus femoris
muscle.

[22]
1999

Correlation of EMG
fatigue data in the lower

back to the subject’s
assessment of fatigue

L1, L5 25 males,
25 females Sørensen test MDF, endurance

time, Borg scale

The Borg scale
correlated with
endurance time

and EMG median
and mean power
frequency slopes.

[23]
1982

Examination of the
changes in frequency

and amplitude of sEMG

Adductor pollicis,
handgrip muscles,

biceps,
quadriceps

6 males
MVC, fatiguing

contraction
(25,40,70% MVC)

RMS, center
frequency

The center
frequency of

sEMG appears to
be a good

noninvasive
index of

muscle fatigue.

[24]
1979

Study of quantitative
changes in the EMG

pattern muscle
fiber-type distribution

VL 11 males MV knee
extensions

Integrated EMG,
MNF

MNF decreases in
FT-type muscles.

[25]
1986

Determination of the
effects of motor unit

recruitment and firing
frequency on the

surface EMG power
spectra during

sustained MVC and 50%
MVC of the bicep

brachii muscle

Bicep brachii 12 males 50% MVC RMS, MNF

Increasing RMS
EMG amplitude
and decreasing

MPF could better
represent the MU

activity during
fatigue.

[26]
1994

Examination of the
relationship between
EMG manifestation of
fatigue and endurance
time during isometric
contraction of the back

extensors to fatigue

Erector spine at
the levels of the

10th thoracic and
3rd lumbar
vertebrae

21 males,
208 females Sørensen test MF, endurance

time

MFgrad is a
suitable

technique for
monitoring back
muscle fatigue.

sEMG has a limitation in that it is a noninvasive method that is not directly inserted
into the muscle. Because of the noise caused by the electrode, which is an attachment type,
and due to the muscle attachment position of the electrode, it affects the conduction velocity
and median frequency, parameters of EMG [27]. Standardization of the attachment method
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and attachment location per laboratory was required. Therefore, a study on standardizing
the electrode position was conducted to obtain accurate and repeatable data on the sEMG
signal parameters. Recommendations for the use and technical considerations of sEMG
and a questionnaire and interpretations required for the use of sEMG were presented [6].
Several researchers studied the standardized electrode locations. For example, to provide
information on the degree of uniformity of the inner zone position of 13 superficial muscles
in the lower limb, an experiment was conducted and the optimal electrode placement
was between the inner zone and the tendon termination according to the landmark in
eight of 13 muscles [28]. This placement was suggested by examining the muscle fiber
orientation and palpable bony landmarks in the abdominal muscle [29]. The surface EMG
for a Noninvasive Assessment of Muscles (SENIAM) project standardized the electrode
attachment location and electrode size for concerted action in the Biomedical Health and
Research program of the European Union [30]. However, even if the standard electrode
location is used, the biggest drawback of sEMG is not compensated. The limitations from
previous studies are presented in Table 2. Some obtained the same results as the isometric
contraction in dynamic contraction, and some did not obtain valid data. The studies
that did not obtain valid data from the isometric contraction suggested that the reason
was due to the movement of various muscles rather than one muscle when performing a
specific movement.

Table 2. Clinical studies conducted by measuring EMG during movement.

Ref Purpose Electrode
Location Subject Experimental

Method Parameters Used Conclusion

[31]
1993

Investigation of EMG
median frequency of
calf muscles during

an exhausting
treadmill exercise

Right soleus,
gastrocnemius

medialis,
gastrocnemius

lateralis

7 males,
2 females

Uphill treadmill
run till the
moment of
exhaustion

Heartrate, ECG,
median

frequency,

Immediately after the
run, isometric median

power frequency
declined.

[32]
2007

Determination if a
difference existed in
the rate of fatigue of

select shoulder
muscles during

isometric
shoulder elevation

and if the measured
rate of fatigue was

consistent from day
to day

Upper trapezius,
middle deltoid,

serratus anterior,
lower trapezius

muscles

7 males,
9 females

60% of their
maximal
voluntary
isometric

contraction force
(MVIC)

MPF

Middle deltoid appears
to fatigue faster than the
other shoulder muscles

tested at the selected
level of

shoulder elevation.

[33]
2009

Determination of the
difference in fatigue
between athletes and

non-athletes

VL, VM, RF 11 males
Maximum versus
forced repetition
knee extension

Blood lactate,
load in forced

repetition,
integrated EMG

Strength athletes
produced neural fatigue

in high-intensity
resistance exercise.

[34]
1998

EMG assessment of
back muscle function
during cyclical lifting

Mind-belly of the
longissimus

thoracis,
iliocostalis
lumborum,
multifidus

muscles at L1,
L2, L5

3 males,
1 female

Dynamic and
static lifting

instantaneous
median frequency
(Choi–Williams)

During dynamic
contractions,

instantaneous median
frequency behavior is
nonlinear and more

complex than
static contraction.

[35]
(2005)

Evaluation of
handgrip forces using

sEMG of forearm
muscles

6 forearm muscles 8 males Isometric
gripping tasks

Grip force,
normalized EMG

For standardized grips,
valid predictions of grip

based on EMG
were produced.

[36]
(2001)

Evaluation of the
potential health

effects with respect to
the low back of an

office chair

L3, T10 3 females,
7 males

Simulated office
work on a chair

Exposure
variance analysis

Trunk kinematics and
erector spinae EMG

were strongly affected
by the task performed
but not by chair type.

When the EMG sensor is applied to a smart device, it is possible to recognize and
prevent a muscle from being injured during exercise by monitoring the movement of
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the muscle. Since 70 years have passed since it was used for research, if a wearable
sensor is made using the results of the research conducted so far, quality of life will be
greatly improved. For example, there was a study that analyzed the frequency spectrum
of electrocardiography (ECG) data that can detect EMG and EEG and can differentiate
sleep states divided into four with 98–99% accuracy [37]. In addition, some studies have
shown that driver fatigue can be measured by ECG and EMG [38,39]. In the case of drowsy
driving, ECG and EMG can be developed for wearable biosensors to detect the risk of
drowsiness at one of four levels and can greatly reduce accident rates. However, since
sEMG and EEG need to have electrodes attached, they are inconvenient to wear and have
not yet been commercialized due to noise problems. It was mainly analyzed only in the
isometric contraction of a single muscle, and since dynamic movement appears when
the movements of several muscles are integrated, it is difficult to measure accurate and
significant data when performing dynamic movements. Also, a wireless sensor is essential
for use outside the laboratory, such as running on a track or in a playground. Currently,
a wireless sEMG sensor has been developed to analyze dynamic motion, but the noise
that occurs in dynamic motion has not yet been resolved. For the EMG sensor to become
a wearable sensor, it is necessary to solve the problem of noise generated on the surface
electrode. The solution to this will be covered in detail in the section on noise below.

2.1.2. Needle EMG

Unlike surface EMG, needle EMG records the electrical activity of a muscle by inserting
a needle electrode directly into the muscle or by obtaining the high-frequency electrical
activity generated by moving the position of the needle electrode in the muscle and an
electrical signal in a rest state [40]. The measurement of needle EMG by physical stimulation
causes more severe pain than that of sEMG. In order to solve this problem, a study was
conducted to investigate the pain of needle EMG [41], which can be divided into two types:
a concentric needle electrode and a monopolar needle electrode (Figure 4). In the former,
the surrounding cannula is the reference electrode, and the latter is recorded through the
surface electrode. The electrode for measuring needle EMG is mainly a concentric needle
electrode that has a small recording area and can obtain a value that cancels out noise. Since
needle EMG can measure accurate data, one unit of motion can be analyzed through action
potentials obtained from muscle fibers that contract at a location very close to the needle
electrode using triggered averaging and decomposition methods [42]. After inserting a
needle to induce minimal muscle contraction, the motion unit potential is analyzed by
continuously obtaining one and the same motion unit potential using amplitude triggering
while gradually moving the position. Muscles are evaluated mainly by comparing the
average duration and amplitude with normal values [43]. After that, multi-motor unit
potentials (MUP) analysis was developed and a technique capable of simultaneously
obtaining and analyzing multiple-MUP from one recording site became available and was
applied [44]. The pain of needle EMG, which was caused by the movement of the existing
electrode, is less than in the past with multi-MUP analysis, which is possible with one
insertion. However, there are still various limitations.

Electrodiagnostic physicians should conduct a needle EMG test after checking the
patient’s history based on clinical data. Care should be taken regarding some patients with
skin infections, skin diseases, bleeding disorders, and obesity. Since there is a risk due
to various variables such as muscle location and muscle size, needle EMG requires that
the placement of a needle in the longitudinal midline of the muscle is accurately inserted
into the muscle of interest. Instead of these drawbacks, it can be used as a measure of
the accuracy of sEMG. For example, in the vastus intermedius muscle, sEMG was used
to determine if the whole muscle could be used to assess neuromuscular activation. The
observation of a good correlation could be used to assess total neuromuscular activation of
the VL muscle during isometric contraction at low force levels [45]. There is also a paper
on the feature extraction of a forearm EMG signal for prosthetics. EMG data analysis was
conducted using both needle and sEMG for recording accuracy during hand movement [46].
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For analysis of neuromuscular jitter that can be measured only in a single fiber, only needle
EMG can be used [47–49] (Figure 5). EMG, which can obtain sensitive signals, is used
for physiological analysis and diagnosis in a single motor unit during muscle contraction.
Needle EMG is known to have a more accurate value than sEMG and is being used and
studied. Needles have little noise, but considering the risk and difficulty of including
them in a wearable sensor, it cannot be applied to the future development of biosensors.
However, if the surface electrode is made in a way that reduces noise by bringing the
reference electrode closer like a needle EMG to make it more accurate and easy to wear, it
can be used in a wider range.
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2.2. Electrocardiography

Electrocardiography (ECG) is an interpretation of the heart’s electrical activity over
a defined period. An electrocardiogram is used to measure the rate and consistency
of a heartbeat and to diagnose the size, location, and condition of the heart. Since its
introduction, it has become the most common clinical trial tool [51]. The voltage difference
between myocardial cells, which is caused by depolarization of the myocardium whenever
the heart beats, is detected and recorded. The ECG can be expressed as a cardiac vector,
which is recorded by electrodes attached to the skin and by special equipment outside the
body [52]. Over the past decades, advances in computers have made recommendations for
the standardization of ECG records and interpretation of ECGs. For lead standardization,
ECG is recorded through 12 leads composed of bipolar and unipolar leads [53]. There are
three electrodes in standard limb leads, three electrodes in augmented limb leads, and six
electrodes in precordial leads. Standard 1 is the left arm to the right arm, standard 2 is the
left arm to the right leg, and standard 3 is the left arm to the left leg when using bipolar
leads to obtain information about the electrical axis of the heart. Augmented limb leads
is a method of recording signals attached to the limbs using unipolar leads. Augmented
voltage right arm (aVR) is a method in which the right arm is positive and the average
value of the left arm and left leg voltages is negative; augmented voltage left arm (aVL) is
when the left arm is positive and the average value of the right arm and left leg voltage
is negative; and augmented voltage left foot (aVF) is when the left leg is positive and the
average value of the left arm and right arm voltage is negative. The precordial leads from
V1 to V6 are attached to six areas close to the heart and receive signals using unipolar leads
(Figure 6). Electrocardiogram electrodes, similar to sEMG, use a surface electrode where
the skin and an adhesive pad are connected with a conductive gel, and skin preparation is
required before attaching the electrode. Some ECG types, which require attention before
measurement, are currently applied clinically and used for medical and research purposes.
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With the introduction of X-rays, ECGs gave information about the structure and
function of the heart. A galvanometer was used to record the difference between limbs
due to electrical activation of the heart. After that, when the 12-lead ECG was invented,
the ECG device we know was used in clinical and therapeutic applications [51]. With the
development of the electrocardiogram, a study found that ventricular arrhythmias can
stratify mortality risk in patients with ischemic stroke [54]. In addition, an independent
risk factor for sudden death due to cardiac arrest was studied with ECG [55]. The health
of elderly people without disease was monitored around the clock using ambulatory
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ECG, confirming that there was a significant prevalence of complex supraventricular
beats [56]. Since it is not wireless and a professional person must be in the field, it is
necessary to supplement it for application to a wearable sensor. It was confirmed that
health monitoring is possible by using ECG wirelessly. Based on these advances, studies
were conducted for the use of ECG in lifespan and health monitoring. Among them,
the most interesting approach is the use of an electrocardiogram as an additional tool
for biometric applications. It is the characteristic of the heartbeat based on the time and
amplitude distances between detected reference points, and it can be used for identification
with the human heartbeat [57,58]. However, since it is highly dependent on the accuracy of
reference detection, it is necessary to accurately measure the ECG, and further advances in
technology will be required to apply this to real life.

Since ECG, like sEMG, must use a surface electrode, accuracy is required when using
the precordial leads method. Except for precordial leads, there is no problem with electrode
placement presented in sEMG since it does not require precise positioning. ECG, which
has fewer limitations than sEMG, was recently applied by mounting electrodes on the
crystal and digital crown on the back of a smartwatch. Data was recorded using standard
lead 1, a method of measuring the difference between the left arm and the right arm, and
remote diagnosis was possible by connecting to a doctor. However, it is not possible to
automatically measure for 24 h because a finger must be placed on the digital crown when
measuring in everyday life. There is also concern that the data values may vary depending
on the surrounding environment. Therefore, there are still limitations.

2.3. Photoplethysmography

Photoplethysmography (PPG) detects blood volume changes caused by pressure
pulses in the microvascular layer of photoplethysmogram tissue [59]. Changes in blood
volume and flow are detected by measuring the amount of light transmitted or reflected
through a photodiode by shining light on the skin from an LED. It uses the reflected light
change as blood flow changes due to the action of the heart beating. Light from a source
arrives at the finger and absorbs light from the blood, bones, and tissues, some of which
pass through to reach the optical receiver and some of which are reflected. The degree to
which light is absorbed is proportional to the amount of blood, skin, and tissue in the path
through which the light passes, and since it is a component that does not change except for
changes in blood flow due to heartbeat, it is possible to measure changes in blood flow [60].
With these properties, PPG can be used to measure and monitor breathing, hypovolemia,
and other circulatory conditions [61]. PPG technology has been used in a variety of
commercially available medical devices to measure oxygen saturation, blood pressure, and
cardiac output; to assess autonomic function; and to detect peripheral vascular disease.
PPG is used in smart devices to show the general process of heartrate. In general, PPG is
measured at the fingertips using transmissive absorption (Figure 7). In the case of shock or
hypothermia, it may not be properly measured. In this case, it is obtained from the ears,
nose, and forehead by reflection.
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The ancillary monitor of the “pulse waveform” PPG did not go through an intensive
investigation. With the introduction of pulse oximetry to routine clinical practice in the
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1980s, its importance in clinical medicine increased significantly. With the enhanced
digital signaling technique, research is being conducted on parameters including the
transmittance of light and reflection of light currently used in the field of PPG, such as
waveform amplitude and rhythm [62]. Smart devices with PPG sensors that use the already
certified transmittance and reflection of light have been applied and commercialized. Since
PPG does not have a contact problem like that of a surface electrode, it is noninvasive and
inexpensive and could be easily applied to a smartwatch using the method of measuring
reflected light [63,64]. When ECG and heartrate variability were compared, PPG obtained
meaningful similar results and was first used in smart devices because it is relatively
cheaper than ECG. However, it has a limitation that it cannot see the heartbeat waveform
like an ECG [65]. To further increase utilization of the PPG sensor, more research on PPG
data is needed with the advancement of technology. Since the origin of the components of
the PPG signal has not yet been accurately identified, studies are needed to demonstrate
the usefulness of more than oxygen saturation and heartrate measurements in clinical
settings. However, because PPG is sensitive to body movements, it is difficult to measure
pulse rates precisely during exercise. A study was conducted to reduce the effect of motion
artifacts generated by motion in a dynamic state [66–68]. Since PPG is a biosensor that is
currently used as a wearable sensor, its stability is guaranteed, and if additional information
about the waveform can be obtained, it will be a great improvement in the function of
health monitoring.

2.4. Electroencephalography

Electroencephalography (EEG) is an electrophysiological monitoring method that
records the electrical activity of the brain [69]. In general, in clinical research and treatment,
spontaneous electrical activity is recorded for a certain time using a noninvasive method
placing electrodes along the scalp. The EEG provides information about brain activity
by measuring the voltage displacement caused by ions within the brain’s neurons. Until
the advent of MRI and CT, EEG was used for medical purposes to diagnose epilepsy,
sleep disorders, depth of anesthesia, coma, and brain death [70]. Later, more advanced
technologies such as MRI and CT were used in clinical research to monitor brain activity in
real time or to study functions in neuroscience and cognitive science. EEG was also studied
as a method to measure drive fatigue by investigating psychophysiological associations
with fatigue. By looking at changes that occurred during the driver’s simulator operation,
it was found that significant EEG changes occurred during fatigue [38]. Infants with
encephalopathy and normal infants were studied within 12 h after birth for normal and
abnormal patterns. As a result, infants with normal EEG findings were normal at follow-up
at 18 to 24 months. Infants with moderately abnormal or suppressed EEG signals were
confirmed to have a seizure or neurological abnormality [71]. In addition, studies on
attention-deficit/hyperactivity disorder (AD/HD) were conducted with EEG. Since EEG
is information on the background state of the brain that indicates cognition and behavior,
studies have confirmed that EEG abnormalities are found with high probability as a result
of investigating children with motor behavioral disorders using EEG [72]. Based on the
research results of the EEG sensor, it was necessary to make a device to apply it. The surface
electrodes with wires used in the laboratory cause discomfort when worn and limits the
measurement location of EEG data. Since diagnosis with MRI and CT cannot be conducted
with wearable sensors, EEG sensors are being developed in simpler wearable forms for
early detection of diseases and health. EEG has evolved into a small head-mounted device
that can record data for a long time at once (Figure 8). It was made by removing the wire
connecting the electrode and the EEG recording device and by replacing it with a microchip
including an amplifier and wireless transmitter mounted on the electrode itself. This EEG
record can be analyzed using a computer or smart device [73]. However, there is no case
where it has spread to daily life for monitoring purposes because of the inconvenience
caused by wearing it on the head during use. Therefore, it has not been applied to health
monitoring based on the data currently studied on EEG. For the use of ECG as a health
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monitoring function, there is also a problem with accuracy due to the movement of the
sensor. Therefore, there is a need to propose an alternative with a next-generation biosensor
that can maintain fixation and can remove inconvenience.
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3. Limitations of Current Biosensors

Noise must absolutely be removed for a biosensor to be wearable. Researchers have
considered data processing methods and filtering methods to eliminate noise, and they
are still being studied, but we intend to present a solution that addresses the fundamental
problem. Noise includes transducer noise and electrode motion artifact noise. These are
the two types of noise and the direction of development required to eliminate them.

3.1. Transducer Noise

Transducer noise occurs at the electrode-skin junction due to the difference in impedance
between the skin and the electrode sensor, which is a conductive transducer. As skin
impedance increases, distortion of the signal waveform and interference of the power line
in the EMG occur. In order to reduce this skin impedance to an acceptable level, preparation
of the skin is necessary before surface electrode application (Figure 9). The surface electrode
mainly used has an electrolytic gel that minimizes skin impedance that generates noise,
is relatively light, and can be manufactured in various sizes and shapes [74]. The gelled
electrode serves to form a charge layer at the interface between the electrode metal and
an electrolyte such as AG-AGCL. If the electrode is too small to use gel, a dry electrode is
used. However, the skin impedance of the dry electrode is higher than the impedance of
the gelled electrode [75]. Since the problem of noise occurs as a result of high impedance,
an electrode circuit is required in the electrode part to minimize this. It is heavier than
the gelled electrode, so it is difficult to fix the electrode. However, dry electrodes are
mainly used in wireless sensors because amplification and filtering are possible at the
electrode part without wires. In addition, since the dry electrode has more noise than a
conventionally gelled electrode, more expensive special hardware is required [76]. The
wireless sensor must have high accuracy to remove the limitation of motion. To reduce
noise caused by contact with the skin, a sensor type that is less affected by environmental
factors and minimizes impedance with the skin should be developed.

3.2. Electrode Artifacts during Body Movement

While measuring data through the surface electrode, the sensor and the skin should
be in direct contact and the movement of the electrode should be minimized during
measurement. If the sensor is not properly attached, correct data cannot be measured
and incorrect data is provided [77]. In particular, the electrode is separated from the skin
surface, creating a gap between the electrode and the skin during dynamic motion. In
the case of a gel type electrode, as the intervening gel layer decreases, problems arise in
measuring the electrical signal. Also, the skin is deformed or stretched, and the potential
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value changes during dynamic movement [78]. To solve these problems, skin impedance
can be reduced by shaving the skin or by using a conductive paste. In the case of EMG,
it is difficult to measure signals for only one muscle because EMG crosstalk from active
muscles occurs in adjacent muscles during dynamic movement. Crosstalk is the biggest
disadvantage of EMG signals and causes confusion in the interpretation of the results while
recording on the skin surface.
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4. Technology for the Next Generation of Flexible Wearable Biosensors
4.1. Noise Elimination

One countermeasure for noise is to decrease noise in the process of receiving data
from the EMG sensor. Noise was eliminated by minimizing foreign matter such as hair and
dead skin cells between the skin and the sensor for accurate signal measurement through
the existing surface electrode. For more advanced technology, the processing method was
studied in addition to the preparation for measurement. In EMGs contaminated with noise,
interference was reduced by processing and filtering or noise was reduced using well-
designed electrodes and signal recorders. For example, research has been conducted on
algorithms and wavelets to eliminate powerline noise using signal processing techniques.
By analyzing the ECG waveform with a high correlation value between the wavelet-
processed signal and the original signal, it was proved that noise was diminished [79]. In
addition, a study was conducted on a signal analysis method using parameters that are the
least affected by noise among EMG signals. The study showed that a median frequency
among EMG parameters has a very superior performance compared to other signals by
adding white Gaussian noise to EMG signals [80]. Even though the existing parameters
and sensor algorithms were improved, EMG was not able to study dynamic movements.
In addition, even if noise is reduced, discomfort due to the fit of the sensor is an obstacle to
the development of a wearable sensor. We present a new approach to this.

Despite various studies, it was not commercialized because of the quality problem
of the sensor and the miniaturization of electronic devices. If a biosensor is used in
textiles along with an electrode miniaturized by development of the sensor type, it is the
next-generation biosensor we want. For the commercialization of various biosensors, it
is important to minimize noise with technology that miniaturizes devices. If the noise
problem is solved by approaches in various fields, advancement of the sensor could
occur rapidly.

4.2. New Types of Biosensors

To improve the accuracy of the electrode and to create a sensor that is light and does
not interfere with the fit, a new type of electrode may be combined with a biosensor. New
types of electrodes are being studied that are more suitable for the body. For example,
attempts were made to reduce noise by developing electrodes using fine needles or light
and flexible materials. Since the existing gelled electrode cannot be used and noise is
generated due to increased sensitivity to motion artifacts and poor skin-electrode contact,
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we came up with a textile sensor with a flex-printed electrode and integrated circuit [81,82].
If the biosensor type advances using microneedle patches or nanowires hybrid film, it will
be possible to make a wearable sensor with high accuracy and minimal environmental
impact by applying it to suits, shoes, and skin. Among the attempts to do this, a study
was conducted on the development of a wearable ECG sensor to continuously monitor the
ECG of children with a high risk of sudden infant death syndrome. Since the composition
of circuits that communicate wirelessly, and amplify and filter wearable wireless sensors is
essential, biosensors that are not uncomfortable to wear due to the application of various
materials on the skin and that produce less noise as a result of external conditions have
led to the use of various patches. In the method of applying the sensor to the fabric as a
wearable sensor, if the clothes do not fit tightly, data errors occur. It is difficult to use in real
life unless the clothes are tight enough to prevent discomfort. To solve this problem, it is
necessary to strengthen the adhesion between the electrode and the skin so that it does not
fall off.

Among the various types presented for the development of biosensors are micro-
patches that deliver vaccines or drugs outside the skin. One of these is the microneedle
patch, which performs injections and is attached to the patient’s skin through the micronee-
dle. It was demonstrated that microneedles can penetrate the skin [83], and after that,
microneedles were studied as a method for delivering drugs. However, we focus on the
fixation power of the microneedles. So far, we have tried to make biosensors with safe,
noninvasive methods for use in wearable forms. If you can minimize the invasiveness
and make the biosensor light and convenient to operate, there is no need to insist on
noninvasive methods. Since the stratum corneum of the skin is the largest barrier for
drug delivery to the body, microneedles were developed to penetrate it and to deliver
drugs in the stratum corneum of the skin without nerves. In clinical trials, microfabricated
microneedles were proven to be painless when pressed on human skin [84]. The biggest
reason for pursuing a noncontact method is the pain caused by needles entering the muscle.
If a sensor is made in a wireless form using a microneedle patch, more accurate data can
be received than a noninvasive method. Based on this, researchers recently developed
electrodes through a microneedle. A microneedle array was used to develop wearable
electrodes for biological signal recording [85] and to detect electrochemical and biological
signals through blood. Microneedles have been studied for application ranges such as
length, base diameter, thickness, and tip angle for clinical application [86].

Alternatively, electrodes are being developed with materials to modify the shape
of light and flexible electronic products [87]. At present, the wireless biosensor has a
limitations regarding the difficulty to measure in dynamic movement since circuits and
dry electrodes for wireless communication are not able to deform and do not catch up
with the deformation of the skin. If the biosensor is finely manufactured in the form of a
microstructure and applied to integrated circuits, it will be possible to miniaturize biosen-
sors and to produce them in flexible forms. Flexible sensors using graphene-nanowire
hybrid nanostructures are being made this way. The transparent and highly stretchable
nanowires hybrid film reduces the field-effect response and is advantageous for electrode
applications. It has been shown that continuous connection to the channel can improve
field-effect transistor mobility by reducing the contact resistance between the channel
and the electrode [88]. As the technology for a transparent wireless sensor that can be
attached to human skin is also advancing, it is possible to develop a bio-integrated wearable
sensor [89] (Figure 10). A report on the electrical detection of immobilized proteins in a
sensor with an AlGaN/GaN field effect transistor (FET) capable of lowering the noise ratio
showed that the cell action potential can be recorded in cultured cells [90]. Thin films of
indium tin oxide, a transparent conductive electrode material, were used, but there are
limitations due to problems such as infrared transmittance and robustness. To replace this
material, research has been conducted to apply carbon nanotubes and graphene. Among
them, graphene, which was isolated by repeatedly peeling graphite with tape, has been
recognized as a promising transparent conductor for electronic devices because of its high
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elasticity, low contact resistance, and structural stability [91]. There is also a study showing
that graphene is capable of electrophysiological recording and optical imaging [92,93]. The
use of metal nanowires to improve the transparency of biocompatible sheets has been intro-
duced, bringing them closer to more advanced wearable sensors [94]. It is more conductive
compared to materials, and since its effect is maintained even in a bent and elongated
state, it reduces the discomfort of the wearer and helps in the application of a miniaturized
wearable sensor. It was confirmed that the highly conductive Ag–Au nanocomposite can
monitor electrophysiological signals along the skin contour [95]. With the use of various
materials that can be implemented in the form of electrodes, it is possible to develop a
sensor that is more flexible and suitable for movement of the human body. In order to
reduce discomfort during wear, electrodes have been made with various materials to obtain
more accurate values.
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As an example of the application of this material, sensor development in the temper-
ature field is being made. Graphene has a higher thermal conductivity than metal and
carbon nanotubes, enabling sensors using graphene to monitor temperature. A new ap-
proach to the temperature sensor was proposed with freestanding single-reaction graphene
oxide fiber using the property where resistance depends on temperature [86]. In addition,
studies were also conducted on skin heat patches and transparent supercapacitors and
electrodes that embodied the heater’s function for heat treatment of skin tissue in the
semiconductor film. For application to wearable sensors, transparent supercapacitors
were used with electrohydrodynamic jet printing, and radio antennas and transparent
and flexible electrodes were used in heat patches. Heat patches can be employed as a
biosensor that can control the blood perfusion level and hyperfiction rate of the skin. Since
noise generated in noninvasive data measurement can be minimized with low sheet re-
tention, a method applying a dense AG nanofiber network was adopted (Figure 11) [96].
The graphene electronic tattoo (GET) format of graphene was proposed for bioelectrodes.
Graphene bioelectrodes are highly likely to be applied to wearable electronic skin because
they have high strain resistance and can obtain electrophysiological signals [92] Graphene
is also a material of great interest for its application to biochemical sensors that can detect
biodata from body fluids such as sweat, saliva, and tears. For example, using a contact lens
sensor, we analyzed biodata obtained from tears in real time. There is also research that
implemented contact lens sensors using RLC circuits [97]. Graphene has also been applied
to sensors that identify human motion. A flexible and transparent strain sensor based
on graphene and a carbon nanotube mixed film that can be worn has been reported [98].
A study in sports, a field that monitors human movement by attaching sensors to joints
using graphene, a flexible and expandable material, was able to analyze the periodicity of
joints and compared signals between joints to prove the stability of sensors [99]. Therefore,
graphene can be applied as a transparent and flexible biosensor and has no resistance to
attachment, so it can be accessed as a sensor and electrode in various fields. Although there
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have not been many clinical trials yet, commercialization can be achieved by combining
the sensor’s data with a system that can be analyzed in real time.
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For real-time analysis by wearable sensors, a combination of a heat patch and mi-
crocontroller unit (MCU), which can send and receive data wirelessly, has been studied
(Figure 12) [100]. In order to lessen inconvenience when attaching it, the circuit inside the
electrode is not opened, the MCU is installed around the device, and the data received
from the electrode is analyzed by the MCU to provide bio-signal information. As seen in
Figure 12, it is composed of a wire-connected form, and if the technology is developed to
miniaturize the sensor and circuit, it will be possible to manufacture the sensor in a form
that is convenient to wear.
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In another study, the use of inexpensive printed electrodes on flexible substrates such
as plastic and paper was proposed. The screen-printing technique, which is used for
printing on a thin surface, can be employed for electrochemical analysis by using ink with
high printing viscosity [101]. Using the fast IR sintering method on a reusable coated paper
substrate, it is possible to fabricate an electrode that has high conductivity and maintains
conductivity while bending and twisting. This printing method has the advantage that the
surface is smooth so there is no foreign-body feeling, and the material cost is low because
it can be made thin. In terms of electrophysiology, direct attachment technologies such
as inkjet printing have been suggested. Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate was printed using inkjet technology for a conductive polymer to produce an
electrode with good elasticity. An additional method of printing with ionic liquid gel
was also used to improve contact with the skin. By measuring an ECG between two
forearms through a printed electrode, it was found that essential electrocardiogram waves
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were clearly recorded [102]. There was also a study that realized an electrode for EEG,
a sensor that measures electrophysiological signals similar to ECG as a flexible screen
printed electrode. Results similar to those of general EEG were obtained by designing
and attaching an Ag/AgCl electrode system printed on the auricle that can receive EEG
signals. Nevertheless, since there was a problem caused by skin impedance in the existing
EEG, further development of printed electrodes is required for complete noise reduction
and comfort.

In a similar way, epidermal electronic systems (EES), which use a device with an mass
density consistent with the epidermis, have been used to study the epidermal electrons
that can detect biodata by coating the skin [103]. The device was coated on the skin
and glued in a way that was mechanically invisible to users, like a tattoo (Figure 13),
proving that data was available similar to that provided by game controllers [104,105].
An electrophysiological signal can be obtained by following the skin’s contoured surface
and dynamic movement over time in a natural way that can be firmly integrated into the
skin surface. After attaching the sheet to the skin and washing it off, the remaining EES
on the skin adheres firmly. When this method is used, EES does not require a separate
substrate, so it is appropriately attached to the human body and does not fall off easily, and
it is possible to accurately measure electrical signals within the skin by naturally following
the deformation of the skin. The question of how long EES is maintained in real situations
was presented, and as a result of conducting an experiment by attaching it to the forearms
of six participants, it was found that it could accommodate exercise, water, and sweat for 1
to 2 weeks [103]. One problem is that device failure is caused by exfoliation of dead skin
cells. Although it is necessary to overcome these shortcomings for real-time monitoring
of health, a method to apply the sensor most appropriately to the human body with the
use of EES has been proposed. If the EES can be used once or for short intervals, such as
disposable surface electrodes, real-time monitoring with wearable sensors will be possible.
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If the combination of electrophysiological biosensors and devices with various ma-
terials is realized, it can be used to monitor and detect changes in our bodies in real time.
The development of next-generation biosensors continues to be made with changes in
electrodes, systems, and patches in various materials. A method to reduce noise will
proceed in various directions with more studies, and further advances in the currently
researched technology will continue to develop technology for health monitoring.

5. Concluding Remarks and Future Directions

Biosensors help to judge the state of our body by receiving signals from the body. They
are used in smart devices that can be easily carried and are widely used in real life such as
for health monitoring. The currently applied health monitoring functions include PPG and
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ECG. The use of a biosensor that we often see in smart devices is a health check function
through heartrate measurement and oxygen saturation measurement using a PPG sensor.
However, with a few exceptions, biosensors are not used in smart devices for some reason.
The biggest reason is the noise caused by the surface electrode. Along with a method to
minimize this noise, progress on wireless sensors is being made. Despite the development
of wireless sensors, they have not been commercialized because of inconvenience when
wearing them and are used only for research and medical purposes. An example of a
wearable sensor can be seen in Figure 14. In order to solve the problem of adhesion of
the surface electrode, noise generated by foreign substances such as sweat and movement
during high-intensity exercise must be resolved. To address these problems, it is necessary
to change the shape of the sensor to that of a microneedle patch.
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For application to wearable sensors, studies on flexible sensors [106] and nonflexible
sensors [107] are being conducted. If the microneedle is used together with a shape change
of the flexible sensor, more accurate and painless measurement is possible. It does not
fall off even if it moves dynamically, and it measure in places where measurement is
restricted, such as in underwater, so clinical trials are possible in more cases. In the case of
the dry electrode, when dynamic movement is performed, the skin is stretched and the
adhesive of the sensor fails, making it difficult to analyze muscles. If a sensor is developed
using microneedles, the fluidity of the flexible sensor does not degrade and more accurate
data can be obtained. Since it can be measured closer than a conventional sensor, it will
not be more sensitive to changes in the external environment. Also, if a printed circuit
board (PCB) substrate can be used with a skin patch, it will be possible to achieve the
smallest next-generation biosensor and wearable sensor that does not feel uncomfortable.
As the current smart devices advance, more lightweight and miniaturized devices continue
to be made. The combination with a microneedle is essential for the development of a
biosensor based on painless, safer, and more accurate values with the integration of several
technological advances.

A brief description of biosensors and the next-generation direction for development
into wearable sensors was given. Biosensors are an indispensable field for future technolo-
gies as awareness of health has increased as we enter an aging society. For sudden cardiac
arrest or remote monitoring of the elderly, a biosensor must be able to receive signals con-
tinuously for 24 h in real life [84]. In addition, an understanding of biosensors is essential
for the early detection of diseases. The authors hope that, with this brief introduction to
biosensors, they can be applied to each specialized field and developed in a wider variety
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of directions than the biosensor we proposed. If more data can be received through more
biosensors and applied to smart devices, a more advanced life will be possible.
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