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Abstract: Since blood flow is a physiologically important parameter in determining the state of the
tissue (e.g., viability and activity), various blood flow measurement techniques have been developed.
However, existing blood flow measurement methods require complex equipment to generate external
energy sources to be applied onto the tissue. This paper describes a magnetic method for the simple
and external source-free measurement of blood flowing throughout the capillary. A microcoil located
near to the capillary captures the intrinsic magnetic field produced by flowing negatively charged
blood cells (e.g., red blood cells and white blood cells) to induce the electromotive force (EMF).
The velocity of blood cells is estimated using the time interval between adjacent peaks and the slope
of the induced EMF. The direction of blood flow can also be determined based on the frequency
shift of the induced EMF. When moving the microcoil in the same direction of the blood flow, the
frequency of induced EMF decreases, whereas an increased frequency is observed when moving
the microcoil in the opposite direction to the blood flow. Moreover, this method could detect and
distinguish streams of red blood cells and white blood cells. These results support the feasibility of
a non-invasive magnetic blood flow monitoring system that does not require any external power
source applied to the blood stream and thereby alleviates the complexity of conventional blood flow
monitoring systems.

Keywords: blood flow; magnetic sensor; microcoil; inductive coupling; electromotive force; red
blood cell; white blood cell

1. Introduction

Since the blood contains nutrient, oxygen and other components for immune responses, blood
flow reflects the physiological status of every cell affected by it. The measurement of blood flow
provides important information when diagnosing diseases related to blood flow problems. Blood
flow is also closely related to the neural activation, as the neuron demands oxygen when its activity
increases [1]. Therefore, interest in blood flow measurement has evolved, and measurement techniques
have been developed, which are classified by the type of energy source—for instance, optical, magnetic,
and mechanical energy—applied to the blood vessel [2,3].

Measuring blood flow using optics has been widely employed due to its high spatial resolution [3].
Several measurement techniques have been developed, such as laser Doppler flowmetry and laser
speckle contrast imaging. Laser Doppler flowmetry uses the frequency of light that has been scattered
back from the blood stream to evaluate the flow of blood [4]. Incident light strikes the red blood cell
(RBC) and is reflected back, undergoing a Doppler shift. Stationary surrounding tissue also reflects the
incident light, but the reflected light does not undergo a Doppler shift. After extracting the Doppler
shifted light, the intensity and the frequency shifts are used to estimate the number of moving cells
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and their velocity, respectively. Laser Doppler flowmetry, however, necessitates a scanner to get a
full-field image [5]. On the other hand, laser speckle contrast imaging requires no scanner for the
full-field imaging of blood flow, due to analyzing the full-field interference pattern reflected from the
object [3]. Coherent light illuminates the medium and creates a random interference pattern called
speckle. The movement of blood cells causes the speckle pattern to fluctuate in time, whereas the
stationary medium preserves the original speckle pattern [6]. When the camera exposure time is longer
than the speckle intensity fluctuation, vibrating speckle patterns are summed over time at the camera,
resulting in the blurring of the speckle pattern. Hence, the degree of blurring of speckle patterns
reflects the motion of the medium (e.g., blood) [7,8]. However, quantitative analysis of the velocity of
the blood stream is very challenging for this technique [7].

Faraday’s law of induction states that electric charge exerts an electromotive force (EMF) when it
moves along the direction perpendicular to the external magnetic field. Since blood is composed of
electrically charged components, EMF is induced when an external magnetic field is applied to the
blood vessel. Induced EMF is detected by the two electrodes located perpendicular to the applied
magnetic field [9–11]. However, this method requires a magnetic coil that generates the magnetic field
exerted on the blood vessel.

Two types of ultrasound-based blood flow measurement methodology have been developed.
The first type measures the time required for the ultrasound wave to travel from the emitter to the
receiver sensor [2]. Transit time increases as the ultrasound travels against the blood flow, whereas it
decreases as the ultrasound travels with the blood flow. The second type is based on the flow-mediated
Doppler shift in the vessel [12,13]. Ultrasound at a specific frequency traveling through the blood
vessels undergoes a frequency shift depending on the velocity and the direction of flow.

Though they differ in detail, currently developed blood flowmetries monitor the blood flow
response after applying external energy sources (e.g., mechanical, optical, and magnetic energy)
requiring additional equipment to produce them. Hence, it would be ideal to remove the external
energy source when measuring the blood flow. In this work, we measured the flow of individual blood
cells (e.g., RBCs and white blood cells (WBCs)) without any externally applied source. Since blood
cells have their own net electric charges, blood cells produce a magnetic field as they flow along the
vessel. When placing a microcoil in such a way that the intrinsically generated time-varying magnetic
field enters the microsensor, an EMF is induced at the microsensor. We modeled the microcoil and
blood to analytically calculate the induced EMF at the microcoil. We also determined the direction of
the blood stream by monitoring the frequency shift while moving the microcoil along the vessel. This
work demonstrates a novel non-invasive magnetic method for microscopic blood flow monitoring
without any applied source and would be an alternative simple tool for monitoring blood cell flow.

2. Modeling and Simulation

2.1. Analysis of the Magnetic Field Generated by Flowing Blood Cells

Blood contains blood cells and blood plasma. Blood cells can be classified as RBCs carrying
oxygen and WBCs acting as a result of the immune response. Blood plasma, on the other hand, is a
liquid component that carries and delivers blood cells and nutrients throughout the body. Since blood
components are each comprised of their own electrically charged ions, blood cells and blood plasma
have their own distinctive net ion charges and volume charge densities, respectively.

Based on the Biot-Savart law, a moving charged particle produces a magnetic field whose
magnitude is proportional to the absolute electric charge of the particle and inversely proportional
to the square of the distance between the point of measurement and the particle. Supposing that an
electric charge of an RBC concentrates in the center of the RBC and moves along z-axis, the magnetic
field produced at x and y is determined according to the following equation:
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2
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(
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)
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2 + (y− yrbc)
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where, µo is the permeability in vacuum, v is the velocity of the RBC, q is the net charge of the RBC, χm

is the magnetic susceptibility, and xrbc and yrbc are the x and y locations of the RBC, respectively. All
the simulations were implemented using MATLAB (MathWorks, USA).

2.2. Modeling of Capillary and Blood Components

We first calculated the net charge of RBCs and WBCs, specifically the lymphocyte. The cell is
modeled as three serially connected capacitors Cbi, Ci, and Co reflecting a lipid bilayer and electrical
double layers of intracellular and extracellular regions, respectively, which are connected to an
equivalent resistor (REq) and a voltage source (VEq) in parallel [14–16]. Since three serially connected
capacitors are simplified as an equivalent membrane capacitance (CRBC/WBC), the net charge stored
inside the cell is calculated by multiplying the CRBC/WBC and the transmembrane potential (VRBC/WBC)
(Table 1). We found that the RBCs and WBCs have net charges of −1.5× 10−11 [C] and −2.8× 10−10 [C],
respectively, which are stored inside the small cell volumes. For every ion of which the blood plasma
is composed, valance (zion) and molar concentration (cion) were multiplied and summed to find the
volume charge density. We found that blood plasma and RBCs have 2.1× 103 [C/L] and −7.5× 107 [C/L]
volume charge densities, respectively (Table 1).

Table 1. Definitions of variables and values used in the magnetic microcoil for blood cell flowmetery.

Variable Definition Value Unit

DR Diameter of red blood cell 7.2 [17] [µm]
DW Diameter of white blood cell 7.5 [µm]

CRBC Membrane capacitance of red blood cell 1.5 [18] [pF]
CWBC Membrane capacitance of white blood cell 4.6 [19] [pF]
VRBC Transmembrane potential of red blood cell −10 [20] [mV]
VWBC Transmembrane potential of white blood cell −60 [21] [mV]

v Velocity of blood 1 [22] [mm/s]
lBCs Distance between adjacent blood cells 3.4× 10−2 [23] [mm]
Dc Diameter of capillary 7.5 [µm]

cNa+ Concentration of Na+ in blood plasma 142 [24] [mmol/L]
cK+ Concentration of K+ in blood plasma 5 [24] [mmol/L]

cMg+ Concentration of Mg+ in blood plasma 1.5 [24] [mmol/L]
cCa2+ Concentration of Ca2+ in blood plasma 2.5 [24] [mmol/L]
cCl− Concentration of Cl− in blood plasma 103 [24] [mmol/L]

cHCO−3 Concentration of HCO−3 in blood plasma 27 [24] [mmol/L]
cHPO−2

4
Concentration of HPO−2

4 in blood plasma 1 [24] [mmol/L]
cSO−2

4
Concentration of SO−2

4 in blood plasma 0.5 [24] [mmol/L]
zNa+ Valence of Na+ 1 N.A.
zK+ Valence of K+ 1 N.A.

zMg2+ Valence of Mg2+ 2 N.A.
zCa2+ Valence of Ca2+ 2 N.A.
zCl− Valence of Cl− −2 N.A.

zHCO−3 Valence of HCO−3 −1 N.A.
zHPO−2

4
Valence of HPO−2

4 −2 N.A.
zSO−2

4
Valence of SO−2

4 −2 N.A.

We modeled the blood vessel and blood cells flowing inside, whose dimensions are described in
Table 1. We limited the blood vessel type to the capillary, so that blood cells flow one by one through it.
We also assumed the shape of a blood cell to be a sphere (Figure 1a). We divided the capillary into
series of base volumes, each having a thickness of 1 µm, and the electric charge inside the base volume
was calculated. As seen in the Figure 1b, blood plasma exhibits a base charge of 1.2× 10−10 [C], while
the electric charge decreases to 3.3× 10−11 [C] when it reaches RBCs.



Electronics 2020, 9, 618 4 of 10

Electronics 2020, 9, x FOR PEER REVIEW 3 of 10 

 

where, 𝜇𝑜 is the permeability in vacuum, 𝑣 is the velocity of the RBC, 𝑞 is the net charge of the 

RBC, 𝜒𝑚 is the magnetic susceptibility, and 𝑥𝑟𝑏𝑐 and 𝑦𝑟𝑏𝑐 are the 𝑥 and 𝑦 locations of the RBC, 

respectively. All the simulations were implemented using MATLAB (MathWorks, USA). 

2.2. Modeling of Capillary and Blood Components 

We first calculated the net charge of RBCs and WBCs, specifically the lymphocyte. The cell is 

modeled as three serially connected capacitors 𝐶𝑏𝑖, 𝐶𝑖, and 𝐶𝑜 reflecting a lipid bilayer and electrical 

double layers of intracellular and extracellular regions, respectively, which are connected to an 

equivalent resistor (𝑅𝐸𝑞) and a voltage source (𝑉𝐸𝑞) in parallel [14–16]. Since three serially connected 

capacitors are simplified as an equivalent membrane capacitance (𝐶𝑅𝐵𝐶/𝑊𝐵𝐶), the net charge stored 

inside the cell is calculated by multiplying the 𝐶𝑅𝐵𝐶/𝑊𝐵𝐶 and the transmembrane potential (𝑉𝑅𝐵𝐶/𝑊𝐵𝐶) 

(Table 1). We found that the RBCs and WBCs have net charges of −1.5 × 10−11 [C] and −2.8 × 10−10 

[C], respectively, which are stored inside the small cell volumes. For every ion of which the blood 

plasma is composed, valance (𝑧𝑖𝑜𝑛) and molar concentration (𝑐𝑖𝑜𝑛) were multiplied and summed to 

find the volume charge density. We found that blood plasma and RBCs have 2.1 × 103 [C/L] and 

−7.5 × 107 [C/L] volume charge densities, respectively (Table 1). 

We modeled the blood vessel and blood cells flowing inside, whose dimensions are described 

in Table 1. We limited the blood vessel type to the capillary, so that blood cells flow one by one 

through it. We also assumed the shape of a blood cell to be a sphere (Figure 1a). We divided the 

capillary into series of base volumes, each having a thickness of 1 μm, and the electric charge inside 

the base volume was calculated. As seen in the Figure 1b, blood plasma exhibits a base charge of 

1.2 × 10−10 [C], while the electric charge decreases to 3.3 × 10−11 [C] when it reaches RBCs. 

 

Figure 1. The blood stream and the generation of a magnetic field produced by the electrically charged 

blood. (a) Schematics of blood cells consisting of red blood cells (RBCs) and white blood cells (WBCs) 

flowing along the capillary with a speed of v. The diameters of the RBC and the WBC are DR and DW, 

respectively, and each adjacent blood cell is separated by 𝑙𝐵𝐶𝑠. (b) A cell is modeled as three serially 

connected capacitors 𝐶𝑖 , 𝐶𝑜 , and 𝐶𝑏𝑖 , reflecting an electrical double layer of intracellular and 

extracellular regions, and a lipid bilayer, respectively. Capacitors are connected to a resistor (𝑅𝐸𝑞) 

and a voltage source (𝑉𝐸𝑞), each reflecting ion channels and the equilibrium potential of ions. (c) 

Electric charge along the capillary when RBCs are located at −68, −34, 0, 34, and 68 μm (red-filled 

circle). The base volume is defined as the volume of the capillary with a 1 μm thickness along the y-

axis. All the charges inside the base volume are summed to determine the electric charge for each 
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Figure 1. The blood stream and the generation of a magnetic field produced by the electrically charged
blood. (a) Schematics of blood cells consisting of red blood cells (RBCs) and white blood cells (WBCs)
flowing along the capillary with a speed of v. The diameters of the RBC and the WBC are DR and
DW, respectively, and each adjacent blood cell is separated by lBCs. (b) A cell is modeled as three
serially connected capacitors Ci, Co, and Cbi, reflecting an electrical double layer of intracellular and
extracellular regions, and a lipid bilayer, respectively. Capacitors are connected to a resistor (REq) and a
voltage source (VEq), each reflecting ion channels and the equilibrium potential of ions. (c) Electric
charge along the capillary when RBCs are located at −68, −34, 0, 34, and 68 µm (red-filled circle).
The base volume is defined as the volume of the capillary with a 1 µm thickness along the y-axis. All the
charges inside the base volume are summed to determine the electric charge for each point. (d) When
blood flows in the y-direction, the magnetic field is generated in a counter-clockwise direction in the
xz-plane. Among the two microcoils located above the capillary, the left one is aligned to capture the
maximum magnetic field (rotation angle (θ) of 0◦), whereas the microcoil on the right is rotated by θ
about the rotation axis of z.

2.3. Modeling of the Microcoil

We designed a coil to have a diameter and number of turns of 25 µm and 50, respectively. An iron
core whose relative permeability is 2× 105 is located at the center of the microcoil. Since the magnetic
field is generated in a circular direction from the capillary, the microcoil is located perpendicular to the
capillary in such a way that the microcoil receives the maximum magnetic field (Figure 1c). Due to the
time-varying magnetic field produced by the moving blood cells, an EMF is induced at the microcoil,
whose magnitude is described as:

ε = −N
dΦB

dt
= −N

d(B×A)

dt
, (2)

where N is the number of turns of the microcoil, ΦB is a total magnetic flux entering the microcoil, B is
the magnetic field, A is the area of coil opening, and t is the time.
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3. Results

3.1. Blood Flow Measurement

3.1.1. An Inductively Coupled Magnetic Sensor for Velocity Measurement

We first measured the time-course of the magnetic field at the magnetic coil located just above the
capillary. As a proof-of-concept, we assumed that the RBCs were equidistantly spaced, with an interval
of 3.4× 10−5 [m] float in the blood plasma, with a velocity of 1 [mm/s] (Table 1). At the moment when
the microcoil sensor is located at the mid-point of the two adjacent RBCs in the y-axis, 2.6× 10−4 [T] is
generated, which is mainly attributed to the magnetic field produced by the blood plasma (Figure 2a).
The magnetic field, however, decreases to 2.5× 10−4 [T] when the RBC is just below the microcoil and
bounces back to 2.6× 10−4 [T] when the RBC moves away from the microcoil. Based on Faraday’s law
of induction (Equation (2)), an EMF is generated at the microcoil. We found that the EMF generated at
the microcoil whose rotation angle (θ) is 0◦ lags 90◦ behind the magnetic field (Figure 2a).
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Figure 2. Measurement of the blood velocity using the induced electromotive force (EMF) generated at
the microcoil. (a–d) The magnetic field generated by the flowing blood (black line), and the induced
EMF measured at the microcoil (red line) when the blood velocity (v) and inter-RBC distance (lBCs)
become 1 mm/s and 0.034 mm for (a), 0.5 mm/s and 0.034 mm for (b), 1 mm/s and 0.068 mm for (c),
and 0.5 mm/s and 0.068 mm for (d). (e) The distance between adjacent RBCs (lRBCs) is plotted as a

function of the normalized slope of induced EMF (SlpEMF =
EMF(t1+∆t)−EMF(t1)

EMFmaximum peak−EMFminimum peak
) where t1 is the

time when the RBC passes just below the microcoil and ∆t is 1 ms.

Though we know the periods of the induced EMF (TBCs), the velocity of RBCs (v) cannot be
determined, since the distances between each adjacent RBC (lBCs) are usually unknown (Figure 1a).
Interestingly, we found that the magnetic field profile depends on the lRBCs. As can be seen in
Figure 2a–d, the shape of the magnetic field, as well as the induced EMF detected at the microcoil,
changes, depending on the lBCs. This is because the magnetic field produced by RBCs affects the
adjacent area more as they get closer. We also found that the normalized slope of the EMF (SlpEMF) is
independent of the blood velocity of which the SlpEMF is defined as

SlpEMF =
EMF(t1 + ∆t) − EMF(t1)

EMFmaximum peak − EMFminimum peak
, (3)

where t1 is the time when the RBC passes just below the microcoil, and ∆t is 1 ms. These findings
assert the possibility of estimating lBCs using one of the pieces of information regarding the shape of
the EMF, the SlpEMF. We determined the lBCs with respect to the SlpEMF, as shown in Figure 2e. We
found that the graph can be fitted using a power function (lBCs = 1.638× 10−5

× (SlpEMF)
−0.5077) with
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95% confidence bounds. Based on this acquired fitting function, once we monitored the EMF and
acquired the SlpEMF, we could then estimate lBCs. Therefore, we could estimate the velocity of RBCs (v)
as lBCs

TBCs
. It is worth noting that the v is determined by the normalized EMF difference (SlpEMF), not the

absolute amplitude of the EMF.

3.1.2. Magnetic Sensor for Directional Flow Measurement

Prior to determining the direction of blood flow, we first determined how the capillary is aligned
in the xy-plane (Figure 1c). The induced EMF was monitored while rotating the microcoil in the z-axis.
We found that the induced EMF is maximized when the microcoil is perpendicularly aligned with the
capillary, having θ of 0◦ (Figure 3a). Once we found how the capillary was aligned, we could determine
the direction of blood stream. The change in the induced EMF frequency, while moving the microcoil
along the capillary at a velocity of 0.5 mm/s, was monitored. During the microcoil movement, the
rotation angle θ is kept constant, at 0◦. Here the EMF frequency is defined as the frequency of the local
maximum points of the EMF. We found that the EMF frequency decreases when the microcoil moves
along the blood flow, whereas an increase in the EMF frequency was observed when the microcoil
moved in a direction opposite to the blood flow, resembling the Doppler effect (Figure 3b).
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Figure 3. Measurement of the direction of blood flow by moving the microcoil along the capillary.
(a) A graph depicting the peak-to-peak amplitude of the induced electromotive force (EMF) with respect
to the rotation angle (θ) of the microcoil in the z-axis. (b) The trajectories of the EMF when the microcoil
moves in the opposite direction to (blue line) and same direction as (red line) the blood flow, at a
velocity of 0.5 mm/s, whereas the EMF with the black curve is that generated at the stationary microcoil.

3.2. Other Variations

3.2.1. Effects of White Blood Cells on the Induced Electromotive Force

We investigate whether WBCs are detected and distinguished by the magnetic sensor. As noted
above in Section 2.2, the electric charge and the dimension of a WBC are taken into account when
modeling WBCs (Table 1). WBCs are randomly distributed, having a WBC to RBC ratio of 0.1,
while lBCs is kept constant throughout the capillary. The peak electric charges of −2.6 × 10−11 [C]
and 3.3× 10−11 [C] were monitored where the WBCs and RBCs are located, respectively, while blood
plasma has a base electric charge of 1.2× 10−10 [C] (Figure 4a). Moving electric charges collectively
produce a time-varying magnetic field (Figure 4b) and generate an induced EMF at the microcoil. We
found that an EMF with a greater amplitude was generated when the WBC passed just below the
microcoil, while a smaller amplitude was generated for the RBC (Figure 4c), indicating that microcoil
sensor can distinguish between the WBCs and RBCs. This EMF result indicates that the location of
blood cell and corresponding blood cell type can be determined by the amplitude of EMF.
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Figure 4. The microcoil can detect and distinguish between RBCs and WBCs. (a) Electric charge along
the capillary when the WBCs are located at the points indicated by red-filled circles. RBCs are located
at the other points along the capillary, while maintaining a constant distance between blood cells (lBCs)
of 0.034 mm. All the charges inside the base volume, in a capillary with a 1 µm thickness, are summed
to determine the electric charge for each point. (b) The magnetic field generated by the moving RBCs
and WBCs when the WBCs are located at points indicated by red circles. (c) The electromotive force
(EMF) measured at the microcoil sensor located just above the capillary. Among peaks, those of greater
amplitude are attributed mainly to WBCs, while the smaller peaks are mainly generated by moving
RBCs. The electric charge, magnetic field, and EMF are zoomed in to, as depicted in (a-1), (b-1), and
(c-1), respectively.

3.2.2. Effects of the Capillary Diameter and the Coil to Capillary Distance on the Induced
Electromotive Force

We also determined the effect of the capillary diameter on the induced EMF detected at the
microcoil. We found that the normalized peak-to-peak amplitude of induced EMF decreases while
increasing the diameter of the capillary (Figure 5a). We speculate that the decrease in the induced EMF
is due to the masking of the electric charges of blood cells by the increased electric charge of the blood
plasma. The normalized peak-to-peak EMF decreases when the distance between the microcoil and
capillary increases, as the magnetic field is inversely proportional to the distance (Figure 5b).
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Figure 5. The normalized peak-to-peak induced EMF measured at the microcoil located just above
the capillary when changing (a) the capillary diameter and (b) the distance between the microcoil and
the capillary.

4. Conclusions and Discussion

Blood flow measurement has long been investigated, and its feasibility has been demonstrated by
numerous studies, but their methods all require external energy sources for blood detection. In this
study, we have developed a novel blood cell flowmetry approach using a micro-magnetic sensor
without an external energy source being applied. Since blood cells, as well as blood plasma, have
distinguishable electric charges, they generate magnetic fields upon blood flow. A microcoil is placed
just above the capillary and aligned, in order to allow the magnetic flux to pass through the microcoil.
As the blood components, generating different magnitudes of magnetic field, run into the capillary, the
microcoil experiences a time-varying magnetic field and thereby produces an EMF. Here, we employ
the EMF to estimate the velocity of the blood cell stream. We also determine the direction in which
the blood flows throughout the capillary by monitoring the EMF frequency shift when moving the
microcoil along the capillary. Finally, this method could detect WBC flow by monitoring the induced
EMF, which is distinguishable from that of RBC flow.

As noted, the proposed micro-magnetic sensor captures the magnetic field generated by the blood,
whereas the currently developed blood flowmetry approach requires an external energy source to
be applied for measurement. This interesting feature enables the real time monitoring of blood flow
and may be superior, in terms of temporal resolution, to conventional blood flowmetry. However,
this method is limited to the point-wise detection of blood flow, while optical blood flowmetry can
produce a full-field image of blood flow. Regarding the resolution, the optical methods are better, as
their diffraction limit lies within a range of several micrometers, depending on the light wavelength.
The proposed micro-magnetic sensor could distinguish the blood streams based on the relative
amplitude of induced EMF, as the EMF depends on the distance between the coil and the sensor
(Figure 5b). Hence, the resolution of the microcoil system would be determined by the signal-to-noise
ratio of the system.

Since it has only been validated by computational analysis, several technical challenges should
be considered to bring it into the clinic. First, EMF signal amplification is required, due to the low
EMF signal. Next, to bring the coil close to the capillary, a small coil is required for magnetic blood
flowmetry. Here, we designed the coil with a diameter of 50 µm, and the fabrication of such a small
coil requires further study. Moreover, three-dimensional modeling and simulation should give more
accurate profiles of the magnetic field and the corresponding induced electromotive force. In addition,
the distribution of ions at the ionic double layer located in the vicinity of the cell membrane should
give a more precise estimation of the electrical charge density at the blood plasma and the blood cell
membrane. Despite its technical challenges, this novel method allows non-invasive external source-free
blood flow detection based on the magnetic field generated by the blood stream.
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