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Abstract
A Chemo-mechanical-optical sensing approach for the detection of hexagonal chro-
mium  (Cr6+) metal ion is demonstrated. A new sensor head is designed by epoxying 
fiber Bragg grating (FBG) on a thin silicon membrane beneath which a Chromium 
(VI) responsive hydrogel is embedded. When the gel is exposed to chromium spiked 
solutions, it suffers a volume change due to its stimulus responsive property and 
deforms a silicon membrane which in turn causes a wavelength peak shift of FBG. 
Hydrogel synthesized from the blends of (3-Acrylamidopropyl)—trimethylammo-
nium chloride is used for the purpose. The relation between FBG peak shifts with 
change in volume of hydrogel due to it swelling is experimentally established. The 
FBG wavelength peak shift is directly correlated with the concentration of the Cr 
(VI) metal ion. The estimated sensitivity and resolution of the sensor are 0.1 nm/
ppb with a limit of detection of the sensor is 0.75 ppb. The sensor has demonstrated 
good sensitivity, selectivity, and repeatability.

Keywords Fiber Bragg grating (FBG) · Cr (VI) sensor · Hydrogels · Stimulus 
response · Physical swelling

1 Introduction

Industrial revolution has resulted in elevated water contamination with heavy metal 
ions which is a major health threat both to humans and aquatic animals. Heavy metal 
ions are one of the major causes of water toxicity and carcinogenicity but their con-
tribution towards toxicity is more [1]. Disorders of central nervous system, kidneys, 
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liver and skin irritation are some of the other notable effects of the metal ion pollu-
tion. Hexavalent chromium ion Cr (VI) is one of the top listed metal ion contami-
nants among other metal ions, well known for its dreadful carcinogenic activities [2]. 
Trivalent chromium Cr (III) and hexavalent chromium Cr (VI) are two distinctive 
oxidation states of chromium in aqueous solutions, out of which hexavalent chro-
mium Cr (VI) is 500–1000 times more dangerous than trivalent chromium. Steel 
production, chromium plating, pigment fabrication, dying, leather tanning besides 
the natural causes such as weathering of rocks, erosion of soils, sanitary landfill 
leaching are the main progenitors of Chromium metal ions [3, 4].  Cr6+ ions can be 
found ubiquitously in the natural water due to its large-scale production in various 
industries. Chromium is considered as one of the most dangerous occupational car-
cinogens according to World health organization (WHO) and the US Environmental 
Protection Agency (US EPA). When contaminated water is consumed, due to high 
chemical active nature of hexavalent chromium it gets easily and rapidly absorbed 
by different tissues of human body. The absorbed Cr causes a severe DNA damage 
which ultimately leads to malignity of the cells and detrimental impairments caus-
ing various kinds of cancers [5]. Therefore, detection and continuous monitoring of 
Cr level in atmospheric edible liquids is very essential. Divers methods of detection 
of  Cr6+ are available which includes ion exchange, fluorimetry, voltammetry, X-ray 
fluorescence, chemical precipitation, electro thermal atomization atomic absorption 
spectrometry (ET-AAS), Flame atomic absorption spectrometry (FAAS) etc. Some 
notable mass spectrometry techniques namely isotope dilution mass spectrometry 
(ID-MS), inductively coupled plasma-mass spectrometry (ICP-MS), are also effec-
tive ways for the detection of  Cr6+ [6–10]. Though these techniques are well estab-
lished and highly selective towards chromium, they pose many disadvantages such 
as inaccurate detection of the metal ions, high power requirements, and generation 
of chemical sludge which further create contamination, requirement of high main-
tenance, long testing time. Thus, a facile, eco-friendly, rapid, low cost and reliable 
techniques for the detection of  Cr6+ ion in spite of  Cr3+ ion presence, are the essen-
tially required to shield human health from chromium pollution.

In recent times, optical sensing techniques are proved to be good choice to 
offer affordable and user friendly methods for Cr (VI) detection and monitoring. 
Fluorometric and colorimetric methods of sensing, enable to develop lab on chip 
(LOC), low cost paper based disposable sensors and smart phone based monitor-
ing devices [11] apart from offering sampling on a sub-milliliter scale for micro-
fluidic devices [12]. These reasons motivated researchers to investigate specific 
reactants and dyes that particularly possess affinity towards Cr (VI) and exhibit 
a change in absorbance or fluorescence emission properties. For example, Lace 
et al. have achieved a limit of detection of 0.46 µM [13] using 1,5-diphenylcar-
bazide which changes color in the presence of chromium ions. By exploiting the 
surface plasmon resonance response of gold nanoparticles, Li’s group demon-
strated a colorimetric detection of Cr (VI) in portable water with a LOD of 88 nM 
[14] and using citrated-capped gold nanoparticles Liu et al.[15] reached a LOD 
of 300 nM. A remarkable detection of chromium as low as 6 nM achieved using 
Graphene-oxide nanoparticles [16] and similarly through fluorescence quenching 
of carbon nanoparticles, heavy metal ion detection is reported in [17, 18].
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Sensors based on photo-generated Bragg gratings such as fiber Bragg gratings 
(FBG), long period gratings (LPG) are proved to be reliable and evocative alternatives 
to tone down the various setbacks associated with the existing sensors [19]. Though, 
Bragg gratings are invented for the sake of telecommunication, many sensing appli-
cations of brag gratings are successfully demonstrated [20]. Periodic modulation of 
refractive index in the core of a photosensitive optical fiber makes the FBG to work 
as a spectral filter such that when it is illuminated by a broad band light, a particular 
wavelength, which depends on the grating period of FBG, reflected back whereas the 
remaining wavelengths get transmitted. Manifestation of such a spectral filtering prop-
erty of FBG mushroomed sensitivity of FBG towards ambient variation of tempera-
ture and applied longitudinal strain which in turn lead to many sensing applications in 
various technologies [20, 21]. However, as many chemical and bio sensors depend on 
the variation of refractive index and pH, the applications of FBGs in these realms are 
very less. This problem can be addressed by functionalizing FBG surface with chemi-
cal coatings which can render a suitable strain on reaction with the targeted measurands 
[22].

In recent past, many sensors are cited on functionalized FBG surface with Polymer 
layer or hydrogel coatings for the detection of various physical and chemical param-
eters [23]. The hydrogels possess the property of swelling or shrinking in size with 
respect to surrounding perturbations like ambient light, temperature, presence of mag-
netic and electric fields, change of salt concentrations, pH variation, presence of spe-
cific ions, and so on. Such a unique property of hydrogels responding towards ambi-
ent perturbations is the prime principle in designing various application in many fields 
[24]. Artificial muscle-like actuators, pH sensing, pharmacological applications, filtra-
tion and separation, medicine, microfluidic flow are some of the noteworthy applica-
tions [25, 26]. Though hydrogels kept in aqueous solutions, they do not dissolve instead 
absorb the solution in large quantities while retaining their original shape. Same shape 
is retained when the gels desorb the liquid. This shape retaining property of hydrogels 
in the presence of external perturbations, provoked the development of many sensors 
in recent days [27]. Low cost production, easy synthesizing procedure, high selectivity 
towards targets, renders hydrogels to be most sought after technologies. Some of the 
noteworthy applications of hydrogel coated FBG sensors reported in literature happens 
to be volatile gas detection, sensing of salinity of water, humidity, pH and Cr concentra-
tion [23, 28, 29].

The present work demonstrates a senor for the detection and quantification of hexa-
valent chromium ion by utilizing stimulus responsive property of a hydrogel and FBG. 
The hydrogel is synthesized by crosslinking method and exhibit swelling nature on 
exposure of Cr ions. The hydrogel is taken in the form a sphere to induce strain on FBG 
as described in the following sections. The proposed sensor is very low cost, environ-
mental friendly and high sensitive and selective towards Cr ions.
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2  Sensing Mechanism of Hydrogel

Captivating characteristics of the hydrogels such as biocompatibility, eco-friendly 
nature, and tunability to desired shape make them attractive to open new avenues 
for sensing and actuating applications. Hydrogels exhibit a drastic volume change, 
many folds of their initial volume, when exposed to stimuli such as temperature, pH, 
ion concentration, electric and magnetic fields, physical stress and so on. Charac-
teristic homogeneity of hydrogel makes them affordable to reversible and reusable 
sensor development. Hydrogels consists of cross-linked polymer chains upon which 
desired ionizable groups can be attached. The basic functional groups on back bone 
of the hydrogel decide the swelling ability and selectivity of the hydrogels. When 
the hydrogels are exposed to a solution, the ionizable groups start dissociating and 
the gel experiences a difference of ion concentration within and outside of its prox-
imity, which provokes osmotic pressure causing a solution flux entering into the gel 
matrix resulting in a swelling of the hydrogel. The hydrogel considered in the pre-
sent research work is PATAC (Polymer ATAC) whose functional groups are respon-
sible for the detection of Cr (VI) ion. Introduction of Cr (VI) ions causes a change 
in the ionic density in the proximity hydrogel thereby affecting the osmatic pressure 
of the hydrogel matrix. The developed osmatic pressure in the hydrogel originates 
a variation of volume of the hydrogel. As the reaction process goes on, the cross-
linked chains get elongated and produce an elastic retractive force against the swell-
ing forces. Eventually, a balance strikes between the elastic retractive force and the 
swelling force which results in an equilibrium state of the gel. The intense swell-
ing or deswelling character of the gel allows the conversion of chemical energy into 
physical energy. Thus, the stimulus responsive swelling nature of the hydrogel is 
exploited for the detection of the chromium metal ions  (Cr6+) by a Chemo-mechani-
cal-optical sensing approach. The pH at 7 is the fissile condition for the formation of 
 Cr6+ ion complex with tertiary amine groups of the hydrogel and it is responsible for 
the swelling of the hydrogel. Because of this reason, all the experimental investiga-
tions are carried out with normal double distilled water having a pH at 7.0 ± 0.3.

3  Synthesis of Hydrogel

The chemicals required for the synthesis of the hydrogel are, monomer 3-Aryla-
midopropyl-trimethylammonium chloride (ATAC), cross-linker N,N′-methylene-
bis-(acrylamide) (bis-AMD), acrylamide (AMD) and the UV photo initiator azobi-
sisobutyronitrile (AIBN). All these chemicals are procured from Sigma Aldrich.

The blend of the hydrogel is formed by proper mixing of 6600 µl of ATAC, 
7.2 g of AMD, 0.8 g of AIBN and 4.5 g of bis-AMD diluted in 300 ml of deion-
ized water and sonicated the mixture at a constant rate. Polymerization is initiated 
by exposing the mixture to UV radiation of 254  nm from mercury lamp while 
constantly stirring the mixture at a fixed temperature of 50 °C. Finally, the blend 
is cooled to room temperature to get a translucent gel phase.
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4  Principle and Fabrication of Sensor

Figure 1 depicts the setup of the sensor’s principle. A gel sphere of radius 0.5 cm 
is made using the as prepared hydrogel as mentioned in above process and kept 
it in a customized plastic container of radius 1.5 cm and height 1 cm. For easy 
lodging of the sphere gel, a small circular slot is made at the bottom of the plastic 
container. Hydrogel is placed in the circular slot and bonded with the plastic con-
tainer using UV glue to make gel firmly stick within the slot during experimental 
process. Inlet and outlet arrangement are made to the container at the top and 
bottom respectively, to flow the test chromium solutions through it. A thin sheet 
of silica of few microns thickness is kept firmly on the top of the plastic container 
onto which FBG is glued. The silica sheet avoids the direct contact of FBG with 
gel and manifests the swelling force on to the FBG.

An algorithmic sensing principle is shown in Fig. 1. During experiment, when 
the Cr (VI) spiked water sample is introduced in to the container embedded with 
hydrogel sphere, the gel exhibits a uniform radial swelling in all directions and 
the volume (∆V) of the gel increases due to swelling. The rapid deformation of 
the gel applies an upward push on the copper sheet by inducing a force on it. 
This persuading upward pushing force instigates a strain (ε) on the glued FBG 
by bending it, which in turn causes peak shift (∆λ) of the FBG. While in the 
deswelling process, the gel regains its original shape, copper sheet gets back to its 
normal position and as a consequence, FBG peak retraces back.

Fig. 1  a. Schematic of the sens-
ing principle
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5  Preparation of Cr (VI) Ion Solutions

Mobility of  Cr6+ ion is very high in subsurface environmental chemicals like 
 HCrO4

−,  Cr2O7
2−, and  CrO4

2−. Initially, 1 mg of Potassium dichromate  (K2Cr2O7) 
is dissolved in one liter of deionized water to make a stock solution of one liter of 
1 ppm of Cr (VI) later by using successive dilution of the stock solution, standard 
working solution of  Cr6+ ion in ppb level is prepared. Ultra-pure deionized water 
has been used throughout the experiment for all purposes. To understand the sensors 
performance in real time situations, tap water is collected and spiked with  Cr6+ ions. 
Tap water is used as collected from the tap without any further purification.

6  Experimental Arrangement

Figure  2 illustrates the schematic and experimental pictures of the experimental 
arrangement for the detection of chromium ions. Infrared radiation from a broad 
band source (BBS) (Thorlabs S5FC1005P) is divided into two parts. One part is 
directed towards a bare FBG named as FBG-1 and other part of light is directed 
towards the sensor head i.e. FBG-2 affixed on the plastic container through two sepa-
rate circulators. Reflected radiations from the two FBGs are directed an interrogator 

Fig. 2  a Schematic of the experimental set up. b FBG bending during hydrogel swelling. c. Photographs 
of the experiment
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/Optical Spectrum analyzer (OSA) with the help of the circulators. A circulator is 
a three channel fiber optic device which receives light from channel 1 and trans-
mits through channel 2 to FBG and receives reflected light from the FBG. It allows 
reflected light from FBG to pass through channel 3. In our setup sensor head is 
attached to the channel 2 of circulator and is illuminated with light. Reflected light 
from gel coated sensor head is transmitted through channel 3 of circulator 2 and is 
connected to the interrogator. Throughout the experiment, a constant room tempera-
ture is maintained at 25 °C in order to avoid the effect of temperature on the FBG.

Fig. 2  (continued)
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7  Results and Discussions

7.1  Sensor Characterization

After making experimental set up as described in above section, the sensor is sub-
jected to various studies in order to evaluate its performance. The hydrogel sphere 
is exposed to various concentrations of water samples spiked with  Cr6+ ions from 
10 to 100 ppb. When the sensor head is filled with chromium solution, the gel starts 
swelling slowly and develops stress on the silica membrane resulting in a strain on 
the FBG amounting to a red shift of the FBG peak. Soon the hydrogel reaches a 
stable state beyond which no more swelling is possible and in consequence no more 
FBG peak shift. The peak shift depends on the ambient  Cr6+ ion concentrations. If 
concentration increases, peak shift also increases. As soon as the gel starts swell-
ing due to Cr(VI) ion concentration, cross-links within the gel matrix play a great 
role by preventing the complete dilution of the gel in the surrounding solvent by 
developing restoring forces against the swelling forces. The conflict between these 
two forces results in a balance, and the gel swelling stabilizes at that particular state. 
With the introduction of high concentration of  Cr6+ ions, gel matrix absorbs more 
liquid flux resulting again more expansion of the gel and the process goes on. The 
above explanation can be substantiated from Fig. 3 by depicting FBG peak shift in 
various concentrations of  Cr6+ ions in increasing order. The study also elucidates 
the ability of the sensor in the detection of chromium ions even the trace concentra-
tions (ppb). As said above, large FBG peak shift can be witnessed with the increase 
of surrounding chromium ion concentrations. Actually, fiber Bragg gratings are 
very temperature sensitive, hence in order to minimize the temperature effect, the 
experiment is conducted at an ambience of constant temperature of 25 °C. If there is 
any change in temperature during the experiment, the effect can be reflected in both 
FBG’s. In such a case, to recognize the only swelling effect of hydrogel, response of 
FBG-1 should be subtracted from FBG-2. In this way temperature compensation can 
be achieved.

Calibration curve produced between Cr concentrations and FBG wavelength 
shift exhibit a linearity with a good regression coefficient value  (R2 = 0.973) 
as shown in Fig.  4. In generally, all hydrogels are more or less responsive to 

Fig. 3  FBG peak shift cor-
responding to different Cr 
concentrations
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ordinary water. In order to confirm that the observed FBG reading occur only 
due to chromium spiked solutions, plain water is injected and left it for 15 min. 
It is observed that, hydrogel has exhibited swelling even in the presence of plain 
water however it could render a peak shift of 5 pm only. Hence, this observation 
further confirmed the affinity of the sensor towards chromium.

7.2  Optimization of the Gel Thickness

The experiment is conducted with gel spheres of various radii and it is found that 
the befitting radius of the hydrogel sphere to be considered in the present study 
is 0.5 cm. If we consider the sphere of higher radius, obviously it will result in 
higher peak shift but it is observed that, the stabilization time also increases. 
Higher sensing times are not preferable to work in real time situations. In con-
trast, for a gel sphere of lower radius than 0.5 cm, the response time found to be 
good but the peak shift is very less resulting in a low sensitivity. Thus, it can 
be concluded that the minimum suitable radius of the hydrogel sphere to get an 
observable resolution in sensitivity is 0.5 cm (with an error of ± 10 µm).

Fig. 4  Calibration curve

Fig. 5  Stability curves for the 
concentrations of  Cr6+ ions at 
10 ppb and 30 ppb
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7.3  Stability

To understand the stability response of the sensor over a particular concentration, 
the sensor is kept in Cr solutions of concentrations, 10  ppb and 30  ppb in sepa-
rately and left for 15 min. As shown in Fig. 5, the sensor has exhibited a very stable 
response throughout the time.

7.4  Repeatability

The peculiarity of hydrogels lies in their homogenous nature that they exhibit equal 
swelling in all directions and they do not demonstrate discernable variations in vol-
ume during swelling/shrinking phases. This behavior implies that, sensor designed 
using hydrogels can be reused many times. To confirm the repeatable nature of the 
sensor, the experiment is conducted two more times and it is shown in Fig. 6. The 
variations in repeated cycles are appended in the FBG peak shift which are very 
minute. However, these variations can be ignored.

To illustrate the visual FBG peak shift, sensor setup is connected to optical spec-
trum analyzer (OSA) through circulator-2 and FBG peak shift at various concentra-
tions of Cr (VI) are recorded separately and results are provided in Fig. 7. First peak 

Fig. 6  Repeatability nature of 
the sensor

Fig. 7  FBG peak to peak shift 
corresponding to different Cr 
concentrations
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in air represents the FBG peak before exposing to Cr solution. Second peak repre-
sents the spectrum, when the sensor head is exposed to Cr (VI) solution of 10 ppb 
concentration. Similarly, other peaks correspond to different concentrations of Cr 
(VI) solution. First order polynomial fit is observed to fit the detection response 
of the sensor. It can be witnessed that the sensitivity of the sensor is 0.1 nm/ppb 
whereas the limit of detection of the sensor is found to be 0.75 ppb.

Eluent treatment can bring back the gel to its original state. From literature, it is 
identified that NaCl work as good eluent for the purpose. When the hydrogel sphere 
is exposed to 1 mM NaCl solution, the hydrogel matrix exchanges  Cl¯ ions with the 
chromium ions in the gel matrix and shrink to its original volume. In this way the 
sensor can be utilized for repeated cycles of sensing.

7.5  Response Time

Response time is very crucial in deciding the commercial value of any sensor. In the 
present study, rising time or swelling time TS and recovery time or de-swelling time 
TDS are important. These times are noted for all concentrations of the chromium 
ions during the experiment. It is observed that average value of  TS is found to be 
11 min while average value of  TDS is 13 min which are appreciable for the develop-
ment of a commercial sensor. Figure 8 demonstrates the response time of the sensor 
at a Cr concentration of 10 ppb.

7.6  Interference Studies

To investigate the cross sensitivity of the sensor for other metal ions, interference 
studies have been conducted. The sensor head is also exposed to other possible haz-
ardous/non-hazardous metal ions present in water samples such as copper, manga-
nese, mercury and lead. The selectivity of the sensor towards other metal ions is 
compared with chromium is shown in Fig. 9. From the graph it can be observed that, 
sensor is highly responsive towards Cr (VI) ions. This study reveals the affinity of 
the sensor towards chromium (VI).

Fig. 8  Response times of the 
sensor at 10 ppb concentration 
of Cr (VI)
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7.7  Comparison with the Existing Techniques

Table 1, presents a comparison study of the different available sensing methods for 
the detection of Chromium metal ion in portable water. Most of the available meth-
ods are dye-based based colorimetric [13], electro-chemical [30] and fluorometric 
techniques [31]. These methods have exhibited high affinity towards the chromium 
ions and proved to be successful in the detection. However, it can be evidenced that 
the most of the nano materials reported in the literature are using gold or silver nan-
oparticles [13–15, 32–35], which are notorious methods for their non-reproducible 
synthesis, instability issues over time and they produce chemical sludge causing 
water pollution. Apart from these drawbacks, one important point to be noted that 
the reported methods use reactant solutions, means they should be prepared just 
before the detection procedure which is not possible in many practical situations. 

Fig. 9  Response of the sensor 
towards other metal ions

Table 1  LOD comparison with existing techniques

Method Materials Limit of detec-
tion (µM)

Reference

Colorimetric 1,5-diphenylcarbazide 0.46 13
Colorimetric Au NP’s 0.280 30
Colorimetric Au nanorods 0.088 14
Colorimetric PVP-Ag NP’s 0.034 35
Colorimetric Au NP’s 0.1 31
Colorimetric Citrate-capped/Au NP’s 0.3 15
Colorimetric GO NP’s 0.0058 16
Colorimetric Cu-decorated with GO 0.067 32
Fluorescence quenching Carbon dots 0.260 33
Electrochemistry Carbon nanotubes 0.72 34
Optical fiber based LSPR technique Ag/ITO/hydrogel layer 5 ×  10–6 36
Fiber Bragg grating Hydrogel swelling 0.2 37
Fiber Bragg grating Hydrogel swelling 0.014 This method
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To the best knowledge of the authors, S.K. Mishra has achieved a very LOD using 
surface plasmon resonances on optical fiber [36] and Kishore et al. exhibited a LOD 
of 0.2 µM by coating Cr-responsive hydrogel on FBG [37].

In the present method that demonstrated in the article, is a new of its kind, uti-
lizes an eco-friendly hydrogel and fiber Bragg grating because of its practical advan-
tages as mentioned in introduction section. The method offers repeatable, low cost 
preparation, user friendly procedure and commercial viability. Though, the prepara-
tion of the hydrogel is also tedious, it has shown a shelf life of 12-months by the 
time of this communication to the journal and further expire time can be anticipated. 
The detection procedure involves just adding the polluted water to the gel chamber 
and a waiting time of around 30 min. Further, the present method is proved to detect 
chromium ion within the limits set by WHO with good selectivity and specificity.

8  Conclusions

Detection and quantification of hexagonal  Cr6+ was designed and demonstrated 
by a novel chemo-mechanical-optical sensing approach. The peculiar behavior of 
a hydrogel which specifically responds to  Cr6+ was utilized for the purpose. The 
hydrogel was taken in the form a sphere to provide a bending force on FBG to cause 
a peak shift when the sensor head was exposed to various concentrations of chro-
mium metal ion. The proposed sensor is highly selective towards Cr (VI) metal ion 
such that it can detect chromium even in trace concentrations. The sensitivity of 
the sensor were estimated to be 0.1 nm/ppb with a limit of detection of 0.75 ppb. 
Another advantage of the sensor is its repeatable nature with an affordable standard 
deviation of 0.0255 which proves its ability for making a commercial sensor. The 
average time of detection is 11 min whereas the average time of recovery is 13 min. 
The developed sensor is highly specific towards  Cr6+ ions, easy to fabricate, low 
cost, environment friendly, reliable, free from electronic interference and competi-
tive than the existing methods of chromium detection.
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