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Abstract:

This paper primarily focuses on the audio technology
utilized in wearable devices. It conducts a comprehensive
and detailed review of the evolutionary trajectory of audio
technology, which not only encompasses the application
of speakers but also the various challenges encountered
in the design process. Additionally, it delves deep into
the theoretical underpinnings of micro speaker physics,
integration, and low power audio technology. Furthermore,
meticulous tests and evaluations are carried out on both
wearable device speakers and bone conduction speakers.
The outcomes clearly reveal certain limitations present in
the current speakers. Consequently, the conclusion drawn
is that future wearable device speakers urgently necessitate
technological innovation to significantly enhance sound
quality, optimize power consumption, improve durability,
and elevate the overall user experience. Future research
directions encompass the exploration of advanced audio
processing algorithms and low-power strategies, as well as
the undertaking of extensive and in-depth user research to
gain deeper and more valuable insights.
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1. Introduction

grate health monitoring, exercise tracking, communi-
cation, entertainment and other functions today. The

In today’s era of rapid technological development,
wearable devices are gradually becoming an indis-
pensable part of people’s lives. With the continuous
advancement of sensor technology, wireless commu-
nication technology and miniaturized electronic com-
ponents, wearable devices have become increasingly
powerful, from simple pedometers and heart rate
monitors at the beginning to smart devices that inte-

importance of wearable devices lies in their ability to
provide users with a variety of key information and
services in a real-time and convenient manner. They
can closely fit with the user’s body, continuously
monitor physiological parameters, and provide pow-
erful support for health management. At the same
time, the portability of wearable devices enables
them to be used in a variety of scenarios, whether in



sports, at work or in daily life, to meet the different needs
of users™.

In wearable devices, speakers play an important role.
Firstly, in the field of health and medical treatment, wear-
able devices with speakers can realize medical remind-
er functions, such as regularly reminding users to take
medication and conduct health checks®. Meanwhile, for
hearing-impaired patients, the speaker of wearable de-
vices can be used as an assistive listening device to help
them better perceive the surrounding environment. In the
field of sports and fitness, speakers can provide users with
exercise guidance, prompting them with correct exercise
posture and rhythm through voice. In addition, when exer-
cising outdoors, speakers can also emit safety alert tones
to remind users of the dangers in their surroundings. It is
of great significance to study the role of speakers in wear-
able devices, which can provide personalized services
and support for different groups of people and improve
people’s quality of life and health; at the same time, by
continuously improving and innovating the speaker tech-
nology in wearable devices, it can bring more possibilities
for the future development of science and technology®.
With the continuous expansion of the wearable device
market, the requirements for its function and performance
are getting higher and higher. As an important part of
wearable devices, the development of speakers’ technol-
ogy is crucial to enhance the user experience of wearable
devices. However, the current speaker technology inte-
grated in wearable devices still faces many challenges,
such as size and power consumption limitations, sound
quality issues, and environmental noise interference. The
motivation of this study is to deeply investigate the cur-
rent challenges and solutions of speaker technology in
wearable devices, and to look forward to the future devel-
opment trend of speaker technology in wearable devices,
so0 as to provide theoretical support and practical guidance
for the design and development of wearable devices.

2. Literature review

2.1 The Evolution of Audio Technology in wear-
ables

The use of audio technology in wearable devices can be
traced back to the 1970s, when electronic watches made a
simple “beep” sound to tell the time, which can be consid-
ered an early application of audio technology in wearable
devices. As technology evolved, wearables began to use
small speakers capable of emitting a wide range of sounds
at different frequencies, with a richer timbre than a buzzer,
allowing for simple music playback and voice prompts.
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By now, modern hi-fi miniature speakers are gradually
becoming an important part of wearable devices.In his
study, Pagano C pointed out that the advancement of au-
dio technology for wearable devices is driven by a com-
bination of factors, of which the miniaturization needs of
the devices is one of the key factors!™. Firstly, the need for
miniaturization of devices has led to continuous innova-
tion in audio technology so that it can be worn comfort-
ably by the user. Secondly, Mendoza A points out that the
enhancement of the mobile user experience is another key
driver™. Modern users expect audio quality on wearable
devices that is comparable to that of traditional audio
devices, including clear sound, rich tones, and adequate
volume.

2.2 Speaker applications in wearables

The premier audio technology is speaker technology,
which has demonstrated a wide and important application
value in different types of wearable devices. In smart-
watches, micro-speakers greatly enhance the user’s infor-
mation reception efficiency and entertainment experience,
and improve the convenience of life and work. However,
there are some shortcomings, as mentioned by Yoon H. et
al in their study, “In smartwatches, micro-speakers may
suffer from greater interference in their sound propagation
due to size limitations, and the audio expressiveness and
reproduction are relatively weak compared to traditional
speakers™™. In ear-hanging devices, stereo audio brings
immersive music enjoyment to users, which can output
richer audio details and more powerful sound effects, but
wearing it for a long time may bring users problems such
as ear compression.

2.3 Design Technical Challenges

As people’s living standards continue to improve, the
market demand for wearable devices is growing, and so
are the challenges of speaker design in wearable devices.
Firstly, in terms of power consumption, Spachos P.et al
pointed out in their study that voice-activated 10T applica-
tions require continuous listening, which puts stringent re-
quirements on power management, and capacitive MEMS
microphones require bias voltages in excess of 5V to
achieve sufficient sensitivity, but their bias networks and
preamplifiers typically consume several hundred micro-
watts of power'”. Meanwhile, in terms of sound quality,
some applications require high-fidelity sound quality for
biometric authentication and more accurate speech rec-
ognition functions, which poses a great challenge for the
design of future audio technologies'®.
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3. Theoretical foundations of the meth-
odology

3.1 Micro speaker physics

The operating principles of micro-speakers in wearable
devices involve electromagnetic induction, piezoelec-
tric technology and bone conduction. Electromagnetic
induction produces sound through the vibration of a coil
driven by a current in a magnetic field, which is compact
and can achieve highly efficient audio output in a limited
space. Piezoelectric technology utilizes the characteristics
of piezoelectric materials to generate vibrations when an
electric field is applied, and has the advantages of small
size and low power consumption. Bone conduction tech-
nology converts sound into mechanical vibration and
transmits it through the bones so that people can hear the
sound. Bone conduction speakers are in contact with the
skin in wearable devices, and transmit sound by vibrating
the skin and bones.

3.2 Speaker integration in wearables

In order to adapt to the evolving needs of wearable de-
vices, integrated design such as packaging technology,
space optimization and multifunctional integration are
considered in the design™. In order to adapt to the minia-
turization and thinness requirements of wearable devices,
speakers are usually packaged in miniature packaging
technologies, such as surface mount technology (SMT)
and chip scale packaging (CSP), and three-dimension-
al layout and compact design methods are also used to
place the speakers in suitable locations of the device to
maximize the use of space inside the device. In addition,
in order to be able to support both handset and speaker
functions, multifunctional integration will also be adopted
in the design to achieve smarter functions. Advances in
material technology have also brought about improve-
ments in the performance of speakers in wearables, with
Lin Z pointing out that flexible materials such as rubber
and silicone can make speakers fit more closely to the
human skin, improving wearing comfort. At the same
time, flexible materials can also act as shock absorbers
and waterproofs to protect the speakers from the external
environment™”,

3.3 Low Power Audio Technology

Wearable devices have stringent requirements on the
power consumption of speakers because wearable devices
usually rely on battery power, which has a limited capaci-
ty. To meet the low-power requirement, wearable devices

usually use low-power audio amplifiers, such as Class D
amplifiers, which feature high efficiency and low power
consumption. It converts the input analogue audio signals
into digital signals by converting them into digital signals,
and then converts the digital signals into high-frequency
pulse signals using pulse width modulation (PWM) tech-
nology, and then reduces the high-frequency pulse signals
to analogue audio signals through a low-pass filter™. This
mode of operation can greatly reduce the power consump-
tion of the amplifier and improve the battery life.

4. Specific applications

4.1 Smartwatch speakers

In smartwatches, it allows users to make calls directly
from their wrists and play responses from voice assistants
to help them get information, set reminders, etc., greatly
improving convenience. Some high-end smartwatches
focus on the balance of sound quality and volume in their
speaker design, and most users rate the speakers of smart-
watches highly for their convenience and practicality in
terms of call and voice assistant functions.

4.2 Bone conduction speaker

The advantages of bone conduction speakers are especial-
ly obvious in special application scenarios such as sports.
It will not affect the use effect due to sweat and shaking
in sports, and it allows users to maintain a sense of the
external environment during sports, improving safety. The
acceptance of bone conduction speakers varies among
different user groups. Sports enthusiasts and users who
have the need for hearing protection have a higher degree
of acceptance of bone conduction speakers, believing that
they can ensure safety and comfort while meeting audio
needs. For some users who have higher requirements for
sound quality, they may feel that the sound quality of bone
conduction speakers still needs to be improved.

4.3 The future of audio technology

In future wearable audio devices, the application of
speakers will be more extensive and diverse. According to
Chatterjee A, the combination of 10T and Al technologies
with speaker technologies will greatly enhance the user
experience of wearable devices in the future™” Through
10T technology, wearable audio devices can be seamlessly
connected with other smart devices to achieve more intel-
ligent control.



5. Test and model evaluation

5.1 Testing and Evaluation of Wearable Device
Speakers

In order to conduct a comprehensive evaluation of mi-
cro-speakers in several typical wearable devices on the
market, succinctly Otto K N’s research on measuring
product question items, I designed a scientific evaluation
scheme™. Firstly, four main assessment metrics, namely
sound quality, power consumption, durability and user
comfort, were identified and weighted. Sound quality
accounts for 35%, including frequency response, distor-
tion and sound pressure level sub-indicators, respectively
assessing the speaker’s ability to reproduce sound at dif-
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ferent frequencies, the accuracy of signal reproduction
and the volume level. Power consumption accounts for
25%, covering static and dynamic power consumption.
The lower the static power consumption, the longer the
standby time of the wearable device; the dynamic power
consumption should be as low as possible under the prem-
ise of meeting the demand. Durability is weighted at 20
per cent, with vibration, temperature and waterproofing
tests to check the stability and reliability of the speaker in
different environments. User comfort is also weighted at
20% and is divided into wearing comfort and sound com-
fort, which is evaluated by randomly selecting strangers
on the street and asking them to score the wearable de-
vices with different micro-speakers. Specific quantitative
indicators are shown in Table I.

Table I. Quantitative Indicators

Primary indicators Secondary indicators Percentage
Frequency response 15%
Sound quality Distortion 10%
Sound pressure level 10%
. Static 10%
Power consumption -
Dynamic 15%
Vibration 5%
Durability Temperature 5%
Waterproofing 10%
Wearing comfort 10%
User comfort
Sound comfort 10%

5.2 Performance evaluation of Bone conduction
speaker

As an emerging audio transmission technology, bone con-
duction loudspeakers have unique performance in differ-
ent environments. In order to gain a deeper understanding
of its advantages and disadvantages in practical applica-
tions, as well as the differences between different bone
conduction technologies in terms of audio quality and
power consumption, we conducted a series of tests, draw-
ing on the research of Yoshikawa K. et al™. First, in an
underwater environment, we placed the bone conduction
speaker in a simulated underwater environment, including
different water depths and current conditions. By playing
specific audio files, we used professional audio measure-
ment equipment to evaluate the clarity and volume of the
sound; second, to test the performance of bone conduction
speakers in sports environments, we invited some sports
enthusiasts to wear the bone conduction speakers in differ-
ent sports scenarios, such as running and cycling. At the

same time, we used motion monitoring equipment to re-
cord the vibration and acceleration during the movement
to evaluate the stability of the speakers in motion.

5.3 Discussion and recommendations on the re-
sults of the experiment

Based on the above experimental results, we can conclude
that the current wearable device micro-speakers are lim-
ited by size and power, the audio quality is weak at low
frequencies, the power consumption is difficult to meet
the demand for long endurance, the durability faces the
challenge of complex environments, and the user comfort
is difficult to take into account. Bone conduction speaker
audio quality in some environments needs to be improved,
power consumption is relatively high, wearing comfort
has limitations. In the future, micro speakers for wearable
devices can be improved in terms of audio quality, power
consumption, durability and user comfort, such as the use
of advanced audio processing technology, optimized cir-
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cuit design, the use of robust materials and user research.
Bone conduction speakers can be improved in terms of
improved audio quality, reduced power consumption and
increased wearing comfort, such as researching new bone
conduction technologies, optimizing driving circuits and
adopting flexible material designs.

6. Conclusion

Through the review of related literature and experimen-
tal comparison, we found that micro-speakers and bone
conduction speakers in wearable devices have certain
limitations. Due to the size and power limitations, mi-
cro-speakers have weak low-frequency sound perfor-
mance, power consumption is difficult to meet the demand
for long battery life, durability is challenged by complex
environments, and it is difficult to fully take into account
the comfort of the user; bone conduction speakers need to
improve the audio quality in certain environments, have
relatively high power consumption, and have certain lim-
itations in wearing comfort. In response to the results of
the study, we conclude that, in terms of technological in-
novation, future wearable device speakers are expected to
be improved by adopting more advanced audio processing
technology, optimizing circuit design, and adopting new
materials and processes. The development trend will focus
more on sound quality improvement, power consumption
optimization, durability enhancement and user experience
improvement, while it may be combined with other wear-
able device functions to improve the comprehensive value
of the product.

In terms of future research direction, more advanced
audio processing algorithms and technologies can be
further explored to achieve higher quality sound quality
improvement. In terms of power consumption optimiza-
tion, in-depth research on low-power chips and power
management strategies can be conducted to improve the
endurance of wearable devices. For user experience im-
provement, more extensive user research can be carried
out, combined with ergonomic design to enhance wearing
comfort and sound comfort. In addition, the integration of
speakers with other sensor technologies can be explored
to provide users with a more personalized and intelligent
audio experience.
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