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ABSTRACT

The human pulse wave conveys clinically significdnformation related to the symptoms of
cardiovascular diseases. The use of a photoplethyysiph (PPG) is a conventional means of detecting
the human pulse. However, the locations where a &&CGbe applied are quite limited, such as an ear
lobe or the fingertip, thus limiting the applicatiof the PPG for healthcare use. In this study, we
propose a new pulse-sensing apparatus that emplolgple silicon microphone sensors, which provide
physiologically rich information regarding the bedych as the condition of the arteries and ayptivit

the autonomic nervous system. The silicon microghisnan electret condenser microphone fabricated
using a microelectromechanical system (MEMS-ECM).aBee it is not a mere microphone, but rather,
a pressure sensor that possesses a wide ranggjoéffity response, it can detect the human pulse, wav
which has a dominant frequency of 1.4 Hz. By instgIMEMS-ECMs on the surface of the skin
surrounding the upper arm, we successfully dematestrthat these semiconductor sensors are sensitive
enough to determine the rate of pulse propagatidnich represents the stiffness of the arteries and
activity of the autonomic nervous system.
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1. INTRODUCTION

The human pulse wave is a pressure wave genergtdiebmechanical constriction and
relaxation of the heart. It propagates throughltle®d vessels at a maximum rate of 10 m/s
(Ganong, 2003). Down through the ages, and paatiguin oriental medicine, the human
pulse has been used as a means of diagnosing thetasys of cardiovascular diseases.
Modern medicine has now scientifically demonstrathdt there is a close relationship
between human pulse waveforms and the symptomsirdiavascular diseases. Sano et al.
(1985) reported that the human pulse wave in aelaated form (secondary differentiated
pulse wave signal) of patients who had experiemmeatisplayed a symptom of cardiovascular
disease had a composition that is distinct from tiahe healthy population (Sano, 1985).
Moreover, the pulse wave gives us a variety of fhggical information that is conducive to
improved healthcare, even in a non-clinical situatiChen et al. (2000), for example,
proposed a continuous blood pressure measuremeoedsy referring to the pulse waveform
and its latency (Chen, 2000). Suzuki et al. (20p@posed a method of cuffless blood
pressure estimation via pulse wave analysis thdtemaise of a soft-computing technique
(Suzuki, 2010). The beat-to-beat interval of thispenables us to determine the variability of
the heart rate, which represents the activatiobateince of the sympathetic/parasympathetic
nervous system (Pomeranz, 1985). In this regardmart’ vehicle has been proposed that
estimates the driver’s heart rate variability, dimgpthe vehicle to presume the driver’'s mental
and physical condition (Healey, 2005).

Despite these advances, the method used for deggb human pulse wave has not been
developed to such a sophisticated degree in motieres. Currently, the most common
technique used to identify the human pulse waygh@oplethysmography (PPG). PPG is an
optical method in which one observes changes in ahsorption rate of infrared light
(normally 780 nm), which is linearly associatedhnvihe haemoglobin content of the blood
flow. At present, PPG is the most reliable and esmst-effective method for pulse detection.
However, PPG has a limitation. Because the deptheoinfrared light transmission within the
body is 2-4 mm, the locations where PPG can baeabpte quite limited, such as an ear lobe
or the fingertip. Moreover, because a PPG can parftetection only at such peripheral sites
of the body, it does not provide information abth# arteries themselves, which would be
clinically significant information, because it det® only peripheral vascular information. For
this reason, we propose a new apparatus to détechuman pulse wave, which employs
multiple silicon microphone devices.
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2. PULSE DETECTION BY ELECTRET CONDENSER
MICROPHONE

2.1 MEMS-ECM, a Silicon Microphone

The silicon microphone introduced in this study da electret condenser microphone
fabricated using a microelectromechanical systeere@diter denoted as MEMS-ECM), as
shown in Fig. 1. A MEMS-ECM is a small microphormat is assembled by semiconductor
production processing. Because it has a great &lyarover other microphones or ECMs in
terms of size and quality, MEMS-ECMs are widelydises a microphone that is mounted in
cell phones and smartphones worldwide. The MEMS-E€isists of an ECM in which an
electro-charged back-plate and a metal diaphragm éomicro-condenser, and a CMOS chip
in which a signal amplifier, buffer, and electraacfje pump are integrated in a small chip.

diaphragm

wire bonding

4.72 mm

Figure 1. MEMS-ECM, a silicon microphone.

OCIosed cavity

diaph
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Figure 2. Closed cavity formed between MEMS-ECM skid surface.

2.2 Pulse Detection by MEM S-ECM

The MEMS-ECM is a silicon condenser microphone chipother words, it is a pressure
sensor that offers high quality and performanceaddition, the frequency response of the
MEMS-ECM is theoretically constant, owing to its-called stiffness-controlled structure.
Although a reduction in sensitivity in a lower frggncy range can be produced by the CMOS
chip, which has an amplifier with high-input impeda, it is possible to detect human pulse
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signals from the skin surface via the vibratiorthef skin, as generated by the propagation of
the pulse wave. We previously reported that thgueacy response of the MEMS-ECM was
equivalent to the differentiation circuit in a randgpwer than 100 Hz, which is a typical
resistor—capacitor circuit (RC circuit) that haseasitivity reduction of -20 dB/dec (Nomura,
2011). The dominant frequency of the human pulsarésind 1.4 Hz. This means that the
MEMS-ECM can detect the human pulse wave as ardiffee in air pressure. However, it
should be noted that owing to the property of tt dicuit, the obtained signals are in the
form of velocity.

We developed the MEMS-ECM device with a rubberngrrattached to it, so that a closed
cavity was formed between the skin and the diaphrafithe sensor, as shown in Fig. 2. With
this closed cavity, the mechanical vibration of #hén that is produced by the human pulse
can be transmitted through the MEMS-ECM diaphragmit is converted into an electrical
signal. Fig. 3 shows pulse waves detected by an BHEECM sensor (SPM0408HD5,
Knowles Acoustics, LLC., USA/Japan; the specificas are listed in Table 1.), which is
placed at the radial artery near the wrist. As @lesticribed, the raw signal (Fig. 3(a)) obtained
by the MEMS-ECM provides the pulse wave in termsvelocity, owing to the frequency
characteristic of this microchip. Therefore, theinary human pulse wave is obtained via
integration of the raw signal (Fig. 3(b)). This geiwave detected by the MEMS-ECM is quite
similar to that obtained by direct measurementaisirierial catheterisation at the brachial site
(Ganong, 2003). The acceleration pulse, howeverictwlprovides clinically significant
information (Sano, 1985), is obtained by differatitin of the raw signal (Fig. 3(c)).

Pulse in terms of velocity (raw signal).

(b)

(c) b—

Pulse in terms of acceleration (differentiated signal)
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Figure 3. Pulse waves obtained by MEMS-ECM (a) imgeof velocity (raw signal), (b) pulse wave
(integrated raw signal), and (c) in terms of aagien (differentiated raw signal).
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Table 1. Specifications of MEMS-ECM

Sensitivity -22 dB @1 kHz (0 dB = 1 V/Pa)
SIN 59 dB @1 kHz (0 dB =1 V/Pa)
Supply Voltage 1.5-3.6V
Height 1.250 mm
Length 4,720 mm
Width 3.760 mm
Acoustic Port 0.838 mm

MEMS-ECMs '

h’ J miam .

Brachial artery
- (pulse signal source)

Figure 4. Experimental setting of the multiple MEMEEM pulse detection.

3. PULSE DETECTION BY MULTIPLE MEMSECMS

3.1 Experimental Settings

We have developed a new human-pulse measurememiraspp that employs multiple
MEMS-ECM sensors. As shown in Fig. 4, eight MEMSNECwere placed at equidistant
intervals on the surface of the forearm: four MEBGMs (denoted as MEMS 1 to 4) were
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placed with an interspacing of 90° from each othethe cross-sectional direction, and the
other four (denoted as MEMS 5 to 8) were placethhéinsame manner, but at lower part of the
forearm. Each of the four MEMS-ECMs was covere@byelcro strap that fixed each of to its

assigned location.

ECG

MEMS 1

MEMS 2

MEMS 3

MEMS 4

MEMS 5

MEMS 6

MEMS 7

MEMS 8
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Figure 5. Pulse signals obtained by multiple MEMSM& and ECG.
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Figure 6. Latencies in the peak times of MEMS-ECMghe upper and lower forearm, respectively.
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The analogue signal acquired by each MEMS-ECM wassferred and digitised by a
versatile bio-signal amplifier and recorder systéBIOPAC MP150 system, BIOPAC
Systems Inc.). The signal sampling of eight MEMSMEGwvas performed synchronously at a
resolution of 16 bits and at a rate of 4000 Hz (darg rate). Proprietary software that was
developed for the bio-signal amplifier (AcgKknowledgd.9., BIOPAC Systems Inc.) was used
for further analysis.

3.2 Latenciesin the Peak Time and Pulse Wave Velocity (PWV)

Fig. 5 shows typical signals obtained by multiplEMS-ECM sensors, and by a heartbeat
signal (Electroencephalogram: ECG) for referentceials observed that there was a latency in
the peak time, at around 150-160 ms, between th&'€Q@he so-called R-wave) and the
signals from the MEMS-ECMs. This latency represehts propagation time of the human
pulse wave from the heart to the site where the BERCMs were placed. Although there is
not a marked difference between the peak times®MEMS-ECMs, there are nonetheless
slight but significant time differencep € 0.001), averaging around 7 ms, between MEMS 1—
4, which were placed on the upper part of the foneand MEMS 5-8, which were placed on
the lower part, as shown in Fig. 6. Because theudége between the locations of MEMS 1-4
and those of MEMS 5-8 is around 5 cm, the propagaiime of the pulse, which can be
considered to be equivalent to the so-called pwizee velocity (PWV), would be around 7
m/s.

The PWV can be used as an indicator of arteridfneis in a clinical situation.
Conventionally, it is measured by the time differerbetween the pressure wave at the heart
and at the ankles, so it is not necessary for liet@quivalent to the actual propagation time of
the pulse, but rather, to the average propagatime tn the entire body. In addition,
substantial facilities are required to check thésgsi on the different limbs, which must be
done with the help of experts. In this regard, paposed method makes it quite easy, even in
a domestic situation, to measure the pulse wavecitgl This advantage is attributed to the
high and uniform quality of the MEMS-ECM, whichashieved by semiconductor production
processing.

3.3 Autonomic Nervous System Activity and Changes in Arterial
Characteristics as Estimated by Multiple MEMS-ECM Signals

In this next section, for the purpose of companmngse signals under different modes of
autonomic nervous system activity, pulse signaleeweeasured using the same experimental
setting as that shown in Fig. 4, with the subjet@®athing controlled at three rates: (1)
normal (hereafter denoted as a ‘Normal’ conditi¢g),slow (‘Slow’), and (3) fast (‘Fast’).

Fig. 7 shows the correlativity between the bedbdat intervals of the heartbeat (R-R
interval) and the corresponding intervals of thgnals of the MEMS-ECMs. It should be
noted that the value for each of the MEMS-ECMs platted without distinguishing one from
another. On the whole, these interval values shbigladegree of correlation. However, if we
compare the coefficient of determinatid®’) for the Normal, Slow, and Fast conditions, we
find that it varies more widely in the Fast conafiti® = 0.73) than it does in the Normat(
=0.96) and SlowR¢ = 0.99) conditions. It is well known that a charigehe rate of breathing
results in a change in the heart rate and its béitia As one breathes more slowly, the heart
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rate decreases, and vice versa, in a phenomenamnkas respiratory arrhythmia (Ganong,
2003). The parasympathetic nervous system of thet e enhanced by slow breathing. This
results in the enhancement of the vascular sympathervous system, which leads to the
constriction of small arteries. In short, the faradecomes stiffer in the Slow condition. This
implies that there would be less of a dumping ¢féé¢he pulse wave within the forearm, and
thus the pulse form, especially the peak form, &l ywreserved during the propagation. This
offers a possible explanation for the high corietabetween the ECG and MEMS-ECM. In
the Fast condition the contrary may be true, assthell arteries might become enlarged to
compensate for the increased blood flow that redtdim the enhancement of cardiac activity.
This would make the process of pulse propagatiorernomplicated, introducing a variety of
factors such as the elasticity of tissue and tbhitcture of the arteries. This, then, might be
the reason for the relatively lower coefficientthe Fast condition. In any event, the pulse
signal obtained by multiple MEMS-ECMs changes gamdy according to the physiological
conditions of the body.

Fig. 8 shows the pulse wave propagation speed &@snideed by the distance (5 cm)
between the upper part and the lower part of tmeafon, divided by the difference in the
latency. The mean velocity of around 6—7 m/s ideqabnsistent with the PWV obtained by
direct measurement using arterial catheterisat®anpng, 2003). This confirms the high
quality and sensitivity of the MEMS-ECM as a pulsensor. However, there is still a
difference in the pulse propagation speed amonghtee breathing conditions. The pulse
propagation speed is lower in the Fast conditiohisTis understandable, because faster
breathing induces an enhancement of the heart'paymatic nervous system activity, which
enlarges the arteries and results in slower putspggation. The relatively slower pulse
propagation in the Slow condition as compared wWithNormal condition might be attributed
to a mere reduction in the contraction/relaxatiotivity of the heart.

In summary, the pulse measurement obtained by pleItMEMS-ECMs is sensitive
enough to determine the pulse wave propagation gisneell as its modulation, which reflect

both the physical property of the arteries embeddé¢de forearm and the enhancement of the
autonomous nervous system.
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Figure 7. Beat-to-beat intervals of the heart badtthat of corresponding intervals of the signdls o
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Figure 8. Pulse propagation rate in Normal, Slavd Bast conditions.
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4. CONCLUSION

In this study, we developed a multiple human-pwdeasing structure, using MEMS-ECM
sensors as a new apparatus that represents aostepl testimating the condition of human
arteries and autonomic nervous system activityals successfully demonstrated that MEMS-
ECM sensors are sensitive enough to (1) deterrhimeate of pulse propagation only within a
limited area and (2) capture the physiological ¢mad of an artery that is closely controlled
by autonomic nervous system activity.

In the field of clinical medicine and health scienthe haemodynamic characteristics of
the body provide useful and important information rhaintaining our daily health. Moreover,
such haemodynamic characteristics has been inagstign ergonomics, human interface, and
other related engineering fields, because it iswkndo have a close relationship with the
emotional and affective states of humans (Heal®252 Nomura, 2011; Williams, 1986).
Because our proposed apparatus is a small digtatel that is easy to handle, cost effective,
and quite conducive to networking, it can be immpated as a domestic healthcare device in
our daily life. We can also expect that the uséhief micro-device for the measurement of the
human cardiovascular system will be profitably exged in many other health care
applications.
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