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Abstract: This paper presents a novel, non-invasive, nonacbrslystem to measure pulse
waveforms of artery via applying laser triangulationethod to detect skin surface
vibration. The proposed arterial pulsation measer@an(APM) system chiefly consists of a
laser diode and a low cost complementary metaleoxddmiconductor (CMOS) image
sensor. Laser triangulation and centroid method canmbined with the Fast Fourier
Transform (FFT) in this study. The shape and frequeof the arterial pulsation can be
detected rapidly by using our APM system. The netavariation of the pulse at different
measurement points near wrist joint is used asognastic guide in traditional Chinese
medicine (TCM). An extensive series of experimewss conducted to evaluate the
performance of the designed APM system. From emrprial results, the pulse amplitude
and frequency at the Chun point (related to thellsimi@stine) of left hand showed an
obvious increase after having food. In these cabespeak to peak amplitudes and the
frequencies of arterial pulsations range from 38&pum and from 1.27 to 1.35 Hz,
respectively. The height of arterial pulsationstiom area near wrist joint can be estimated
with a resolution of better than 4 um. This reseatemonstrates that applying a CMOS
image sensor in designing a non-contact, portaaley-to-use, low cost pulse measurement
system is feasible. Also, the designed APM systemwall suited for evaluating and pre-
diagnosing the health of a human being in TCM chhpractice.
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1. Introduction

The waveform of arterial pulsation is considerefuadamental indicator for the diagnosis of
cardiovascular disease, which can guide therapeaidasions in complex clinical situations [1].
Abnormalities of the waveform shape and frequerfahe arterial palpitation are indicators of cantai
cardiovascular disorders. Thus, how to distinguasterial pulse waveforms without distortion has
become an important issue in biomedical signal gssing. In addition, pulse diagnosis is one of four
kinds of diagnostic methods used in TCM clinicagiice to determine the physiological condition of
the patients [2]. The most commonly used clinicatmds to measure the behavior of the pulse
include the stethoscope, sphygmomanometer, and |@dpased instrumentation. Recently, some
practitioners in TCM use a pulse diagnosis macbmether device to record changes in the pulse [3].
A set of three pressure transducers for sensingulses at three locations has already been deaelop
[4]. Lu et al analyzed the harmonics of the frequency spectruartefial pulse waves and correlated
some illness conditions to certain harmonics [5nglet al described a non-touch pulse measurement
method based on optical interferometer [6], whichld estimate skin vibration velocity. However, the
devices used in the above-mentioned studies coitiéreinterfere with the measurement results
because of making contact with the body, or wereensostly because of having additional sensors for
probing multiple pointsAn optical non-contacting technology, which is lwhsa optical triangulation,
is proposed in this study. Laser triangulation isv@ll-known method in thickness and contour
measurement, and has been applied to many industtds [7-9]. It was also used to examine the
vertical movements of the vocal folds during pharaf10].

Laser triangulation is normally used in conjunctmith light centroid measuring devices, e.g.
position sensing detectors (PSDs) and charge cduéxices (CCDs). Since the manufacturing
technology behind the CMOS image sensors has n@m bevanced sufficiently to achieve good
stability and low cost, the CMOS image sensors Ha@me increasingly significant in industrial
optical sensors [11-12]. The CMOS image sensorsgsssseveral programmable features including
electronic exposure (ET) control, continuous omgnframe capture, and progressive or interlaced
scanning modes. The first of these features is w@yortant to our experiments, especially for
reducing noise and locating measurement pointsafrlapot.

In general, the relationship between pulse waveks @ysiological or healthy conditions of the
tested subjects is quite complex. Such relationshight exhibit nonlinear characteristic and might
also vary person to person due to characteristitsecartery, deep or shallow, healthy or hardeeéd,
Basically, the more pulse waveforms are obtainkd, more information including pulse rates and
harmonics related to the diagnosis in TCM can lteeaed. In TCM clinical practice, an experienced
TCM physician can do the pulse diagnosis by padpatieatment conducted on multiple measurement
points (i.e., Chun, Guan, and Chy points) to deieenthe relationships between the organs health and
the wave patterns of pulses. These facts havedmraonstrated in many literatures [13-14]. Of course
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a more complex and accurate arterial pulse measumtesgstem is necessary if more factors are taking
into consideration in TCM clinical practice.

This paper describes the design of the arteriadgtiain measurement (APM) system, and presents
the results of tests conducted to verify the poieasurement accuracy. The pulsation rate was derive
from the frequency spectrum of the laser spot vidma and showed great consistence with data taken
from loudspeaker movement driven by a function ¢gaioe at a specific frequency. Frequency
validation was also conducted by comparing the exmmtal results with data obtained from a
standard blood pressure monitor. The amplitudefipiency variation at each point measured on the
tested subject's wrist is an important symptom &mme illness during the patient's medical
examinations in TCM clinical practice. The evaloatiof pulse variation gives us some valuable
information concerning about the tested subjeatslth.

2. Principles of M easurement

The proposed APM system combines the Fast Fourasform (FFT), the centroid method, and
the optical triangulation method. The frequencyctpen of the arterial pulse waveforms measured at
the specified point is obtained by FFT method. Taleulations were conducted by MATLAB 7.0 and
Origin 6.0. It is possible by using the FFT thefi$] to build a variety of non-sinusoidal waveforms
consisting of many sinusoidal waveforms. In otheordg, a non-sinusoidal waveform can be
decomposed into many sinusoidal waveforms witheddfit frequencies, amplitudes, and phases. Due
to the speed limitation of the CMOS image sensag, discuss only the fundamental sinusoidal
waveformin this paper.

The laser triangulation method is simple in streetdt makes possible to measure the subject’s
arterial pulse waveforms in a non-contact way. &kgerimental data show that changes in the arterial
pulse waveforms can be detected by analyzing theaid movements of a laser spot. The changes of
the centroid of the laser spot, which is measutestdain points on the wrist, can be transfornmd i
the changes in magnitude of relative height cabgeskin vibration.

The basic operation principle of the proposed ABMStam is described as follow. A laser diode, a
laser driver, and a CMOS image sensor are usestablesh an optical non-contact pulse measurement
device. The laser diode emits laser light ontortteasurement site of skin surface where its arterial
pulsation needs to be determined. The laser spotnsed on the skin surface of the wrist of tested
subject and the variation of the spot image iswapkt by the CMOS image sensor and then projected
onto the scattered points that represent artenigbions. These scattered light points are preckbky
FFT method to determine the amplitude and frequeheyterial pulses of tested subjedtsthis work,
the proposed APM system adopts a simple structasedon optical triangulation. The geometrical
layout of the designed APM system is depicted o Ei In Fig. 1 X represents the distance between
the target and the collimated lens of laser diode @& is the small fluctuation (i.e., the distance
between measured poimsandB) of skin surface due to arterial pulsation. Thegea distanceX is
measured continuously. Using a simple triangulapanciple, the measured target coordinates are
mapped onto the detection positidon the CMOSsensor, as shown in Fig. 1. The target distatise
given by
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Figure 1. Geometrical layout of the arterial pulse measurdragstem.
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wherelL is the distance between the laser and the CMOSearesagsord is the distance between the
two spots mapped onto the CMOS image serfsrthe focal length of the leng, is the distance
between the measured poftnd the cente€ of the lens of CMOS sensar is the angle between the
axis and the measured poitoX'’is the distance between the measured poartd the optical axis of
the lens, and), is the anglebetween the two axes of the CMOS image sensor tandbser. In our
APM system, these parameters dre 94 mm,L = 110 mm/Z = 144.7 mm, anfl= 16 mm (the focal
length of the lens of CMOS image sensor). The diamef the lens in front of the CMOS image
sensor is 6 mm.
Differentiating Eq. (1) with respect to the measudestance and rearranging the result yields

OX = . 2)

wheredX is also regarded as the resolution of the dedigiiM system.

For the experiments conducted in this study, thallest resolvable amplitude change to a sub-
pixel size ofd = 0.8 um on the CMOS image sensor can be achieved. Afigoration, this value
corresponds to a measurement resolution ofuthZachieved by the designed APM system, B¥&.=
9.5 um in Eq. (2). Such a measurement resolution isicseffit to detect the vibration of human
pulsation.

The actual implementation of the APM system is shawFig. 2. The sampling area in Fig.2 was
located by a TCM physician. Using simple triangolatmethod, the displacemedX of the variation
of the laser spot mapped onto the CMOS image setmorbe determined. The amplitude and
frequency of the arterial pulse can be obtainedralyzing the spot position.

The centroid method has been widely used to loadight spot with respect to various types of
image features, to sub-pixel accuracy [16-17]. fésolution of the APM system can be increased by
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Figure 2. The actual |mplementat|on of the proposed APMesyst

introducing sub-pixel processing technique [16-THe threshold level of image pixel ieliberately
set so that in the captured laser spot imagaxel with intensity below the threshold levellivbe
neglected. In our experiments, the threshold ofgitagy level of image pixel is set to 20% below the
highest full range level. Also, note that the vilwa frequency of arterial pulsation can be obtdibg
processing the recorded image by means of FFT metho

A CMOS image sensor with a 5:83.8 mnf active area (HV7131D, manufactured by Hynix
Semiconductor Incorporated.) was used to deteclager light spot with high accuracy and stability.
The sensor has a 648 x 488 pixels array and eatipami active pixel element has high photo-
sensitivity (3150 mV/lux-sec). It can convert thbopon energy to analog voltage signal with a
resolution of 8um. The CMOS sensor utilizes three On-chip 8-bitifalgo Analog Converts (DAC)
and 648 comparators to digitize the pixel output.

The output power of the adopted laser diode (Model QL63d5sA, MORETEC, Inc.) is 1.3 mW,
its wavelength is 650 nm, and its spectral widtabsut 20 nmThe diameter of the laser spot on the
skin surface is approximately 1 mm, giving a spottbe CMOS sensor of tens of pixels in both
directions.

At normal incidence of laser light, about a 4 ~ gétver reflection occurs due to the differences in
the refractive indices of the skin layers [18]. &lsome photons are scattered by superficial Jkie.
light scattered from the skin surface is the mogiartant signal for this pulse measurement. However
photons penetrating into skin layers are also et providing diffuse reflections which are ofver
power than the first kind of light scattered by thuperficial skin. The exposure time (ET, equivaten
gain level) of the CMOS sensor can be adjustedfterent levels for different situations. This mean
that the signal-to-noise ratio (SNR) can be impdolg setting the gain level.

There is a large amount of stray light due to thiugely scattering nature of the skin tissue. By
decreasing the ET of the CMOS sensor, the undésilight can be eliminated. For example, Fig. 3(a)
shows the experimental result when the ET valub@CMOS image sensor was set to 40. In the case
of Fig. 3(b), the ET value of the CMOS image sensas set to 1. The contours of the laser spot
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Figure 3. The contours of laser spots after ET values of2REDS image sensor were set to: (a) 40
and (b) 1.

shown in Fig. 3(b) are obviously smaller than tinaFig. 3(a). In a normal image capturing situation
as shown in Fig. 3(a), the previously measuredtpm@n be approximately relocated by comparing the
two consecutively captured frames. The signal msiog flowchart is shown in Fig. 4. The software
packages of MATLAB 7.0 and Origin 6.0 were usedlévelop the signal processing program. The
program we developed can calculate the amplitudefaeguency of the arterial pulse of the tested
subject via examining the relative movements ofrtleasured laser spots.

3. Calibration and validation of the arterial pulse measurement system

The image data were recorded by a CMOS image sansiairansmitted to a personal computer for
further analysisThe images were saved in bitmap format for latesigen processing and frequency
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Figure 4. Signal processing flowchart for the proposed &t@ulse measurement system.

spectrum analysis. Fifteen frames per second wagued by the CMOS image sensor. The pictures
captured by the CMOS image sensor lasted for 180oseconds in each measurement. The more
frames are recorded; the better resolution ofrtiege data can be achieved.

The calibration of the APM system was very strdigiward and easy. A precise translator was
used to calibrate the linearity of the APM systémwhite paper was placed above the translator as a
reference panel, and then the shift of the laset spn be calibrated by adjusting the elevatiothef
translator step-by-step. The adopted step sizédhefttanslator that can mimic pulsation amplitude
measurement is 20m. The schematic drawing of the linearity calibyatof the APM system is shown
in Fig. 5. The amplitude calibratioof pulsation height measured by the APM system eeeslucted
on an isolated optical table. The results for thedrity calibration experiments are shown in Bi@).

The one standard deviationc{lis obtained by conducting the measurements 3@stimnd the
results are as shown in Fig. 6(b). Examining F{tp) éhdicates that the one standard deviation ef th
APM system achieved is less than 0.04 pixels, approximately equivalent to 348m. This fact
demonstrates that the APM system provides pretbyg gerformance on measurement stability.

The frequency calibration was conducted by compgdiie experimental results with the drumhead
movements of a loudspeaker driven by a high-pracifunction generator (LFG-1300, Leader, Inc.).
In this experiment, we used a function generatdin wispecific frequency to drive the loudspeaker. S
the drumhead variation of the loudspeaker refetoed standard frequency can be provided as the
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Figure 5. The schematic drawing of the linearity calibratadrthe APM system.
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Figure 6. Calibration for the pulsation amplitude measureih@drthe proposed APM system: (a) the
results for linearity calibration experiments abdl the one standard deviation of amplitude calibrat
experiments.

reference of the frequency calibration of our AP¥tem. The schematic drawing of the frequency
calibration of the APM system is shown in Fig. frRhe loudspeaker operated at 1.0 Hz, the
amplitude variation of the loudspeaker drumhead enmnts in the time domain and its frequency
spectrum are shown in Fig. 8(a) and 8(b), respelgtivi he calibration results, from 0.6 to 2.0 He a

shown in Table 1. In this test, the frame captate of CMOS image sensor of the APM system is set
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Figure 7. The schematic drawing of the frequency calibrabbthe APM system.

to 15 frames/sec. The accuracy of pulse measuretoeid reach 2.5%, i.e. the error in the pulse rate
would be less than 1.5 pulses per minute

The accuracy of the frequency measurement of ouM Afistem was also validated by comparing
the experimental results with the data obtainechfeo blood pressure monitor (Model No.: OS-512,
OSIM, Inc.). Ten healthy volunteers participated tims study. The experimental results are
summarized in Table 2. The difference between teasured results obtained from the APM system
and the blood pressure monitor was no more th&,2.8., 2 pulses/min.

Table 1. Frequency calibration of the APM system from 6.8.0 Hz with a function generator and a
loudspeaker.

Standard frequency (Hz) Frequency obtaineah fitke APM system  Error (%)

0.6 0.585 2.5
0.7 0.703 0.4
0.8 0.820 2.5
0.9 0.879 2.3
1.0 0.995 0.4
1.1 1.113 1.2
1.2 1.230 2.5
1.3 1.288 0.9
1.4 1.406 0.4
15 1.523 15
1.6 1.581 1.2
1.7 1.698 0.2
1.8 1.816 0.9
1.9 1.874 1.4

2.0 1.991 0.4
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Figure 8. Frequency calibration of the APM system: (a) thetsariation versus time (time domain)
and (b) the frequency spectrum analysis of the idaf@) using FFT method.

The position variations of the laser spot centeeasured in the time domain are illustrated by the
thin line in Fig. 9(a). This variation curve contsia full region of information associated with
vibration frequencies and amplitudes of the artepialses, breathings, hand movements, and
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Table 2. Comparison of the frequency measurements madkeebptPM system and a blood pressure
monitor (Model No.: 0S-512, OSIM, Inc.).

Volunteer No. OSIM 0S-512 (pulse rate)  APMteys (pulse rate) Error (%)

1 69 68 -1.4
2 76 77 1.3
3 75 76 13
4 84 86 2.4
5 90 92 2.2
6 82 81 -1.2
7 78 78 0.0
8 72 74 2.8
9 94 96 2.1
10 78 78 0.0

involuntary body tremors. Generally, the human @igsabout 0.7 to 2 Hz. The measurement data after
being filtered with a band pass filter is depicbgda thick line as shown in Fig.9 (a). The ampléud
vibration of laser spot center (in terms of pixéias been enlarged in Fig. 9(b). It can be sedrtliba
change of the center of the laser spot is propmatito the change in distance to the skin as catiedl

in Eq. (1). In Fig. 9(b), the peak to peak valuéshe spot center variation curve are almost fallen
within 0.6 pixels, i.e., the arterial pulse amplitudeppraximately equal to 5dm. The full spectrum

in frequency domain for Fig. 9(& shown in Fig. 10 (a). An inspection of both F¢ga) and Fig. 10(a)
indicates that there was low frequency vibrationseal by noise, hand movements, and breathings.
After filtering, the pulse frequency (1.17 Hz) cdide obtained easily, as seen in Fig. 10(b).

4. Experimental results

In TCM there are four diagnostic methods: inspegtiauscultation, questioning, and palpation.
Among these methods, the pulse diagnosis by palpasi the most important and also the most
difficult one. According to Chinese medical litareg [13], there are in total of 29 wave patternshef
arterial pulse, each having a specific name. Howeaves too difficult and too subjective for most
people to distinguishing 29 different wave pattewith the finger tips. The TCM physician usually
needs to use an auxiliary device to determine tipadeerns. The relationships between the organs
health and the measurement points are illustrateldig. 11. This is especially meaningful in TCM
clinical practicepecause for pulse diagnosis the physician placemtiex, middle, and ring fingers on
the patient’s wrist, in accordance with the threeations called Chun, Guan, and Chy [1Hi].our
experiments, we found that variations in the pulserelative measurement points on the wrist
mentioned-above could reveal something about tgsiplogy of the tested subjects.

Some of the measurement results for pulse ampliame frequency obtained under different
conditions are shown in Figs. 12 and 13, respdgtiie Fig. 12, the pulse amplitude and frequency
measured athe Chun point of left hand (related to the smaléstine) showed an obvious increase
after having food. Fig.12 (a) shows results obsvefore the meal and Fig. 12(b) are those after
meal,
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Figure 9. Laser spot centers measured by APM system: (adrigaal data of centroid variation of
laser spot center and (b) the data after enlarggaditade scale and with filtering.

respectively. The measurements were conducted &0tes before and 30 minutes after eating the
meal.

In Fig. 12(a), the peak to peak value of pulsatiomplitude is approximately within 0.4 pixels, i.e.,
the maximum variation in pulse amplitude is appmediely equal to 38 um. In Fig. 12(b), the peak to
peak value of pulsation amplitudle approximately ranged from0.32 to 0.28 pixels. This means that
the maximum variation in pulse amplitude of theddssubject after meal 30 min will increase to 48
pm. An examination of Figs. 12(a) and 12(b) alssenbes that the pulse frequency measurethet
Chun point of left hand of the tested subject snged from 1.27 to 1.35 Hz.
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Figure 11. lllustration of palpation positions for pulse dmagis used in traditional Chinese medicine.

The other test showed that staying up late causadges in the amplitude and frequency of the
pulse at the Guan point of left hand. The pulsaibthe Guan point of left hand is closely related
the liver activity. Without staying up late, the plitude and frequency of the pulsation of the téste
subject measured at Guan point were normal, as rshowig. 13(a). But after staying up late, it
showed an apparent increase in the amplitude obunement data, as shown in Fig. 13(b). In Fig.
13(a), the peak to peak amplitude of pulsation mregisat the Guan point on the left hand of thestkst
subject varies in small range, approximately eqaad.2 pixels (i.e., equivalent to 19 um). In Fig.
13(b), for the tested subject staying up late thisgvariation in peak to peak amplitude measuted a
the Guan point enlarged approximately to 0.6 giXEr most portion), which is equivalent to 57 pm.
In this case, the pulse frequency is also changenh f1.29 to 1.64 Hz. In TCM practice, this
measurement indicated the state of the liver’stheal

5. Conclusions

Based on optical laser triangulation theory, a momasive and non-contact arterial pulsation
measurement (APM) system to detect micro-vibrabarskin surface is developed in this work. The
APM system consists chiefly of a laser diode af@MOS image sensor, and the implementation cost
is pretty low. An extensive series of experimentgvaluate the performance of the APM system was
conducted. The pulse waveforms of the tested subgtbe detected by our APM system easily. The
APM system achieves a measurement resolutiqmobrder. Experimental results also show that the
amplitude and frequency of the pulse of tester Haaen changed under different conditions. These
tests demonstrate the performance of the propo&dd gystem for measuring micro-pulsation on skin
surface is pretty good. If a speedier CMOS or C@iage sensor, such as 200 frames per second or
more and a smaller pixel size can be used, the pudseform obtained by our APM system would be
more accurate and clearer. To reduce the specidet eff the laser, a non-coherent light could be
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chosen. This would also reduce the noise causéasby light.

Our experimental results have shown the feasiblitysing the optical triangulation method and a
CMOS image sensor to measure arterial pulsatiothodbh the demonstrated examples are not yet
sufficient to clinical bearings, they serve to téds¢ method and evaluate the performance of the
proposed APM system. In the future, this arteridsp measurement system can be improved by using
3 light sources to simultaneously check the puisatif three or six different TCM points on the wris
(i.e., Chun, Guan, and Chy points on one hand orhands, respectively). And the relation between
the pulse signal and the healthy condition of thkjext will be established. We hope that we can
report the investigation results in future.
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