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A theoretical model for describing the influence of the evanescent wave on the red blood cell (RBC,
erythrocyte) in the blood plasma is suggested in this research work. Two optical schemes for cre-
ating an evanescent wave and the features of the created field’s effect on the erythrocyte are con-
sidered. The conditions for the formation of optical forces and optical momentum, in particular,
of the vertical spin of the evanescent wave, which causes a transverse displacement of the eryth-
rocyte, are proposed. The use of a linearly polarized plane wave with azimuth of ±45° in a model
experiment, specially suggested in this work, allows for visualization of the transverse controlled
motion of the erythrocyte, which enables to claim about new possibilities for controlling microob-
jects in biology and medicine.
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1. Introduction 

A majority of investigations in biology and medicine carried out for the last decades
are devoted to the development of methods for studying biological objects with visu-
alization of micromanipulations at molecular and cell scales. Noninvasive optical trap-
ping and moving the microobjects presume application of the approaches characterized
by superhigh accuracy [1] and used in investigations on biological molecules [2–6],
red blood cells, etc. As a rule, controlled manipulations of microobjects are performed
using optical tweezers. At present, a set of techniques is available for manipulation of
biological objects and microparticles using physical nature tweezers, by transfer of the
linear momentum from a photon. Transfer of the linear momentum from light to particles
depends on the optical properties of the controlled microparticles and on the phase dis-
tribution [7–10] and polarization [11–13] of the probing beam.

A new method for controlling a biological microobject, in particular, the one with
an erythrocyte in the especially selected optical scheme, by forming an evanescent wave
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with a pronounced transverse component of the spin moment, is suggested for consid-
eration in this research.

Evanescent waves excited above the interface of two media with different refrac-
tion indices are the complementary source of optical forces and optical torques, which
can be employed for the manipulation of microparticles in a broader range of applica-
tions as compared with conventional tweezers.

It is of importance to search for techniques for manipulation of biological microob-
jects at the cell scale in vivo, by use of the physiological permeability of biomembranes.
The use of optical tweezers for trapping and manipulating erythrocytes in a blood cap-
illary gives a possibility to clean microvessels and renew their permeability owing to the
combination of the results of biological investigations in vitro and in vivo [14]. The ability
of laser radiation to penetrate biological tissues enables a creation of systems for nonin-
vasive manipulation of biological micro- and nanoobjects in living organisms, including
realization of controlled spatial motion of such objects, while avoiding the tissue de-
struction.

The progress in diagnostic and therapeutic techniques used in practical medicine
promotes further search for tools for controlled movement of nanoobjects, including
RBCs in biological systems.

Thus, the purpose of this work is to search for new approaches to control the eva-
nescent wave by spatial location of an isolated RBCs in a blood plasma, with an exper-
imental demonstration of the predicted motion and corresponding selection of the
irradiation conditions, with preceding matching of the experimental parameters to a the-
oretical model, for calculating the evanescent wave in the erythrocyte.

2. Calculation algorithm of erythrocyte interaction 
with an evanescent wave

Meanwhile, in the case of isolated erythrocytes, the question about the feasibilities for
controlled motion of these cells using an evanescent wave excited at the boundary of
“prism-blood plasma” remains unsolved. To enhance the feasibilities for noninvasive
control of RBCs using laser radiation, we propose to excite an evanescent wave using
a linearly polarized wave with an azimuth of polarization ±45°, giving transversal spin
flows in the evanescent wave and controlled spatial (transversal) motion of erythro-
cytes.

The normal human erythrocyte has the shape of concavo-concave disc [15, 16].
The diameter D of an erythrocyte is 7.82 ± 0.62 µm, and its minimal b and maximal h
thickness at the centre and at the limb are 0.81 ± 0.35 µm and 2.58 ± 0.27 µm, respec-
tively. The mean magnitude of the cell volume of an erythrocyte is 94 ± 14 µm3, and the
mean magnitude of the cell surface area is 135 ± 16 µm2 [15]. In our case, D = 7.2 µm,
b = 0.9 µm, h = 2.4 µm, and the distance between two maximal central points in the
transversal cross-section c = 4.74 µm [17]. RBCs are deformed in a shearing flow,
where their shape becomes ellipsoidal [18–20]. Considering an erythrocyte as a uniform
disc with the mean erythrocyte volume, one can use the concept of single light-scattering
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by a cell where the cell organelles are believed to be small enough and the cell mem-
brane thin enough to neglect their influence on light scattering properties. The Mie the-
ory of light scattering applied for such cases provides a comprehensive description of
the energy transfer to the erythrocyte [15].

Modelling of a RBC by a disc facilitates the determination of an algorithm that rep-
resents a cell in an evanescent field. We are interested in understanding the transversal
motion of such a cell. This becomes possible if the probing wave is linearly polarized,
with the azimuth of polarization ±45°. An elliptically polarized evanescent incident
wave introduces a vertical spin angular momentum. This introduces transversal and
longitudinal forces, inducing motion of the erythrocyte. The formed evanescent wave,
being elliptically polarized, has a torque τ  causing rotation of an erythrocyte.

In contrast to previous studies of induced longitudinal motion induced by an evanes-
cent field, we will here study transversal motion. This motion is introduced by a com-
bination of the incident field and its polarization. 

Observation of motion of an isolated RBC in the whole blood is hampered by high
concentration of cells. Concentration of erythrocytes is diminished using an isotonic
solution. However, the simplest use of physiological solution is not practical due to
the lower viscosity of the solution changing the elasticity of erythrocytes. Consequently,
we diminished the RBC concentration using the natural medium of cells, viz. the blood
plasma. Following this approach, both computer simulation and experimental demon-
stration of erythrocyte motion are carried out in the blood plasma with refractive index
(nsol = 1.37). To realize the total internal reflection, we use a flint prism with an index of
refraction npr = 1.61, above which an erythrocyte with the refraction index ner = 1.407
is located [15] in the blood plasma. The entered refractive indexes correspond to the
wavelength of 633 nm. To avoid the temperature effects and irreversible temperature
changes due to heating and destroying cells under illumination, one sets the power of
radiation below 100 mW and the pulse cycling of about 1 µs.

For observation of the controlled transversal motion of an erythrocyte in the YOZ-plane
(which is possible only if the transversal components of the evanescent wave are active),
we propose to implement the model arrangement shown in Fig. 1, where two oppositely
directed evanescent waves of the same amplitude and frequency are formed above the
prism. In the model experiment, the longitudinal components of the optical force of
the evanescent waves are compensated on the RBC, so that only the transversal com-
ponents are added. Let us emphasize, the discussed effect only becomes possible if one
uses two linearly polarized incident waves with the azimuths of polarization ±45° with
respect to the plane of incidence, so that two oppositely directed evanescent waves are
of the same elliptical polarization.

To simulate the interaction of the evanescent wave with the erythrocyte as a com-
plex-shaped object, we break the surface of the erythrocyte into a set of facets of equal
areas of 0.01 μm2. The chosen size of the facets is necessary and sufficient for the de-
scription of the erythrocyte surface interacting with an evanescent wave. With respect
to the transversal size h of an erythrocyte, h/3 takes part in the interaction of the cell
and the evanescent wave, which was obtained due to preliminary calculations. The sug-
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gested modelling will enable to estimate the components of the optical force Fx , Fy,
and Fz for each facet and the resulting components in the x, y, and z directions. As a
consequence, it becomes possible to determine the transverse optical force.

Computer simulations were carried out for 3340 facets interacting with an evanescent
wave adding up the derived components of the optical force for three directions for each
facet.

In doing so, one takes into account the angle of incidence of radiation at the corre-
sponding facet and optical characteristics of the erythrocyte surface. During the simula-
tion, the coordinates are obtained from the following equation describing the shape of
a RBC as a concavo-concave disc [17]:

(y2 + z2)2 + 2S (y2 + z2)x2 + x4 + P (y2 + z2) +Qx2 + R = 0

Correspondingly, the parameters P, Q, R, and S can be determined as: 

Fig. 1. Two linearly polarized beams I and II with azimuths of polarization ±45° with respect to the plane
of incidence are incident on the prism at the angle γ. Here k1 and k2 are the wavevectors of the incident
beams; Fx1, Fx2, Fy1, Fy2, Fz1, Fz2 are the components of the optical force of the evanescent waves Eev1
and Eev2; OO' is the axis of symmetry of an erythrocyte; N = 1…i – the number of simulating facets.
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Let us set the coordinates XYZ with the origin at point О (0, 0, 0), as it is shown
in Fig. 2. The coordinates of facets are measured from this point to the right and to the
left along the axes OY and OZ with the stepsize 0.01 μm. This stepsize provides the
optimized condition for computer simulation. Following the above equations for each
(y, z) position, one determines the magnitude х for the point at the erythrocyte surface.
The areas of the facets chosen for simulation (~0.01 µm2) are determined using computer
simulation. The upper magnitude of the coordinate along the X-axis is chosen in cor-
respondence with the preliminary estimated depth of penetration of an evanescent wave
into the RBC. The use of software Mathematica enables such division in triangular fac-
ets of equal areas, with determination of the apex of each facet, which is used for simu-
lation of the erythrocyte surface. Using the mentioned software, one can estimate the
coordinates of the each point of a facet, as well.

The obtained set of facets is distinct in its spatial position in the specified coordi-
nates XYZ (Fig. 2). 

Let us arbitrarily consider the i-th facet whose apexes are determined as Ai
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), Bi (xBi
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), and Ci (xCi
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). Then, the plane containing this facet
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Here, the normal vector for the specified facet is determined by ni (ai , bi , ci). 

Fig. 2. Model describing the incidence of an evanescent wave Eev at the i-th facet (AiBiCi) of the eryth-
rocyte surface: XYZ are the coordinates determined by the condition of formation of an evanescent wave,
corresponding to Fig. 1; 1 – the intersection line of incidence plane with the i-th facet (AiBiCi); 2 – normal
at the point of incidence of the beam 3 (which coincides with the direction of b) at the facet. The angle
of incidence of the beam at the facet γi determines the plane of incidence 4 making angle φi with the
YOZ-plane and an angle δi with the XOY-plane.
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An evanescent wave propagating along the OZ-direction reaches the specified i-th
facet and makes some angle γi with the normal to this facet at the point of incidence
of the beam (Fig. 2). If the vector determining the direction of propagation of the in-
cident beam is determined as b (0, 0, ci), then 

Three coordinates for the specified facet determine the point of incidence of a beam
onto the facet, being arbitrarily chosen. Consequently, the normal and the incident
beam determine the plane of incidence, and one can use the Fresnel equations to com-
pute the components of the electrical field of the reflected and refracted waves, and to
determine the angle of incidence γi between the beam and the surface normal. Corre-
spondingly, one can estimate the refraction angles  for the incident beam at each fac-
et. The orientation of the plane of incidence with respect to the horizontal YOZ-plane,
i.e. the angle φi, can be estimated by 

calculated during the computer simulation. Correspondingly, one can determine the
orientation of the plane of incidence with respect to the vertical XOZ-plane, i.e. the
angle δi, giving 

2.1. The computation of the optical force generated by one evanescent wave

An evanescent wave, being excited above the interface, can be described by the fol-
lowing equation [21]:

Here kz is the propagation constant, κ is the exponential decay rate, m is the state of
polarization of an evanescent wave [22, 23], and:
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where m1 is the state of polarization of the probing beam impinging on the interface
“prism-blood plasma”, being equal to unity for linear polarization with the azimuth of
polarization 45°, and γ  is the incidence angle on the surface, where total internal
refection takes place, k is the wave number for the incident wave. The electrical field
strength of an evanescent wave is 

where T is the transmission coefficient [24], and 

and   are the Fresnel transmission coefficients, E0 and ω are the strength and
frequency of the electrical field of the incident wave, respectively. 

At the coordinates XYZ, for the plane of incidence, one can write the components
of the electrical vector of the reflected and refracted waves following the Fresnel equa-
tions. Therefore, for the reflected wave and the i-th facet one has:

Here 

are the reflection coefficients facilitating the computation of energy of the reflected
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formation of the components of the optical force, and determination of the part of the
energy of the refracted wave resulting in spatial motion of the RBC.

For the refracted evanescent wave, the components of the complex amplitude are
written as:

Here 

are the refraction coefficients for the parallel and perpendicular components of an ev-
anescent wave that impinges onto the i-th facet of an erythrocyte.  
are the components of the electrical vector of the incident evanescent wave at the plane
of incidence, at the i-th facet. Hence,

are the fields for the i-th facet.
Determination of the optical force in the YOZ-plane with the components in the

longitudinal and transversal directions (being typical for an evanescent wave) for the
azimuth of polarization of the incident wave ±45° requires computation of the density
of the spin and orbital angular momenta at the directions OY and OZ. The components
are initially computed for each facet, and then the corresponding components are
summed. The magnitudes of the components of the refracted evanescent wave at each
facet are used for obtaining the estimation of the spin orbital momentum density and
the orbital angular momentum density in the longitudinal and transversal directions.
The spin angular momentum density in this case is expressed as [22–24]

Here  is the transmitted evanescent wave interacting with the i-th facet of the
erythrocyte. This expression contains both the longitudinal and transversal compo-
nents [17]. The orbital angular momentum is given by 
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The orbital (canonical) angular momentum caused by light pressure determines the
force transferred to a cell in the direction of propagation of an evanescent wave. 

Thus, the resulting momentum density in the OZ-direction is given by 

and the transversal momentum caused by the vertical spin becomes 

where 

Let us compute the optical force Fi acting on each facet of the RBC. We use the
Mie light-scattering theory, under which approximation [24–26] Fi = Δpi Si, where
Δpi is the change of momentum density at the corresponding facet Si interacting with
the evanescent wave for i = 1 to N, where N is the number of facets. The obtained quan-
tities Δ[py]i and Δ[pz]i give the possibility to calculate the components of the optical
force [FY ]i and [FZ ]i. 

The refracted evanescent wave in the OX-direction for each facet i also forms some
components of the optical force in this direction, which can be computed using the fol-
lowing relation: 

where  is the component of the time-averaged Maxwell’s stress-vector

computed for the i-th facet in the OX-direction. Here I is the unit matrix,  is the sur-
face-normal vector,  is the magnetic inductance vector for the eva-
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is connected with the direction of propagation of the beam refracted at the i-th facet
of the beam. The total component of the optical force in the OX-direction for the i-th
facet is [FX]i = [Fx]i + [Fgradx]i . The next calculation step consists in recalculation of
the found set of optical force components for each of the specified facets [FX]i , [FY]i ,
and [FZ]i into the resulting components, by summation of the corresponding force com-
ponents over all facets of the erythrocyte surface

m = X, Y, Z 

The computed results show that the magnitude of the components of the force FX is
not large enough to provide the vertical motion of the RBC, which is by several orders
of magnitude smaller than the magnitude of the longitudinal component, and therefore
has no influence on the spatial motion of a cell. The estimated ratio of the components
of the optical force in the longitudinal and transversal directions also shows that the
longitudinal force’s component (in the OZ-direction) is much larger than the transversal
component. Thus, rectilinear motion of investigated erythrocyte will be observed in the
longitudinal OZ-direction. For visualization of such a motion of a cell in the OY-direc-
tion, illumination of an erythrocyte by one wave is not a sufficient condition, forcing
the search for alternative approaches for demonstration of such motions. The action
of an evanescent wave on erythrocyte in this model experiment also manifests itself
in an observed rotational motion of a cell with respect to its axis of symmetry.

2.2. The computation of the optical force generated by two opposite propagated
evanescent waves

In accordance with the above represented scheme for computation of the optical force
generated by the evanescent wave, one determines the force components Fm1

 and
Fm2

 for the first (I) and second (II) (Fig. 1) evanescent wave acting on the erythrocyte.
As the preliminary simulation shows, the incidence of the beams onto the surface of
a prism – where total internal reflection appears – must be symmetrical with respect
to the axis of symmetry of an erythrocyte OO'. 

Let the polarizations of the two beams be the same, i.e. the azimuths of polarization
of both beams are equal to +45° or –45°. Thus, for the symmetrical incidence of the
beams, both the total longitudinal component of the optical force FZ = FZ1

 + FZ2
,

and the total transversal component FY = FY1
 + FY2

, become equal zero. FY1, Y2
 and

FZ1, Z2
 are the transversal and longitudinal components, respectively, of the evanes-

cent waves excited by the linearly polarized incident waves with azimuths of polari-
zation ±45°. Evanescent waves formed above the prism surface are elliptically
polarized, with the same direction of rotation of the electric-field vector, each of which
has a torque, which is inherent in the vertical spin of an evanescent wave. Such action
results in the total torque that is of twice as large for the chosen angles.

Formation of the transversal component of the optical force and demonstration of
its directional action presumes the use of two linearly polarized incident beams whose

Fm Fm i,
i

N

=



Controlling and manipulation of red blood cells by evanescent waves 607
azimuths of polarization are orthogonal, viz. +45° and –45° (cf. Fig. 1). Elliptically
polarized evanescent waves with the opposite directions of rotation of the electric field
vectors compensate the resulting rotational motion of a cell and provide the condition
for observation of a rectilinear motion of the RBC. In accordance with the conditions
of modelling, for compensated longitudinal component FZ = FZ1

 + FZ2
, one observes

a strengthening of the transversal component, which can be visualized experimentally.
The magnitude of the transversal component and its influence on the characteristics
of motion of a cell depend on the angle of incidence of waves on the erythrocyte surface
and determine the velocity of a cell’s spatial motion. In our case FY = FY1

 + FY2
. This

enables variation of the spatial position of an erythrocyte. Let us assume that the
transversal forces formed because of the action of an evanescent wave do not cause
deformation of a moving erythrocyte. The parameters of erythrocyte shape used in sim-
ulation have been obtained from the experimental data [20]. The change of the inci-
dence angle of the beam on the surface of the prism changes the value of the transverse
component of the optical force, thereby making it possible to control the spatial posi-
tion of the erythrocyte. The maximal magnitude of the resulting optical force occurs
for an angle of incidence of 63°.

Transversal motion of an erythrocyte in blood plasma is caused by the action of
the resulting force F = Fopt + Fst, where Fopt = FY is the optical force. Since optical
power is independent of time, it became possible to write these equations. A prelimi-
nary assessment of the gravity and buoyant forces showed that their values are several
orders of magnitude smaller than the optical power or the Stokes force; therefore, these
forces were not taken into account while estimating of the velocity of the red blood cell.

At low Reynolds numbers, the damping factor or drag coefficient is estimated by
approximating the disk shape of an erythrocyte by a sphere of the same cross-sectional
area, then Fst = 3πηDv is the Stokes force. Here η = 1.236 × 10–3 Paꞏs is the dynamic

Fig. 3. Velocity of an erythrocyte in the transversal direction depending on the angle of illumination for
different moments of time: 0.5 s (curve 1), 1 s (curve 2), 2 s (curve 3), and 6 s (curve 4); the inset indicates
the velocity change with time for the angle of incidence of 62°.
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viscosity of blood plasma, D is the diameter of the corresponding cross-sectional area
of the cell, and v is the velocity of the RBC. While 

one can determine the velocity of erythrocyte in a solution at the transversal direction
as a function of the angle of incidence (Fig. 3), by comparing the theoretical and exper-
imental results. The change in the irradiation conditions leads to a significant change
in the speed of motion of an erythrocyte. Figure 3 demonstrates the evolution of the
velocity of erythrocyte motion at fixed times of the action of the evanescent wave on it.

In the course of time, the velocity of an erythrocyte is experimentally detected while
changing the angle of illumination.

3. Experimental demonstration of transversal motion 
of erythrocytes into evanescent field

The results of computer simulation of moving erythrocytes in an evanescent field will
now be supported experimentally. A blood plasma is prepared by centrifugation of fresh
venous blood at room temperature. Initially, a whole blood (1500 g) is centrifuged dur-
ing 10 min, which results in separation of sedimented erythrocytic masses from plasma.
Further, a second centrifugation (1500 g, here g = 9.8 m/s2) during 10 min is carried out
at room temperature for removing residual cells, such as thrombocytes. As an anticoag-
ulant, ethylenediaminetetraacetic acid was used. Then, blood from a finger (0.48 μl) is
diluted in 1 ml of blood plasma. The prepared suspension (50 μl) is placed in a hermetic
cuvette consisting of a cover glass of 0.15 mm thickness and the total reflection prism
at a distance 0.05 mm. To avoid adhesion of erythrocytes, a cover glass and the prism
surface are sequentially washed out in a solution of surface-active material, in 96%
ethyl alcohol, then in deionized water, and finally in 3% solution of hydrogen peroxide,
and then dried and washed out in 2% solution of human albumin. The elements of the
blood that interfered were removed from the field of view with the help of laser twee-
zers (gradient traps). 

The optical arrangement for experimental demonstration of erythrocyte motion in
an evanescent field is shown in Fig. 4. 

The radiation from a semiconductor laser 1 with wavelength λ = 980 nm and power
1 W passes the beam expander 2 consisting of two objectives and a micron-scale pinhole
as the spatial frequency filter. We varied the radiation power from 5 to 500 mW. The beam
with a plane wavefront passes a quarter-wave plate 3 and becomes circularly polarized.
After beam splitter 4, two beams of equal intensities are reflected by the mirrors 5 to
the total reflection prism 7. Polarizers 6 form the orthogonally linearly polarized beams
with the azimuths of polarization ±45°, which fall on the interface glass-blood plasma.
In a cuvette 8 with erythrocytes, two oppositely directed evanescent waves of equal in-
tensities are formed. Moving RBCs are observed in white light from a LED display 9

m
dv
dt

--------- FY 3πηDv+=
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using a microobjective 10 (magnification 60×) and CCD camera 12. Light filter 11 cuts
off radiation from the IR laser. 

Taking into consideration the results of the theoretical simulation, the correspond-
ing experimental conditions were chosen, namely, the incidence angle of opposite
beams at the interface of the “prism-blood plasma”, maintaining the azimuth of polar-
ization ±45° of these beams.

Motion of an erythrocyte in opposite evanescent waves is illustrated in Fig. 5. 

Fig. 4. Optical arrangement for study of moving erythrocytes in an evanescent field: 1 – laser, 2 – beam
expander with a spatial filter, 3 – quarter-wave plate, 4 – beam splitter, 5 – mirrors, 6 – polarizers, 7 –
total reflection prism, 8 – position of erythrocytes, 9 – LED display, 10 – microobjective, 11 – light filter,
and 12 – CCD camera.
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Fig. 5. Motion of an erythrocyte in opposite evanescent waves. The frame frequency is 1 Hz.
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The frame frequency equals 1 Hz. One observes only transversal motion of an eryth-
rocyte with a speed 6 µm/s, approximately. The longitudinal moving is compensated
by the opposite beams, while the transversal moving for linearly polarized beams with
the azimuth of polarization +45° doubles, in agreement with the theoretical prediction.
One observes correlation of the results of computer simulation and the experimental
study with a discrepancy not exceeding 30%.

4. Conclusion

A theoretical model for calculating the transverse motion of the erythrocyte in the eva-
nescent field formed by two opposite evanescent waves is suggested. The obtained field
is the result of total internal reflection at the “prism-blood plasma” interface of incident
linearly polarized waves with the azimuth of polarization of ±45°. The generated eva-
nescent field penetrates into the erythrocyte, causing its motion. The above experimental
results confirm the possibility of transversely controlled motion of a microobject due
to the influence of the vertical spin of evanescent waves. Specifically, the discrepancy
between the theoretical and experimental results does not exceed 30%.
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