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Surface stress on the erythrocyte under laser irradiation
with finite-difference time-domain calculation
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Abstract. The surface stress on the real shape �biconcave disklike� of
an erythrocyte under laser irradiation is theoretically studied accord-
ing to the finite-difference time-domain �FDTD� method. The distribu-
tion of the surface stresses depends on the orientation of erythrocytes
in the laser beam. Typically when the erythrocyte was irradiated from
the side direction �the laser beam was perpendicular to the normal of
the erythrocyte plane�, the surface stresses were so asymmetrical and
nonuniform that the magnitude of the surface stress on the back sur-
face was three times higher than that on the front surface, and the
highest-to-lowest ratio of the stress reached 16 times. For comparison,
the surface stress was also calculated according to the ray optics �RO�
method. The tendency of the stress distribution from the RO calcula-
tion was roughly similar to that of the FDTD method. However the RO
calculation produced some unphysical results, such as the infinite
stress on some surface region and the zero stress on the most parts of
the erythrocyte surface, which is due to the neglecting of light diffrac-
tion. The results obtained from the FDTD calculation are believed
quantitatively reliable, because the FDTD method automatically takes
into account of the diffraction and interference effects of the light
wave. Thus, the FDTD method is more suitable than the RO method
for the stress study of erythrocytes. © 2005 Society of Photo-Optical Instrumenta-
tion Engineers. �DOI: 10.1117/1.2136847�
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1 Introduction

The last two decades have witnessed many applications of
lasers in biomedical fields.1,2 Among others, a notable event is
laser trapping, which can manipulate biological cells in a non-
touch way by a laser beam.3,4 The principle is that a net force
is exerted on the whole object such as a cell through a total
momentum transfer from a laser beam. The momentum trans-
fer actually occurs on the surface of the object.5 Furthermore,
it has been found that the local forces on the object surface are
much larger than the total net forces under laser irradiation,6

and this surface stress is always perpendicular to the interface
between the two media with the direction pointing to the me-
dium of a lower refractive index.7 Therefore, the object will
experience the stretching forces under laser irradiation when
surrounded by a medium with a lower refractive index. Such
stretching forces can be used to measure the viscoelastic prop-
erties of the elastic object, especially the viscoelasticity of the
membrane of living cells.8 Consequently, an optical device
called an optical stretcher was designed and the osmotically
swollen spherical erythrocytes were successfully stretched.6

Meanwhile, the surface stress theoretically calculated by the
ray optics �RO� method was consistent with the experimental
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observation.6 The optical stretching work revealed an impor-
tant phenomenon that the erythrocyte could be stretched under
laser irradiation. Such a stretched deformation may help im-
prove the deformability of erythrocytes.

Low-power laser irradiation has been used in various
medical researches as well as clinical applications.9–12 We
have found from the previous work that laser irradiation can
improve the erythrocyte deformability;13 however, the mecha-
nism is not clear. The stretching forces on erythrocytes may
be involved in the mechanisms of the erythrocyte deformabil-
ity under laser irradiation. Although this work studied the sur-
face stress in experiment as well as the theoretical
calculation,6 the erythrocyte shape used in their calculation
was a swollen erythrocyte with a spherical shape. However,
under the physiological conditions, erythrocytes appear in a
biconcave disklike shape. The effect on erythrocytes with a
real shape under laser irradiation is of great interest. In this
paper, the surface stress on the real shape of an erythrocyte in
the blood plasma was calculated by the finite-difference time-
domain �FDTD� method. Although most work in this aspect
has been done by the RO method, the RO method is only an
approximate method due to the negligence of the diffraction
effect. For a real shaped erythrocyte, the maximum thickness
of the cell is only about 2.6 �m, while the wavelengths of
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lasers frequently used are in the region of 600 to 1000 nm
�0.6 to 1 �m�. Therefore, in such a real case, the effect of
diffraction plays an important role and the RO method is not
an ideal method of calculation. The FDTD method, on the
other hand, is a convenient method developed to simulate
electromagnetic waves in complex boundary conditions.14–17

As a result, we have implemented the FDTD method, for the
first time, to treat the surface stress problem of erythrocytes of
a real biconcave disklike shape. By calculating the electric
field distribution with the FDTD method, the surface stress
can be obtained from the Maxwell stress tensor on the surface
of an erythrocyte. For comparison, the RO method was also
applied to calculate the surface stress for a real shaped eryth-
rocyte.

2 Modeling an Erythrocyte and Measurement
of the Refractive Indices

The modeling of the shape of erythrocytes follows the mea-
surement results of Evans and Fung.18 Figure 1 shows the
biconcave shape of an erythrocyte with details of its geom-
etry.

To calculate the surface stress, the refractive indices of the
media inside and outside of the erythrocyte should be known
first. A prism coupling apparatus was used to measure the
refractive indices according to the critical angle of total re-
flection. The experimental setup is shown in Fig. 2. The liquid
sample was pressed on the bottom plane of the prism with a
small liquid vessel. A fixed incident laser beam �632.8 nm�
travels into the prism and hits the bottom of the prism. The
incident angle of the laser beam changes when a stepping
motor rotates the prism. Light reflected from the bottom plane
of the prism is detected. Total reflection occurs when the in-
cident angle of the laser beam exceeds the critical angle of

Fig. 1 �a� Vertical section and �b� the 3-D shape of the modeling of an
erythrocyte.

Fig. 2 Schematic of the experimental setup for the measurement of

refractive indices.
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total internal reflection. By measuring the critical angle, the
refractive index of the sample is determined. The smallest
step of this stepping motor is 0.002 deg; the uncertainty of
prism angle is 0.02 deg. Considering these two factors and
the measuring error of the critical angle, the resolution of the
refractive index measurement of this apparatus is less than
0.001.

The human blood was obtained from healthy volunteers.
Centrifugation separated the erythrocytes and plasm. Then the
packed erythrocytes �100% hematocrit� were centrifuged
again with a superhigh speed �15,000 cycles/min� to break
the membranes of the erythrocytes. After such centrifugation,
the ghosts were gathered on the bottom of the centrifuging
tube and the supernate was the hemoglobin cytoplasm of
erythrocytes. Taking the supernate from the tube, we obtained
the hemoglobin cytoplasm. The ideal hemoglobin cytoplasm
can be obtained from the 100% hematocrit erythrocytes.
However, in the course of erythrocyte packing and collecting,
a departure from the 100% hematocrit exists and causes a
concentration difference of hemoglobin cytoplasm, resulting
in an error in the measurement of refractive indices. Through
repeating the measurement, it was found this error was 0.001
under our conditions.

The refractive indices of the hemoglobin cytoplasm and
the blood plasm were measured to be 1.380 and 1.351, respec-
tively, at a wavelength of 632.8 nm. Since the refractive in-
dex of the blood plasm is smaller than that of the cytoplasm of
erythrocytes, stretching forces will be exerted on erythrocyte
surfaces when they are irradiated by a laser beam. To calcu-
late this surface stress as well as its distribution on an eryth-
rocyte, the power density of laser irradiation should be se-
lected. In intravenous low-power laser irradiation for clinical
use, a 5-mW 632.8-nm laser is introduced through a
100-�m-diam fiber injection. At the tip of the fiber in a vein,
the power density is about 6.36�105 w/m2. This power den-
sity was used in the following calculation, and the irradiation
beam was approximated as a plane wave, which is appropriate
in our case since the scattering erythrocyte is much smaller
compared with the beam width.

3 RO Calculation
3.1 Theory
The momentum of a ray of light with energy E traveling in a
medium with refractive index n is5 nE /c �c is the speed of
light in vacuum�. The stress on the boundary surface can be
calculated by the conservation of the momentum of light.8

When a beam of light with a power density I hits the bound-
ary of two materials with different refractive indices n1 and
n2, the surface stress � is given by6

� = �n1/c�I cos ���1 + R�cos � − �n2/n1��1 − R�cos ��n ,

�1�

where � and � denote the incident and the refractive angles, n
is the unit normal pointing from medium 1 �n1� to medium 2
�n2�, and R is the reflectivity. From Eq. �1�, we can see that
the direction of the stress is perpendicular to the surface and
its magnitude is determined by two factors: the power density

and the incident angle of the light beam.
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3.2 RO Treatment for Erythrocytes
The incident laser beam reaches the surface of the erythrocyte
area was divided into 16,000 rays, and each ray was traced
when it passed into and out of the erythrocyte. This approach
was similar to that of the previous work.19 The sectional area
of the light beam surrounded by every four neighboring rays
was calculated to derive the power density of the light in
different places on the surface of the erythrocyte. Then the
surface stress was calculated using Eq. �1�.

3.3 Results

3.3.1 Side irradiation
First, we calculated the surface stress on the erythrocyte when
the laser beam irradiated the erythrocyte from the side direc-
tion, as shown in Fig. 3.

Figure 4 shows the calculation results for the surface stress
on the erythrocyte with different viewing angles in this situa-
tion. The relative blackness represents the magnitude of the
stress. The typical characteristic of the distribution of the sur-
face stress is that it is quite nonuniform. The stress distribu-
tion can be divided into four main regions �regions A, B, C,
and D�. For most of the erythrocyte surface �region D�, the
stress is almost zero, with the very light blackness. On the
front surface of the erythrocyte �region A�, the stress is also
low �about 6�10−5 N/m2� with a light blackness, while at
the back surface �region C� and in region B, the stress is much
stronger �2.5�10−4 N/m2� than that in the former two re-
gions �regions A and D�. The deep blackness at the edges of
both regions B and C demonstrates that these areas experience

Fig. 3 Laser beam perpendicular to the normal of the erythrocyte
plane.

Fig. 4 Surface stress on the erythrocyte with the RO calculation,
where �a� shows the distribution viewed from the direction opposite to

the laser beam.
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the strongest stress. The strong stress �over 5�10−4 N/m2� is
due to the focusing effect and the total internal reflection on
some of region B. In the middle of each deep blackness re-
gion, are lines where the stress approaches infinity. These
lines are the focused lines where the rays intersect. Of course,
the infinite stress would not exist in a real situation.

Another unreasonable phenomenon is that the highest
stress region is just close to the lowest stress �zero� region.
Such an unphysical result is due to neglecting the diffraction
effect in the RO method. Here, in such a small area �about
10−4 �m for each ray� and considering the wavelength used
�about 1 �m�, the diffraction should be prominent during the
light propagation through an erythrocyte. Thus, the RO
method is not an ideal method to appropriately calculate the
stress on the surface of an erythrocyte.

3.3.2 Front irradiation

In the other case, when the laser beam irradiated the erythro-
cyte from the front direction, as shown in Fig. 5, it was an
axially symmetric case. The stress can be calculated as a func-
tion of the radius for the front surface and the back surface,
respectively. Figure 6 shows the calculation results for the
front surface �a� as well as the back surface �b� of the eryth-
rocyte by the RO method, where the thick lines and the dotted
lines represent the surfaces of the erythrocyte and the thin
lines demonstrate the stress distribution on both surfaces.

Unlike the case of side irradiation, a uniform characteristic
of the stress distribution appears on most parts of the front
surface of the erythrocyte and the magnitude of the stress is
similar �about 6�10−5 N/m2� except for the value on the
edge of erythrocyte where the magnitude of the stress de-
creases rapidly. The stress distribution on the back surface is
shown in the Fig. 6�b�. On most parts of the back surface, the
stress distribution is still uniform with the similar magnitude
but the stress slightly increases from the center to the edge.
The magnitude of the stress is close to that on the front sur-
face �about 6�10−5 N/m2�. However, at the edge of the back
surface, the stress increases dramatically. In this case, the
front surface behaves just like a lens, focusing the laser beam
and resulting in the strongest stress. The scope of the edge

Fig. 5 Laser beam parallel to the normal of the erythrocyte plane.
part of the erythrocyte is only a few microns, so the negli-
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gence of the diffraction effect is also not reasonable. It can be
predicted that the strongest stress on the edge will be lowered
when the diffraction is considered.

4 FDTD Calculation
4.1 Theory

The components of the Maxwell stress tensor �T� in the di-
electric medium can be written as20,21

Tij = ��EiEj +
1

��
BiBj −

1

2
�E·E +

1

��
B·B��ij�

= DiEj + HiBj −
1

2
�D·E + H·B��ij , �2�

where � and � are the electric permittivity and magnetic per-
meability of the dielectric medium, E and B are the electric
field and the magnetic induction, D=�E and H=B /� are the
electric displacement and magnetic field, and the �ij is the
delta function �its value becomes 1 only when i equals j�.

On the boundary of two media �1 and 2�, the ith compo-
nent of the surface stress is21

�i = 	
j

�T2ij
− T1ij

�nj . �3�

Here n is the normal of the surface pointing from medium 1
to medium 2, and the nj is the component of the n. Using the
boundary conditions at the surface, we can express the stress
as7

� =
1

2
���1 − �2�Et

2 − ��1E1n
2 − �2E2n

2 ��n . �4�

Here E1n and E2n are the components of the electric fields
perpendicular to the surface in media 1 and 2, Et is the com-
ponent of the electric field parallel to a surface that is con-
tinuous across the surface. Using the boundary conditions for

Fig. 6 Stress on �a� the front surface and �b� the back surface of erythr
�a� and the back surface in �b�. The dotted lines represent the back
distribution versus the erythrocyte radius.
E1n and E2n:
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�1E1n = �2E2n,

Eq. �4� can be expressed as

� =
1

2
��1 − �2��Et

2 + E1nE2n�n . �5�

If we introduce an averaged electric field Ē on the surface,
the components of which defined as:

Ēt = E1t = E2t,

Ēn = �E1nE2n�1/2 = ��1/�2�1/2E1n = ��2/�1�1/2E2n, �6�

then the stress is simplified as

� = 1
2 ��1 − �2�Ē2n . �7�

The new expression makes the stress � easier to be under-
stood. The stress � is determined by two terms, the difference
between the permittivities of two materials and the averaged
electric field on the surface. Since the refractive index is equal
to the square root of permittivity �, the first term is related to
the difference of refractive indices in two media. In addition,
this new expression also simplifies the FDTD calculation.

4.2 Treatment for Erythrocyte
The electric field distributions were calculated using the
FDTD method, and then the surface stress could be obtained
according to Eq. �7�. The three-dimensional �3-D� calculation
region consisted of 172�172�172 meshes over the 10
�10�10 �m computing area, which means this area con-
tains 1723 small cubic boxes with the size of 0.058�0.058
�0.058 �m for each box. The erythrocyte was arranged in
the center of the computing area. The hemoglobin cytoplasm
inside erythrocyte was treated as homogeneous and the mem-
brane of the erythrocyte was neglected. In the calculation,
these small boxes inside the erythrocyte were set to have the

with the RO calculation. The thick lines represent the front surface in
e in �a� and the front surface in �b�. The thin lines show the stress
ocyte
surfac
refractive index of hemoglobin cytoplasm and the boxes out-
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side erythrocyte have the refractive index of blood plasma.
The erythrocyte had the biconcave disklike surface shape.
Here the surface of erythrocyte was treated as the composing
outline of those small cubic bricks �e.g., boxes� located on the
erythrocyte surface. The outmost 10-mesh perfect match layer
�PML� was set as the absorbing boundary, which is one of the
standard treatments in the FDTD method.22 The temporal step
size �t was taken as 40 as. The total field/scattered field for-
mulation was used to introduce the incident light. For simu-
lating the incident light of a plan wave, the corresponding
connecting conditions23 were set on the surrounding grids of
the erythrocyte. The details of this formulation can be found
in Ref. 23 and 24.

4.3 Results

4.3.1 Side irradiation
In this case, the erythrocyte was irradiated from the side di-
rection, as shown in Fig. 3. The distribution of the surface
stress from the FDTD calculation is demonstrated in Fig. 7.
Such a stress distribution is qualitatively in agreement with
that obtained from the RO calculation. That is, the stress with
the highest value appears in region C �back surface� and low-
ers its magnitude in region B, the magnitude of the stress is
even lower in region A �front surface�, and finally the stress
turns to lowest in region D. However, the difference between

Fig. 8 Stress on �a� the front surface and �b� the back surface of erythr
in �a� and the back surface in �b�. The dotted lines represent the bac

Fig. 7 Surface stress on the erythrocyte with the FDTD calculation.
The right figure shows the distribution viewed from the direction op-
posite to the laser beam.
distribution versus the erythrocyte radius.
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the results from the two calculations is obvious. The FDTD
method is based on the direct implementation of Maxwell’s
time-dependent curl equations. In this way, the light beam is
treated as an electromagnetic wave and the effect of diffrac-
tion is automatically included in the treatment. Thus, on the
whole surface of the erythrocyte, no region of the zero and
infinite stress appears, which is quite reasonable from the
view point of diffraction. In addition, the FDTD method pro-
vides the reasonable quantitative data of the surface stress,
which is 1.4�10−4 N/m2 in the central area of the region C,
1.0�10−4 N/m2 in the surrounding areas of the region C,
0.6�10−4 N/m2 in region A, and only 0.1�10−4 N/m2 in
region D, respectively. Although the ratio of the highest stress
to the lowest stress reaches 16, the surface stress changes
smoothly and continuously from one region to another, as
seen in Fig. 7 from the deepest blackness area shifting to the
deeper blackness area then to the light blackness area. In con-
trast, the stress from the RO calculation does not continuously
change in the different regions of the surface. For example,
the deepest blackness area is directly connected to the lightest
blackness area, which implies a sudden drop of the stress
from the highest value to the value of zero �Fig. 4�.

Here the stress distribution on the real shape erythrocyte
differs with that on the spherical erythrocyte in the previous
report.6 The stress on the back surface is three times higher
than that on the front surface, and the ratio of the highest
stress to the lowest stress reaches 16, while the difference of
the stress between the back and front surfaces of the spherical
erythrocyte was less than 10%.

4.3.2 Front irradiation
Figure 8 demonstrates the stress distribution from the FDTD
calculation when the erythrocyte was irradiated from the front
direction �as shown in Fig. 5�. Generally, the magnitude of the
stress on most parts of the surface is similar to that obtained
from the RO calculation. However, there are two main differ-
ences of the results between the FDTD and RO methods.
First, on the front surface, unlike the result in the RO method,
the stress curve in Fig. 8�a� is not as flat; the fluctuation of the
stress can clearly be seen. This stress fluctuation is a reason-

with the FDTD calculation. The thick lines represent the front surface
ce in �a� and the front surface in �b�. The thin lines show the stress
ocyte
k surfa
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able result due to the electromagnetic wave interference. The
forward wave and the backward wave reflected from the back
surface interferes, resulting in the undulation of E around the
surface so as to the undulation of the stress. However, in the
method of RO, the partial reflection from the back surface is
totally neglected. Second, as shown in Fig. 8�b�, though there
is still a small peak of the stress at the edge of the erythrocyte,
the steep changing of the stress in the RO method is passi-
vated here. The diffraction abates the focusing effect as that in
the RO treatment.

In the FDTD calculation, the smooth surface of a real
erythrocyte was treated as the wrinkling boundary consisting
of many interface-localized small cubic bricks, which results
in an error. To estimate the error of the FDTD method, a
comparison was made. The stress on the typical dielectric
sphere with a size similar to the erythrocyte was calculated by
the FDTD method with the same mesh arrangement as well as
by the Mie theory. The Mie theory has been known as an
accurate theory for the treatment of the propagation of an
electromagnetic wave through spherical objects.25 Taking the
Mie results as the accurate solution and comparing it with the
FDTD results, we found that the error of the FDTD calcula-
tion was about 4% here, depending on the meshes employed.
If the more meshes are chosen in the FDTD treatment �which
cost more calculation time�, the error will decrease accord-
ingly. Although the Mie theory is believed to be an accurate
method, it can be applied only to an object with a spherical
shape. For a complex boundary object, the Mie method is not
useful, while the FDTD method is good at treating complex
boundary objects, and although it is not perfect, it retains
relatively good precision.

5 Conclusion
In the stress study of a real shaped erythrocyte, the RO
method is not suitable, because the critical condition for the
RO treatment �the ratio of the object dimension to the laser
wavelength 	1� is not completely satisfied. The FDTD treat-
ment, automatically taking into account the effects of diffrac-
tion and interference, supplies reliable results. It is evident
that the FDTD method is a suitable way to treat complex
boundary objects such as erythrocytes. With the FDTD calcu-
lation, it has been found that the surface stress on a real
shaped erythrocyte is orientation dependent when the erythro-
cyte is irradiated by a laser beam. Under the condition of front
irradiation, the stress varies appreciably �less than 15%� on
the whole surface. In the case of side irradiation, the stress
changes significantly so that the stress on the back surface is 3
times higher than that on the front surface, and the ratio be-
tween the highest stress area and the lowest stress area
reaches 16.
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