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Background: Breathing, a part of respiration, is one of the vital functions. Breathing disorders are common
in the elderly. An effective breathing sensor for real-time detection of apnea is important in clinical
critical care. We aimed to construct a real-time warning platform with a combination of carbon nano-
tubes (CNTs) and related nano-electromechanical system (NEMS) for elderly care.
Methods: Through a specific acid-treated procedure, multiwalled carbon nanotubes (MWCNTs) were
immobilized on a thin silicon dioxide (SiO;) film, coated on a heated silicon wafer. Techniques of pho-
tolithography and sputtering with chromium and gold were then implemented on the MWCNT film to
develop micro-interdigitated electrodes as a base for the breathing sensor. The sensor was equipped with
a programmed microchip processor to become a warning detector for abnormal human breathing,
namely less than six breaths per minute. Elderly volunteers were enrolled for examining the effective
sensitivity of this novel electromechanical device.
Results: There were 15 elderly volunteers (9 males and 6 females) tested in this experiment. The dynamic
analyses of the MWCNT sensor to exhaled breath showed that it had characteristics of rapid response,
high aspect ratio, small tip ratio, and high electrical conductivity. Responses of the MWCNT sensor to
exhaled breath was recorded according to different performance parameters, i.e., strength, frequency,
flow rate, and breath components. In this study, variable pattern-simulated tests showed that a MWCNT
sensor combined with a processor could accurately evoke warning signals (100% of sensitivity rate),
indicating its effectiveness and usefulness for detecting abnormal breathing rates, especially apnea.
Conclusion: Our results showed that a new device composed of an NEMS by combining an MWCNT sensor and
complementary metal-oxide semiconductor (CMOS) circuits could be integrated to effectively detect apnea in
the elderly. This novel device may improve the pattern of safe respiratory care for the elderly in the future.
Copyright © 2013, Taiwan Society of Geriatric Emergency & Critical Care Medicine. Published by Elsevier
Taiwan LLC. All rights reserved.

1. Introduction

asthma detection, and diabetes mellitus>~®. Furthermore, health
condition can also be reflected by this kind of device through deli-

Breathing, a part of respiration reflecting various signs about
physiological conditions, is a basic but vital function’. Aging and
diseases result in disorders of human breathing and cardiopulmo-
nary systems?. Therefore, the development of a smart device to
detect breathing performance and the components of breath is sig-
nificantly important for the comprehensive analysis of lung function,
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cately monitoring the physical characteristics of the exhaled breath,
such as breath frequency and tidal volume, in order to improve the
quality of medical care and treatment’. Therefore, developing a good
sensor with high sensitivity, fast response, reproducible production,
low cost and high reliability is an important issue in medical fields.

Although several different types of breath measurement have
been used currently, there are still many defects and limited appli-
cations in clinical practice. Pressure sensors, which checks the
pressure change induced by the exhaled gas, are widely used as
respiratory monitors for intubated patients. A tube connecting the
mouth or nose with a wind-tight system is necessary; otherwise, the
pressure-sensitive element may be disturbed by ambient flow’. Body

1873-9598/$ — see front matter Copyright © 2013, Taiwan Society of Geriatric Emergency & Critical Care Medicine. Published by Elsevier Taiwan LLC. All rights reserved.

http://dx.doi.org/10.1016/j.ijge.2013.01.004


https://core.ac.uk/display/82134239?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:jthuang@ntut.edu.tw
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ijge.2013.01.004&domain=pdf
www.sciencedirect.com/science/journal/18739598
http://www.ijge-online.com
http://dx.doi.org/10.1016/j.ijge.2013.01.004
http://dx.doi.org/10.1016/j.ijge.2013.01.004
http://dx.doi.org/10.1016/j.ijge.2013.01.004

148

shape sensors, which are popularly used for sleep apnea disorders,
reflect the breath condition indirectly via a pressure change due to
modification of the chest and abdomen; however, the discomfort
caused by tying the sensor onto the body limits the application of this
type of sensors'. Three other types of sensors (temperature sensor,
sound sensor, and humidity sensor) through detecting the charac-
teristics of the physical change during breathing, have also been
reported¥~1%, However, weaknesses such as easy disturbance by
ambient noise are commonly found, which limit its wide application.

With the advent of nanotechnology, research is underway to
create new types of miniaturized sensors. Miniaturized sensors can
lead to reduced weight, lower power consumption, and low cost.
The discovery of carbon nanotubes (CNTs) has generated keen in-
terest among researchers to develop CNT-based sensors for breath.
CNTs are hexagonal networks of carbon atoms of approximately 1—
10 nm diameter and 1—100 pm length!\. They can essentially be
thought of as a layer of graphite rolled-up into a cylinder, with
a layer of single-wall carbon nanotubes (SWCNTSs) or more multi-
wall carbon nanotubes (MWCNTs). CNT networks have high carrier
mobility in electronic field effect, with a high electromigration
threshold, a high thermal conductivity, and exceptional mechanical
properties'2. Since the unique physical properties and potential in
diverse range of applications, CNT sensors have been reported by
a few authorized teams as breath sensors>4. However, detailed
structures and designs of applications with this kind of sensor in
practice are still limited, especially for use in elderly people. Based
on these aspects, in the present study we designed a testing plat-
form with an MWCNT-based sensor through an integrated tech-
nology to measure breathing performance for elderly care.

2. Materials and methods
2.1. Sensor production process

MWCNTs produced by chemical vapor deposition with a diam-
eter of 10—30 nm and a length of 10—20 pm were used in our ex-
periments. The MWCNTs were purified through a process called
acid treatment according to Liu et al®. The acid treatment could
greatly enhance the solubility of MWCNTSs by introducing carbox-
ylic (—COOH) functional groups to the sidewalls and ends of
MWCNTs'®, Then, the production of the sensor was divided into
two stages. Stage 1 was growth of silicon dioxide (SiO,) of 100 nm
thickness as an insulating base on a silicon wafer with high thermal
heat. The SiO, was modified by a surface detergent, i.e., 3-amino-
propyltriethoxysilane (APTES), which formed a self-assembled
monolayer (SAM) on the surface of SiO,. The amino-terminated
groups of the APTES adsorbed on the surface of SiO, protruded
externally and could facilitate the chemical bonding between
MWCNTs and SiO,. Through this bonding, CNTs were immobilized
on SiO, to form the thin film for breath sensing. Stage two was
implementation of interdigitated electrodes (IDEs) with chromium
(Cr, 40 nm) and gold (Au, 300 nm) on the deposited MWCNT net-
works. This procedure included deposition of Cr and Au layers by
sputtering, pattern by photolithography, and etching by lift-off to
form IDEs on the MWCNT network to develop microparallel elec-
trodes. The fingers of the IDEs were 120 um long and 8 pm wide
with a gap of 10 um in between. These IDEs had been electrically
contacted to a printed circuit board (PCB) by wire bonding. Thus the
final product was done and is schematically shown in Fig. 1.

2.2. Measurement set-up
An integrated experimental platform with the CNT-based nano-

electromechanical system (NEMS) is shown in Fig. 2. It is designed
for detecting variable simulated human breath. The experiments
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A Electrode  Carbon nanotube

G Silicon dioxide

Fig. 1. (A) Multiwalled carbon nanotubes (MWCNT)-based sensor is composed of CNT
networks immobilized onto a thin silicon dioxide (SiO,) film, based on the silicon
wafer. Metallic interdigitated electrodes (IDE) were implemented on the CNT net-
works. (B) The optical microscopic top view image of the IDE on Si/SiO,. (C) Scanning
electronic microscopy image of the MWCNT film. G = ground.

were carried out in the decontaminated box in which the temper-
ature, pressure, and relative humidity could be checked con-
veniently. The CNT-based sensor, as an airflow transformer
mounted on the tip of the central bar in the testing box, was placed
5 cm from the outlet of the air-connecting tube and its miniaturized
detection plane of the CNT networks is parallel to the exhaled
breath flow. The presentations of breathing activity were trans-
formed to digital change of resistance or voltage through process-
ing of a Keithley 2000 multimeter. The experimental environments
were set under room air temperature, atmosphere pressure, and
relative humidity. A programmed microchip processor (Microchip
Technology Inc., Microchip app025 picl16F series development
board) with amplification of the warning signals, when breathing
rate was abnormal, were used. According to the US Food and Drug
Administration, apnea was defined as cessation of respiratory air
flow lasting for 10 seconds or more!”. Therefore, the cut-off point of
the device was set to give warning signals when the breathing rate
was less than six breaths per minute. Tests that gave warning upon
detection of high-frequency breathing rates were abandoned in this
study because of the unclear definition of a high breathing rate and
fewer medical contributions in clinical aspects. Benchmarking
checks of sensor were done in order to check the stochastic envi-
ronmental noises on each testing day. During tests, the surface of Si
base was grounded to prevent charge accumulation. We measured
the responses of the sensor to breaths through monitoring output
electronic parameters, resistance (R) or voltage (V) as a function of
time (t), i.e., R-t and V-t patterns.

2.3. Patients and experiments

In earlier, preliminary works, we corrected and adjusted the
basic working parameters and processing ability of the integrated
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A Microchip processor Table 1 ) e b
Patterns of simulated breath tests.
Kethley 2000 — 1
multimeter

| Breathing pattern  First minute Second minute  Third minute

MO

1 Normal® Normal Normal
2 Abnormal Apnea® Apnea
3 Normal Apnea Apnea
4 Randomly abnormal®  Apnea Apnea

» b ¢ Normal breathing rate: 7—12 breaths/min.
u b Apnea breathing rate: <6 breaths/min.
B ¢ Randomly abnormal breathing rate >12 breaths/min.

¥ 2 &+ F
_|:|; § infection and poorly controlled cardiopulmonary function were
excluded from the study. A new air-connecting tube was used for
. each volunteer. We designed several simulated patterns of
Computer Testing box breathing to check the work and efficacy of the device (Table 1).
Pattern 1 was normal breathing. Pattern 2 was 3 minutes of
B abnormal breathing at less than 6 breaths per minute. Pattern 3 was
[ 7\ 3 minutes of normal breathing, then 2 minutes of abnormal
DCinput ’%7’ breathing followed by 1 minute of normal breathing. Pattern 4 was
_I 2 minutes of abnormal breathing followed by 1 minute of randomly
Computer unnatural breathing. Each volunteer was tested at least three times
—‘ in each specially designed pattern of simulated breathing. Exer-

MO

cising breaths were permitted before recording for psychological
and cognitive reasons. The results are expressed as sensitivity rate,
A Kethley i.e,, successful numbers divided by testing numbers.

DC output 2000
! multimeter
L Amplification Signal 3. Results

3.1. Basic sensor operation

The results of this testing platform showed that the NEMS can
be effectively used as a breath monitor. The representative perfor-
mance of the CNT networks to breath flow is shown in Fig. 3. The
changes of electrical properties on the CNT networks reflected that
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Fig. 2. Schematic diagram for the testing platform. (A) The components of this elec- B
tromechanical system include a testing box, Keithley 2000 multimeter, computer, and 3 r

microchip processor. In basic performance of the breath sensor, the testing box is
connected to the Keithley 2000 multimeter (solid lines a), while in apnea monitoring,
the testing box is extended by parallel connection to the microchip processor (dotted
lines b). (B) Diagram of the CMOS circuit for the testing platform. (C) Practical con-
figuration of experimental NEMS. A = amplifier; F = breath flow; G = ground; S = CNT
sensor; MO = microchip operator; NEMS = nano-electromechanical system.

Response (V)
)

[SIRN

T

1.5
system through measurements from young healthy volunteers. To 1 e
test the reproducibility of performance of this NEMS for breaths 0 10 20 30 40 50 60(s)
from elderly people, elderly volunteers (=65 years old) of different )
sex, age, liver capacity, and other physical conditions were Time

recruited. The inclusion criteria included the ability to tentatively < . . .

. Fig. 3. (A) Basic performance of the multiwalled carbon nanotubes sensor which
perform self-controlled breathing. Although current measurements shows apparent change of electrical resistance to breath, with low ambient noise. (B)
only tested the exhaled human breaths, volunteers with respiratory Reproducibility test of the sensor.
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the response of the sensor to the breath flow, presenting with
a high peak wave, was more apparent than that of ambient noise,
the flat part of the curve. This result indicates its favorable anti-
interference ability with respect to surrounding stochastic noises.
In reproducibility tests, the CNT sensor gave similar results of
electrical field change both on the same day and on different days.
As to each recorded wave, it showed unique characteristic com-
ponents according to individual performance parameters, such as
dynamic changes of strength, flow rate, and exhaled breath com-
positions. That is to say that no two waves created by different
breaths, whether from the same or another volunteer, showed the
same curve because of different breathing parameters. The unique
breath presentation of the MWCNT sensor indicated that this sen-
sor could be used as a “fingerprint” recorder.

3.2. Human-device works

There were 15 volunteers (9 males and 6 females) tested in the
simulated warning measurements of this integrated platform. The
characteristics of the volunteers are shown in Table 2. After afore-
mentioned adjustments of the programmed microchip operator (by
young volunteers), measurements for detection of simulated breath
showed high sensitivity and accuracy of this CNT-based NEMS for
all volunteers. The successful (sensitivity) rate is 100%. Pattern 1
showed a normal breathing pattern for which the warning system
of the device, as expected, did not trigger signals (Fig. 4). When the
breathing rate was abnormal (less than 6 breaths per minute), the
situation evoked the device’s alarm signals (warning sound and red
light). When testing a changing breathing rate from unnaturally
high frequency to abnormally low frequency (less than 6 times per
minute), the device’s warning system still worked effectively
(Fig. 5). These results show that the integrated NEMS composed of
MWCNT sensor and programmed microchip processor could
effectively detect the abnormal conditions of apnea.

4. Discussion
The usefulness for this warning platform is based on the unique

characteristics of CNT sensors to detect breath. One of the main
issues is the specific response of the CNTSs to the charged particles in

Table 2
Characteristics of patients.
Patients Age Sex Height (cm) Underlying diseases Results
[Weight (kg)
1 77 M 172/82 Hypertension S
Diabetes mellitus
COPD
2 70 M 173/66 Osteoarthritis S
3 71 F 156/60 Hypertension S
Osteoarthritis
4 66 M 172/67 Hypertension S
5 65 F 152/50 Migraine S
6 66 M 168/64 — S
7 68 M 172/60 Osteoarthritis S
8 65 F 158/52 Renal stones S
9 65 F 155/49 — S
10 67 M 169/61 Hypertension S
112 65 M 170/62 Cataract S
12¢ 67 F 157/50 — S
13?2 66 M 166/57 Spondylosis S
142 65 F 157/53 Hyperlipidemia S
15° 65 M 168/57 GERD S
COPD = chronic obstructive pulmonary disease; F = female;

GERD = gastroesophageal reflux disease; M = male; S = successful measurement.
2 Tested volunteers without recording by digital transformer (Keithley 2000
multimeter).
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Fig. 4. This diagram shows the nil response of the apnea device to normal breathing
(without shining red light), and the response to abnormal breathing [warning sound,
shining red light (arrowheads) and warning signals (arrows)].

the breath components. The other is the special flow pattern of
one-way direction for breaths (either “in” or “out”). The anti-
interference effect of the CNT sensor to environmental noises
ensured that the sensor gave no response during inspiration while,
during exhalation, reacting sensitively to the volatile organic
compound of breath'® by way of changed electrical properties
which can be recorded, analyzed electromechanically and inter-
preted. In clinical application, a modified design of the testing box
is needed, such as miniaturization to the scale of the flow-
connecting tubes commonly used in respiratory care. The
strength of this kind of breath sensor lies in effective working at the
open system of the airway.

Physical, biochemical, and molecular biological methods for
medical monitoring and diagnostics have developed rapidly in
recent decades'8. The main works have focused on blood and urine
analysis for clinical diagnostics and photoelectrical physiology for
hemodynamic care. In comparison, diagnostic care using breath
analysis is much less developed and not yet widely applied in
clinical practice'®. However, monitoring of breath is as critical and
important as other parameters in the care of acutely ill patients.
Comparatively, for patients with mechanical ventilation, in-
struments working in a closed system through a volume-pressure-
controlled machine are well established. However, when recover-
ing from a critical status there is a transitional unstable status

35 ¢

25 - T T

Response (V)

0 30 60 90 120 150 180 (s)
Time
Fig. 5. The warning nano-electromechanical system detects an unnatural breathing

rate change from high frequency to abnormal apnea status, which simulates a critical
physiological crisis in an elderly volunteer.
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which needs to be monitored. In intensive care units (ICUs), mon-
itoring intubated patients is not a problem because there is full
support, i.e., oximeter, electrocardiography, sphygmomanometer
etc. However, while patients are transferred to regular wards or
home care units with fewer facilities, deterioration of the respira-
tory system (e.g., sputum impaction, tubal obstruction, etc.) is still
possible. Therefore a breath monitor, as described in the current
research with warning function, high sensitivity, fast response, low
cost, high-volume production, high reliability, and suitable for open
systems, is still required'. The approach described in this paper has
not been reported in the literature to the best of our knowledge.
Therefore this kind of warning platform can be applied as a base for
future smart respiratory care.

The bulk matrix of breath is a mixture of many components which
can reflect health conditions and a potential disorder of the in-
dividuals'®. Theoretically, the presentation of the MWCNT sensor to
breathing is a summation of a hybrid mechanism incorporating
dielectric polarization and gaseous ionization in the miniaturized tip.
MWOCNTSs act as a p-type semiconductor for sensing gas'>?°. Vapor-
ized molecules adsorbing onto the surface of MWCNTs transfer
electrons to MWCNTs and change the electrical properties, resist-
ance or voltage, which canreflect the characteristics of gas/vapor, i.e.,
entity or flow rate. The electron transfer depletes the concentration
of holes in MWCNTSs, resulting in an increase of resistance, as shown
in Fig. 3. Responses of the CNT sensor have the characteristics of high
aspect ratio, small tip ratio, and high conductivity which result from
the strong effect of electrical enhancement?!. Furthermore, the
unique presentation of an individual breath by the same individual
or another indicates a “fingerprint” record. This kind of specific
presentation by a CNT sensor enables effective monitoring of the
dynamic changes of performance parameters for breathing (i.e.,
strength, frequency, and compositions)'>. Although several reports
have disclosed dynamic characteristics of the MWCNT sensor and
postulated its applications for breath monitoring™131418.19_ ap jn-
tegrated device combining an MWCNT sensor and a CMOS operating
processor to test human breath has not been reported. Therefore, the
results of this experiment highlight that this kind of CNT-based
NEMS could be adequately used as an apnea monitor and warning
device in elderly people.

In this study, we successfully integrated a programmed micro-
chip processor with an operational amplifier and MWCNT sensor
for use in the elderly volunteers, in whom a variety of critical
pulmonary dysfunctions may occur. From the results of effective
recording and warning, we postulate that improved designs and
modification of this kind of electromechanical device could be
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widely applied in elderly care, both in hospital and at home.
Extended and comprehensive clinical practice studies of the com-
bination of new electromechanical nanotechnology and medical
science should be warranted for the future of telemedical care.
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