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A temperature sensor based on a multimode interference thermometer is designed and fabricated. The operation
mechanism is based on the thermal expansion of a specific volume of ethylene glycol contained in a glass bulb that
is connected to a capillary of the same material, with a no-core fiber (NCF) inserted and centered into the capillary
tube. As the temperature is increased, the liquid is expanded, and the NCF is gradually covered by the liquid,
resulting in a peak wavelength shift that is correlated to the temperature variations. A sensitivity of 0.4447 nm/°C
and highly linear response with an R2 of 0.99962 are obtained. The advantage of this configuration is that the
sensing temperature range can be adjusted by changing either the inner diameter of the capillary tube or the bulb
volume. We can also measure negative temperatures by simply modifying the freezing point of the liquid, which
demonstrates the viability of the sensor for many applications. © 2019 Optical Society of America
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1. INTRODUCTION

Temperature measurements are required in scientific and tech-
nological applications ranging from medical diagnostic to the
monitoring of industrial processes. Traditionally, electronic
sensors are used in applications with a controlled environment,
but their performance frequently fails under harsh environmen-
tal conditions such as strong electromagnetic interference, toxic
and corrosive environments, high temperature and pressure val-
ues, among others, restricting them for these kinds of applica-
tions. In this sense, optical fiber sensor technology provides an
alternative solution to all these drawbacks due to the dielectric
nature, flexibility, and lightness of the optical fiber. The most
common configurations for optical fiber temperature sensors
are based on interferometers [1–4], fiber Bragg gratings
[5–7], long-period gratings [8,9], and microstructured fibers
[10–13]. A common feature of these sensors is that all of them
require a complex fabrication process, which increases the final
cost of sensors. On the other hand, the all-fiber multimode in-
terference (MMI) sensor has gained rapid acceptance due to its
high sensitivity and simple fabrication process. An MMI sensor
is fabricated by splicing a multimode fiber (MMF) between two
single-mode fibers (SMF) and, in some cases, to only one SMF
when used in a reflective configuration, providing a simple and
inexpensive sensor.

Multimode interference devices have been widely investi-
gated in recent years for their many applications in integrated
optics and optical fibers. Because MMI devices are highly de-
pendent on the symmetry and optical properties of multimode
waveguides, any change in these parameters will drastically
change the response of the device; therefore, high sensitivity
optical sensors can be designed. Taking advantage of these
properties, MMI-based sensors have been used for sensing tem-
perature in a wide variety of configurations [14–17], including
cascaded schemes for sensing two parameters simultaneously
[18–20]. In particular, a liquid-core MMI fiber sensor was re-
cently reported [21] using a high refractive index-matching
liquid in a capillary fiber. Because the index-matching liquid
exhibits a high thermo-optic coefficient (TOC), a high sensi-
tivity of 20 nm/°C was obtained, at the expense of a compli-
cated setup. Other configurations employ a no-core fiber
(NCF), which is basically an MMF without cladding, inserted
into a stainless-steel capillary and covered with liquid with a
high TOC [22]. Although a sensitivity of 5.15 nm/°C was re-
ported, a linear response was not achieved. Therefore, using a
liquid core/cladding allows us to increase and control the sen-
sitivity of MMI devices to external environmental conditions
such as temperature.

In this work, we demonstrate a temperature sensor based
on the alcohol thermometer principle using an all-fiber
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MMI-based device as a sensing element inserted in a glass capil-
lary tube. As the temperature is increased, the alcohol will raise
its level along the capillary tube. We use ethylene glycol instead
of standard alcohol, and, as the NCF section is gradually
covered by a column of ethylene glycol (with linear thermal
expansion), the gradual replacement of the air clad by a liquid
clad will result in a redshift of the MMI spectral response,
which is correlated with the current temperature value.
Because the ethylene glycol level as a function of temperature
can be controlled by changing the inner diameter of the capil-
lary tube, this allows us to easily modify the temperature range
of the MMI sensor. As will be shown later, this simple configu-
ration provides an inexpensive sensor with good sensitivity and
highly linear response.

2. OPTICAL PRINCIPLE

The simplest way to observe the basics behind MMI effects in
optical fibers is to splice an SMF directly to a specific MMF
segment with a step-index profile. When light is coupled into
the MMF, the input field can be decomposed into the guided
modes supported by the multimode fiber; in this way the in-
terference between them occurs, as they propagate forming rep-
licas of the input field at specific distances along the length of
the MMF. Because MMI effects have been extensively studied,
a simple relationship can be obtained under the asymptotic for-
mulation [23] and expressing the difference in the longitudinal
propagation constants between two radial modes as a function
of the MMF parameters and the operating wavelength [24].
Therefore, by relating the peak MMI wavelength with the
physical parameters of the MMF, the following expression
can be obtained:

λ0 �
4nMMFD2

MMF

LMMF

, (1)

where λ0 is the free space wavelength, and nMMF, DMMF,
and LMMF correspond to the effective refractive index, effective
diameter, and the length of the MMF, respectively. According
to Eq. (1), light propagating through the MMI device at a
wavelength λ0 will form a self-image at the end of the
MMF with length LMMF. Therefore, when an output SMF
is spliced at the end of the MMF, as shown in the inset in

Fig. 1, it will exhibit maximum transmission at that specific
wavelength. However, any other wavelength will exhibit higher
losses because its self-image will be formed before or after the
output SMF–MMF interface. As a result, the MMI device
exhibits a bandpass filter response when it is interrogated by
a continuum source, as shown in Fig. 1.

In principle, any kind of MMF fiber should exhibit MMI
effects. However, due to our experimental requirements, we use
an NCF, which allows us to detect liquids that are in direct
contact with the NCF section [25]. Because we expect that
the liquid level will increase as the temperature is raised, we
will have the configuration shown in Fig. 2 with a vertical
NCF partially immersed in a liquid. Under these conditions,
the MMI device appears to be formed by two different
MMFs with different effective refractive index (RI) and diam-
eters: there is one section of NCF in air, whereas the rest is
covered by the liquid. The phase factor is now determined
by the contribution of both MMFs, and the peak wavelength
shift is estimated by [26]

λ0 �
4nMMF1D2

MMF1

LT

�
L1
LT

�
� 4nMMF2D2

MMF2

LT

�
L2
LT

�
, (2)

where LT is the total length of the NCF; L1, DMMF1, and
nMMF1 are the segment, the effective diameter and the effective
RI, respectively, for the NCF section immersed in liquid; while
L2, DMMF2, and nMMF2 correspond to the section surrounded
by air. Using Eq. (2), it is possible to calculate the final peak
wavelength of the MMI sensor when the liquid level around the
NCF is changed. This operation mechanism, combined with
the principle of thermal expansion of a fluid and the material
where it is enclosed, in a similar way to an ordinary alcohol
thermometer, are exploited in our temperature sensor configu-
ration. In an alcohol thermometer, an organic liquid is con-
tained in a glass bulb (a thin glass liquid reservoir) attached
to a capillary tube of the same material. As the temperature
is increased, the liquid and the glass are expanded with different
expansion coefficients, forcing the advance of the liquid

Fig. 1. Bandpass filter response of a typical all-fiber MMI device
(inset: schematic of an MMI fiber filter). Fig. 2. NCF partially immersed in a liquid.
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through the capillary tube. The opposite effect occurs when the
temperature is reduced, i.e., the liquid contracts as it cools
down, moving the level in direction to the initial position.
Therefore, by placing the all-fiber MMI structure inside the
capillary tube, as the liquid level is modified around the
NCF, the MMI peak wavelength shift is correlated with the
temperature variations.

The increment in length Δl of the liquid column per unit
degree as a function of the temperature change ΔT inside the
capillary tube with inner diameter d is given by [27]

Δl � 4VΔα
πd 2ΔT

, (3)

where Δα indicates the difference between the cubical thermal
expansion coefficients of the liquid and the bulb material, and
V is the liquid volume in the bulb. Therefore, for a specific
liquid, bulb material, and NCF length, the dimensions of
the bulb and capillary for a required temperature range are de-
termined by Eq. (3). We note that, by simply reducing the
diameter of the capillary tube, the liquid level will increase more
rapidly, which reduces the measurable temperature range but
increases the sensitivity. Additionally, with this configuration,
we are able to adjust the initial operation point by simply plac-
ing the MMI device in a specific position inside the capillary
tube. This sets the liquid in contact with the NCF at a specific
level at room temperature and allows the measurement of lower
temperatures because the liquid level is reduced as the temper-
ature is reduced. We should highlight that the ultimate useful
range of the temperature sensor is limited by the freezing (low-
est) and boiling (maximum) points of the liquid used; thus, the
selection of the liquid is important.

3. SENSOR DESIGN AND FABRICATION

A schematic of the proposed device is shown in Fig. 3. In order
to avoid any residue from ethylene glycol on the NCF surface, a
hydrophobic surface treatment was applied to the capillaries
and the NCF. First, the samples are cleaned with a piranha
solution and rinsed with acetone. After drying the samples with
nitrogen, they are immersed in a mixture of anhydrous ethanol
and 3% of octyltriethoxysilane. After 2 hr in the mixture, the
samples are removed and heated at 150°C for 1 hr. Finally, the
samples are removed until they cool down and can be used after
approximately 30 min. The MMI sensing structure is placed
inside a capillary tube, and the fiber is centered and slightly
stretched by using two open ring spacers, in order to prevent
the contact with the inner walls of the capillary tube. The MMI
device is also operated in reflective configuration, and a gold
mirror is evaporated at the end facet of the shorter piece
of SMF.

Another capillary tube, whose inner diameter allows the in-
sertion of the capillary tube that holds the MMI structure, is
sealed in one end and filled with ethylene glycol up to a specific
level. The capillary tube with the MMI structure is then in-
serted into the capillary with ethylene glycol, and the depth
is carefully controlled until the initial part of the NCF is
matched to coincide with the meniscus of the liquid column.
At this point, both capillaries are fixed and sealed using a com-
mercial epoxy resin. In this way, a longer portion of the NCF is
allowed to interact with the liquid cladding, as the temperature
is increased, which leads to the largest possible spectral shift of
the MMI peak wavelength. On the other hand, the total length
of NCF section partially determines the upper limit of the tem-
perature range. This means, even when the liquid keeps moving
through the capillary, the MMI response no longer changes
once the section of NCF has been completely covered by
the liquid. Nevertheless, for a given NCF length, it is possible
to adjust the set of variables involved in order to modify (i.e.,
increase or decrease) the advance of the liquid per temperature
degree along the capillary tube according to Eq. (3).

Before performing any temperature measurement, the sen-
sor was slowly heated inside an oven until it reached a maxi-
mum temperature of 80°C; then, the sensor was kept at such
temperature for 10 min and then slowly cooled inside the oven.
This process was repeated at least five times, in order for the
epoxy to fully cure and avoid changes during temperature mea-
surements and to prevent leakage of ethylene glycol. In order to
investigate the influence of the inner diameter of the glass capil-
lary on the total temperature range for a fixed bulb volume, a
set of tests were carried out with different capillary diameters.
Figure 4 shows the experimental liquid level as a function of the
applied temperature for three different inner diameters of the
capillary tube, 1, 1.5, and 2.2 mm, respectively. The effect of
the bulb size was eliminated by fixing the volume to 2.8 cm3,
the length of the NCF was 58 mm corresponding to the
self-image formation, and anhydrous ethylene glycol (from
Sigma-Aldrich) was used as the expandable liquid in all the
experiments. As shown in Fig. 4, the liquid column fully covers
the section of NCF with a temperature increment of only
30°C (from 20°C to 50°C) when the capillary with inner

Fig. 3. Schematic of the temperature sensor.
Fig. 4. Liquid level versus temperature for three capillaries with dif-
ferent inner diameters.
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diameter of 1 mm is used. However, for the capillaries with
diameters of 1.5 and 2.2 mm, the amount that the liquid col-
umn reaches is 48.36 and 22.57 mm, respectively, for a temper-
ature increment of 60°C (from 20°C to 80°C). Due to
limitations in our equipment, the upper limit of the temper-
ature range was fixed to 80°C.

As depicted in Fig. 4, when the inner diameter of the capil-
lary tube is increased, the advance of the liquid column per
degree Celsius is reduced, but at the same time a wider temper-
ature range is achieved. Therefore, the temperature operation
range and the sensitivity m of the sensor are closely related with
the diameter of the capillary tube and is a critical parameter for
designing the sensor. Another parameter that influences the
performance of the sensor is the liquid; in our case, the selection
of ethylene glycol is related to its refractive index value
(n � 1.36 at 1550 nm), which allows us to maintain waveguid-
ing conditions when the ethylene glycol covers the NCF.
Ethylene glycol has also been demonstrated to be suitable
for temperature-based applications due to its thermometric
properties, such as its high thermal expansion coefficient
(5.7 × 10−4∕°C at 20°C) and linear expansion behavior over
a wide temperature range. The linear behavior of the sensor
response due to the stable and linear thermal expansion of
the ethylene glycol is evident in all cases, as shown in
Fig. 4, where the linear fits have R2 values better than
0.998 over the full temperature range.

4. EXPERIMENTAL RESULTS

The experimental setup for testing the performance of the sen-
sor is shown in Fig. 5. A superluminescent diode (COVEGA
SLD-1108) centered at 1550 nm was connected through a
circulator to the thermometer, and the light reflected back
was monitored with an optical spectrum analyzer (ANRITSU-
MS9740A). The temperature was controlled by a bath circu-
lator system (Refrigerated Bath Circulator, LCB-R08) with a
temperature range from −30°C to 90°C and accuracy of
�0.1°C.

A glass capillary tube with an inner diameter of 0.8 mm and
a bulb volume of 0.72 cm3 was used in the final configuration.
To evaluate the response of the device, the entire bulb was
immersed into the bath circulator, and the temperature was
increased from 20°C to 80°C in steps of 5°C, and the reflected
spectrum was recorded for each step after temperature stabili-
zation. The spectral response of the thermometer as a function
of temperature is shown in Fig. 6(a). A spectral redshift is
obtained, as the NCF is gradually covered with the expanded
liquid due to the increment in temperature. The repeatability of

the sensor is characterized by performing five consecutive
measurements, and the peak wavelength of the MMI device
is plotted as a function of temperature, as shown in Fig. 6(b),
resulting in a monotonic linear temperature dependence of
0.44471 nm/°C, with an R2 of 0.99962. It is important to note
that, for the maximum applied temperature of 80°C, only
46.35 mm of a total length of 58 mm of the NCF section
was covered by the liquid column. This means an increment
of the liquid column per degree centigrade of 0.7725 mm/°C,
which leads us to estimate that the thermometer could operate
up to 95°C.

The highly linear response observed in Fig. 6(b) is somehow
expected because the MMI response to liquid increments is lin-
ear, and the liquid level change as a function of temperature
variations is also linear (see Fig. 4). We should also mention
that there is a thermo-optic effect, whereby the refractive index
of the liquid clad is reduced as the temperature is raised due to
the negative thermo-optic coefficient (TOC) of the ethylene
glycol of −2.6 × 10−4∕°C [28]. Although this effect is translated
in a small reduction of the sensor sensitivity, its contribution is
negligible, and the linearity is practically unaffected, as shown
in Fig. 6(b). Regarding the stability of the sensor, we should
mention that the MMI peak wavelength was stable at a specific
temperature value, at least for intervals between 10 to 15 min,

Fig. 5. Experimental setup.
Fig. 6. (a) Spectral response and (b) peak wavelength displacement
for a temperature range from 20°C to 80°C.
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which was the time interval kept at each specific tempera-
ture value.

In order to extend the temperature range of the sensor, even
to negative temperature values, the freezing point of the liquid
was modified by using an aqueous solution with a weight per-
cent of ethylene glycol of 90%. This allows us to shift the freez-
ing point from −12.9°C (pure ethylene glycol) to −30°C [29].
The initial liquid level at room temperature was set at the
middle part of the NCF, which allows the liquid to move
up/down along the NCF when the temperature is increased/
decreased. The temperature of the refrigerated bath was
changed from −20°C to 60°C in steps of 10°C, and the response
of the sensor was acquired at each step. The results are shown
in Fig. 7, where we can observe that the linear response of
the sensor for five consecutive measurements is preserved
(R2 � 0.99933) with a slight reduction of the sensitivity of
0.2903 nm/°C.

The reduction in the sensitivity shown in Fig. 7 is related
with a smaller refractive index of the aqueous solution. By using
the respective constants for pure ethylene glycol [30] and
extrapolation of the Cauchy equation [31], the refractive index
of pure ethylene glycol at 1550 nm is estimated to be 1.39.
The refractive index of the aqueous solution is estimated at
1.38 by using the mixing rules for binary liquid mixtures
[32]. Additionally, a slight decrease in the proportion in which
the liquid moves through the capillary tube (0.72 mm/°C) was
experimentally observed. This indicates that the aqueous solu-
tion has a lower thermal expansion coefficient than that of pure
ethylene glycol, which allows the operation of the sensor in a
wider temperature range because we require a higher temper-
ature increment to cover the entire NCF with the aqueous
solution.

It is noteworthy that the response remains highly linear in all
the experiments performed. Additionally, although the sensitiv-
ity is slightly reduced, even lower temperatures can be measured
if the concentration of ethylene glycol in the solution is re-
duced. Eventually, the sensitivity can be easily compensated,
thus reducing the diameter of the capillary or increasing the
volume of the bulb. In other words, besides the temperature

operation range, the sensitivity of the sensor can be controlled
and optimized for a specific design, simply by selecting the ad-
equate size of the capillary, the bulb, and/or by selecting the
liquid and reservoir material with suitable thermal expansion
coefficients.

5. CONCLUSIONS

A linear temperature sensor based on an MMI thermometer
was experimentally demonstrated. The operation mechanism
is based on the thermal expansion of a specific volume of an
organic liquid (ethylene glycol) contained into a glass bulb,
which is connected to a capillary of the same material. As the
temperature is incremented, the liquid is expanded, and the
NCF is proportionally covered by the liquid, resulting in a peak
wavelength displacement, which is finally correlated to the
temperature variations. A high sensitivity of 0.4447 nm/°C
and remarkable linear response with R2 of 0.99962 was ob-
tained. The advantage of this configuration is that the sensitiv-
ity and temperature range can be adjusted by changing the
dimensions of the capillary tube or the bulb volume. In addi-
tion, negative temperatures can be also measured by simply
modifying the freezing point of the liquid, which demonstrates
the viability of the sensor for many applications.
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