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We investigate the microscopic optical force density distributions respectively inside a subwavelength-diameter (SD)
fiber with flat endface and inside one with oblique endface by using a finite-difference time-domain (FDTD) method.
Optical force density distributions at the fiber endfaces can now be readily available. The complete knowledge of optical
force density distributions not only reveal features regarding the microscopic near-field optomechanical interaction, but also
provide straightforward explanations for the sideway deflections and other mechanical motions. Our results can provide
a useful reference for better understanding the mechanical influence when light transports in a microscale or nanoscale
structure and for developing future highly-sensitive optomechanical devices.
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1. Introduction

Light and photon carry energy and momentum. Conse-
quently optical force is of fundamental importance in light-
matter interactions.[1–8] In particular, harnessing optical force
at the micro-/nanoscale is expected to be quite interesting,
since it can become very significant in subwavelength di-
mensions. Indeed, various micro- and nanoscale structures
have been developed to elucidate the optical force and yield
multi-functional optomechanical devices under new physi-
cal principles.[9–20] Among various optomechanical struc-
tures, optical waveguides appear to be an ideal candidate for
constructing high-performance optomechanical devices,[21–33]

benefiting from their favorable properties such as low op-
tical loss, tight optical confinement, strong near-field inter-
actions, and easy accessibility. In most of optical waveg-
uide based optomechanical devices, theoretical or experimen-
tal investigations generally focus on the transverse dimen-
sional optical force, which comes from the radiation pressure
acting on the structure. And optical force in the longitudi-
nal direction was rarely taken into considerations until She
et al.’s observations.[34] In She et al.’s experiment, apprecia-
ble deflections of a subwavelength-diameter (SD) optical fiber
were observed under a continuous-wave (CW) light excitation,
which is believed to be strongly related to the longitudinal op-
tical force acting on the fiber endface. Later on, extensive the-

oretical studies have been performed in order to clarify the
origin of sideways deflections..[35–40] To date, it has been clar-
ified after numerous investigations that both the longitudinal
and transverse optical force should be responsible for the side-
way deflections.[37,40] However, detailed investigations of op-
tical force density distributions have not been available yet,
which would otherwise provide more information about near-
field optomechanical interactions and shed light on new guide-
lines for constructing optimum SD fiber based optomechanical
devices.

Considering the complex factors of SD fiber, including
the fiber geometries (cross-sections and tilted endface) and
physical effects (diffraction at the endface), numerical sim-
ulations are preferred in order to provide accurate analyses
of momentum exchange or optical force actuations. For ex-
ample, the finite-difference time-domain (FDTD) method has
been demonstrated as a versatile numerical tool to calculate
optical field and subsequently optical force density distribu-
tions in various cases of interest.[35,37,38,40] Apparently, the
FDTD method could readily overcome the limitation of an-
alytical model that only considers simplified case, and thus
making optical force calculation in complicated structures fea-
sible. It should be pointed out here that previously only op-
tical momentum change or optical force, integrated over the
entire transverse cross-sectional plane of the SD fiber, has
been examined as a function of fiber axis. Recalling the
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subwavelength-scale transverse dimension of SD fiber, it is
readily expected that the fiber deformation would be highly
sensitive to the inner or boundary force density distributions.
Therefore, force density distribution should have its physical
significance and the integral process would inevitably brush
out the information regarding the detailed force density distri-
butions.

Here we study the microscopic optical force density dis-
tributions around SD fiber endface by the numerical FDTD
method. The information about the optical force density dis-
tribution, both inside and at the boundary of SD fiber end-
face, is for the first time illustrated. In a broader aspect, our
study of optical force density distribution within micro and
nano optical structures would bring in-depth physical insights
and pictures about mechanical influences when light transports
in these complicated structures and devices. Our results are
helpful for developing future highly-sensitive optomechanical
devices.

2. Numerical model
As schematically shown in Fig. 1, SD fibers with two

kinds of end facets (one is flat and the other is oblique) are
simulated and investigated. The cross sections of SD fibers are
assumed to be circular. The Cartesian coordinate is shown in
the inset of Fig. 1, where its origin is located on the left of the
SD fiber. A CW 980-nm light source with quasi-y polarization
is launched from the left side and propagates along the fiber as
indicated by the red arrow in Fig. 1. In this paper, we focus on
the optical force associated with fundamental mode (i.e., HE11

mode) of SD fibers. For the convenience of comparisons, the
z-directional lengths of fibers (including the titled endface) are
all set to be 4 µm, the diameter is 450 nm, and the refractive
index of silica SD fiber is 1.45 at a wavelength of 980 nm.
The media are supposed to be linear and transparent consid-
ering the negligible absorption of silica in the near-infrared
spectral range. And the SD fiber is suspended in free-space.
The simulation region is meshed with a cell size of 10 nm and
terminated by perfect matching layer (PML) boundary condi-
tion.

θ

y
z

x(a)

(b)

Fig. 1. (color online) Schematic models of SD fiber structures, respec-
tively, with (a) flat endface and (b) oblique endface (with an angle of θ

as depicted) for numerical simulations. Inset shows Cartesian coordi-
nates. Light in the guided mode of the SD fiber transports from left to
right when the endface ignites optical force and mechanical motion of
the SD fiber.

3. Numerical results
To calculate the optical force density distribution, both

the Lorentz formula and Einstein formula have been widely
used in various cases.[41,42] As indicated in many refer-
ences, the equivalence of Lorentz and Einstein-Laub formula-
tions has been demonstrated.[41,43] Since the rare experimen-
tal evidence available now seems to favor the Einstein-Laub
formulation,[44] in the following sections we will calculate the
optical force density distribution based on the Einstein-Laub
postulate within each discretized cell of FDTD simulations,
i.e.,

〈𝐹i〉 = (1/2)Real [(𝑃 ·∇)𝐸∗+(∂𝑃 /∂ t)×µ0𝐻
∗] ,

(i = x,y,z) , (1)

where 〈𝐹i〉 represents the time-averaged force density per unit
volume, 𝐸 and 𝐻 are the electric and magnetic fields as a
function of spatial coordinates (the superscript asterisk * de-
notes the complex conjugate), 𝑃 = ε0 (ε−1)𝐸 is the electric
polarization density within the fiber, ε0 and µ0 are the vacuum
permittivity and permeability respectively, and ε is the dielec-
tric constant of silica.

Firstly we investigate the optical force density distribu-
tion inside an SD fiber with flat endface. In order to eliminate
the influence of high-order modes, the diameter of SD fiber is
chosen to be 450 nm, and thus maintaining the single mode
operation. Figure 2 shows the cross-sectional plots of time-
averaged optical force-density components 〈𝐹x〉, 〈𝐹y〉, and
〈𝐹z〉 through the central planes of 450-nm-diameter SD fiber
with flat endface plots. A 980-nm fundamental mode (i.e.,
HE11 mode) with quasi-y polarization is excited at z = 0 µm
and propagates along the SD fiber. The left column in Fig. 2
shows the plots of 〈𝐹x〉, the middle column shows the 〈𝐹y〉
plots and the right column shows the 〈𝐹z〉 plots. From the left
column, we can conclude that 〈𝐹x〉 tends to give a compres-
sive force inside the optical fiber; from the middle column,
〈𝐹y〉 also acts on the fiber in a compressive manner. However,
the distributions of transverse optical force density (i.e., 〈𝐹x〉
and 〈𝐹y〉) on the boundary are quite complicated. It can be
easily concluded from Figs. 2(a) and 2(b) that the transverse
optical force densities on the boundary show substantially az-
imuthal dependence, deviating from the cylindrically symme-
try. To understand this point, we should take a close look at the
field distributions of fundamental mode used here. As is well
known, the deviation of the fundamental mode HE11 in SD
fiber from the approximate mode LP01 becomes quite distinct,
as a result of the high contrast of refractive index between SD
fiber and surrounding vacuum, especially in the vicinity of the
fiber surface.[45] Considering the quasi-y polarized fundamen-
tal mode used in our simulations, the major electric field al-
most aligns along the y direction, leading to much larger opti-
cal force density 〈𝐹y〉 on the transverse boundary along the y
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direction (see Fig. 2(b)). Besides, the direction of transverse
optical force density on the boundary is substantially different
from that of the force density inside the SD fiber, but not dom-
inant for the total optical force when considering the fact that
the boundary density is only composed of a thin grid layer de-
fined in the FDTD simulations. Therefore, it is clear that the
transverse optical force (i.e., 〈𝐹x〉+ 〈𝐹y〉) would resultantly
give rise to a compressive actuation pointing inward the SD
fiber, despite the force density on the boundary showing an
expansive actuation. From Fig. 2(c), we can readily find that
the distribution of 〈𝐹z〉 is quite similar to the optical density of
fundamental mode of SD fiber, with its maximum force den-
sity located in the center of the fiber cross section. Because of
the endface reflection, standing wave is created inside the SD
fiber. And the clear periodic oscillation of optical force den-
sity profiles can be observed in the xz and yz planes for all op-

tical force density components. The period is found to be π/β

originating from the interference between the incident and re-
flected waves, which is already well-understood.[36] While the
transverse force-density components (i.e., 〈𝐹x〉 and 〈𝐹y〉) are
always compressive, 〈𝐹z〉 periodically alternates its direction
(i.e. pointing up or down with respect to the position inside the
oscillating fringe). And the oscillation amplitude of the optical
force density generally decreases with the increase of distance
deviating from the fiber end facets. This can be understood
that the reflected wave would encounter radiation before it sta-
bilizes as guiding wave, with considering the subwavelength-
dimension of fiber here. Since the geometry of SD fiber with
flat endface is axially symmetric, both the optical field and
force density are mirror-symmetric as a result of the incident
quasi-y polarized fundamental mode, giving rise to total van-
ishing transverse optical force.
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Fig. 2. (color online) Cross-sectional plots of time-averaged optical force-density components 〈𝐹x〉, 〈𝐹y〉, and 〈𝐹z〉 through central plane of 450-nm-
diameter SD fiber with flat endface. A 980-nm fundamental mode (i.e., HE11 mode) with quasi-y polarization is excited at z = 0 µm and propagates in
positive z-direction along the SD fiber. The plots of calculated optical force density correspond to incident optical power Pinc = 3.06× 10−16 W. Color
scale bar shows force density in units of µN/m3. (a) 〈𝐹x〉, (b) 〈𝐹y〉, (c) 〈𝐹z〉, respectively in central xy plane with z = 2 µm. (d) 〈𝐹x〉, (e) 〈𝐹y〉, (f) 〈𝐹z〉,
respectively in central xz plane with y = 0 µm. (g) 〈𝐹x〉, (h) 〈𝐹y〉, (i) 〈𝐹z〉, respectively in central yz plane with x = 0 µm. Dashed lines represent profile of
SD fiber.

We further investigate the force density distribution in-
side an SD fiber with oblique endface. Specifically, all the
simulation parameters are kept at the values the same as those
in the preceding discussion except for the oblique-cut endface
(θ = 20 ◦C). Although SD fiber with oblique endface was

discussed before,[39,40] the study there only focuses on the
calculation of total optical force component and discussion
of its contribution to the sideway deflection, resulting in the
details of force density distributions miss. Figure 3 shows the
computed cross-sectional plots of time-averaged optical force-
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density components 〈𝐹x〉, 〈𝐹y〉 and 〈𝐹z〉 through the corre-
sponding planes of SD fiber. Specifically, several transverse
cross sections with varying distance to the endface of SD fiber
are considered and illustrated in Figs. 3(d)–3(o). The left col-

umn of Fig. 3 shows the 〈𝐹x〉 plots, the middle column shows
the 〈𝐹y〉 plots, and the right column shows the 〈𝐹z〉 plots.
The transverse optical forces, i.e., 〈𝐹x〉 and 〈𝐹y〉, together
contribute to a symmetrically compressive behavior in the

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

0.30-0.3
x/mm

z
/
m
m

4

3

2

1

0

z
/
m
m

4

3

2

1

0

z
/
m
m

4

3

2

1

0

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

0.3

0

-0.3

y
/
m
m

6

2

-2

-6

1

0

-1

-2

4

0

-4

-8

-12

-0.01

-0.03

-0.05

-0.07

1.0

0.6

0.2

-0.2

9

7

5

3

1

-1

25

15

5

-5

-15

-25

80

40

0

-40

-80

80

40

0

-40

-80

80

40

0

-40

-80

80

40

0

-40

-80

20

10

0

-10

-20

20

10

0

-10

-20

20

10

0

-10

-20

0

-0.2

-0.4

-0.6

-0.8

(a) (b)

(d) (e) (f)

(i)

(l)

(o)

(h)
(g)

(a)

(j) (k)

(m) (n)

Fig. 3. (color online) Cross-sectional plots of time-averaged optical force-density components 〈𝐹x〉, 〈𝐹y〉, and 〈𝐹z〉, through central planes of 450-nm-
diameter SD fiber with oblique endface. 980-nm fundamental mode (i.e., HE11 mode) with quasi-y polarization is excited at z = 0 µm and propagates
along SD fiber (whose length occupies the range from z = 0 µm to z = 4 µm). Plots of calculated optical force density correspond to incident optical
power Pinc = 3.06× 10−16 W. Color scale bar shows force density in units of µN/m3. (a) 〈𝐹x〉, (b) 〈𝐹y〉, (c) 〈𝐹z〉, respectively in central xz plane
(y = 0 µm). 〈𝐹x〉, 〈𝐹y〉, and 〈𝐹z〉, respectively in xy plane with z = 1.3 µm (second row, i.e., (d)–(f)), z = 1.92 µm (third row, i.e., (g)–(i)), z = 2.74 µm
(fourth second row, i.e., (j)–(l)), z = 3.255 µm (bottom row, i.e., (m)–(o)). The dashed line represents the profile of the SD fiber.
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straight part of the SD fiber. However, the symmetry is bro-
ken in the oblique part of fiber tip, leading to asymmetric
distributions of 〈𝐹x〉. This phenomenon can be readily seen
from Figs. 3(a), 3(d), 3(g), 3(j), and 3(m). The physical
origin of transverse optical force of oblique fiber endface as
demonstrated[40] can now be visualized quite straightforward.
As seen in Fig. 3(m), closing to the fiber oblique endface, the
asymmetric 〈𝐹x〉 distribution shows dominantly positive value
in the whole transverse xy cross section, thus leading to deflec-
tion apparently in the positive-x direction. As the endface re-
flection greatly decreases as a result of oblique endface, no ob-
vious standing wave pattern of 〈𝐹x〉 distributions is observed
(see Fig. 3(a)). Since the oblique enface of SD fiber is perpen-
dicular to the xz plane, the simulated geometry is apparently
symmetric with respect to the xz plane as shown in Figs. 3(b),
3(e), 3(h), 3(k), and 3(n). It is reasonable that the compressive
〈𝐹y〉 is still symmetric at the fiber tip, and would not contribute
to the fiber sideway deflection in the y direction.

For the longitudinal optical force density distribution, i.e.,
〈𝐹z〉 as shown in right column, it is quite different from the
case of SD fiber with flat endface. On the one hand, because
of the greatly reduced reflection from the endface, periodic
oscillating fringe of optical force density profile is no longer
observed as shown in Figs. 3(a)–3(c). This is quite differ-
ent from the case of flat enfaces as shown in Figs. 2(d)–2(f).
On the other hand, the mirror-symmetry of 〈𝐹z〉 distribution
is not kept anymore due to the oblique endface (as shown in
Fig. 3(c)), thus none of the force density profiles of 〈𝐹z〉 is
centric in the transverse cross section as shown in Figs. 3(f),
3(i), 3(l), and 3(o) with the distances to the endface of SD
fiber varying. For z = 1.3 µm, the force density profile of 〈𝐹z〉
is still centrically distributed and generally positive (Fig. 3(f));
for z= 1.92 µm, the force density profile of 〈𝐹z〉 shifts towards
the left side of the fiber and becomes negative (Fig. 3(f)). For
z = 2.74 µm, the force density profile of 〈𝐹z〉 shifts to the
right side of the fiber and becomes overall positive (Fig. 3(f)).
For z = 3.255 µm, the transverse cross section turns to be half
circular due to the oblique endface, the force density profile
of 〈𝐹z〉 now becomes half positive on the right side and half
negative on the left side, and meanwhile becomes exception-
ally large in the corner of the half circular cross section. In
view of the SD scale of the fiber, this microscopic distribution
of longitudinal force density will definitely bring in non-zero
bending torque to make the fiber tip deflect towards the pos-
itive x direction. And the longitudinal force density together
with the transverse optical force density would contribute to
the optomechanical action on the SD fibers. From the above
analyses, the detailed microscopic optical force density distri-
butions would provide more information and give straightfor-
ward new guidelines for designing high-performance optome-
chanical devices.

4. Conclusions
Owing to the feasibility of the FDTD method, the direct

computations of the microscopic optical force density distri-
butions around SD fiber endfaces are successfully performed.
After taking a close look at the profiles of the force density
distributions along different directions, more details are re-
vealed for the first time, based on which we can readily study
the near-field optomechanical interactions in a straightforward
manner. For a nanofiber with flat endface, we find that trans-
verse optical force is compressive while longitudinal optical
force periodically alternates its direction along the nanofiber.
For a nanofiber with oblique endface, it is found that trans-
verse optical force will become significant due to the oblique
endface induced symmetry breaking; and the asymmetrically
distributed longitudinal optical force will eventually bring in
non-zero bending torque, possibly another mechanism to in-
duce sideway deflections. Therefore, we could conclude here
that only the complete consideration of optical force density
distributions, especially for SD fibers with complicated mi-
croscopic structures, e.g., oblique endface, can provide pre-
cise prediction on optomechanical actuation of SD fibers. Our
results are helpful for studying and constructing future highly-
sensitive optomechanical devices.
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