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Abstract In this study an optical cellulose fiber for

water sensoring was prepared by using a sequential

preparation strategy. The core of the fiber was

prepared from dissolved cellulose, in [EMIM]OAc,

which was dry–wet spun into water. The cladding

layer on the cellulose core was produced by coating a

layer of cellulose acetate, dissolved in acetone, using a

filament coater. The chemical and optical properties of

both regenerated cellulose and cellulose acetate were

studied from cast films using ultraviolet–visible and

Fourier-transform infrared spectroscopy measure-

ments. Regenerated cellulose film was observed to

absorb UV light, passing the visible light wavelengths.

Cellulose acetate film was observed to pass the whole

light wavelength range. The mechanical strength and

topography of the prepared optical cellulose fiber were

investigated through tensile testing and SEM imaging.

The mechanical performance of the fiber was similar

to previously reported values in the literature (tensile

strength of 120 MPa). The prepared optical fiber

guided light in the range of 500–1400 nm. The

attenuation constant of the cellulose fiber was

observed to be 6.3 dB/cm at 1300 nm. The use of

prepared optical cellulose fiber in a water sensor

application was demonstrated. When the fiber was

placed in water, a clear attenuation in the light

intensity was observed. The studied optical fiber could

be used in sensor applications, in which easy modi-

fiability and high thermal resistance are beneficial

characteristics.
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Graphic abstract Coaxial cellulose acetate-regen-

erated cellulose fiber for transporting light in sensor

optical fiber sensor applications.
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Introduction

Optical fibers are present in our daily life in multiple

applications from data communication to sensors.

Typically, optical fibers are made from glass and

plastic (Senior and Jamro 2009). From these, glass-

based fibers have excellent data transportation prop-

erties over long distances (Sanghera et al. 2002),

whereas plastic-based fibers have been widely used in

optical sensors and lighting applications (Zubia and

Arrue 2001). Optical fibers are coaxial structures that

transport light by utilizing the dielectric waveguide

behavior. This idea was first theorized by Hondros and

Debye (1910) and experimentally verified by Schiever

(1920). In an ideal optically transparent material,

higher refractive index material is covered with a

lower refractive index material. Then the core guides

the light through without scattering and the total

internal reflection in the interface between core and

cladding keeps the light inside the core. As early as

1965, Kao and Hockham demonstrated that it was

possible to have less than 20 dB/km attenuation with

glass silica fibers and that such fibers were suitable for

communication transmission (Sanghera et al. 2002).

Moreover, the best optical fibers today have less than

0.1 dB/km attenuation. In real life, all materials

attenuate light due to the presence diffraction from

interfaces, chromophoric substances or uneven

geometries. The dimensions and refractive index

difference influence the electric field modes of the

optical fiber (Born and Wolf 2013). Single-mode

operation can be achieved typically below 10 lm core

size. Multi-mode operation takes place with the

diameter of the core above approximately 10 lm,

though both refractive index and wavelength also

influence the diameter limit. In general, the used

materials, dimensions and optical connections influ-

ence light transmission in optical fibers.

The global consumption of fossil-based materials

has created an increasing need to develop more

sustainable materials to prevent carbon dioxide
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emissions to the atmosphere and plastic pollution on

land and at sea (Schmalensee et al. 1998; Browne et al.

2011). In this context, plant-based cellulose will play a

significant role because of its high modification

potential, renewability and biodegradability (Schla-

madinger and Marland 1996). Regenerated cellulose

materials are produced by first dissolving purified

cellulose fibers in a suitable solvent and then regen-

erating the dissolved material back into solid cellulose

in a suitable antisolvent (Liebert 2010). Cellulose

solvents can be classified as non-derivatizing and

derivatizing cellulose solvents (Heinze and Koschella

2005; Lindman et al. 2010). Non-derivatizing cellu-

lose solvents are direct cellulose solvents (for exam-

ple, NMMO, DMAc/LiCl, ionic liquids) that do not

change in the chemistry of cellulose, whereas deriva-

tizing solvents (for example, NaOH/urea and viscose)

graft cellulose in order to make them soluble in liquid

media followed by solidification in a suitable antisol-

vent or evaporation of solvent medium. The dissolved

cellulose can be chemically modified in a wide range

of substitutes in cellulose solvent-producing cellulose

derivative materials (examples of these include cellu-

lose acetate, carboxymethyl cellulose, methyl cellu-

lose) (Klemm et al. 1998; Liebert and Heinze 2005).

Moreover, selection of the substituent influences the

refractive index of the cellulose material making it

possible to form interface pairs from cellulose mate-

rials (Mark 2007). Polymeric cellulose materials are

typically transparent due to the lack of reflective

interfaces and the low chemical absorbance of light in

the range of visible light.

Glass- or plastic-based optical fibers are excellent

in communication applications although it is difficult

to modify the material itself for sensor applications.

Water and gas do not penetrate inside glass or polymer

material and react with the material itself, but porous

cellulose material takes water and gas inside and has

the ability to react with them. For that reason glass and

polymer fiber sensors have typically an active coating

on their surface. Cellulose fiber is accordingly active

material itself and it could be even biodegradable.

Andrade et al. measured biomolecules on silica optical

fiber with fluorescence labeled immunoassay (An-

drade et al. 1985). Evanescent wave had around a

200 nm penetration depth into the liquid sample.

Sekimoto et al. coated silica fiber with platinum- or

palladium-supported tungsten oxide and demonstrated

a hydrogen gas sensor (Sekimoto et al. 2000). They

showed evanescent wave absorption in tungsten oxide

between a 400–800 nm wavelength range. It is also

possible to make holes inside optical fibers, so-called

capillary fibers or photonic crystal fibers. Dhadwal

et al. (2004) made fluorescence based nucleic acid

biosensor inside glass capillary fiber. They measured

30 pg/ml DNA molecule concentration. Wu et al.

developed a photonic crystal fiber-based refractive

index sensor (Wu et al. 2009). They filled one 3.6 lm
hole with a liquid sample and achieved a 4.6 9 10–7

detection limit for refractive index. Gas sensing using

photonic crystal fibers was presented by Ritari et al.

(2004). They measured the absorption lines of

acetylene, hydrogen cyanide, methane and ammonia

in a 10–11.6 lm hole. Also, plastic optical fibers have

been previously used in many sensor applications

including water sensoring (Peters 2011). A sheet of

cellulose acetate was connected to the end of a plastic

optical sensor and the swelling of the sheet in humid

air was monitored (Xu et al. 2013). A citrate-based

flexible optical sensor has been developed for medical

applications for delivering light into the body (Shan

et al. 2017). Cellulose materials have similar proper-

ties to the given materials since they are also body

compatible already used in medical applications

(Sindhu et al. 2014). The use of optical fibers in

medical applications has been previously reviewed

(Nazempour et al. 2018). Biodegradable microstruc-

tured optical fiber has previously been prepared from

cellulose acetate butyrate (Dupuis et al. 2007). How-

ever, this is not a typical optical fiber and it contained a

three layer coaxial structure made from two on the

other placed tubes with an air core. In general,

cellulose has not been studied as optical fiber due

assumption of cellulose as improper optical material,

while it is inherently transparent polymer having wide

variety of derivate with different refractive indexes.

In this study, we investigated the preparation of an

optical cellulose fiber from regenerated cellulose

(higher refractive index) and cellulose acetate (lower

refractive index). The optical cellulose fiber was

prepared using a two-phase process in which the

regenerated cellulose core was produced from [EMI-

M]OAc by using dry-jet wet spinning and water as a

coagulant (Scheme 1). The shell was produced by

coating the cellulose core with cellulose acetate

dissolved in acetone. The developed cellulose-based

optical fiber could be used in sensoring and medical

applications, in which the easy tenability, high
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temperature resistance and biocompatibility could be

beneficial properties.

Experiment section

Materials

The cellulose source was bleached softwood kraft pulp

(Metsä Fiber Äänekoski pulp mill, Finland). The pulp

was air-dried and then dry crushed in aWaring blender

to rupture fiber flocs and separate single fibers.

1-Ethyl-3-methylimidazolium acetate [EMIM]OAc

was purchased from Ionic Liquids Technologies

GmbH Heilbronn, Germany, and was used as

received. Cellulose acetate (DS 3, Mw 30

000 g/mol) was obtained from Sigma Aldrich (Fin-

land). All other chemicals were laboratory grade. All

water used in the study was purified using a Milli-Q

device.

Methods

Dissolution of cellulose

2.5 g of cellulose was dissolved in 47.5 g of

[EMIM]AcO at 130 �C until complete dissolution

occurred (approximately 150 min.). The dry consis-

tency of the final solution was 5 wt% and dissolution

was carried out using a System Reaction Carousel

Scheme 1 The manufacturing process of optical cellulose fiber.

Cellulose was first dissolved in [EMIM]OAc and dry-jet wet

spun into water. The water was then evaporated from the

filament at room atmosphere. The optical cladding was

produced by coating the cellulose core with cellulose acetate

dissolved in acetone. The prepared optical cellulose fiber was

connected to a light source and its optical properties in air and

water were then studied
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Station (Radley, Saffron Walden, United Kingdom)

with 100 ml reaction flasks. Within the dissolution

medium, the solution was continuously mixed with a

slowly rotating blade. The dissolved solution was

stored at room conditions prior to spinning into a

filament.

Preparation of optical fiber from dissolved cellulose

The core filament was prepared from the cellulose

dope using a laboratory-scale wet-jet spinning device

equipped with a spinning nozzle. A 10 ml plastic

syringe was filled by the dissolved cellulose and then

passed through a nozzle (diameter and length 0.41 lm
and 31.75 mm, respectively) into a water coagulation

bath. A constant spinning rate of 0.5 ml/min was used.

After spinning, the filaments were kept in water for at

least two hours and were then dried under tension at

room temperature and ambient humidity.

The cladding layer was prepared on a core filament

using a self-made coater. 25 g of cellulose acetate was

dissolved in 25 g of acetone using a laboratory mixer.

The dissolved CA was placed into the coater and the

premade filament was drawn through the self-made

filament coater. The acetone was evaporated from the

coated filament at room atmosphere. The thickness of

the cellulose acetate layer was governed by the

diameter of the output hole.

Preparation of films from regenerated cellulose

and cellulose acetate

The regenerated cellulose film was produced from

cellulose dissolved in [EMIM]OAc that was coated on

a glass surface using an Erichsen Coatmaster 510 film

applicator with a 500 lm rod. The dissolved cellulose

layer on the glass plate was regenerated in water for

1.5 h. The regenerated cellulose film was dried

between absorbent papers at RT for 3 days. Average

film thickness was 74 lm.

Cellulose acetate film was produced from cellulose

acetate (CA) dissolved in acetone (consistency

20 wt%). The dissolved cellulose acetate was coated

on a transparent plastic film using the Erichsen

Coatmaster 510 film applicator with a 500 lm rod.

The acetone was evaporated at RT overnight. Average

film thickness was 65 lm.

UV–VIS measurements

The optical properties of the regenerated cellulose and

cellulose acetate films were investigated using a

Lambda 900 UV/VIS/NIR spectrometer (Perkin-

Elmer, USA) with a film holder. The samples were

cut into pieces of approximately 1 9 4 cm2. UV

spectra were measured using a light wavelength range

of 250–800 nm with a 1 nm measurement resolution.

The intensity curves were normalized by the film

thicknesses in order to remove the thickness effect

from the graphs. At least five repetitions per sample

were conducted.

Fourier transform infrared (FTIR) microscopy

analyses

FTIR spectroscopy was used to study the regenerated

cellulose and cellulose acetate materials from films.

The characterization was performed using a Thermo

Scientific Nicolet iS50 FT-IR spectrometer with an

ATR diamond (Thermo Scientific, USA). All spectra

were obtained from 32 scans with a resolution of

4 cm-1 and absorption mode by using a wavelength

range from 400 to 4000 cm-1. At least three repeti-

tions per sample were conducted. The FTIR spectra of

the used materials are shown in the Figure S1

supporting information.

SEM imaging of optical cellulose fibers

SEM imaging was performed using a Merlin FE-SEM

(Carl Zeiss NTS GmbH, Germany) with a gold sputter

coating. First, all samples were mounted onto alu-

minum specimen stubs with double-sided carbon

adhesive discs. The samples were then coated with a

thin layer of gold to prevent charging of sample

surfaces under an electron beam. Imaging was

performed using 5 keV electron energy with the

secondary electron detector. The size of all SEM

images was fixed at 2048 9 1536 pixels.

Mechanical properties of optical cellulose fibers

The mechanical properties of optical cellulose fibers

were analyzed using a Lloyd LS5 materials testing

machine (AMETEK measurement and calibration

technologies, USA) at 23 �C and 50% RH with a load

cell of 100 N. All samples were allowed to stabilize in
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standard conditions overnight as a minimum. The

initial grip distance was kept at a constant 40 mm and

the rate of the grip separation was a constant 10 mm/

min. The thickness of each fiber sample was measured

using a digital caliber from 5 different staples. The

average thickness was used in the calculations. All

samples were replicated at least seven times.

Light transportation and attenuation constant

of optical cellulose fibers

The optical transparency of the produced optical

cellulose fibers was measured using an Ocean Optics

HK-2000-HP halogen lamp and an Ando AQ-6315A

Optical Spectrum Analyzer (OSA) (Fig. 1a, b). The

measured wavelength range was 350–1750 nm and

the measurement resolution of OSA was 10 nm. The

attenuation spectrum and constant at 1300 nm were

calculated from the OSA signal. Attenuation of the

longest cellulose fiber sample and sensoring of water

by the prepared optical cellulose fiber were studied

using a Thorlabs’ fiber-coupled superluminescent

diode (SLD) light source. The center wavelength of

this SLD light source is 1310 nm and bandwidth is

85 nm.

Input and output fibers were glass silica fibers from

Thorlabs. The fibers had 105 lm core and 125 lm
cladding diameters. Input and output fibers were

chosen that were smaller than cellulose fibers in order

to avoid direct light coupling from the input to output

fibers, because the cellulose fibers were just a few

centimeters long. For the same reason, the longer

cellulose fibers were also bent slightly during the

measurements, to show that they can waveguide light.

Results and discussion

Optical properties of cellulose materials

The optical properties of regenerated cellulose and

cellulose acetate were analyzed from cast films by the

UV–VIS absorbance measurements. To the naked eye,

both materials appear highly transparent. However,

when the given materials were analyzed using UV–

VIS, a clear difference between the cellulose materials

was observed (Fig. 2). In the UV range (250–400 nm),

the regenerated cellulose absorbed significantly more

light than the cellulose acetate. It has been reported

that glucose exhibits a broad UV absorption band at

270 nm (Kaijanen et al. 2015). The absorption spec-

trum of regenerated cellulose decreased monotoni-

cally and reached the plateau at 600 nm. Whereas, the

spectrum of cellulose acetate was almost flat in the

entire UV–visible wavelength range. The observed

behavior is similar to what has previously been

reported in the literature for pure and deacetylated

cellulose acetate (Rowen et al. 1947). The observed

data also correlates with a study in which the optical

transparency of ZnS-sodium carboxymethyl cellulose

nanocomposite film was examined using UV–Vis

spectroscopy (Luna-Martı́nez et al. 2011).

Fig. 1 Measurement setup for optical fibers. a Micromanipulators for measuring optical transparency and b light coupling for

measuring the attenuation constant
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Preparation of optical cellulose fibers

The optical cellulose fibers were produced using a

sequential manufacturing method (Scheme 1). The

core of the optical fiber was produced by dry-jet wet

spinning cellulose dissolved in [EMIM]OAc through a

nozzle into water. The production technology for

manufacturing cellulose filaments through IL dissolu-

tion and dry-jet wet spinning has already been reported

in the literature (Hauru et al. 2014). The spinning

produced a uniform monofilament that was purified

from IL through multiple water washes. The filament

was evacuated from water and allowed to dry under

tension. This also orientates the cellulose in the

filament. The shape of the core was rather circular,

but we did not measured the changes in the shape

factor along the fiber, which may influence to the light

wave guiding properties of the optical fiber. The

cellulose acetate shell (cladding) was produced by

drawing the premade cellulose filament through a

cellulose acetate dissolved in acetone. The film

thickness was fixed using a lab-made filament coater.

An SEM image of the optical cellulose fiber is shown

in Fig. 3a. From the SEM image it can be seen that the

produced fiber contained a uniform cellulose acetate

layer on the cellulose core. It can be assumed that the

orientation of the cellulose acetate layer is low due to

applied slow coating speed. The diameter of the

filament was approximately 210 lm and the cellulose

acetate layer thickness was 3.40 ± 0.20 lm. It

appears that cellulose acetate adheres rather well to

regenerated cellulose since no open cavity between the

cladding and core was observed (Fig. 3b). However,

the cut edge shows that the cellulose acetate layer was

released from the surface when the SEM sample was

prepared. We have previously shown that cellulose

acetate adheres strongly to regenerated cellulose

fabric (Tenhunen et al. 2018). However, with a dense

filament it is possible that cellulose acetate is unable to

deeply penetrate in the regenerated cellulose core. In

addition, from the SEM images cannot be studied the

nanoscale evenness of the cladding layer. The cut edge

was not smooth, which means that the cutting of

optical cellulose filaments requires more research as

the uneven optical connections result in optical losses

(Klein et al. 2010).

The mechanical properties of the produced optical

fiber were measured using a universal tensile tester.

The Young’s modulus and tensile strength were

5.4 ± 0.2 GPa and 129 ± 5 MPa, respectively. The

values measured here were comparable to values

reported previously (Hauru et al. 2014). The strain at

break (conditioned) was 21 ± 3%. The reason for the

large strain at break was that the fiber was not oriented

with drawing during the fiber spinning. The properties

of the cellulose core can be controlled by the spin dope

and spinning conditions used (Hauru et al. 2014;

Michud et al. 2016).

Light transporting properties of optical cellulose

fiber

The prepared optical cellulose fiber was connected to a

micromanipulator setup of optical fibers and the light

transmission was measured as a function of light

wavelength from four different length specimens (15,

24, 38 and 50 mm) (Fig. 4a). Optical cellulose fiber

mainly guides light in the wavelength range of

500–1400 nm. As an example, the intensity difference

of the 15 mm-long sample at 1300 nm had a 25 dB

lower signal than the input fiber to output fiber

reference. The measurements show one peak maxi-

mum at the 1300 nm range, which is one of the

telecommunication wavelength ranges. This makes it

possible to use inexpensive telecommunication light

sources and detectors for sensor applications. In the

UV range (k\ 400 nm), the light intensity was totally

attenuated. The results correlated well with the UV–

VIS measurements (Fig. 2a), in which the UV-

screening effect of pure cellulose was observed. In
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Fig. 2 UV–VIS spectra of cellulose-based films. The

absorbance values are normalized by the film thickness in order

to remove the effect of thickness variations between samples
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general, it can be concluded that the optical cellulose

fiber is best suited to transmitting light in the infrared

(IR) range (800\ k\ 1300 nm). The usability of

optical cellulose fiber in lighting solutions was visu-

ally investigated by connecting a red laser to the end of

the optical fiber (Fig. 4b). It can be seen that the light

from red laser passed through the 10 cm-long speci-

men but the red color leaking from the cellulose

acetate cladding indicates that the cladding layer was

not fully capable of keeping the scattered light in the

core. Light is scattered from the cellulose fibers in the

core and this can be improved with better cellulose

fiber alignment in the core. Cladding modification

with lower refractive index could only slightly

improve this scattering loss.

The attenuation spectrum as a function of light

wavelength was calculated from intensity difference

values in 15, 24 and 38 mm-long specimens (Fig. 5a).

The intensity difference value for each wavelength

was linearly fitted to 15, 24 and 38 mm-long speci-

mens. Attenuation was calculated from the slope of

this linear fitting. The attenuation constant minimum

of 5.9 dB/cm was found at 1130 nm. In general, the

attenuation constant was under 10 dB/cm in the

750–1350 nm range, in which the R2 squared value

for linear fitting was over 0.96. The attenuation

constant in the 1300 nm range as a function of the

length of the optical fiber was also measured (Fig. 5b).

The longest fiber, 76 mm, was measured using an SLD

light source to maximize the fiber length. It was

20 µm 1 µm

(a) (b)

Fig. 3 SEM images of the cross-section of produced coaxial fiber. Imagemagnifications were a 269 9 and b 5890 9. The defects seen

in the cut section were formed when cutting the fiber for SEM imaging

10 cm
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Fig. 4 Intensity difference of light as a function of light wavelength (a). The light source was a halogen lamp. Photo image of the

investigated optical fiber, transmitting red light through a 10 cm-long sample (b)
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observed that the attenuation increased linearly as a

function of the length of the optical fiber. By fitting a

linear line, an attenuation constant of 6.3 dB/cm at

1300 nm was achieved. Moreover, the coupling

attenuation was calculated to be 16.6 dB, indicating

a high coupling loss between the cellulose fiber and the

measurement fiber. A part of this coupling attenuation

stems from measurement fibers, because the core

diameter of the cellulose fiber was 210 lm that was

2 9 from the core diameter of the measurement fibers

(105 lm). The rest of the coupling attenuation stems

from fiber cutting. This correlates the data that was

obtained through SEM imaging (Fig. 3a) in which an

uneven cut edge was observed. Cellulose fibers were

cut using a razor blade because cellulose fiber cannot

be cut with an optical glass fiber cleaver. Thus, an

optimal cutting strategy needs to be developed in the

future. The attenuation constants of the optical cellu-

lose fibers were significantly higher compared to

typical telecommunication glass silica fiber (0.03 dB/

km at 1310 and 0.02 dB/km at 1550 nm, Corning

SMF-28) (Corning 2019), hardcore silica HCS

(5–6 dB/km at 820 nm), PMMA (55 dB/km at

538 nm) and PS (330 dB/km at 570 nm) (Zubia and

Arrue 2001). The optical properties of chitosan have

been studied using the out-of-plane scattering tech-

nique (Jiang et al. 1996). The attenuation constant of

chitosan film sandwiched between SiO2 was reported

to be 0.5 dB/cm.

Use of optical cellulose fiber in a water sensor

The use of optical cellulose fiber in a water sensor was

indicatively tested. The optical cellulose fiber was

positioned to submerge in water and the change in

light attenuation was observed (Fig. 6a). About

20 mm of the fiber was under water. The study clearly

shows that the light intensity started decreasing

(attenuation increased) when the fiber was kept in

water for 10 min (Fig. 6b). When the fiber was taken

out of the water and allowed to dry, the attenuation

returned to the zero level within 20 min. Attenuation

reached over 30 dB within the 10 min swelling in

water. Measurement dynamics could be even higher

with shorter fibers because a 76 mm-long fiber already

has a 48 dB initial. In addition, higher light intensity

will create more measurement dynamics. Moreover,

this indicates that both cellulose acetate cladding and

pure cellulose core are sensitive to water. Water sensor

experiment was repeated with shorter 3 min swelling

time (Fig. 6b). In the second measurement attenuation

increases 19 dB and returned to zero level within

10 min. Second swelling and drying velocities are in

the same range than within first swelling and drying.

Conclusions

Optical cellulose fiber was prepared from regenerated

cellulose filaments by coating it with cellulose acetate.

Optical cellulose fiber has mechanical properties
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similar to the textile fibers previously presented. UV–

VIS measurements show that pure cellulose is more

optically transparent in the visible and IR-wavelength

range, as well as screening UV light. Acetylation

increases the transparency of cellulose in the UV

range. The optical properties of optical cellulose fibers

were studied using measurement tools used for optical

fibers. The study showed that the attenuation constant

of the fiber was 6.3 dB/cm at 1300 nm. Use in a water

sensor was demonstrated and the attenuation increased

reversibly over 30 dB when the 76 mm-long fiber was

placed in water. The optical cellulose fiber could find

applications from sensoring, in which the easy mod-

ifiability and high temperature resistance are good

properties.
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