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We applied our millimeter-scale laser Doppler velocimeter (u-LDV) as an absolute blood
flow rate sensor in a thin tube (0.5 mm inner diameter) for precise control of the blood flow
rate. We proposed a sequence of signal processing, frequency weighting modification, and
peak detection, and succeeded in the detection of the beat signal induced by flow at the
center of the tube. Flow rates of 20, 40, and 60% hematocrit [volume percentage of red
blood cells (RBCs) in blood] were measured. The errors with respect to the hematocrit change
were 14.2% for 58.9 pl/min, 5.1% for 235.6 pl/min, and 3.6% for 471.1 pl/min (corresponding
maximum flow velocity of 80 mm/s), whereas the error ranges determined by laser Doppler
flowmetry (LDF) calculation, which is generally used for blood flow measurement by the
laser Doppler effect, were 89.2, 42.7, and 19.5%, respectively. The results show the potential
application of pu-LDV as an integrable absolute blood flow rate sensor on a microchannel such
as a thin tube and micro-total analysis system (u-TAS) for a wide hematocrit range.

1. Introduction

Microfluidic device technology is becoming increasingly important in the biomedical
field.!) To date, a variety of microfluidic devices have been researched and developed
toward realizing the lab-on-a-chip (LoC) and micro-total analysis system (u-TAS)?~® for
various analyses and applications, such as liquid chromatography,m protein separation,(g)

*Corresponding author: e-mail: morita.nobutomo@aist.go.jp
https://doi.org/10.18494/SAM.2018.2010

ISSN 0914-4935 © MYU K.K.
https:/myukk.org/



3010 Sensors and Materials, Vol. 30, No. 12 (2018)

rare metal extraction,’”” Raman spectroscopy,'” DNA analysis, """ drug discovery,>
electrotaxis study,(l6) cancer biomarker detection,m) and hormone detection.!® Many of
these applications require precise control of the flow rate.!*-29

Several types of flow sensors for microfluidic devices have been developed, the
measurement principle of which is based on thermal transport,m) electrical admittance

change,m) fluid dynamical oscillation,?® 24

optical imaging, and the laser Doppler
effect.®® A laser Doppler velocimeter (LDV) achieves contactless measurement in real
time without the need to add anything to the measurement target, because an LDV detects
velocity from the Doppler shift of scattered light, which is proportional to the velocity
of the measurement target. Thus, LDV has been used for blood flow measurement in
both clinical and microfluidics research, for example, blood flow in a retinal vessel?®)

and experimental research on biorheology.(27’28)
(11,29,30)

However, only the total flow rate of
blood is controlled by a syringe pump and the flow rate of each branched flow
channel is not monitored. The application of LDV must be considered to guarantee blood
flow rate measurement for further accurate analysis of blood samples. Unfortunately, an
LDV requires a large optical system such as a microscope, giving rise to challenges such
as difficulty of integration in a microfluidic device and the need for measurements of
multiple adjacent points. Moreover, during the flow measurement of a thicker blood flow
layer (i.e., >400 pm for 40% hematocrit), the power spectrum of the LDV signal is greatly
broadened and the signal weakened owing to marked light scattering and absorption by
red blood cells (RBCs), resulting in a difficulty in detecting beat frequency because of
the Doppler shift required for the calculation of flow Velocity.(31) It is known that the
blood flow rate can be evaluated by laser Doppler flowmetry (LDF) even with a broad
power spectrum. However, in the LDF method, the measured value varies depending

on the hematocrit Value,(zg)

which varies greatly among individuals (i.e., 40 to 54% for
men, 36 to 48% for women(32)), thus preventing an absolute flow measurement of blood.
We have developed a small MEMS-based LDV named micro-LDV (pu-LDV), which has
the advantage of small size, high-speed response, and a wide range of measurable target
materials, making its integration into a humanoid robotic fingertip as a slip sensor
possible.(33)

In this paper, we report the absolute blood flow rate measurement using the newly
developed u-LDV as an optical flow sensor system for accurate, multipoint, and real-time
blood flow rate monitoring (Fig. 1). We propose a signal processing algorithm based on
the frequency weighting method to detect beat frequency from a power spectrum signal
with low intensity and a broad band as a result of light scattering by blood and high
absorptivity. Then, we discussed the accuracy of the absolute flow rate measurement by
the proposed method including the influence of hematocrit changes and compared it with
the result calculated by the LDF method.
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Fig. 1.  (Color online) Schematic diagram of optical flow sensor system for accurate, multipoint, and real-time
blood flow rate monitoring.

2. Materials and Methods
2.1 Experimental setup

Figure 2 shows the p-LDV and cover plate. The dimensions of the u-LDV with the cover
plate are 2.8 x 2.8 mm? and 1.05 mm in thickness. The p-LDV mainly consists of the Si layer
as the base material, the glass layer as the cover material, a laser diode (LD), and a photodiode (PD).
The glass layer has two lenses for laser beam collimation. The p-LDV can irradiate two
collimated laser beams that cross to form the measurement volume for laser Doppler
velocimetry. Representative specifications of the u-LDV are listed in Table 1. Further details of
the p-LDV, including the design, fabrication, and basic characteristics of velocity measurement,
are described in our previous paper.*? In this work, we aimed to obtain a signal with a higher
signal-to-noise ratio by attaching a cover plate with a pinhole onto the top surface of the u-LDV.
The cover plate has an 80-pm-diameter pinhole and windows for passing irradiated laser beams
and is made of a 50-um-thick SUS plate coated with black oxide film. Irradiated laser beams
are scattered, Doppler shifted by blood cells, pass through the pinhole, and then detected by
the PD in the u-LDV. The pinhole restricts the entry of higher multiply scattered light into the
PD active area, because multiple scattered light broadens the power spectrum and obscures the
beat signal peak. broaden the power spectrum and obscure the beat signal peak. The detected
scattered light coming from the center of the tube becomes higher in intensity than the higher
multiply scattered light after setting the cover plate.

A PTFE tube was used as the flow channel with inner and outer diameters of 0.5 and 1.0
mm, respectively. The p-LDV was set in front of the flow tube, as shown in Fig. 3. The gap
between the u-LDV surface and the tube surface was set to 0.3 mm so that the intersection of
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Table 1
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Fig. 3. (Color online) Experimental setup and schematic of C-C’ section of p-LDV with flow channel.

the center of the two laser beams is located at the center of the tube. Blood (defibrinated horse
blood, Cohjin Bio Co., Ltd.) was transferred with a syringe pump at flow rates of 58.9, 235.6,
and 471.1 ul/min, which correspond to the theoretical flow velocities at the center of the flow
channel, V., of 10, 40, and 80 mm/s, respectively, under the assumption of Newtonian flow,
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which follows the Hagen—Poiseuille law. The PD output signal of the u-LDV was amplified 5
times, and the processing parameters of the fast Fourier transform (FFT) are listed in Table 2.

Hematocrit was adjusted to 20, 40, and 60% by mixing autologous plasma and RBCs that
were prepared beforehand by centrifugation of the blood. These blood samples are shown in Fig. 4.
Blood samples with lower hematocrit values appears brighter red. The optical transmission was
low enough that the background could not be observed through blood samples.

2.2 Conversion theory from beat frequency to flow rate

Figure 5 illustrates the conversion theory from beat frequency to flow rate. Fluid flows in a
tube of section area 4 at flow rate Q,.; and average velocity V. in accordance with

Qact = AV,ve. (1)

Here, assuming that the flow velocity distribution for the radial direction 7, V{,, follows the

Hagen—Poiseuille law, the relationship between velocity at the center of the tube V(,—g) and V.
is expressed as

Table 2
FFT parameters.

FFT Sampling No. of samplings  No. of frequency ~ Resolution

Averagin Measurement
range rate for one FFT period divisions bandwidth ging time
100kHz 256 kHz 2048 points 800 125 Hz 100 times, 87.2 ms
90% overlap

F‘l\ow channel (tube) . T .
) )
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AN

N
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Fig. 4. (Color online) Blood samples with different Fig. 5.

(Color online) Conversion process for
hematocrit.

measurement of absolute flow rate in a tube by laser
Doppler velocimetry.
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V(r=0) = 2Vave. (2)

The LDV irradiates two laser beams at the center of fluid flow, then the PD detects light
scattered and Doppler shifted by particles (i.e., RBCs). The output voltage is analyzed by FFT.
Then, the power spectrum gives the beat frequency fy,—0) as the frequency at the peak power of
the power spectrum. fy—o) is expressed as

Jao=0) = 2Vy=0) sinb/i, 3

where A is the wavelength of the laser and 8 is the half-angle between two crossing laser beams.
From these relations, the flow rate O,eqs. can be calculated from the measured beat frequency
as

Omeas = AMd=0)/(4sind). @)
2.3 Signal processing

Ideally, the velocity at the center of a tube can be perfectly measured if it is possible to
irradiate extrafine collimated laser beams as schematically shown in Fig. 5. In practice,
however, it is a challenge to irradiate the laser at such a specific volume owing to high scattering
ability of the large number of RBCs in blood. Moreover, forming an extrafine collimated laser
beam for the 0.5-mm-diameter tube (i.e., 20-um-diameter beam) is also challenging without
a long optical path, even in a uniform medium with low scattering ability such as air. Thus,
the obtained power spectra include a wide band of Doppler-shifted frequency corresponding to
velocity distribution in the measurement volume of the LDV. Therefore, under the measurement
conditions adopted in this study, the power spectrum obtained by laser Doppler velocimetry
never shows sharp peaks, as schematically shown in Fig. 5. Preprocessing is necessary to
enable the detection of the beat signals corresponding to the center velocity, which are buried
in the broad power spectrum. We propose frequency weighting modification of the power
spectrum, as defined in Egs. (5) and (6), to reveal the buried beat frequency.

Pifiy = 20logio(Vics) ®)

Plicgiy = 20logio{Vi i {(fi + Bfmax)/ [(1 + B)fmax]}“} ©)
Here, fi, Viisiy, Pitfiy» P'itfi)» fmax» @, and f are the frequency, power at f; in volts, power at f; in
dB, modified power at f; in dB, maximum frequency of FFT, frequency weighting coefficient,

and offset frequency ratio, respectively. Subscript i indicates the element number of the FFT-
analyzed data array. Equation (6) can be rearranged as

P'icsiy = Picsiy + 20a logio(fi + Bfmax) — 200 logio [(1 + B)fmax]- (7
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The sequence of beat frequency detection is described in Fig. 6. First, the raw power
spectrum is modified as described by Eq. (7). Then, the modified power spectrum shows an
arched peak point. After that, peak detection is performed by comparing modified powers,
following the sequence described in Fig. 6. f; is scanned from 0 Hz until the peak is found. f;is
detected as a beat frequency fy neqs if the power at f; is higher than all the powers at frequencies
in the range of f; to f; + 10 kHz (= f; + fi+s0). Flow rate can be calculated using /7 ,.qs and Eq. (4).
We named the above flow rate measurement process the frequency weighting method. The
error for the theoretical beat frequency Ery is defined as follows using the theoretical beat
frequency at the center fg(,—0):

Ery= (fd.meas(r=0) _fd (r=0))/f d (r=0)- (8)

Additionally, an arbitrary value related to the blood flow rate, blood flow value (BFV)
measured by the LDF method [Eq. (9)],(35) was used for comparing measurement errors in the
frequency weighting method and the LDF method.

BFV= (X" i=1Pics fi A" i=1Picfiy df ) )

Raw power spectrum

A l
\ Peak detection
Frequency (kHz) >
A 4

Power (dB)

Frequency weighting i=1 i=i+l
modification [Eq. (7)] j=1 j=
‘—I.
Modified power spectrum ‘\
_ P(f) > P Lalse
a /a"’\\
o .
I Frequency (kHz) " J = j+ 1

Peak detection done,

fi = far=0y: Beat frequency

Fig. 6.  (Color online) Sequence of beat frequency detection.
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The measurement error in the LDF method E; pr is defined as follows. From average BFV
at V,, for each hematocrit, the approximate straight line of average BFV, BFV,,r0x., 18 calculated
by the least squares method.

BFVapprox.(vety= aVer + b (10)
a and b are constant coefficients. E;pg is defined as
Erpr= (BEV = BFVapprox.(vet)!/[(BE Vapprox.ven) — b)- (11)
3. Results and Discussion

Figures 7(a)-7(c) show power spectra of the u-LDV while changing 20, 40, and 60%
hematocrit at flow rates of 58.9 pl/min (V. = 10 mm/s), 235.6 pl/min (V. = 40 mm/s), and
471.1 pl/min (V. = 80 mm/s). The shape of the power spectrum became wider toward higher
frequencies as the flow rate increased. A wide spectral shape was observed in the higher
frequency region as flow rate increased for all investigated hematocrit values. However,
these power spectra have no specific peak, as illustrated in Fig. 5. Therefore, we applied the
frequency weighting method as proposed in the previous section. Using the measured data, the
coefficients a and £ in Eq. (7) were optimized so that the change in the measured value was the
smallest when the hematocrit was varied. The optimized coefficients a and § were 0.9 and 0.01,
respectively. The modified power spectra are shown in Figs. 7(d)-7(f). All modified power
spectra have rounded peak points. The detected peak points are shown in the graph as inverse
triangles (V). Also, the detected beat frequencies are plotted with the theoretical beat frequency
for theoretical velocity at the center [Eq. (3)] in Fig. 8. The detected beat frequency linearly
changes along the theoretical beat frequency. In particular, the detected beat frequencies at the
same velocity have small errors with respect to the wide range of hematocrit change from 20 to
60%, which is the range that fully covers the range of human blood hematocrit values (i.e., 40
to 54% for men, 36 to 48% for women®?). These errors in the frequency weighting method are
summarized in Table 3. The errors with respect to hematocrit changes for each flow velocity
at the center were 14.2% for 10 mm/s (58.9 pl/min), 5.1% for 40 mm/s (235.6 pl/min), and 3.6%
for 80 mm/s (471.1 ul/min). We considered the error to be caused by the deformation of the
power spectrum shape owing to variation in the concentration of RBCs, which are the main
scatterer and absorber in the blood. Since higher-hematocrit blood has higher scattering ability
and absorbability, the frequency distribution of the power spectrum becomes broader and the
total intensity of the power spectrum becomes lower. In addition, the penetration depth of light
is smaller, resulting in the intensity of the received light coming from the vicinity of the LDV
being higher than the intensity from the central portion of the flow channel. As a result, the
intensity of the Doppler-shifted light due to the blood having a lower flow rate than the blood
in the central portion of the channel increases, and not only the decrease in the power spectrum
intensity but also the frequency distribution are affected.
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Fig. 7. (Color online) Power spectra of u-LDV output signal during flow measurement. (a)—(c) Raw power spectra.
(d)—(f) Modified power spectra. Detected peaks are marked by V. (a) Ht = 60%. (b) Ht = 40%. (c) Ht = 20%. (d)
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Table 3
Measurement errors in frequency weighting method.
Flow velocity Error for the theoretical beat frequency (%) Error with respect
at the center (mm/s) Ht 20 Ht 40 Ht 60 to hematocrit change (%)
10 -0.5 -14.7 -10.6 14.2
40 -19.8 -16.7 —-14.7 5.1
80 -8.1 -11.6 -9.9 3.6
1400
—8— Ht=20%
Ht = 40%
1200 —%— Ht=60%
oooooooo Average BFV
."é\ o0 v+ Ses | TTTT BF Vapprox. (Vep)
£
s
E’ 800 r
x
600
- BFV gy (re=9-3358Vet+493.37
400 - - - -
0 20 40 60 80 100
Flow velocity (mm/s)

Fig. 9. (Color online) Arbitrary BFV determined by LDF calculation [Eq. (9)].

Table 4

Measurement errors in LDF method.

Flow velocity Error for theoretical beat frequency (%) Error with respect

at the center (mm/s) Ht 20 Ht 40 Ht 60 to different hematocrit levels
10 -25.1 414 64.1 89.2

40 -37.5 2.8 5.2 42.7

80 2.3 —4.8 14.7 19.5

BFV and its errors were also calculated using Egs. (9)—(11) to compare the measurement
errors. Calculated BFV, average BFV at each flow rate, and BF'Vpprox (ver) are plotted in Fig.
9. Obviously, BFV indicated different values when hematocrit was different under the same
flow rate condition. These errors in the LDF method are summarized in Table 4. The errors
with respect to the hematocrit change for each flow velocity at the center were 89.2% for
10 mm/s (58.9 ul/min), 42.7% for 40 mm/s (235.6 ul/min), and 19.5% for 80 mm/s (471.1 ul/min),
all of which are larger than the errors in the frequency weighting method. These results show
the advantage of p-LDV with the frequency weighting method for flow rate measurement of
unknown hematocrit. The error in the LDF method is thought to be due to the issue that high-
hematocrit blood decreases the linearity of the LDF method.®® As Fig. 9 indicates, the error
seems to be more dependent on hematocrit than flow velocity; the relative error becomes larger
as the speed decreases.
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For further improvement in measurement accuracy, there is still the following need.
Because the power spectrum has noise, the current method based principally on peak detection
could have measurement error. Considering the noise level of the result, the error can be
approximately 5 times of the frequency resolution at maximum (625 Hz), which corresponds to
1 mm/s, and 10% error of V,; at 10 mm/s. This error can be reduced by applying appropriate
curve fitting to the power spectrum for the interpolation of the discrete frequency data. Another
possible solution is to improve the frequency resolution or increase the number of averaging
times, N. A higher frequency resolution leads to a higher measurement resolution, and
increasing the number of averaging times can reduce the noise to be inversely proportional to
root N under the assumption that the noise is random. The disadvantage of these two methods
is a decrease in response speed. The frequency division of FFT is inversely proportional to
the sampling rate, or increasing N simply results in the sampling times becoming N times.
However, since the flow in microfluidic devices does not rapidly change owing to its low
Reynold’s number, it is considered that the technique of improving the accuracy at the expense of
the response speed may be effective in practice.

Additionally, we assumed the flow velocity distribution to be Newtonian. However, blood
is a non-Newtonian fluid and its flow shows complex biorheological behavior, including RBC
aggregation.®” The flow velocity distribution and RBC behavior should be considered for better
accuracy.

4. Conclusions

We investigated the validity and application of the u-LDV integrated into a microfluid
device developed by our group for absolute blood flow measurement. It offers the
important function of precise flow control. We proposed a frequency weighting method
with a signal processing algorithm that enables beat frequency detection from a power
spectrum that is broad and weak owing to marked light scattering and absorption by
RBCs. The results of measurement by the proposed method showed that the measurement
error due to hematocrit change could be significantly reduced compared with the LDF
method. In addition, the LDV can measure the flow velocity and flow rate of various light-
scattering fluids accurately without contact and in real time. Owing to the millimeter-scale
size, the addition of the proposed signal processing, and the advantages of LDV, the u-LDV
has the potential to be an integrable absolute flow rate sensor for LoCs and p-TASs for various
fluids.
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