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Buckling-induced wavy optical fiber attenuator
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An optical attenuator is an optical device that can mod-
ulate the power level of an optical signal. Based on the
macro-bending loss of optical fibers, we present a wavy fiber
attenuator where the attenuation level can be controlled by a
mechanical-induced buckling of the fiber. By bonding a fiber
to a prestretched substrate and then releasing the prestrain,
the fiber flexes into a sinusoidal wavy curve due to the con-
straints of the substrate. The level of the light attenuation
can simply be controlled by stretching the substrate. The
maximum attenuation of the proposed wavy optical fiber
attenuator is −87.3 dB. © 2022 Optica Publishing Group

https://doi.org/10.1364/OL.468102

Optical attenuators are widely used optical devices in the labo-
ratory or communication networks to control (mainly reduce)
the power level of optical signals [1–5]. In the application
of optics-based sensing, without a proper power attenuation,
the monitored signal might even be saturated and fail to pro-
vide true sensing information. Until now, several advanced
attenuation mechanisms, including arranging obstructing ele-
ments with micromechanics [6–10], doping materials [11], or
microelectron-mechanical system (MEMS) [12–14], to name
a few, have been employed on fabricating optical attenuators.
Although most recently developed mechanisms are compact
and reliable, their fabrication might be challenging and their
cost might be high.

It is well known that bending a fiber provides a simple
mechanical route for achieving light attenuation. Micro-bending
loss of the optical fiber [15,16], realized by squeezing the
fiber, is a fundamental and common mechanism for attenuat-
ing the guided light. Interestingly, macro-bending is seldom
used to realize optical fiber attenuation despite being simpler
and more straightforward. This is mainly because of the dif-
ficulty to achieve a controllable curvature and accordingly a
controllable attenuation level [17,18]. In mechanics, determin-
istic buckling structures have recently been applied in various
fields, ranging from stretchable electronic interconnects to bio-
compatible topographic matrices for cell alignment [19,20].
To date, developed mechanical instability-based deterministic
structures are usually realized by combining two mismatched
materials such as a stiff two-dimensional stripe or film on a
compliant substrate [21]. One interesting question to ask is
whether the deterministic wave-like structures with mechanical

instability can be harvested to turn a free-bending optical fiber
into a curvature-controllable one and in turn control the level of
attenuation.

In this Letter, we realize a tunable optical attenuator based
on the buckling of a fiber. We fabricate a wavy fiber attenuator
where the wavy profile is obtained from the mechanical con-
traction of a mismatched substrate. Since light is leaked when
the fiber is bent, we will show that a controllable attenuation of
the optical power can be achieved due to the deterministic and
controllable curvature.

We first introduce the fabrication process of the wavy fiber
attenuator, formed by gluing a section of an optical fiber on
a mismatched soft substrate. As shown in Figs. 1(a)–1(c), an
elastomer substrate is prestretched and then an optical fiber is
firmly bonded to the substrate along the middle line of the upper
surface. By releasing the prestrain, the substrate is compressed
and a wavy profile can be obtained due to the buckling of the
fiber. An elastomer substrate (Ecoflex00–30, Smooth-on Inc.)
with dimensions of 150 mm× 50 mm× 2 mm is used for the
fabrication of the attenuator. With a 10-mm clamping at the
two ends, the initial length of the substrate is 130 mm. A 30%
prestrain is considered and an adhesive glue (5562 instant adhe-
sive, Shenzhen Kaibingtuan Plastic Industry Co., Ltd.) is used
for bonding the fiber. The oblique view and the lateral view of
the fabricated wavy fiber attenuator are showed in Figs. 1(d)
and 1(e). Note that the quality of the fabrication of the proposed
wavy attenuator depends on the prestrain of the substrate and
the uniformness of the substrate and glue. When these factors
are well controlled, the fabrication repeatability can be ensured.
Figure 1(f) illustrates the variation of the wavelength and ampli-
tude of the wavy profile and the corresponding attenuated light
with respect to the strain of the substrate. In general, a larger
strain of the substrate will lead to a shorter wavelength of the
morphology obtained by buckling and less attenuated light. For
a fabricated wavy fiber attenuator, the curvature of the fiber
decreases when it is stretched by an external force until the fiber
is straightened.

Although the shape of an optical fiber is round, it is thin and
thus we can provide an approximate waveform of the wrinkled
optical fiber where the description of the waveform borrows the
finite deformation mechanics of a buckled thin film of thickness
h on a compliant support [22–24]. For a fiber of a diameter D
and elastic modulus Ef , and a substrate of elastic modulus Es

and prestrain εpre, the waveform of the buckling profile of the
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Fig. 1. (a)–(c) Fabrication process. (d) Oblique view of the sam-
ple. (e) Lateral view of the sample. (f) Illustration of the stretching
process.

optical fiber is expressed as

w = A cos (
2π
λ

x), (1)

where the wavelength is

λ =
λ0

(1 + εpre)(1 + ξ)
1/3 , (2)

where

λ0 = 2πD(
Ef

3Es

)
1
3 (3)

and
ξ = 5εpre(1 + εpre)/32. (4)

The amplitude of the wavy fiber is

A =
A0√︁

1 + εpre(1 + ξ)
1/3 , (5)

where

A0 = D

√︄
|εpre |

εc
− 1, (6)

where εc is the critical buckling strain as

εc =
1
4
(
3Es

Ef

)2/3. (7)

When the buckled wavy fiber is subjected to an applied strain
εapplied, the wavelength and amplitude of the wavy fiber profile
respectively become

λ =
λ0(1 + εapplied)

(1 + εpre)(1 + εapplied + ζ)
1/3 (8)

and

A = D
√︁
(εpre − εapplied)/εc − 1√︁

1 + εpre(1 + εapplied + ζ)
1/3 , (9)

where
ζ = 5(εpre − εapplied)(1 + εpre)/32. (10)

According to the buckling model, we get the relation between
the wavelength and amplitude with respect to the prestrain of
the substrate, as shown in Fig. 2(a). In calculating the buckling
behavior, the following elastic constants are used: the modu-
lus and the Poisson ratio of the optical fiber are respectively
Ef = 24 GPa and vf = 0.33, while those of the substrate are

Fig. 2. (a) Wavelength and amplitude of sinusoidal morphology
of the fiber in the range of 0–40% prestrain. (b) Wavelength and
amplitude of the sinusoidal morphology of the fiber change with
the applied strain when the prestrain is 30%. (c) Relation between
light loss and fiber curvature radius. (d) Experimental result of the
attenuation behavior of the wavy attenuator.

Es = 68 kPa and vs = 0.33, respectively. The relation between
the wavelength and amplitude with respect to the applied
strain of the substrate when the buckling fiber is subjected
to an applied strain εapplied with a 30% prestrain is showed in
Fig. 2(b).

After calculating the buckling behavior of the wavy profile, we
show the attenuation characteristics of the optical fiber (Corning
SMF-28) used in this work, according to the theory of optical
macro-bending loss. For a bending fiber of length L, the pure
bending loss can be calculated by 10log10(exp(γL)) = 4.343γL,
where γ is the bending loss factor. There are two common
models for calculating the macro-bending loss factor of the
single-mode fiber, one from D. Marcuse and the other from
H. Renner. D. Marcuse assumed that the fiber has an infinite
cladding, and the corresponding bending loss factor is [25,26]

γ = (
π

4aRc
)1/2[

U
VK1(W)

]2
1

W3/2 exp[−
2W3

3k2
0a3n2

1
Rc], (11)

where a is the core radius of the fiber, Rc is the bending radius, n1

is the refractive index of the core, β is the propagation constant
of the fundamental mode of a straight optical fiber, λ is the light
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wavelength, k0 = 2π/λ is the wavenumber, V = 2πa
√

n2
1−n2

2
λ

is the
normalized frequency, U = a

√︁
n2

1k2
0 − β

2, and W = a
√︁
β2 − n2

2k2
0.

Unlike the infinite-cladding model, H. Renner assumed that
there is an infinite coating layer outside the fiber cladding and
improved the calculation formula for the bending loss factor as
[27]

γRenner = γ
2
√

Z2Z3

(Z3 + Z2) − (Z3 − Z2)cos(2θ0)
, (12)

where
Zq = −(2k2n2

q/Rc)
2/3Xq(d, 0), q = 2, 3, (13)

Xq(d, 0) = (
Rc

2k2n2
q
)3/2[β2 − k2n2

q(1 +
d
R
)], (14)

and
θ0 = 2(−X2(d, 0))3/2/3 + π/4, (15)

where d is the diameter of the cladding, n2 is the refractive index
of the cladding, and n3 is the refractive index of the coating.

The experimental and theoretical results of the bending loss
with respect to the bending curvature of the SMF-28 are shown
in Fig. 2(c). Slight oscillation can be found in the experimen-
tal result when the bending radius is small, which agrees with
the prediction by the model of H. Renner. It should be noted
that, by using a pointwise integration through the buckling fiber,
the buckling model and the bending loss mode can be com-
bined to obtain the complicated bending loss behavior. The
attenuation behavior of the wavy attenuator using a 1550-nm
distributed feedback (DFB) laser, where the two edges of the
attenuator are connected to a single-axis tensile instrument, is
shown in Fig. 2(d). We can see that the power of the wavy atten-
uator significantly decreases as the substrate is compressed. A
rather linear region can be obtained during the compression or
elongation of the wavy attenuator. The maximum attenuation is
−87.3dB. However, the wavy attenuator is not sensitive when the
applied strain is less than 10%. From Fig. 2(d), we can also see
that the repeatability of the wavy attenuator is good by the fact
that the curves of compression and elongation almost overlap.
Time stability of the proposed wavy fiber attenuator is tested
for 30 min when a 10% prestrain is applied with only a small
total deviation of 0.57 dB (i.e., with a low time sensitivity of
−0.019 dB/min). The effect of temperature on the sensor is also
tested, where an average attenuation of −28.34 dB is measured
in the temperature range of 6–65°C (i.e., with a low tempera-
ture sensitivity of −0.027 dB/°C). Finally, the durability of the
proposed wavy attenuator in terms of applied strain was tested
using the single-axis tensile instrument. The attenuation profile
was maintained even after 1000 repeating cycles of loading and
relaxing. Details of the testing of the time and temperature sta-
bility as well as the durability of the wavy attenuator during
cyclic loading are provided in Supplement 1.

After theoretically studying the relation between the defor-
mation of the substrate and curvature of optical fiber and
experimentally demonstrating the attenuation behavior of the
wavy attenuator, we demonstrate the capability of the wavy
attenuator on modulating the power of optical devices, where
here a fiber Bragg grating (FBG) is considered. The experimen-
tal setup is shown in Fig. 3(a). A broadband source transmits
light to the wavy fiber attenuator [as shown in Figs. 1(d)
and 1(e)], where a single-axis tensile instrument is used to con-
trol the curvature of the wavy attenuator. The light continues to
direct to a fiber Bragg grating (FBG) by an optical circulator.

Fig. 3. (a) Experimental arrangement of the wavy attenuator in
the application of the fiber Bragg grating. (b) Experimental result
of the modulated reflected Bragg wavelength of the FBG.

Then, the reflected light from the FBG is transmitted back to the
optical circulator and directed to an optical spectrum analyzer
(OSA), with a minimum resolution of 0.02 nm.

The experimental result of modulating the reflected Bragg
wavelength of the FBG is shown in Fig. 3(b), where a set of spec-
trometer data was recorded for every 5% of stretching. We can
see that the trend of the peak of the Bragg wavelength decreases
monotonically in power as the substrate is compressed. It is
observed that the proposed wavy fiber attenuator can thoroughly
turn on and turn off the reflected spectrum of the FBG. However,
the profile and the central wavelength of the spectra of the FBG

Fig. 4. (a) Experimental arrangement of the wavy attenuator in
the application of voltage control. (b) Effect visualized by lighting
“ZJU” luminous diodes.

https://doi.org/10.6084/m9.figshare.20558178
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are not affected by the stretching of the substrate, which is a
desired characteristic as an optical attenuator.

Finally, we use light-emitting diodes (LEDs) to visualize
the attenuation behavior of the proposed wavy attenuator. Fig-
ure 4(a) shows the arrangement of the experiment. The light
signal, connected to the proposed wavy attenuator, is converted
to an electrical signal by a photodiode to power the LEDs. The
LEDs are arranged as the letters of “ZJU”, where “Z” is formed
by red LEDs, “J” by yellow ones, and “U” by blue ones. The
operating voltage for the red LEDs is 1.7–2.4 V, for the yellow
LEDs is 1.8–2.6 V, and for the green LEDs is 1.9–2.7 V. Due
to different operating voltage, from Figs. 4(b)–4(e), we can see
the LEDs can be lit up with different orders, indicating that
the proposed wavy attenuator can be applied in the design of
photoelectric circuits.

In conclusion, we introduce a wavy fiber attenuator based
on the mechanics-induced buckling of optical fibers, which can
cover the range from allowing light to pass through completely
to forbidding light completely. The morphology of the optical
fiber after buckling is analyzed theoretically and the effect of the
proposed wavy attenuator is verified experimentally. In addition
to simple fabrication, the switch and control of optical power
can be realized by simple mechanical stretching and shrinking.
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