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   Abstract—Optical fiber single mode – multimode – single mode 

(SMS) structures can be used as wavelength detection-based 

sensors. In this work, we focus on the performance at short 

wavelengths, where optical sources and detectors are less 

expensive. Here, a self-image band with a high transmission power 

is monitored in this short-wavelength range. In addition, the 

diameter and the length of the SMS structure have been optimized 

in order to improve the sensitivity of the device.  In this sense, a 

maximum refractive index sensitivity of 305 nm/RIU was achieved 

by an etched SMS with a diameter of 34 µm. Furthermore, the 

obtained devices were used for testing the quality of automotive 

coolant and antifreeze liquid. 

    Index Terms—optical fiber, multimodal interference, 

self-image, etching, coolant, antifreeze. 

I. INTRODUCTION

Optical fiber sensors can be used in many 

applications due their interesting properties: small 

size, multiplexing capability and immunity to 
electromagnetic interferences [1-7]. Different fiber 

optic configurations have been studied for these 

purposes, such as those based on gratings (fiber Bragg 

gratings, long period gratings and tilted fiber Bragg 

gratings) or interferometers (Mach-Zender, Fabry-

Pérot and Michelson) [1].  
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One of the simplest interferometric structures is the 

single mode – multi mode – single mode fiber (SMS), 

is based on the multimodal interference (MMI) effect 

[2]. Interferometers based on the SMS structures 

allow to observe wavelength shifts as a function of the 

surrounding medium’s refractive index.  However, 

most of the literature referencing  these structures 

focus on its performance at telecommunications 
wavelengths (1100 to 1700 nm), requiring the 

utilization of expensive and complex experimental 

setups [3-7]. The performance of SMS structures at a 

shorter wavelength range (400-1000nm), permits the 

use of less expensive optical light sources and 

detectors [8,9]. However, the sensitivity at shorter 

wavelength range is reduced, hence it requires further 

optimization of these devices in order to overcome 

this limitation.  

The sensitivity improvement has been previously 

attained reducing the structure diameter by means of 
an etching process through immersing of the device in 

hydrofluoric acid (HF). Concerning SMS structures, 

the diameter reduction was initially applied in devices 

operating at telecommunications wavelengths [3,4,6].  

Recently, the idea was also explored with low cutoff 

wavelength SMS structures [8,9] for operation at 

shorter wavelengths. 
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 However, these works doesn´t pay attention to the 

self-image band, which is associated to the length of 

the device. In the present work, contrary to previous 

publications, a special focus is given to on the self-

image band, where the optical transmission is 

maximum, as well as to the diameter and the length of 

the devices in order to position the transmission band 

in the wavelength range that is being monitored in the 
experimental setup. Different structures will be 

analyzed as a function of the refractive index for a 

better understanding of the basic rules that govern the 

position of the self-image band in the optical 

spectrum. Finally, the performance of the obtained 

structures is demonstrated in a practical application 

(the SMS structures has been previously used for 

detecting pH [9], glucose [10], quality of fuels [11] 

etc.). In this work, the SMS devices are used for 

testing the quality in coolants and antifreeze liquid of 

motor vehicles based on gasoline, which are very 
important in the automotive industry. 

II. THEORETICAL BACKGROUND OF SMS 

STRUCTURES. 

A. Principle of operation. 

The SMS structure explored in this work consists 

of splicing a multimode “coreless” fiber (MMF-NC) 

segment to two single mode fiber (SMF) pigtails. In 

SMS structures, light transmitted through the core 

mode of the SMF is coupled to different propagation 

modes in the coreless segment, where light is in direct 

contact with the surrounding medium. This is the 

reason why SMS devices are sensitive to the external 

medium. In addition, due to the transmission of light 
in the coreless segment by modes with different 

effective index, the phase of the modes in the coreless 

segment is different at the point where light is coupled 

to the core mode of the output SMF segment, which 

causes constructive and destructive interference as a 

function of wavelength. In the coreless segment it is 

possible to find partial images at specific distances 

from the splice between the SMF and the MMF-NC 

segment [3] and [6]. This phenomenon is called 

multimodal interference effect [12]. The equation that 

rules the lengths where these images are created is 
expressed as  

 

𝐿 = 𝜌[(𝑛𝑁𝐶  𝐷𝑁𝐶
2)/𝜆]                             (1) 

 

where 𝜌 is the order of the self-image, 𝑛𝑁𝐶is the 

effective RI,  𝐷𝑁𝐶     is the waveguide diameter of 

MMF-NC and 𝜆 is the vacuum’s wavelength.  Several 

researches have focused particularly in the fourth self-

image, because it is proved that at this specific order 

a narrow band-pass filter response is obtained [13]. A 

necessary condition to implement the SMS devices as 

refractometric sensors is that, the refractive index of 

surrounding medium must be lower than the MMF-

NC [3,7]. 

B. Analysis to the sensitivity enhancement. 

The fiber optic sensors based on the SMS 

configuration accomplish their operation due the 

absorption of the light carried by the evanescent wave 

in the sensible region of the structure, which allows 

the interaction with a surrounding refractive index 

(SRI), see Fig. 1. The evanescent wave is the optical 

wave that decays exponentially in the perpendicular 

direction to the MMF-NC/SRI interface. A 

remarkable parameter to take into account in the 

sensing purposes is the penetration depth 𝐷𝑝 of the 

evanescent wave, this is the distance from the 

interface where the amplitude of the electric field 

decreases by a factor 1⁄e [14], expressed as 

 

𝐷𝑝 =
𝜆

2𝜋𝑛𝑁𝐶√sin2 𝜃𝑖−(
𝑛𝑆𝑅𝐼
𝑛𝑁𝐶

)
2

                                          (2) 

          

𝜃𝑖 is the incident angle in the interface and 𝑛𝑆𝑅𝐼 is the 

refractive index of the surrounding medium. 

Therefore, exists a ratio between  𝐷𝑝  and SRI. In 

order to enhance the sensibility of the SMS structures 

it is necessary to increase the intensity of the 

evanescent wave by the increase of 𝐷𝑝, this can be 

achieved reducing the diameter in the sensitive region 

[15]. The application of corrosive materials makes 

possible to reduce the section of MMF-NC (typically 

HF is used). The lower the diameter is in the sensible 

region, higher will be the interaction between the 

interfered high-order modes and the SRI, producing a 

higher sensitivity in SMS structures [16].  

In addition to the diameter reduction there are other 
aspects necessary to enhance the sensitivity in the 

SMS sensors. As higher the core's diameter is in SMF, 

longer will be the wavelength operation range of the 

SMS. This is important to consider, because when a 

self-image is established at longer positions the 

sensitivity is improved [8], because the penetration 

depth increases with the wavelength [17]. 

 
Fig. 1. Description of the evanescent wave in SMS devices. 
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C. Temperature influence in sensitivity. 

The optical spectrum of the SMS structures 

depends on the temperature in the SRI due the 

inherent relationship with thermo-optic effects in the 
MMF-NC material, which allows a variation of its RI, 

causing a shift in the wavelength peak ∆𝜆. This has 

been exposed by Aguilar-Soto et al. [7], the authors 

have demonstrated by testing the SMS structures in a 

hot environment (in air) the presence of sensitivity 

due of the increment of temperature. Besides, in S. 

Silva et al. [16], the authors have reported the 

presence of temperature sensivity in the spectral 

response in SMS devices when are exposed to a 

surrounding media (liquid) with RI=1.44 from 20℃ 
to 80℃. The spectral response allows to observe that, 

when the temperature increases the RI of the liquid 

and the sensitivity decreases. 

III. MATERIALS AND METHODS 

A. Experimental setup. 

The SMS structures used consisted of MMF-NC 

(FG125LA, Thorlabs), spliced to two SMF S630-HP 

pigtails (core diameter 3.5 𝜇𝑚 and cladding diameter 

125 𝜇𝑚, NA = 0.12 and operating wavelength 

630– 860 𝑛𝑚). The devices were spliced and fused 

by A9 Tumtec and V9 Mini ICOptiks. The structures 

were fixed to a U-Holder (glass) to keep the sensitive 

region straight during the process of etching and 

interrogation of automotive liquids. In addition, an 

HL-2000 white light source and an USB4000 VIS-

NIR spectrometer, both from Ocean Optics. The 

etching was performed inside a closed plastic 

container, the MMF- NC segment was inserted into a 
PLA cuvette where the HF was deposited, see Figure 

2. In order to manipulate the devices in the 

interrogation process, an XZ robot was required. The 

devices were immersed in the samples, consecutively 

washed with distilled water and dried in air. All the 

liquids were placed into PLA containers, while the 

robot was controlled by LabVIEW (see Figure 3). 

 

Fig. 2. Experimental setup applied for monitoring the optical 

spectrum during the etching process. 

 
Fig. 3. Experimental setup used to monitoring the optical spectrum 

during the interrogation process for testing the quality of coolants 

and antifreeze liquids. 

B. Diameter reduction. 

Three SMS devices were fabricated: eSMS1, 

eSMS2 and eSMS3; with different lengths of coreless 

fiber: 𝐿𝑒𝑆𝑀𝑆1 ≈ 26𝑚𝑚,  𝐿𝑒𝑆𝑀𝑆2 ≈ 13𝑚𝑚 and 

𝐿𝑒𝑆𝑀𝑆3 ≈ 7𝑚𝑚. The length of MMF-C segment was 

measured by a millimeter ruler. These lengths were 

obtained by the use of eq. (1) for a reference 

wavelength peak at ~800 𝑛𝑚, 𝜌 = 4, 𝑛 = 1.4525 

and the specifics diameters (𝐷𝑀𝑀𝐹 = ∅𝑒𝑆𝑀𝑆) in the 

sensitive region (∅𝑒𝑆𝑀𝑆1 ≈ 60 𝜇𝑚, ∅𝑒𝑆𝑀𝑆2 ≈
45 𝜇𝑚 and ∅𝑒𝑆𝑀𝑆3 ≈ 31 𝜇𝑚). Each structure was 
etched with HF at 48% during: eSMS1=25 minutes, 

eSMS2=30minutes and eSMS3=35minutes 

respectively. The fibers were rinsed in water 

afterwards in order to remove the HF excess after the 

etching process. Finally, the structures were left in air 

for at least 4 hours. 

C. Automotive coolant and antifreeze. 

Quality in automotive antifreeze is very important 

according to the regulations established by the 

governments and automotive industry [18-20]. The 

main purpose of the antifreeze liquid is to control the 

temperature of fluids and parts in the engine of a car; 

absorbing the heat from the engine to be then taken 

out by the radiator. In addition, the automotive 

industry refers with different names the two mixtures 

of antifreeze: coolant when the fabrication is based on 

distilled water/ethylene glycol concentrations of 
50/50, 60/40, 70/30 and antifreeze when it is just 

based on ethylene glycol at 95% (5% additives). The 

composition of coolants and antifreezes have an 

optical relationship due their refractive indices. Based 

on the mentioned percentages of concentration and by 

the following equation is possible to calculate RI in 

coolants 

 

𝑛 = [𝑛1𝑣1 + 𝑛2𝑣2]                                  (2)  
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where 𝑛1 and 𝑛2 are the refractive index, 𝑣1 and  𝑣2 

are the volume respectively of the two compounds of 

the mixture. By the previous equation and considering 

the refractive index in water= 1.3290 and ethylene 

glycol= 1.4263 both at 800 𝑛𝑚[21]. So, the 
estimated refractive indices in coolants are: 

50/50=1.3777, 60/40=1.3679, 70/30=1.3582; 

whereas in antifreeze at 95% of ethylene glycol= 

1.4214. These results were obtained considering 𝑣1 

and  𝑣2 defined by normalized volumes (from 0 to 1). 

The use of ethylene glycol allows a higher boiling 

point in the antifreeze liquids and a higher engine 

operating temperature in the coolants. Additionally, 

the freezing point is also decreased. Therefore, the 

coolants are used in driving conditions at high 
temperature (dry or desert), whereas the antifreeze 

liquid is used in low temperature driving conditions 

(snow and ice).  The chosen samples of coolant and 

antifreeze liquid were acquired from generic brands 

(coolants 1, 2, 3 and antifreeze 1, 2) and from 

recognized worldwide brands (coolants 4, 5 and 

antifreeze 3, 4). The manufacturers provide in the 

specification charts the percentage concentration of 

distilled water and ethylene glycol only in the coolant 

liquids 3, 4, 5 (25%, 33% and 33%) and the antifreeze 

samples 4, 5 (95% and 98%).  

IV. EXPERIMENTAL RESULTS 

A. Effect of diameter reduction. 

In order to understand the effect of diameter 

reduction, a SMS structure of length 26 mm was 

subjected to an etching process. According to eq.  (1) 

the first order self-image should be located initially at 

approximately 810 nm, something that agrees well 

with the transmission spectrum of Figs. 4 a) and b). 

During the etching process the bands shift 
progressively to shorter wavelengths, something that 

again agrees with expression (1), where the 

wavelength is proportional to the diameter. After 11 

minutes of etching the 2nd self-image band is present, 

then the third one (22 minutes) and the fourth one (28 

minutes). As the etching process happens the intensity 

of the optical response in SMS devices will be higher 

due to the changes in the reflection coefficient at the 

MMF-NC/SRI interface [16]. The etching process is 

continued until the optical fiber is destroyed. Here, it 

is interesting to remark that the wavelength shift rate 
of the bands increases during the etching process 

because the sensitivity of the device increases with the 

diameter reduction, something that has been also 

observed in [22].These experimental results can be 

verified by the contributions exposed by [13,16], 

where unlike for the rest of self-images, for the 2nd 

self-image an optical power decrease is observed. 

Therefore, this was the criterion followed to identify 

these self-images. Finally, the 4th self-image appears 

in the desired position as a wavelength peak with a 

highest amplitude in comparison with the previous 

self-images. The duration of the etching process is 

dependent of parameters such as: percentage 

concentration of HF and temperature. When the 

values of both parameters increase, minor will be the 

time of the process [15, 16]. 

 
Fig. 4. SMS structure with coreless segment length 26 𝑚𝑚 etched 

down to breakage of the device: a) Evolution of the transmission 

spectrum as a function of time; b) Transmission spectra 

corresponding first to fourth order self-images in the SMS structure. 

B. Tuning of the 4th self-image band. 

This subsection presents the fabrication process of 
the eSMS1, eSMS2 and eSMS3 structures. The 

following experiments have been verified according 

the eq. (1) at 800 𝑛𝑚.The fabrication of eSMS1 was 

developed following the same method described in 

Section IV. A. Due slight variations in the refractive 

index and diameter of the MMF-NC the first self-

image appears at 850 𝑛𝑚, this fact is corroborated by 

[11]. The first self-image at 800 𝑛𝑚, occurs when the 

eSMS possesses a diameter ≈ 120.5 𝜇𝑚 (2 minutes 

after beginning the etching). The process has finished 

after 25 minutes of corrosion, when the 4th order self-

image band appears. The transmission spectra of 
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eSMS1 during the etching process are shown in Figs. 

5 a) and b).  

 
Fig. 5. eSMS1 structure with coreless segment length 26 𝑚𝑚 

etched down to a diameter of 60 µm: a) Evolution of the 

transmission spectrum as a function of time; b) Transmission 

spectra corresponding first to fourth order self-images in the SMS 

structure. 

In eSMS2, the first order self-image band at a 

diameter ≈ 85 𝜇𝑚, occurs after 5 minutes of the 

etching. The whole fabrication process of eSMS2 is 

depicted in the Fig 6 a) and b). After that, there is a 

period without spectral replicas (12 minutes, ∅ ≈
60 𝜇𝑚), which is considered the 2nd order self-image 

band. Then, we can observe the presence of a spectral 

transmission band that possesses a wavelength peak 

with high amplitude, it is the 3rd order self-image 

band (23 minutes, ∅ ≈ 49 𝜇𝑚). Finally, the 

wavelength peak appears with the narrowest 

bandwidth, being this the fourth order self-image 

band (29 minutes, ∅ ≈ 45 𝜇𝑚) 

 
Fig. 6. eSMS2 structure with coreless segment length 13 mm etched 

down to a diameter of 45 µm: a) Evolution of the transmission 

spectrum as a function of time; b) Transmission spectra 

corresponding first to fourth order self-images in the SMS structure. 

  

The eSMS3 device was fabricated following the 

same methodology in the etching process, see Fig. 7 

a) and b). In order to corroborate the diameter 

obtained by etching in the fabricated eSMS structures, 

it was necessary to use a digital microscope AmScope 
b120 and the software IC Measure. The diameters in 

the devices were: eSMS1≈ 63.35𝜇𝑚, eSMS2≈ 

42.11𝜇𝑚, eSMS3≈ 34.4 𝜇𝑚, presented in Fig. 8. 
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Fig. 7. eSMS3 structure with coreless segment length 7 𝑚𝑚 etched 

down to a diameter of 31 µm: a) Evolution of the transmission 

spectrum as a function of time; b) Transmission spectra 

corresponding first to fourth order self-images in the SMS structure. 

 

Fig. 8. Original diameter in SMS = 125 𝜇𝑚 in comparison with the 

devices fabricated: a) eSMS1≈ 63.35𝜇𝑚. b) eSMS2≈ 42.11𝜇𝑚. 

c) eSMS3≈ 34.4 𝜇𝑚. 

. 

C. Application: Quality test of automotive coolants 

and antifreeze. 
Previously to present the results obtained with 

automotive liquids, the devices have been tested in 

water, ethanol and ethylene glycol, which allow to   

characterize their relative wavelength shifts at three 
known refractive indices: water=1.3281, 

ethanol=1.3575 and ethylene glycol=1.4263, at 

800 𝑛𝑚. The results are exposed in Fig. 9. The 

eSMS1 shows a wavelength shift  ∆𝜆𝑒𝑆𝑀𝑆1
≈

11.308 𝑛𝑚 and a sensitivity ≈ 115.23 𝑛𝑚/𝑅𝐼U, the 

eSMS2 shows a ∆𝜆𝑒𝑆𝑀𝑆2
≈ 20.17 𝑛𝑚 and a RI 

sensitivity ≈ 205.60 𝑛𝑚/𝑅𝐼U, whereas eSMS3 

shows a ∆𝜆𝑒𝑆𝑀𝑆1
≈ 24.08𝑛𝑚 and a RI sensitivity ≈

245.46 𝑛𝑚/𝑅𝐼U. Fig. 10, is illustrated the simulated 

behavior of the eSMS devices in refractive index from 

1.33 to 1.43 (provided by FIMMWAVE).  

 
Fig. 9. Relative wavelength shifts of the devices: eSMS1, 

eSMS2 and eSMS3 for water, ethanol and ethylene glycol. 

 
Fig. 10. Simulation of the relative wavelength shifts in: eSMS1, 

eSMS2 and eSMS3 for refractive index from 1.33 to 1.43. 

 

The tests were realized at constant temperature at 

24℃, in order to avoid an influence over the liquids. 

Each container of automotive liquid was kept closed 

until its interrogation process to avoid its pollution. 
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The following description of the automotive liquids 

tests is based on the performance of the eSMS3 

device, where its wavelength peak reference is 

positioned at 793.79 𝑛𝑚. The experimental results of 

the three fabricated devices are shown in Fig. 11 and 

Table I. Due the refractive index of ethanol it is 

practically the minimum concentration stablished  for 
automotive coolants (70/30=1.3582), it will be useful 

as a reference to evaluate the quality concentration in 

the mentioned automotive liquids. 

Thanks to the experimental tests in ethanol, that 

have allowed to verify that the 1 and 2 coolant 

samples (804.61 and 805.91𝑛𝑚) do not accomplish 

the minimum concentration stablished (70/30) due its 

wavelength shifts are below of the obtained by the 

ethanol (807.96 𝑛𝑚). The wavelengths shift of the 

3rd, 4th and 5th coolant samples (808.33, 809.26 and 

811.99 𝑛𝑚, respectively) against the obtained by the 

ethanol, allow to confirm that they satisfy the 

minimum concentration (70/30). Even, is observable 

that, a slight difference between the 4th and 5th 

coolant samples, it is mentioned because in both cases 

the manufacturers stablish in their products labels a 

concentration of 67/33. 

The 1st and 2nd antifreeze samples (812.04 and 

815.75 𝑛𝑚), show a certain closeness with the 5th 

coolant liquid, meaning that, these samples cannot be 

considered as an antifreeze rather coolant liquids. 

Remembering that, the minimum required 

concentration in the antifreeze liquids is 5/95. Have 

remarkable longer wavelengths shift the 3rd and 4th 

antifreeze samples 826.10 and 834.56 𝑛𝑚), both 

positioned in closeness of ethylene glycol wavelength 

shift (827.20 𝑛𝑚), meaning a high concentration of 

ethylene glycol. So, the 3rd and 4th antifreeze 
samples accomplish with the requirements to be 

considered antifreeze liquids. 

 
Fig. 11. Relative wavelength shifts of the devices: eSMS1, eSMS2 

and eSMS3 for different coolant and antifreeze samples as a 

function of the refractive index of each sample. 

 

TABLE I. 

WAVELENGTH SHIFTS OF EACH SAMPLE OF 

COOLANT/ANTIFREEZE IN THE DEVICES: eSMS1, eSMS2 

AND eSMS3. 

 
 

D. Temperature sensitivity of eSMS structures 

In order to demonstrate the temperature 

performance in etched SMS, these have been tested in 

a heat surrounding medium, being this the fourth 

antifreeze liquid. The tests were realized in a 

temperature from 50 to 150°𝐶, with increments of 10 

degrees. The experiments allow to measure a 
nonlinear response when the temperature increases in 

each device: eSMS1 ≈ −.4 𝑛𝑚/°𝐶, eSMS2≈
−.7 𝑛𝑚/°𝐶, eSMS3 ≈ −1.3 𝑛𝑚/°𝐶 (see Fig. 12). It 

is important to note that, when the temperature 

increase, the RI in the external medium and sensitivity 

decreases. The phenomenon of nonlinearity obtained 

in these tests is corroborated by [16]. 
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Fig. 12. Performance in a heat environmental of the eSMS1, eSMS2 

and eSMS3 immersed in the antifreeze sample 4 from 50 to 150 

Celsius degrees. 

V. CONCLUSIONS 

In this work, it has been developed a fabrication 

technique for tuning the diameter of SMS structures 

by monitoring  the apparition of the self-image (fourth 

order and its previous order images) by means of 

adjusting its segment length of MMF-NC when the 
mentioned section of the structure is reduced by 

etching. Three etched SMS structures have been 

fabricated with different diameter using the etching 

process by HF. The developed devices have been 

monitored, verified experimentally and applied in a 

refractometric analysis to verify the concentration  of 

automotive coolants and antifreeze liquids. The 

experiments allowed to confirm the  concentration of 

ethylene glycol/water provided by the manufacturers 

in the specification charts for coolant and antifreeze 

liquid samples. The maximum wavelength shift was 

reached by eSMS3≈ 34 𝑛𝑚, due the reduction of its 

diameter until a fourth part of the original (125 𝜇𝑚).  

The presented research can be useful to fabricate 

etched SMS structures with diverse lengths of MMF-

C according to the purposes of the applications, 

allowing the implementation of short or long sensitive 

regions. These devices could also be used for the 

deposition of thin films (by dip-coating or layer-by-

layer) towards the obtention of biological and 

chemical sensors.  
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