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In this paper we showed that tot’hema eosin sensitized gelatin (TESG) film can be used for adaptive 

microlenses fabriacation. The mechanical properties of a pure gelatin film were improved by adding 

tot’hema solution. We found that the elasticity of TESG film depend on the tot'hema concentration. By 

stretching the film, the microlenses were deformed uniaxially, and microlenses focal length can be tuned. 

The achieved microlenses focal lengths range  from 0.05 to 0.2 mm.  
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1. INTRODUCTION 

Optical lenses are widely used in science, industry, 

and daily life. Microlenses are lenses with dimensions 

smaller than 1mm. It can be used, either individually 

or as microlens arrays, in a  various applications such 

as: wavefront sensors, medicine, quantum computer 

research and so on [1-7].  

Direct laser writing, photolithography, and thermal 

reflow, as well as copying techniques such as hot 

embossing, and injection molding are various methods 

of microlens fabrication [8-14].  

Various materials such as polymers, photosen-

sitive glass, composites, and many other are used in the 

microlens fabrication[15-20]. 

Development of tunable lenses with variable focal 

lengths is very important for different applications. It 

can be used in eyeglasses for vision correction, zoo-

ming devices in photocameras and integrated in many  
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electrooptical systems. Also, adapive microlenses is 

significant for tunable photonic waveguides, miniature 

optical sensing, electronic display,  and widezoom cell 

phone [21-24]. 

Today, in many cases is necessary to use adaptive 

microoptical devices, primarily microlenses. In most 

optical devices, microlenses have an important role in 

a focusing, imaging, detection, etc. Different variants 

of adaptive microlenses arrays were proposed [25, 26]. 

Gelatin is a biocompatible and biodegradable po-

lymer extensively used in food, pharmaceutical, bio-

physics and biomedical fields. Poor mechanical pro-

perties of gelatin film can be improved by crosslinking 

with various chemical agents such as formaldehyde, 

epoxy compounds, genipin and glutaraldehyde (GTA) 

[27–29].  

Previously, by modifying the gelatin with tot’hema 

solution, we improved the mechanical properties of the 

brittle film of pure gelatin. So we get a film based on 

gelatin doped with tot’hema and sensitized with eosin 

dye [30–33], (denoted as tot’hema-eosin sensitized 

gelatin, abbreviated as TESG.  

The TESG film is easy to prepare, low cost non-

toxic, and became stretchable by adding tot’hema 
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solution. On the film microlenses can be formed by 

direct laser writing. Our main intention was to use 

TESG, as biocompatible, thermally stable, soft and ela-

stic material, for tunable microlens fabrication. The 

microlenses with different diameter and depth were 

produced on a TESG layer using Nd:YAG laser light 

(2nd harmonic wavelength of 532 nm).  

In this paper, TESG microlenses focal length 

tunability was obtained by applying controlled strain. 

The produced adaptive concave TESG microlenses 

(individual or microlens array) are suitable for nume-

rous applications. Also, they can be copied onto 

polydimethylsiloxane (PDMS) and used as convex 

lenses. The shape change of TESG microlenses (and 

consequently the focal length) was reversibly changed 

as the applied strain is inside the elastic limit, that be 

presented in our future work. 

2. EXPERIMENTAL PROCEDURE 

Film preparation 

All chemical components used for the film prepa-

ration are easily available, cheap and nontoxic. Tot’he-

ma (Laboratoire Innotech International-France) - the 

trade name of a mixture of iron gluconate (equivalent 

to 50 mg iron), manganese gluconate (equivalent to 

1.33 mg manganese), copper gluconate (equivalent to 

0.7 mg copper) and excipients. It is a drinkable 

solution frequently used to treat anemia.  

The 100 ml of 5% aqueous gelatin (Gelatin from 

bovine skin gel strength ~225 g Bloom, Type B, 

Sigma) solution with 20% of sodium chloride (puriss, 

p.a. Sigma Aldrich) by weight of dry gelatin, and 0.3 

ml of 1% aqueous eosin (5wt.% in H2O, Sigma Al-

drich) solution was prepared as describred previously 

[31, 32]. The five TESG solutions with different 

tot’hema concentrations (5%, 10%, 15%, 20%, and 

30% v/v) were made. 

TESG film was prepared by the gravity-settling 

method pouring 2 ml of TESG solution onto a leveled 

and cleaned microscope glasses slide covered with a 

very clean thermoplastic foil. The net result is a film, 

which is highly absorptive in the green part of the 

spectrum, permanently soft and elastic. Dried film can 

be easily removed from the foil. It can be peeled from 

one substrate and placed on another (plane or curved). 

The film was dumbbell-shaped specimens cut by the 

brass mold made according to the standards for elastic 

materials (ASTM D412).   

Microlens fabrication 

If TESG film irradiated with laser radiation in the 

green part of spectrum, (direct, focused or unfocused) 

laser beam produces lens like-dips. We have shown 

that concave microlenses can be produced by direct 

laser writing using second harmonic Nd:YAG laser 

(wavelength of 532 nm). Microlens formation was fo-

llowed by the creation of a diffraction picture on a 

diffuse screen, with millimeter scale, placed behind the 

film. This pattern was recorded by a CCD camera. The 

used experimental setup is shown in Figure 1. The laser 

power of 60 mW and exposure time of 20 s was used 

in experiment.  

 
Figure 1 – Experimental setup for microlens fa-

brication  

Film thickness 

Film thickness was measured with a digital micro-

meter with 0.01 mm accuracy. Six thickness measu-

rements were taken for each TESG film, and the ave-

rages were taken as the result. 

Water content of TESG film 

To estimate varying of water content during the 

film dehydration, the TESG films were weighed (mw), 

dried at ambient temperature (20±2oC) for different ti-

me, and weighted (md) again. Water content (or mo-

isture content) was determined as the percentage of 

initial TESG film weight lost during drying and repo-

rted on a wet basis i.e:  

       % 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 100(𝑚𝑤 − 𝑚𝑑)/𝑚𝑤 

Triplicate measurements of water content were 

done for each film, and an average was taken as the 

result. 

Swelling of TESG film 

TESG films were weighted in air-dried conditions 

(Wd). Afterward, they were immersed in a physio-

logical saline solution, containing 9 g/l sodium chlori-

de, for different time periods. Wet samples were wiped 

with filter paper to remove excess of liquid and 

reweighted (Ww). The amount of adsorbed water was 

calculated: 

𝑊(%) = 100(𝑊𝑤 − 𝑊𝑑)/𝑊𝑑 

Stress−Strain Measurements  

 
Figure 2 – TESG films used for tensile testing with 

dimensions according to the ASTM standards 
(gauge length 25 mm, width 6 mm) 
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Stress−strain measurements of TESG films were 

determined in a tensile stress testing machine. Tests 

were carried out at 25 °C with a strain rate of 20 

mm/min, using dumbbell-shaped film (see Figure 2) 

mounted at a specified gauge length (25 mm) into the 

system.  

Using the appropriate software recorded force and 

corresponding displacement were recalculated into 

stress and strain.  

The average value of five measurements for every 

film was calculated. The video camera was used to 

record the tensile responses of all films. 

SEM analysis of microlenses 

The morphology of produced TESG microlenses 

were investigated using a high resolution scanning 

electron microscope equipped with a high brightness 

Schottky field emission gun (FEGSEM). 

3. RESULTS AND DISCUSSIONS 

Variation of water content in TESG films with di-

fferent tot’hema concentration with drying time is pre-

sented in Figure 3. 

 
Figure 3 – Variation of water content of TESG films 

with drying time 

It can be seen that the water content of each TESG 

films decreases with drying time up to 48 hour. After 

drying of two days, there is no additional change in the 

water content for all TESG films.  

 
Figure 4 – Swelling of gelatin films as a function of 

tot’hema concentrations 

The degree of swelling of pure gelatin films stored 

in physiological solution increases up to about 220 % 

after 24 h. Tot’hema induces a reduction of swelling. 

From Figure 4 can be seen that swelling of TESG films 

exponentially decreases with increasing of tot’hema 

concentration. We found that swelling improve the fi-

lm elasticity. 

During a laser irradiation, eosin bleaches, thus 

making TESG film colorless. In this case, as result 

of dye discolouration under the influence of optical 

radiation the transparent microlenses are formed, as 

can be seen in Figure 5.  

 
Figure 5 – Transparent 3x3 microlens array, and row 

of three microlenses (left) and hexagonal 

microlens array (right) on the TESG film 

Figure 6 shows the stretching of microlens formed 

in the centre of a dumbbell-shaped TESG film. 

 
Figure 6 – The TESG microlens on the dumbbell-

shaped TESG film: 1) unstretched; and 2) 

stretched 

The stretching value can be read on the ruler 

located parallel to film. It can be seen that TESG film 

stretched from the initial 25 mm to 80 mm. 

 
Figure 7 – Stress versus strain curves of TESG films  

The results of uniaxial stress–strain measurements 

for all examined films are shown in Figure 7. The 

tensile responses of TESG films were measured up to 

the breaking point. As can be seen, mechanical 
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properties of TESG films strongly depend on the 

tot’hema concentrations. The extensibility of the films 

increases, with increasing of tot’hema concentration 

up to 250%.. 

The Young’s modulus, the stress at break and the 

deformation at break of the films were calculated from 

the stress–strain curves. We found that Young’s modu-

lus and stress at break considerably decrease with 

increasing of tot’hema concentration. 

Further we investigated the microlenses uniaxial 

stretching. Microlenses fabrication is followed by 

formation of diffraction picture on the diffuse screen. 

The recorded diffraction pictures extensions on a 

screen with a millimeter scale are shown in Figure 8.  

 
Figure 8 – Diffraction picture recorded after the TESG 

microlens was: 1) formed; 2) and 3) stretched 

in one direction. Millimeter scale is visible. 

The toric microlenses were produced due to the 

uniaxial strain. The astigmatic microlenses have two 

focal lengths along orthogonal directions. For uniform 

extension (along x and y direction) sphericity of micro-

lenses can be retained. 

It was shown that produced TESG microlenses 

change their optical properties, for example focal 

length, in response to material elasticity. 

The relation between the focal length and strain is 

shown in Figure 9. 

 
Figure 9 – TESG microlens focal length versus strain 

The microlens focal length exponentially increases 

with increasing strain of TESG film. The focal length 

was reversibly changed as long as the applied strain is 

inside the elastic limit. It was noticed that there is a 

linear dependence between the microlens focal length 

and diffraction pattern width (see Figure 10).  

 
Figure 10 – TESG microlens focal length versus 

diffraction patern width 

The strain responsive, transparent TESG microle-

nses offer interesting possibilities in tunable optical de-

vices and sensors. Also, closely packed (hexagonal or 

square) microlenses arrays can be used to mimicking 

biological structure such as compound eyes. Hexa-

gonal TESG microlenses arrays observed with an ele-

ctron microscope is shown in Figure11. 

 
Figure 11 – Image of hexagonal TESG microlenses 

array is recorded using a field-emission gun 

scanning electron microscope (FEGSM)  

Using of microlenses for visualization it is possible 

to obtain high-quality images. The picture of hexa-

gonal TESG microlenses arrays with observed mili-

meter paper at its centre is shown in Figure 12.  

 
Figure 12 – Image of hexagonal TESG microlenses 

array recorded using an optical microscope 
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4. CONCLUSION 

Tunable (strain responsive) microlenses were pre-

pared on elastic TESG film. Stretching the film of 

about 250%, microlenses are uniaxial deformed so that 

the focal lengths were changed.The microlenses focal 

lengths from 0.05 mm to 0.2 mm were obtained. As 

TESG proved to be a good material for adaptive micro-

lensess, we plan to retain sphericity of microlenses in 

the future and to achieve uniform stretching along both 

axes. 

The TESG microlenses show good optical and 

imaging properties. The individual concave microle-

nses can be used. Also, the large-area square or hexa-

gonal close-packed microlenses array can be used for 

various applications such as: medical laser, optical 

sensors, light-field cameras, biological structures. Co-

nvex microlenses can be produced by coping TESG 

lenses onto polydimethylsiloxane (PDMS). 
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REZIME 

PRIMENA FILMA ŽELATINA SENZIBILIZOVANOG TOT’ HEMOM I EOZINOM ZA 

ADAPTIVNA MIKROSOČIVA 

U ovom radu smo pokazali da se film želatina dopiran tot'hemom i senzibilizovan eozinom (TESG) može 

koristiti za proizvodnju adaptivnih mikrosočiva. Mehaničke osobine čistog želatinskog filma poboljšane 

su dodavanjem rastvora tot'heme. Utvrdili smo da elastičnost TESGfilma zavisi od vrednosti 

koncentracije tot'heme. Istezanjem filma, mikrosočiva su deformisana duž jedne ose, pa se žižna daljina 

mikrosočiva može podešavati. Postignute vrednosti žižne daljine kreću se od 0.05 do 0.2 mm. 

Ključne reči: film želatina, eozin, tot'hema, adaptivna mikrosočiva, optičke osobine, mehaničke osobine 
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1. INTRODUCTION 

Nowadays, nano materials have more and more ad-

vantages over bulk materials. Nano science inevitably 

entered our world [1]. Thermographic nano phosphors 

are widely used in many applications [2-7]. They 

typically consist of a ceramic host and rare-earth do-

pant. The temperature dependency of their luminesce-

nce is used for remote temperature sensing. For obvi-

ous reasons, non contact measurements have many ad-

vantages. Thermographic remote monitoring of laser 
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cleansing is described in [8]. 

Strontium cerium oxide (Sr2CeO4) nano phosphors 

doped with europium ions (Eu3+), Sr2CeO4:Eu3+ are 

described in many scientific papers. As shown in [9], 

emission color change in a wide range of temperatures 

proves a great potential of Sr2CeO4:Eu3+ nanocrystals 

for industrial applications, particularly in nanother-

mometric technology. Moreover, additional applica-

tion possibilities for this material are provided by the 

fact that the samples with different grain sizes are 

characterized by various luminescence colors [9]. The 

possibility of application of this nanophosphor in sin-

gle-color and two-color fluorescence thermometry tec-

hniques in temperature range of 303–523 K has been 

proposed in [10]. In [11] it was shown that the Eu3+ 

doped Sr2CeO4 phosphors emitting white light (by 
combining blue, green and red emissions) has potential 

mailto:sevic@ipb.ac.rs
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applications not only in the fields of lamps and display 

devices under 280 nm excitation, but also in the field 

of LEDs under near UV (350 nm) excitation. 

Sr2CeO4:Eu3+ considered as a source of anti-stokes 

white light generated under near infrared excitation 

was analyzed in [12]. Various methods of synthesis 

and studies of structural and luminescent characte-

ristics of nanophosphors based on Sr2CeO4:Eu3+ or no-

ndoped Sr2CeO4 are reported in [9-13], and references 

therein. 

In this study, we analyze Sr2CeO4:Eu3+ nanopo-

wders, efficiently prepared using a solution combusti-

on synthesis (SCS) method [14,15]. The main chara-

cteristics of this process are simplicity and low cost. 

The structure of prepared materials has been confirmed 

and characterized using X-ray powder diffraction 

(XRD), scanning electron microscope (SEM) and 

photoluminescence (PL) techniques [15]. The most of 

europium luminescence comes from transitions from 

the 5D0 and 5D1 state; and they are usually used for 

fluorescence intensity ratio technique for remote tem-

perature sensing.  

In our recent publication [16] we have shown that 

Sr2CeO4:Eu3+ made by solution combustion synthesis 

could be used as a red phosphor. In [15] we have 

studied the possibility of using the synthesized 

Sr2CeO4:Eu3+ for temperature measurements, using 

usual approach of calculating the calibration curves. 

However, availability of more and more fast com-

puters, capable of machine learning, gave us an idea of 

different approach. Here, we analyze the possibilities 

of training the computer to recognize optical emission 

spectra of Sr2CeO4:Eu3+ at different temperatures. So, 

this paper describes extension of our work presented in 

[15]. 

2. EXPERIMENTAL PROCEDURE 

The preparation of samples 

Europium doped Sr2CeO4 nanopowders were pre-

pared by solution combustion method, similarly as des-

cribed in [14,15]. Stoichiometric quantities of starting 

chemicals Sr(NO3)2, CH4N2O, Ce(NO3)36H2O, and 

Eu(NO3)36H2O with the purity of 99.99% were cho-

sen to obtain the Eu3+ concentration in Sr2CeO4 of 2.5 

at.% (Sr2-0.05Eu0.05CeO4). The used chemicals were 

purchased from ABCR, and urea, (NH2)2CO, from 

Sigma-Aldrich.  

The dry mixture of 10.32 g (48.75 mmol) of 

Sr(NO3)2, 15.015 g (250 mmol) of CH4N2O, 10.86 g 

(25 mmol) of Ce(NO3)36H2O and 0.558 g (1.25 

mmol) of Eu(NO3)36H2O was combined with the 

mixture of 4.8 g (60 mmol) of ammonium nitrate and 

3.003 g (50 mmol) of urea which were used as organic 

fuels.  

The prepared starting reagents were combusted 

with the flame burner at approximately 500 oC, 

yielding a voluminous foamy pink powder in an in-

tensive exotermic reaction. After the solution com-

bustion synthesis, the nanopowder was annealed for 2 

hours, in air atmosphere, at 900 °C. The annealing of 

the material is needed to achieve optimal optical cha-

racteristics of synthesized material. 

Experimental details 

As an excitation source for photoluminescence 

measurements we used the output of the optical para-

metric oscillator (Vibrant OPO), continuously tunable 

over a spectral range from 320 nm to 475 nm. Laser 

pulse duration is about 5 ns, at a repetition rate of 10 

Hz. Time-resolved streak images of the luminescence 

response of Sr2CeO4:Eu3+ nanopowder excited by the 

OPO system were acquired by Hamamatsu streak 

camera equipped with a spectrograph. 

Emission spectra of Sr2CeO4:Eu3+ were also ac-

quired using Ocean Optics USB2000 and AVANTES 

AvaSpec 2048TEC USB2 spectrometers and continu-

ous laser diode excitation at 405 nm. The experimental 

setup for luminescence measurement as a function of 

temperature is described in [17]. 

For machine learning simulation experiments we 

have used Solo software package (Version 8.8, Eige-

nvector Research Inc, USA). 

3. RESULTS AND DISCUSSION 

The structure of material was confirmed by XRD 

patterns and SEM images, see [15]. 

The streak image of the time resolved photolumi-

nescence spectrum of the Sr2CeO4:Eu3+ using the 330 

nm excitation is presented in Figure 1. Horizontal scale 

of streak image corresponds to wavelength, vertical 

scale shows development of spectra in time. Images 

are presented in pseudocolor, where different colors 

mean different optical intensities.  

The 5D1-7F3 transition (583 nm), located closely 

between the 5D0-7F0 (582 nm) and the 5D0-7F1 (587 nm) 

transitions is easy to identify on the time resolved 

image. Its time integrated peak has a comparable in-

tensity to the intensities of peaks originating from 

nearby 5D0 levels (see the line profile denoted by a red 

curve in Fig. 4).  

The luminescence spectra presented in publica-

tions usually do not have the time resolution, so it is 

hard to guess which transitions are short lived. Streak 

image presented in Figure 1 shows clearly that the 5D1-
7F3 transition (583 nm) has a much higher intensity and 

a much shorter lifetime than nearby transitions from 
5D0 state.  
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Figure 1 - Streak image of the photoluminescence spe-

ctrum of Sr2CeO4:Eu3+ nanophosphor. (OPO 
excitation at 330 nm). 

The temperature dependency of intensity ratio of 

spectral lines 

The luminescence of samples was measured both 

using pulsed (OPO) and continuous excitation. The 

measured luminescence spectra of Eu3+ doped Sr2CeO4 

at various temperatures are presented in Figure 2. The 

spectra were obtained by using continuous laser diode 

excitation at 405 nm. 

 
Figure 2 - Luminescence spectra of Eu3+ doped 

Sr2CeO4 at various temperatures. (Continuous 

laser diode excitation at 405 nm). 

The fluorescence intensity ratio (FIR) of spectral 

line intensities from the 5D0 and 5D1 transitions depend 

on two physical processes: the thermalization of the 
5D1 level with rising temperature, where the energy 

difference to populate the 5D1 level from the 5D0 level 

is fully covered by phonons; and the nonradiative que-

nching of the 5D0 and 5D1 levels through the charge 

transfer state. Looking at Figure 2 we can see that in-

tensity ratio between lines at 614 nm and 537 nm is 

temperature dependent. 

The Principal Component Analysis of temperature 

dependent Sr2CeO4:Eu3+ spectra 

Principal component analysis (PCA) finds combi-

nations of variables, or factors, that describe major tre-

nds in the data [18]. 

If X is a data matrix with m rows and n columns, 
each variable being a column and each sample a row, 

PCA decomposes X as the sum of rti and pi, where r is 

the rank of the matrix X: 

X = t1p
T

1 + t2p
T

2 + ... + tkp
Tk + ... + trpTr  

where r ≤ min{m,n} 

The ti, pi pairs are ordered by the amount of 

variance captured. The ti vectors are known as scores 

and contain information on how the samples relate to 

each other. The pi vectors are known as loadings and 

contain information on how the variables relate to each 

other. 

For analysis presented here, we use luminescence 

spectra of Eu3+ doped Sr2CeO4 at temperatures 

between 300 and 400 K, measured with the step of 5 

K. About a half of the spectral data (measured at 300, 

310, 320 ... K) are used to train the PCA algorithm. 

Another half of the spectral data (measured at 305, 

315, 325 ....  K) are used to test the obtained PCA 

model. 

Scores on first two principal components of mea-

surement data of temperature dependence of lumine-

scence of Sr2CeO4:Eu3+ nanophosphor are shown in 

Figure 3. It could be seen that scores on PC 1 gradually 

move along the x axis, while scores on PC 2 oscillate 

along the y axis. 

 
Figure 3 - Scores on first two principal components of 

measurement data of temperature dependence 

of luminescence of Sr2CeO4:Eu3+ nanopho-
sphor. 

We see that the predictions for future measu-

rements are well within the 95% confidence level. Ho-

wever, it should be noted that this approach is diffe-

rent, and not necessarily better, than usual method 

based on fitting the temperature sensing calibration cu-

rve. Namely, the machine is trained on restricted size 

of training data set. The remote temperature estimation 

is based on classification of newly obtained data in 

regard the calibrated data. The classification is imple-

mented by comparing the scores distances between the 

calibrated data and the newly measured ones. So, the 
larger the training set, the better is resolution of the 

remote temperature sensing. 
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4. CONCLUSION 

In this paper we have applied the Principal Com-

ponent Analysis, the basic machine learning algorithm, 

on temperature dependent Sr2CeO4:Eu3+ spectral data. 

We have shown that the machine could be trained to 

differentiate spectral data obtained on different tem-

peratures. However, the resolution of this remote tem-

perature sensing technique depends on the size of spe-

ctral data training set. For relatively small training set, 

the predicted data are well within the confidence level 

of 95 %. 
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REZIME 

TEMPERATURNA ZAVISNOST LUMINESCENTNIH OSOBINA SR2CEO4:EU3+ 

NANOFOSFORA: PRISTUP MAŠINSKIM UČENJEM 

U ovom radu analizirali smo mogućnosti primene Sr2CeO4:Eu3+nanopraha za merenje temperaruture 

primenom mašinskog učenja. Materijal je pripremljen jednostavnom metodom sinteze sagorevanja 

rastvora. Fotoluminescentna tehnika je korišćena za merenje temperaturne zavisnosti optičke emisije 

pripremljenog materijala. Analiza ključnih faktora omogućila nam je uvid u temperaturnu zavisnost 

spektralnih podataka sa drugačije tačke gledišta nego što je uobičajeni pristup. 

Ključne reči: fotoluminescencija, novi materijali, termografski fosfori 
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Thermo-osmotic metamaterials with large
negative thermal expansion

Svetlana Savić-Šević, *a Dejan Pantelić,a Branka Murić,a Dušan Grujić,a

Darko Vasiljević, a Branko Kolaric ab and Branislav Jelenkovića

Negative thermal expansion (NTE) is important for compensation of

thermal dilatation effects and has significant applications in high-

precision devices and instruments. Several materials with intrinsic

negative expansion exist but are chemically complex, difficult to

manufacture and their thermal expansion coefficients (TECs) are

small, typically in the order of 10�5/K–10�6/K. Here we present a

metamaterial with a large NTE, with TEC in the order of 10�3/K,

enabled by thermo-osmosis of entrapped air molecules through a

multitude of nanometer-thin layers. We have generated this material

by holographically patterning a biopolymer (dichromated pullulan).

The presented manufacturing process is quite simple and capable of

generating large-area NTE materials. The concept of achieving (NTE)

through thermo-osmosis is universal and can be extended to many

other polymers. Our research, for the first time, introduces a relation

between NTE and thermo-osmosis.

Introduction

All materials change their dimensions with temperature due to
thermally dependent interatomic distances.1 This behavior is
quantified by linear (al) or volumetric (av) thermal expansion
coefficients (TEC):

al ¼
1

l

dl

dT
and aV ¼

1

V

dV

dT
(1)

where dl and dV are length l and volume V changes induced by
temperature difference dT, respectively.2 Almost all materials
expand upon heating and the thermal expansion coefficient is
thus positive (PTEC). Organic materials and polymers usually
have a larger coefficient of thermal expansion (PTEC greater
than 10�4/K) than inorganic materials (such as metals and
ceramics with PTEC of about 10�6/K).3

Materials with negative thermal expansion coefficients (NTECs)
are expensive, rare (except water between 273 K–277 K) and their
chemical composition is very specific.4,5 One of the main goals
of NTE research is finding materials with large NTECs to
compensate PTECs. In materials associated with a magnetic,
ferroelectric or charge-transfer phase transition a large NTE has
been discovered and such materials are used as thermal-
expansion compensators.6

The development of a material with a large NTEC is possible
by designing special structures made of several constituents.7,8

For example, origami structures, consisting of a bi-material’s
2D or 3D lattices, enable tailoring metamaterials with novel
mechanical properties, including a wide range of PTECs and
NTECs.9 Such NTE materials have important applications for
the control of the thermal expansion of materials. They allow
adjustment of the thermal expansion of composites and can be
used in microchip devices,10 as dental fillings,11 in optical and
electronic devices,12 for fasteners13 and as coating materials.14

However, such materials have a complex geometry difficult to
manufacture.

Many methods have been used to fabricate metamaterials:
laser interference lithography,15 electron-beam lithography,16

direct laser writing,17 and focused-ion beam (FIB),18 to mention
just a few. Metamaterials can be fabricated from different sub-
stances including photoresists,19 semiconductors,20 and metals.21

Holographic methods stand out as being capable of producing
one-, two- and three–dimensional periodic metamaterials. Large
areas can be fabricated simply and cheaply in a matter of minutes.

Here we describe a holographic method for generation of
mechanical metamaterials with simple architecture and high
NTECs, much higher than those of the other materials we found
in the available literature. Pullulan, a biological polysaccharide,
is used as a base material, which is further sensitized and
holographically patterned at the nanoscale. Structural, optical
and mechanical properties of the resulting metamaterial are
studied, its NTEC measured and a thermo–mechanical model,
explaining NTE behavior, presented. We also disclose a new
physical mechanism behind such unusual behavior.
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Holographic generation of mechanical
metamaterial

Doped pullulan is a home-made holographic photosensitive
material used throughout this research to manufacture layered
metamaterial and analyze its thermo-mechanical behavior.
Pullulan is a linear polysaccharide produced from the yeast-
like fungus Aureobasidium pullulans. The material is composed
of maltotriose units connected by a-D-1,6-glycoside linkages22

and can be photosensitized with chromium ions to produce
dichromated pullulan (DCP)23 as a transparent, thermo-stable
film. Properties of DCP films as holographic material–surface
gratings, its diffraction efficiency, copying and environmental
stability–were previously investigated.24,25

DCP film was prepared by mixing an 8% aqueous solution of
pullulan and 30% ammonium dichromate, which was poured
on a flat glass plate. After drying, a thin film was placed in the
holographic setup to produce a volume Bragg grating.26 To do
that, the laser beam from a single-frequency, a diode pumped
Nd-YAG laser, at 532 nm, was expanded to expose the pullulan
film at normal incidence. A mirror was set behind the film and
a volume Bragg grating was recorded inside the DCP film by
interference of two counter propagating beams. The interference
pattern is responsible for generation of a large number of
alternating DCP and air layers, parallel to the substrate. After
exposure, the pullulan film was chemically processed by washing
the plate in a mixture of water and isopropanol, followed by
drying in pure isopropanol. Finally, the grating is slowly and fully
dried in a closed vessel.

The resulting hologram is about 10 mm thick and has a
complex structure, as shown in Fig. 1. On the nanoscopic level,
the structure is characterized by approximately fifty Bragg
layers. They are mutually separated and supported by nano-
pillars with a diameter of up to 50 nm, enabling the mechanical
stability of the whole structure.

The metamaterial acts as a selective reflector in the specific
band of wavelengths in accordance with the Bragg’s law:

l = 2(nala + nplp) (2)

where la and lp are the thicknesses of the air and pullulan layers
(both about 100 nm), and refractive indices na = 1 and np = 1.45,
respectively. A Bragg maximum (as defined in eqn (2)) depends
on thermal variation of refractive indices and layer thicknesses.
Thus, the spectral shift as a function of temperature can be
found by taking the first derivative of eqn (2):

dl
dT
¼ 2 la

dna

dT
þ na

dla

dT
þ lp

dnp

dT
þ np

dlp

dT

� �
(3)

This optical property of the DCP metamaterial was
measured in a heating/cooling cycle. The sample was heated
and cooled using a Peltier element (controlling temperature
between 295 K and 323 K) and the reflection spectra of the
white light from the halogen lamp were recorded using a fiber
type spectrometer. A thermocouple was embedded within the
sample to obtain accurate measurement of the temperature. As
can be seen in Fig. 2a, the reflectance peaks are blue-shifted
from 580 nm to 535 nm during heating, exhibiting a negative
spectral shift of 45 nm for a positive temperature difference of
+25 K (equivalent to 1.8 nm K�1). Upon temperature decrease, a
spectral maximum returns close to its initial position. Spectral
shift vs. temperature, for the whole heating–cooling cycle,
shows characteristic hysteresis, as in Fig. 2b. The hysteresis
effects are inherent to many natural phenomena. In our case,
we assume that hysteresis is a consequence of the nonlinear
viscoelastic behaviour of the polymer,27 i.e. pullulan nano-
pillars, with temperature. Upon heating, air diffuses through
membranes and escapes into the surrounding environment,
lowering the pressure inside the multilayer. Outside pressure
then compresses the layers until a new mechanical equilibrium
is achieved. Due to the compression of the layers, the pullulan
nano-pillars are bent. It is assumed that at higher temperatures
the viscoelasticity of the pillars slightly decreases. Thanks to the
capability to creep,27 after strain due to pressure, the pillars
return to their initial state, with a slightly lower temperature
than the initial one.

Thermal behavior of optical systems is typically explained by
thermal expansion and thermal variation of the refractive indices
(as in eqn (3)). In the following, we will show that these mechan-
isms cannot account for the large and negative spectral shift.

First, we experimentally determined the linear TEC of a pure,
unstructured DCP film. A circular, freestanding DCP membrane was
produced, clamped at its perimeter, and its central zone was heated
with the laser beam. The temperature of the film was measured
using a thermal camera, while the resulting thermal bending was
measured using digital holographic interferometry. The linear
expansion coefficient was calculated from the recorded interfero-
gram, Fig. 3, and found to be aDCP = 8.8 � 10�5/K, which is in
agreement with the values obtained for other polysaccharides.28,29

Now we can calculate spectral shift of the Bragg maximum
using eqn (3). The thermo-optic coefficient of air (dna/dT)30 is

Fig. 1 A cross-section of pullulan metamaterial (recorded using a
scanning electron microscope) showing pullulan layers separated by
nanopillars.
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very small and the first term in eqn (3) can be neglected.
Additionally, thicknesses of air and pullulan layers are almost
the same la = lp = l and eqn (3) can be simplified:

dl
dT
¼ 2 na

dl

dT
þ l

dnp

dT
þ np

dl

dT

� �
(4)

In a linear approximation dilatation dl = alT (see eqn (1)) and
finally:

dl
dT
¼ 2l

dnp

dT
þ a np þ na
� �� �

(5)

We were not able to measure the thermo-optic coefficient of
DCP, and we assumed the largest thermo-optical coefficient
recorded up to now, dn/dT = �5 � 10�4/K.31

By including these values of thermal constants dn/dT and
aDCP into eqn (5), together with the value of the layer thickness
l = 118 nm and refractive indices of air and pullulan, we have
found that the expected temperature shift of the Bragg peak is
dl/dT = �0.07 nm K�1. This value is much lower than the one
recorded experimentally, dl/dT = �1.8 nm K�1, and classical
thermal effects fail to explain the very large NTEC.

As shown above, while the change in the DCP film thermal
expansion is small, the thickness variation of air layers must be
the main contributor to the overall metamaterial contraction.
From the experimentally observed spectral shift and a tem-
perature change of +25 K, the calculated change in air layer
thickness (using eqn (2)) is �22 nm. Knowing that there are
fifty Bragg layers, the total thickness change is dl = �1.1 mm.
Knowing that the initial thickness of the material is l = 10 mm,
we estimate (using eqn (1)) that the linear thermal expansion
coefficient of DCP metamaterial is aDCPm = �4.4 � 10�3/K. This
value is quite large, compared to values of NTEC, available in
the literature. The results presented here have been verified in a
series of experiments on many different samples. We have
found that the behaviour of pulullan metamaterial is the same,
confirming a negative thermal expansion with NTEC of the
order 10�3/K.

Thermo-osmotic mechanism of
negative thermal expansion

As explained above, negative and large TEC cannot be explained
by usual and simple thermal effects (thermal dilatation and
refractive-index variation). In this section, the peculiar behavior
of DCP metamaterial is explained through thermo-osmosis,32 a
process defined as fluid or gas diffusion through a membrane
due to a temperature gradient.32,33 This phenomenon was
found in many areas from biology34 to energy harvesting.35

We should note that the pullulan layers are very thin (about
100 nm) and their mutual separation is of the same order of
magnitude. In such a small volume, only a small number of air
molecules are entrapped between the pullulan layers (the mean
path length of air molecules is 67 nm under normal conditions)36

and molecules diffuse through the layers, depending on the
temperature difference between the layer and their environment.
In a thermal equilibrium, a net flow of molecules between the
layer and the environment is zero. If the temperature of the layer
rises, more molecules escape the layer, lowering the pressure
inside the layer. The resulting pressure difference compresses the
layers, supported only by tiny nanopillars (Fig. 1).

Fig. 2 (a) Reflectance spectra of DCP metamaterial during heating and (b) spectral peak shift during a heating and cooling cycle.

Fig. 3 Interferogram of the thermal bending of the DCP film.
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Diffusion through permeable membranes is described by
Fick’s law,37 which determines the diffusive flux per unit area F
as a function of pressure p0 and membrane thickness l:

+ ¼ Pp0

l
(6)

where P is membrane permeability, which is an intrinsic
property of the material.

Effects of temperature on gas permeability were previously
analyzed.38,39 For gases, the temperature-dependence of perme-
ability is defined according to the Arrhenius relationship:

P ¼ P0 exp
�Ep

RT (7)

where P0 is a constant (a kinetic frequency factor), R is the gas
constant, and EP is the activation energy for permeation.
According to the above equation the gas permeability increases
with temperature.

For simplicity of the further analysis, we will explore a
single membrane separating a closed compartment from the
surrounding air environment; see Fig. 4.

We suppose that the environment is a thermal reservoir with
infinite capacity at constant temperature T0 and pressure p0. If
a compartment with a membrane is at temperature T1 and
pressure p1, we have a flux F1 of molecules diffusing out of the
compartment into the environment and flux F0 of particles
flowing from the environment into the compartment, i.e. by
combining eqn (6) and (7):

+0 ¼
p0

l
P0 exp

�
Ep

RT0 (8)

+1 ¼
p1

l
P0 exp

�
Ep

RT1 (9)

Due to the temperature difference between the compart-
ment and its external environment, ingoing and outgoing
fluxes are not equal any more, and there is a net molecular
flow. Suppose that the temperature inside the compartment is
larger than that of the surrounding air, molecules will leak out
and reduce the pressure p1 inside the compartment. The
resulting pressure difference will exert a mechanical force on
the membrane and compress it until a new equilibrium is
reached, i.e. when F1 = F0. From eqn (8) and (9) we can easily
find that this will happen when:

p1 ¼ p0 exp

�
Ep

R
1

T0
�
1

T1

� �
(10)

As stated before, this pressure difference is compensated by
the mechanical resistance of nanopillars to compression.

In the case of DCP metamaterial, we have a number
of pullulan membranes stacked one above the other and
separated by tiny nanopillars. Air is gradually leaking from
one layer to another until it goes out to the atmosphere. Air
leakage is a process that takes some time, before thermo-
mechanical equilibrium is reached.

Dependence of pressure p1 on temperature was calculated
from eqn (10) and is shown in Fig. 5(a). The activation energy of
air permeation through the polysaccharide membrane is
about 40 kJ mol�1.40 The graph shows that p1 decreases with
increasing temperature of the pullulan layers. Based on this
dependence, Fig. 5(b) and (c) show the dependence of pressure
p1 on the measured time to achieve a new equilibrium state and
the dependence of pressure p1 on the air layer thickness,
respectively.

Discussion and conclusions

We have shown that the proposed thermo-osmotic mechanism
explains well all the experimentally recorded properties of the
pullulan NTE metamaterial. However, there are other, less
obvious mechanisms that could contribute to the negative
thermal expansion, most notably the effect of air humidity.

Fig. 4 Compartment with a single membrane, where T and p are
temperatures and pressures, while F are fluxes.

Fig. 5 Ratio of the pressure inside and outside of the compartment as a function of (a) DCP temperature, (b) time needed to reach a new equilibrium
state, and (c) air layer thickness. The points on graphs (b and c) correspond to experimentally measured values.
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To test if pullulan absorbs water from the air we performed a
simple gravimetric experiment with an analytical balance. First,
the DCP metamaterial was measured under normal laboratory
conditions, it was then heated to 373 K for 45 min, to eliminate
moisture, and measured again. After that, the sample was
kept under normal laboratory conditions and the mass was
measured every hour until it reached its original value, see
Fig. 6. It can be seen that the change of mass, caused by
moisture, is only 0.07%. Bearing in mind that pullulan does
not form the gel, and does not swell significantly, we conclude
that the influence of moisture on the pullulan structure is
negligible.

As a final proof of diffusion of air through pululan layers and
the corresponding thermo-osmosis, as a dominant mechanism,
we placed the pullulan metamaterial in a vacuum chamber, at
the pressure of 4 � 10�2 Pa, for 45 minutes. During that time,
entrapped air diffused out of the pullulan layers. The reflection
spectra measured immediately after the sample was removed
from the vacuum and placed back to the normal atmospheric
conditions, were shifted towards lower wavelengths. This shift
was caused by the air pressure compressing the layers due to the
large pressure difference between the inside (p B 0 Pa) and
outside of the metamaterial (patm B 100 000 Pa). Following the
prolonged stay in the atmosphere the air diffuses into the layers,
equilibrating pressures and expanding the material as evidenced
by the spectral shift, see Fig. 7.

It is also important to note that when the temperature
excised a certain maximum value (higher than 383 K) the DCP
metamaterial loses its NTE properties. We believe that in this
case there are no more air molecules entrapped within the
pullulan layers, and the pressure difference is large enough to
break the pullulan nanopillars, which otherwise will sustain the
mechanical integrity of the whole structure. Bear in mind that
all the mentioned effects (dilatation, thermo-optical, and
humidity) are simultaneously present, but nevertheless our
experiments show that the thermo-osmosis is a dominant one,
which converts an ordinary PTE into an NTE material. Without
diffusion, a pressure of entrapped air between the pullulan

multilayers will follow the temperature variation–increasing
upon heating, and decreasing upon cooling. This will turn the
pullulan multilayer into a positive thermal expansion material,
in contrast to what we observed experimentally.

Regarding the thermo-osmotic process, we emphasize the
simplicity of the presented model, which very well describes
the complex phenomenon responsible for NTE. First of all, the
pullulan layers have a stochastic distribution of thicknesses,
size and position of nanopillars, which is difficult to take
into account in the model. Also, the mechanical properties of
materials at the nanoscale level can be quite different, com-
pared to those of the bulk. Additionally, for such thin layers, air
cannot be treated as continuum and more complex effects
come into play, such as thermophoresis and thermoconvection.
In our case, the situation is further complicated by extremely
small (100 nm) separation between the layers when the number
of entrapped molecules is correspondingly small. This means
that losing a single molecule from the layer significantly reduces
the pressure. In spite of this, the proposed model is able to
explain the most distinctive properties of the system: negative
thermal expansion and the corresponding optical properties.

In conclusion, we have found that holographically patterned
dichromated pullulan is a new mechanical metamaterial with a
large NTE of aDCPm = �4.4 � 10�3/K in a temperature range
between 295 K and 323 K. Our investigations are in this
temperature range because most of the practical interests and
potential applications of organic devices are around room
temperature. We show that it is simple to fabricate a stable
and durable material using the holographic technique. Our
explanation of the mechanism that converts an ordinary positive
thermal expansion material into an NTE material is based on
thermo-osmosis of the air molecules through the pullulan nano-
layers. Dependence of the optical response on temperature of the
pullulan metamaterials was investigated. The reflection spectra
show a blue shift with increasing temperature, which originates
from the contraction of air nanolayers due to the thermo-
osmosis of the air molecules through the pullulan nanolayers.

Fig. 6 The change of mass of DCP metamaterial in time due to humidity. Fig. 7 Reflectance before and after vacuuming and exposing to air.
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The proposed mechanism can be applied to various holographic
structures and materials, as well as to different gases and tem-
perature ranges. We have performed the same measurements
using holographically patterned dextran (another polysaccharide)
and found NTE, too. While pullulan is linear, dextran has a
branching structure but shows the same behavior as pullulan,
and the reflectance peaks are blue-shifted during heating. Our
multilayer design is simple and the proposed mechanism is useful
for surfaces of arbitrary size. We have shown that experimental
results can be explained by simple relationships, in the nanoscale,
linking the structures, mechanical and optical properties, and
temperature-response. The disclosed mechanism is universal
and opens a range of possibilities to construct engineered
materials with tailored negative thermal expansion.
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Abstract
Microoptical components are coming of age in a wide range of applications: lab-on-a-chip, 
imaging, detection… There are a large number of fabrication technologies capable of pro-
ducing high quality individual components and their arrays. However, most of them require 
high-end and costly equipment, complex and time-consuming fabrication, harmful chemi-
cals, resulting in expensive final products. Here we present a technology capable of pro-
ducing high quality microoptical components, using low-end direct laser writing on a bio-
compatible, environmentally friendly hydrogel, without any waste substances. The gel is 
locally and controllably melted while surface tension forces shape the optical component, 
following the laser beam profile. The process is so quick that a single microlens is fabri-
cated in less than a second, and can be used instantly without any further processing. The 
technology is neither subtractive nor additive, and the base material is simply displaced 
producing a smooth surface. We have been able to fabricate individual microlenses and 
their arrays (positive, negative, aspheric), gratings and diffractive components. The tech-
nology is tested by generating unique, difficult to counterfeit QR-codes. Turnaround time 
is fast and makes the technology suitable both for rapid prototyping and serial production.
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1 Introduction

There is a growing need for complex microoptical devices (Kemme 2009) and their use 
for micro-optoelectromechanical (MOEMS) and lab-on-a-chip applications. However, 
their fabrication is usually a complex, time consuming, multistep process, requiring 
several high-end technologies: microlithography (Grigaliūnas et  al. 2016), embossing 
(Moore et al. 2016), femtosecond direct laser writing (Deng et al. 2019), diamond turn-
ing (Zhou et al. 2011; Zhang et al. 2020). These are the reasons why prevailing micro-
fabrication methods are not suitable for individualized production or rapid prototyping. 
Also, materials used for microfabrication are complex and usually toxic. A huge volume 
of fabricated devices enhances the problem of safe and environmentally friendly dis-
posal of microfabricated devices.

Among other materials, gels have attracted attention as a candidate material for 
MOEMS. There is a wide variety of gels with characteristic solid–liquid transition 
induced by coil to helix transformation (Taylor et  al. 2017). The transition can be 
induced by temperature, chemicals or electric field. Not so many of them have good 
optical properties and only a few appropriate ones are easy to fabricate, nontoxic and 
environmentally friendly. Optical gels (Duarte-Quiroga and Calixto. 2000; Li et  al. 
2019) have been used to manufacture dynamical and responsive microlenses. However, 
their response is slow and chemistry complex (Guan and Zhang 2011).

Microlenses have found application niches for illumination (Lee et al. 2013), imaging 
(Zhang et al. 2020) and, in particular, security (Walger et al. 2020). Applied technolo-
gies are advanced and complex favoring mass production and precluding individualiza-
tion of security features (Jiang et al. 2019).

Previously (Krmpot et  al. 2013), we have analyzed optical properties of negative 
microlenses using NLM. Here we present a technology based on nontoxic, environ-
mentally friendly gels which are locally melted by direct laser writing. Our aim was to 
develop a material that is optically transparent, easily and instantly meltable by local-
ized irradiation, durable and made from ordinary “kitchen” chemicals (by E number 
classification of food additives). We describe material properties, its biocompatibil-
ity, analyze the process of local laser-induced melting, demonstrate its capabilities for 
security purposes and envision their further use for microfluidic and lab-on-a-chip 
applications.

2  Materials and methods

2.1  Preparation of photo‑meltable gel

Previously we have used gelatin plasticized with tot’hema (an oral solution for anemia 
treatment) and sensitized with eosin Y (a red fluorescent dye with absorption maximum at 
530 nm) to produce microoptical components (Murić et al. 2007, 2008). We were able to 
manufacture negative (concave) microlenses, but the problem was gradual darkening of the 
material. That is why we replaced a commercial tot’hema with a water solution composed 
of several ingredients acting as plasticizers, humectants, and preservatives. This solution 
(designated PS for brevity) consists of: 0.2 ml of glycerol, 0.3 g of sucrose, 8 mg of glu-
cose, 2 µl of polysorbate 80.6 mg of citric acid, and 2 mg of sodium benzoate (everything 
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is expressed per 1 ml of solution). The addition of PS improves mechanical and optical 
properties of the gelatin layer (elasticity, durability and stability, optical transparency…).

After swelling of gelatin in deionized water for one hour, and heating at 50 °C in the 
water bath (Vela™, Cole Parmer), 5% aqueous gelatin solution was prepared. Following, 
0.01 g of sodium chloride and 0.16 ml of PS were further added (with stirring) to prevent 
gelatin layer crystallization and breaking. The preparation of photo-meltable gel (PMG) 
is concluded by adding 20 µl of eosin (2% aq. sol.). Quantity of all added components is 
expressed per 1 ml of gelatin solution. Finally, the PMG solution was centrifuged (Cole 
Parmer 17250–10 at 3400 rpm/min) to remove all particulates and impurities.

A PMG layer was prepared by the gravity settling method i.e., by pouring a constant 
volume of the prepared solution onto precisely leveled and well cleaned microscope glass 
slide bounded by a Plexiglas frame. After gelation, layers were left in the dark overnight, 
under ordinary environmental conditions (T = 25 °C, RH = 50–60%). During that time, a 
certain amount of water evaporated from the layer, as verified gravimetrically. After reach-
ing the equilibrium value, the water content remains constant. The thickness of the dried 
layer depends on the amount of poured solution and can be chosen anywhere between sev-
eral tens of microns up to several millimeters or even centimeters. In our experiments, layer 
thickness was kept at 100 µm.

2.2  Direct laser writing system

We used a home-made laser writing device (Zarkov et al. 2012) operating at 488 nm laser 
(Toptica iBEAM SMART with a maximum power of 100 mW). The laser beam is focused 
by the long working distance objective (Mitutoyo, 20 × 0.42 NA). Compact, color scientific 
CMOS camera (Thorlabs CS505CU5 Megapixel), was used to position the PMG layer at 
the desired position with respect to the focal point. A coordinate stage (Ludl BioPoint2, 
resolution 50 nm, repeatability 2 µm) with G-code enabled Arduino microcontroller was 
used to move the layer with respect to the laser beam. G-code (a standard programming 
language for CNC machines (Walger et  al. 2020) was used to control movement with 
adjustable speed. Appropriate software was written to coordinate and synchronize the layer 
movement with laser switching and intensity adjustment.

2.3  Nonlinear microscopy of microoptical surfaces

To characterize the structure of microoptical components, we used a home-made nonlin-
ear microscope (NLM) (Rabasović et al. 2015) equipped with a femtosecond Ti: Sapphire 
laser (Coherent, Mira, 900F). The pulse duration is 160 fs with a 76 MHz repetition rate 
and average power of 100 mW. A galvo-mirror scanning system was used for raster-scan-
ning of the samples in a commercial microscope (Leica). In order to fill the entrance pupil 
of microscopic objective (Carl Zeiss, 20 × 0.8 air) the laser beam was expanded. A tube 
lens produces an image on the photomultiplier tube (PMT). Images were acquired and pro-
cessed using dedicated software. The spatial resolution of scanning system was 0.6–0.9 µm 
in lateral direction, while the axial resolution was 2.1 µm. The device turned out to be par-
ticularly suitable for analysis of generated microstructures due to its ability to “see” internal 
structure of the material. Here we used two-photon excited fluorescence (TPEF) modality 
of NLM, which was particularly suitable due to the large penetration depth of infrared exci-
tation beam and reduced laser damage. We were interested primarily in the surface shape 
of microoptical components when refraction effects do not introduce significant distortion.
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2.4  Thermal analysis of micro‑component manufacturing process

Throughout the research we used a thermal imaging to monitor thermal effects of the laser 
radiation during micro-component manufacturing. A commercial thermal camera (FLIR 
A65) with 640 × 512 pixels spatial resolution, 30 fps speed, thermal resolution/NETD 50 
mK and 7.5–13 µm spectral range was utilized to record temperature and its spatial distri-
bution. We used an additional IR (ZnS) lens, placed in front of the germanium camera lens, 
to further magnify the thermal image of a laser-melted zone.

2.5  In vitro biocompatibility testing

Cytotoxicity of  tested PMG was determined on spontaneously immortalized keratinocyte 
cell line (commonly referred as HaCaT) using crystal violet assay as described previously 
(Stojković et al. 2020) with some modifications. A high capacity to differentiate and pro-
liferate in vitro makes HaCaT cell lines extremely useful for the purpose (Schürer et  al. 
1993)). HaCaT cells were grown in high-glucose Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 1% 
penicillin and streptomycin (Invitrogen), at 37 °C in a 5%  CO2 incubator. Forty-eight hours 
before treatment, cells were seeded in a 96-well microtiter adhesive plate at a seeding den-
sity of 4 ×  103 cells per well. PMG was dissolved in 0.01 mM PBS to a final concentration 
of 8 mg   mL−1. After 48 h, the medium was removed and the cells were treated for next 
24 h with various concentrations of the dissolved gel in triplicate wells. Subsequently, the 
medium was removed; the cells were washed twice with PBS and stained with 0.4% crystal 
violet staining solution for 20 min at room temperature. Afterwards, crystal violet stain-
ing solution was removed; the cells were washed in a stream of tap water and left to air 
dry at room temperature. The absorbance of dye dissolved in methanol was measured in 
a plate reader at 570  nm  (OD570). The results were expressed as relative growth inhibi-
tion  (GI50) rate (%) indicating 50% inhibition of proliferation of HaCaT cells when com-
pared with untreated control. Experiments were performed in triplicate for each concen-
tration of the samples and three independent experiments were performed. The criterion 
used to categorize the antiproliferative activity of PMG to HaCaT cell line was as follows: 
 IC50 ≤ 20  µg   mL−1 = highly cytotoxic,  IC50 ranged between 31 and 200  µg   mL−1 = mod-
erately cytotoxic,  IC50 ranged between 201 and 400  µg   mL−1 = weakly cytotoxic, and 
 IC50 > 401 µg  mL−1 = no cytotoxicity (Stojković et al. 2020).

3  Results

3.1  Material characterisation

PMG is designed to be sensitive to the wavelength of the laser used in this research 
(488 nm) in order to enable photo-induced melting. The focused laser beam locally heated 
the PMG above its melting temperature and surface tension produced a concave dip. 
The process was observed using a thermal camera. Temperature field is localized to the 
vicinity of a laser beam. Within 1/5  s, the temperature reaches a maximum and decays 
in spite of the material being still irradiated. This is due to the bleaching of eosin and the 
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corresponding reduced absorption. This is associated with the layer turning transparent 
instead of red.

As can be seen in Fig. 1a (recorded using TPEF), the laser-produced shape is a concave 
asphere, while its diameter and optical characteristics depend on the laser power, irradia-
tion time and the laser beam size (Fig. 1b). The surface of the dip is quite smooth (rough-
ness is of the order of few nanometers) and can be faithfully approximated with a cubic 
polynomial, as verified by atomic force microscopy. As a result, the dip acts as a high-
quality negative-power microlens (Krmpot et al. 2013).

The sensitivity threshold for a 100  µm thick PMG layer is  104  W/cm2, which we 
achieved with only 7.5 mW of laser power. This limit depends on the layer thickness, PS 
and dye concentrations, focus depth. It is important to mention that layer is also sensitive 
below 7.5 mW, but the material is only bleached (without lens formation).

As can be seen, exposure and bleaching are intertwined. We have observed the process 
by measuring the decrease of PMG fluorescence during irradiation i.e., energy absorbed by 
the material is dissipated through fluorescence (see Fig. 2). As a consequence, after a cer-
tain irradiation time, the layer bleaches so much to drop the temperature below the melting 
point. In that case, material cannot remain liquid and “freezes” its lens-like shape.

We have developed a simplified thermal model which describes temperature T and its 
dependence on initial temperature T0:

The model includes constants A, B and C which depend on PMG layer properties: con-
ductivity, specific heat and thickness. Additional constant K describes bleaching speed, 
while m is mass of the irradiated gel and c is specific heat (see Appendix).

Calculations have shown close correspondence with experimentally recorded tempera-
ture variation (compare Fig. 3a and b) and correctly describe initial temperature rise with 
subsequent exponential temperature drop (Eq. 1).

It is important to note that if the laser radiation is too intense it might occur that material 
can be bleached to fast so that melting temperature cannot be reached. We have experimen-
tally observed this particular behaviour, which leaves material bleached without microlens 
being produced.

(1)T = T
0
+

A

Kmc
+

B

C − A
⋅ exp(−At) −

(

B

C − A
+

A

Kmc

)

exp(−Ct)

Fig. 1  a 3D image of a microlens 
shape recorded by NLM, b Opti-
cal microscope image showing 
how the size of a microlens 
strongly depends on the size of 
the laser beam.
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That is why we were forced to closely control the exposure in order to preclude this 
kind of memory effect. The effect is important if optical micro-components are too 
close, because the first one bleaches a certain space in its vicinity. If we try to write the 
next micro-component, exposure must be increased to compensate for a significant drop 
of absorption due to bleaching.

However, in the following we describe how more complex surface shapes can be 
manufactured by carefully controlling the laser focal position, beam pattern and expo-
sure. We have manufactured good quality positive microlenses by making an arrange-
ment six polygonally positioned spots. The material left in the center of a polygon 
acqures spherical surface which acts as a positive (convex) microlens. This can be seen 
in a NLM image of a material (Fig. 4).

Fig. 2  Bleaching of material 
observed as a decrease of fluores-
cence intensity under irradiation 
with 0.05 mW focused laser 
beam. Fluorescence decay is 
represented on the linear scale. 
The same graph, presented on 
a logarithmic scale, is shown in 
the inset

Fig. 3  a A temperature profile during constant-power irradiation (5 s, 15 mW laser power) of PMG layer, 
recorded by a thermal camera. Temperature decreases due to bleaching of eosin. After turning the laser 
off, temperature quickly drops to that of the environment. b Theoretically calculated temperature variation 
(using Eq. 1).
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We were able to efficiently manufacture arrays of microlenses (Fig. 5a) with rather good 
imaging properties (Fig. 5b and c).

The best results were obtained with the octagonal arrangement of dots. Their radius of 
curvature and the corresponding focal length can be controlled by the diameter of a poly-
gon (Fig. 6). We have measured the spatial resolution of the PMG layer by writing a series 
of gratings and found that we can manufacture up to 120 lp/mm.

3.2  Positive and negative microlenses for security

Microlenses have significant security applications for document protection (Walger et al. 
2019, 2020; Seidler et al. 2014). In standard implementation, their effectiveness is based on 
Moiré effect between a microlens array and a, suitably designed, micro-pattern or another 
microlens array. Superposition of two overlaid arrays produces dynamic effects similar to 
holograms – i.e., the resulting image varies with respect to observation direction.

Fig. 4  A NLM image of a 
positive microlens produced by 
irradiating the PMG layer at the 
vertices of an octagon. 3D view 
together with its orthogonal cross 
section (inset) is shown

Fig. 5  a Reflection image of an array of 3 × 3 positive power microlenses produced by irradiating PMG 
layer at the vertices of an octagon, b Transmission images produced by the array, c A resolution chart as 
seen through the microlens
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Difficulty of counterfeiting such a pair of arrays stems from tight tolerances of micro-
lens parameters and the necessity of their strict alignment. While this seems to be an 
attractive security feature it is technologically complex to achieve in practice. That is 
why the corresponding technologies are economically viable only through mass produc-
tion (usually by printing or embossing). Production of individualized, unique, hard-to-
copy security elements is thus difficult and impractical.

Here we show that the technology presented here offers another way to produce 
unique security elements quickly and easily (on the fly) by changing microlens param-
eters (position, sag, diameter, focal length, mutual position). We demonstrate the princi-
ple by producing a microlens-based QR-code (see Fig. 7(a) and (b)).

Each dot of a standard 21 × 21 QR-code is a negative microlens, except for one or 
several selected, which are a positive. Security features are focal lengths of individual 
microlenses (either positive or negative) of a QR-code.

Focal length of each microlens is revealed by placing a closely positioned micro-
sized object while detecting the size of its image. Here we used a butterfly wing scale as 
such object, positioned on the other side of a microlens substrate. Due to the wide view 
field of negative microlenses, image of an object is seen across several microlenses in 
shifted positions – yet another, difficult to copy, feature (Fig. 7(c) and (d)).

Fig. 6  A linear relation between 
the microlens radius of curvature 
and the diameter of a polygonal 
arrangement of dots

Fig. 7  a, b A microlens-based QR-code in two focal positions. c An image of butterfly wing scale observed 
through one of a QR-code lenses. d Multiple images of butterfly wing scale from Fig. (c) produced by QR 
code microlenses.
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3.3  In vitro cytotoxicity of hydrogel samples towards HaCaT cells

Cytotoxic effects of PMG were investigated using HaCaT cell culture. To evaluate the cyto-
toxic effect of the PMG dissolved in 0.01 mM PBS on HaCaT cells, the crystal violet assay 
was performed. Relative growth rate of HaCaT cells in the presence of different concentra-
tions of tested sample compared to untreated control is presented in Fig. 8. Tested sample 
was evaluated as non-toxic to the HaCaT cell line with respective  IC50 values of ˃ 400 mg/
mL, a concentration which is considered as the limit of toxicity (Stojković et al. 2020).

4  Discussion

Microlens fabrication enables efficient control of each individual microlens by controlling 
a number of process parameters: laser beam size, shape, power, angle, speed and exposure, 
as well as physical/chemical properties of the PMG layer. There are certain limitations, 
drawbacks and possibilities which will be discussed in this section.

Manufacturing speed of microlenses is limited by the laser energy density (determined 
by the laser power and focal point size), absorbance, viscosity and surface tension of 
melted gel. This is a complex process difficult to model in a simple way. However, we were 
able to find appropriate conditions experimentally. Laser powers above 7.5 mW and expo-
sure times longer than 100 ms gave us complete control of the process and production of 
predictable lens size and profile.

The material is soft and elastic due to the presence of a plasticizer. Its stress–strain 
behavior depends on the PS concentration, as shown earlier in the case of commercial 
tot’hema, when the corresponding Young’s moduli were between 1 and 10 MPa (Murić 
et al. 2013). Also, for high-concentration (30%) of tot’hema, more than 200% elongation 
was achieved. In the case of PMG, the above properties are retained. Elasticity and stretch-
ability can be utilized to manufacture tunable optical components.

On the other hand, the softness makes material sensitive to mechanical scratching and 
damaging. That is why it must be protected by an additional mechanically resistant layer. 
Alternatively, the material can be hardened by simply placing in water to let plasticizer dif-
fuse out.

We observed the layer’s surface under the polarizing microscope and noticed that there 
were no internal, residual stresses (material is homogeneous).

Fig. 8  Relative growth rate of 
HaCaT cells in the presence of 
different concentrations of PMG
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The material remains photosensitive for a long time even if exposed to normal lab-
oratory conditions. Its shelf life is mainly determined by slow evaporation of water 
and photo-bleaching of sensitizer. If the atmosphere is too dry, concentration of water 
diminishes and constituent chemicals start crystallizing and the layer attains a milky 
appearance. In that sense, it is preferable to keep material in a humid and light-tight 
container. From the practical experience, material processing can be performed under 
normal lighting without special precautions or dimmed light. However, we have a few 
years old gelatine layers, stored under normal laboratory conditions, which are still pho-
tosensitive and we were able to produce good quality microlenses. They are very stable, 
too, and the image quality remains constant during many months and even years under 
normal conditions. Of course, material has to be protected from scratches and dust as in 
the case of all the other optical surfaces.

The material presented here is not unique. Instead of eosin, we have tried gelatin 
sensitization with several natural fluorophores: anthocyanin, betanin and several other 
food dyes with excellent results. Additionally, we have tried other gels based on chi-
tosan and pectin with very promising results. That is why we can claim that many other 
gels, humectants and sensitizers can further enhance microlens production speed and 
surface quality.

Depending on how material is prepared, buckling induced by evaporation of solvent 
produces unpredictable surface pattern. Even then, re-melting of material by the laser beam 
flattens the surface and produces good optical components. As a result, a combination of 
random buckling surface structure and regular optical components produce uniquely and 
nonreproducibly complex security features.

Yet another possibility stems from photo damage of the material, which occurs above 
certain power density threshold. In that case, material carbonizes, producing strongly local-
ized damage zone in a center of the laser spot. Interestingly, this does not preclude micro-
lens imaging, but adds a new feature to a security component.

Here we emphasize that the technology described here is neither additive nor subtrac-
tive because no material is added or removed. It is important to note that all the substances 
used are not volatile and the melting temperature of the material is below 50 °C, so that 
water evaporation is negligible. However, do to the melting, surface tension compresses 
and densifies the material. This is witnessed by the increased intensity of fluorescence at 
the circumference of the cavity. That is why the volume of the laser-induced dip is larger 
than the volume on the edge (Murić et al. 2009).

The material is complex mixture of nontoxic chemical aiming to fulfill several require-
ments: preventing crystallization, retention of constant amount of water, reducing the melt-
ing point of the gel, to enable efficient flow during laser melting, retaining plastic and elas-
tic properties of the material, increasing the laser energy absorption. Proper composition 
was found experimentally and found to be stable before and after microlens fabrication.

Material has certain drawbacks too. It is soft, and can be easily damaged if unprotected. 
On the other hand, this property can be used to detect tampering and produce tamper sensi-
tive tags. Material surface is sticky and dust particles easily adhere to its surface. There-
fore, cleanliness is important factor in practical usage of the material.

We used gelatin as a base material, but the working principle is universal and can be 
applied to any material which can be locally melted, without damage on a sufficiently low 
temperature (preferably below 100 °C). In that respect we tested chitosan, too with quite 
good results which will be presented in the future publications.

Applications are not limited to microlenses and arbitrary structures can be manufactured 
such as microchannels, diffraction gratings, holograms (see Fig. 9).
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5  Conclusions

We have presented a new, gel-based, material suitable for the fast and efficient genera-
tion of a wide range of microoptical and micromechanical components.

There are several advantages of the proposed method:

– Cheap lasers can be used as long as they have a circular laser beam profile and 2% 
power stability within the millisecond time interval.

– Chemicals used to produce the PMG are non-poisonous at the stated concentrations, 
as verified by biocompatibility tests.

– Fabrication time is fast enough to enable rapid prototyping of on-demand compo-
nents.

– A variety of optical and micromechanical components can be fabricated within a 
single manufacturing operation.

– Components require no further processing and can be used immediately following 
fabrication.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11082- 022- 03681-0.
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Abstract: There is an abundance of plastic materials used in the widest range of applications, such
as packaging, machine parts, biomedical devices and components, etc. However, most materials
used today are non-decomposable in the environment, producing a huge burden on ecosystems. The
search for better, safer alternatives is still on. Here we present a detailed analysis of a simple, cheap,
non-toxic, even edible, eco-friendly material, which can be easily manufactured, laser patterned
and used for the fabrication of complex structures. The base substance is gelatin which is made
photoresponsive by adding plasticizers and sensitizers. The resulting films were analyzed with
respect to their optical, thermal and mechanical properties, which can be modified by a slight
variation of chemical composition. The material is optimized for rapid laser-manufacturing of elastic
microstructures (lenses, gratings, cantilevers, etc.) without any waste or residues. Overall, the
material properties were tailored to increase photothermal responsivity, improve the surface quality
and achieve material homogeneity, transparency and long-term stability (as verified using electron
microscopy, infrared spectroscopy and differential scanning calorimetry).

Keywords: gelatin; bio-eco-polymers; physicochemical properties; optical elastomers; rapid laser
printing; microstructures

1. Introduction

The mechanical strength, low production cost and manufacturability of petroleum-
based plastics established them as the most popular packaging materials [1]. Unfortunately,
their non-biodegradability makes them an important source of pollution [2]. The ecological
impact of petroleum-based plastics has accelerated the worldwide interest in biodegradable
polymers from renewable resources. Despite the great potential of biodegradable polymers
to solve the problem of plastic waste, they are rarely used, considering that their production
is relatively expensive and they do not possess all the other properties (e.g., mechanical,
optical, and electrical) required by various end-applications [3]. Additionally, such ma-
terials may have quite variable properties. For example, tensile strength, strain at break
and elasticity (Young’s modulus) depend on the raw material source, additives, molecular
structures, etc. [4,5].

A good example of a natural biodegradable polymer from renewable resources is
starch which is inexpensive, readily available and biodegradable. However, its mechanical
strength is strongly modulated by its moisture sensitivity while being difficult for thermal
processing (it thermally decomposes before being melted). To modify these characteris-
tics, starch is blended with other polymers [6–8]. Unfortunately, these blends can affect
biodegradability. Furthermore, there is a direct relationship between the starch-based
bioplastic properties and different starch botanical sources. Namely, the amylose and
amylopectin proportion, which depends on starch biosynthesis enzymes, soil type, and
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climatic conditions during plant growth, strongly influences the bioplastic gelation temper-
ature and mechanical and rheological properties [9]. Nevertheless, significant research and
technological work invested in the development of starch-based polymers in the packaging
sectors of food, cosmetics, pharmaceuticals, etc. [10–12].

Gelatin, yet another biocompatible and biodegradable polymer, is widely used in
photography, food, pharmaceutical, biomedical and many others applications [13–17]. It
has poor mechanical properties that limit its potential applications. A variety of chemical
agents (formaldehyde, epoxy, glutaraldehyde and some others) are capable of crosslinking
gelatin, consequently overcoming the brittleness of gelatin films, improving its flexibility,
reducing the degree of swelling and enhancing its thermal stability. Glutaraldehyde [18] is
usually used but is being replaced with genipin because of its lower cytotoxicity [19,20].

Besides gelatin, many other natural polymers (such as albumen, alginate, cellulose,
chitosan, pullulan, etc.) can be used too [21,22]. We emphasize that the photoresponsiveness
and photosensitivity of most materials stem from harmful and poisonous chemicals (such
as dichromate compounds).

Also, gelatin is often mixed with other substances, e.g., chitosan, poly(vinyl alcohol),
alginate and carbon nanotubes. These hybrid materials are specifically of interest in
biomedicine for drug delivery, wound healing, cell culture and tissue engineering [23–25].

Gelatin hydrogels are photosensitized by various dyes, making them suitable for laser writ-
ing of microstructures (such as microfluidic channels, microlenses, micro-optoelectromechanical
systems (MOEMS), lab on a chip, etc.) intended for a wide variety of applications [26–28]. Gelatin
was widely used previously in optics, primarily as a photosensitive material for holography.
Photo-crosslinking was achieved by adding ammonium dichromate or potassium dichromate,
which resulted in holograms of excellent quality. It is known that gelatin doped with ammonium
dichromate (dichromated gelatin—DCG) represents an almost ideal high-resolution holographic
photosensitive material [29]. Additionally, DCG can be used as a material for the production of
micro-optical components [30,31]. Most of them are toxic, difficult to manufacture and require
complex chemical postprocessing. Various silicate-based materials (silicones, silica glass, etc.)
were used for the fabrication of micro-optical components [32,33]. Compared to gelatin, they
have higher thermal and chemical stability, but the fabrication processes are manly complex,
multistep, time-consuming and costly, frequently including the use of poisonous chemicals.

Emerging applications in biomedicine, micro-mechanics, micro-optics, energy storage,
and sensors require new materials, simultaneously possessing advanced optical, electro-
chemical, mechanical and biological properties [34–36]. Previously, we have described
photosensitive tot’hema-gelatin as a good candidate material for applications requiring real-
time manufacturing of micro-optical and micro-mechanical components [37–40]. Gelatin
was modified with a complex aqueous mixture of various salts, plasticizers, humectants
and preservatives (commercially sold under the trade name tot’hema, which is used to treat
iron anemia). The material is simple to prepare, low-cost, non-toxic, biodegradable and
can be patterned by direct laser writing (DLW—widely used non-contact high-precision
processing technique [41,42]). Here, a variety of micro-optical and microfluidic structures
were fabricated using DLW, and threshold laser energy was established. This kind of
microprocessing is neither additive nor subtractive as the material is only redistributed
without any waste.

Therefore, in order to fully explore and optimize the capabilities of tot’hema-gelatin
films for real industrial applications, the physicochemical characteristics of the film were
studied in more detail and disclosed in this paper. We correlated the applied concentration
of tot’hema with the film properties, such as color, thickness, light transmission, mechanical
(tensile strength, elongation at break and Young’s modulus), thermal properties, moisture
content, swelling, the functional group on the film surface as well as surface morphology.
These properties are essential for establishing optimal conditions of material used as an
elastomer for adaptive, rapid prototyping of micro-optics and micro-mechanics.
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2. Materials and Methods
2.1. Materials

All chemical components were analytical grade, well known, easily available, cheap
and non-toxic. Commercial gelatin from bovine skin (gel strength ~225 g Bloom, Type B)
and NaCl (puriss, p.a.) were purchased from Sigma Aldrich. Tot’hema, an oral solution for
the treatment of human anemia, was manufactured by Laboratoire Innotech International,
France. According to the manufacturer’s data [43], this is a complex water solution of
gluconate (iron, manganese and copper) and excipients (glycerol, glucose liquid, saccharine,
citric acid, polysorbate 80, etc.). Saline solution was purchased from Hemofarm (Serbia).

2.2. Film Preparation

A 5% water solution of gelatin with added NaCl (20% by weight of dry gelatin)
was prepared as described in previous papers [37,38]. The tot’hema (ranging from 0% to
30% v/v) was mixed with gelatin solution by a magnetic stirrer. The series of five solutions
(denoted as TG_X, where the letter X indicates the tot’hema percentage in solution) were
prepared and centrifuged in order to remove all remaining impurities.

TG_X films were prepared by the gravity settling method [39]. Namely, the accurately
measured volume of TG_X solution was pipetted onto a very clean, horizontally leveled
microscope glass slide and dried in a stable environmental condition over the night.

2.3. Mechanical Properties

A film thickness was determined using a digital micrometer (an accuracy of 0.01 mm)
at eight randomly selected points in the center and edges of the films. Measurements were
averaged and taken as the film thickness.

The surface morphologies of the tot’hema-gelatin films were analyzed using a high-
resolution scanning electron microscope equipped with a high brightness Schottky field emission
gun (FEGSEM) and using non–contact profilometry (3D optical surface profiler—Zygo New
View 7100).

The mechanical properties of the films were determined using a tensile testing machine,
at a strain rate of 20 mm/min, as previously described for photosensitive tot’hema-gelatin,
with minor modifications [44]. The dried film was cut by a brass mold, designed accord-
ing to the ASTM standard [45], into a dog-bone-shaped specimen (see Figure 1). Three
measurements were made for each film, and the average value was calculated. The tensile
strength, elongation at break and Young’s modulus were determined.

Figure 1. Optically transparent TG_20 film is used for tensile testing with dimensions according to
the ASTM standards (gauge length 25 mm, width 6 mm).

2.4. Optical Properties

The transmittance of the TG_X films was analyzed using a fiber-type spectrometer
(Ocean Optics) with a tungsten-halogen light as an illumination source in the wavelength
range from 200 nm to 800 nm at room temperature.

A home-made direct laser writing system was used to fabricate microfluidic, micro-
mechanic and micro-optical components on tot’hema modified gelatin film. A laser beam
(488 nm wavelength, up to 100 mW power–iBEAM SMART, manufactured by Toptica)
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was focused through the long-working-distance microscope objective. The samples were
mounted on an xyz-coordinate stage to enable precise movement of the material along
with the arbitrary pattern. The system was computer-controlled using G-code (standard
programming language for CNC machines). More details about the system are given in a
previous publication [46].

2.5. Physicochemical Properties

To determine how the number of water changes during the drying–dehydration of
the film, the water content (WC) was measured. The TG_X films were weighted (w1),
then dried for 24 h at normal laboratory conditions, and weighted again (w2). The WC
for each film was determined as an average value of three measurements by the equation:
WC(%) = [(w1 − w2)/w1]·100 [47].

In order to determine the influence of tot’hema concentration on the film swelling,
TG_X films were immersed in saline solution for different intervals at laboratory conditions.
Wet, swollen samples, after wiping with filter paper to remove excess liquid, were weighted
again (ww). The swelling factor (SF) of the films was calculated as the average value of three
measurements by the equation: SF(%) = [(ww − wd)/wd]·100 where (wd) corresponds to
the weight of TG_X films before immersion [48].

Functional groups on the films were inspected by Fourier transformed infrared (FTIR)
spectroscopy. The spectra were recorded on a Nicolet iS10 FTIR Spectrometer (Thermo
Scientific Instruments) equipped with an attenuated total reflectance (ATR) accessory.
ATR/FTIR measurements were done in the wavenumber interval from 500 to 4000 cm−1

with a resolution of 4 cm−1.
The thermal stability of the films was analyzed by differential scanning calorimetry

(DSC). An amount of about 2.5 mg of each film sample was packed in an aluminum pan
(30 µL). The pan was sealed and analyzed using a DSC 131 EVO (SETARAM Instrumenta-
tion) differential scanning calorimeter previously calibrated with indium. An empty sealed
pan was used as a reference. Both pans were placed in a chamber under the nitrogen flow
of 20 mL/min, kept at 20 ◦C for 5 min and subsequently heated from 20 to 250 ◦C with
a heating rate of 10 ◦C/min. To construct a baseline, two empty pans were placed in the
chamber and measured under the same experimental conditions. The baseline subtraction
was performed using the CALISTO Processing software (SETARAM Instrumentation).

3. Results

The pure gelatin film (TG_0) has a uniform, relatively smooth and flat surface, which
indicates that the gelatin has a good film-forming ability. We have found that there is no
noticeable difference in the gelatin film surface after tot’hema adding. Films still keep a
rather smooth, uniform and homogeneous surface (without pores or cracks), indicating that
there is good compatibility between tot’hema and gelatin molecules. Smoothness remains
high after laser processing, as verified by SEM analysis of hexagonal concave microlenses
array fabricated on photoresponsive tot’hema-gelatin film (Figure 2a). The lens-shaped dip
is very symmetric (verified by the concentric shape of the corresponding interferogram in
Figure 2b), and its roughness is of the order of several tens of nanometers (see Figure 2c).
This makes photoresponsive tot’hema-gelatin an excellent material for the fabrication of
micro-optical components.

To study mechanical properties, equal volumes of solution were used to prepare all
TG_X films. An increase in tot’hema concentration resulted in the film thickening from
25 µm (pure gelatin) to 200 µm (30% of tot’hema) as a result of the plasticizer’s interaction
with the polymer chains. Tot’hema added to gelatin increases the distance between protein
chains, increasing the film thickness. It can be noticed that the highest tot’hema concen-
tration (30%) results in the thickest film due to the fact that most tot’hema ingredients are
hydrophilic molecules that retain water and further increase the film thickness. Moreover,
increased tot’hema content in gelatin film decreases the stress at break (reaching a minimum
of 0.72 MPa at 30% of tot’hema) and increases the strain at break (turning tot’hema-gelatin
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into an elastomer—maximum elasticity of about 220% was obtained). Mechanical proper-
ties of TG_X films, as a function of the concentration of tot’hema, are summarized in Table 1.
The tot’hema addition (which is a mixture of different plasticizers and humectants) to the
gelatin matrix improves the film flexibility and, consequently, makes it less rigid. Namely,
glycerol is well known as a plasticizer. As a hydrophilic molecule with low molecular
weight, glycerol can easily fit into protein chains creating hydrogen bonds [49]. Further-
more, tot’hema provides additional mobility of protein chains by increasing their distance,
influencing a significant decrease of Young’s modulus of elasticity, from 1933 MPa for pure
gelatin (TG_0) to 948 MPa for the 5% tot’hema concentration (TG_5). As the tot’hema
content increases further, Young’s modulus value decreases even more (see Table 1). As
demonstrated, the TG_30 film has Young’s modulus of 0.32 MPa (which is very close to
0.35 MPa for PDMS), making it suitable for contact copying. Elastic properties of TG_X
films are very important for the production of adaptive micro-optical components.

Figure 2. (a) SEM image of hexagonal microlenses array; (b) Interference fringe pattern of a microlens;
and (c) 2D surface profile of a microlens.

Table 1. The film thickness, stress at break, strain at break and Young’s modulus.

Film Tot’hema (%) Thickness (µm) Stress at Break (MPa) Strain at Break (%) Young’s Modulus (MPa)

TG_0 0 25 ± 10 58 ± 1 2 ± 0.1 1933 ± 40
TG_5 5 35 ± 10 37.92 ± 0.76 4 ± 0.2 948 ± 10
TG_10 10 50 ± 10 4.89 ± 0.10 40 ± 2 12.23 ± 0.06
TG_20 20 100 ± 10 1.71 ± 0.03 140 ± 6 1.22 ± 0.02
TG_30 30 200 ± 10 0.72 ± 0.01 224 ± 10 0.32 ± 0.01

Results are expressed as mean value ± standard deviation.

The change of color and transparency of the films varied from transparent (pure
gelatin) and slightly yellow to yellow with increasing tot’hema content (see Figure 3).

Figure 3. Colors of TG_X films − (gelatin with 0%, 5%, 10%, 20%, and 30% of tot’hema).

The corresponding spectral light transmittance of the TG_X films as a function of
wavelength is presented in Figure 4. Light transmission (in the visible range of 350–800 nm)
of the pure gelatin (TG_0) film was above 80%, and the transmission increased with
increasing wavelength (see Figure 4). By adding tot’hema, a layer is transformed into a
spectral filter whose characteristics strongly depend on the concentration. In all cases, UV
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radiation is strongly suppressed, making tot’hema-gelatin films an excellent filter for UV-
sensitive applications. As we see, pure gelatin film transmits light very well at wavelengths
from 350 nm to about 800 nm, but this can be changed at will using appropriate colorants.

Figure 4. Spectral transmittance of the TG_X films (X− 0, 5, 10, 20, and 30% of tot’hema).

It was noticed that, after the initial rapid decrease of water content for all TG_X films
during the drying process (see Figure 5a), the water content remains constant after 24 h
of drying. After that, all the other properties remain stable, and the film is ready for
further use (e.g., direct laser writing). Pure gelatin film had the lowest water content that
exponentially increased with tot’hema content (see Figure 5b). This behavior is consistent
irrespective of film thickness. The increase in water content in the presence of a tot’hema
can be attributed to the additional hydrogen bonds formed between water molecules and
gelatin chains. Water content can influence the physical properties of films (low-humidity
films are generally stiff, while films with increased humidity are flexible and malleable).
However, relatively high water content does not necessarily mean better physical properties
in films [50] but makes the material suitable for a range of applications in biomedicine.

The influence of tot’hema concentration on the swelling of TG_X films during 1 h, 4 h
and 24 h are shown in Figure 6.

The longer the film is immersed in the saline solution, the higher swelling (without
deterioration) was observed (after 24 h, the film is fully saturated). Water content and
swelling factor of the films were correlated. Opposite to the water content, the film swelling
(see Figure 6) decreases with increasing concentration of tot’hema: pure gelatin film has
the highest swelling factors (around 220%), while the tot’hema addition reduces the film
swelling. This might be due to the limited spaces in film (gelatin network) for absorbing
water as already occupied by tot’hema (plasticizer) molecules. The lowest swelling factor
for TG_30 is correlated with the largest water amount in the film. Namely, in contact
with the film, water diffuses into it, which results in the movement of polymer chains,
incorporating between them and the dissolving of added ingredients. In this way, swelling
enhances the release effect of some ingredients added to the film, which later diffuse into
the system, manifesting different roles (for example, protective) [51].
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Figure 5. (a) Influence of drying time on the water content of TG_X films (X − 0, 5, 10, 20, and 30% of
tot’hema); (b) The equilibrium water content as a function of tot’hema concentration.

Figure 6. TG_X film (X− 0, 5, 10, 20, and 30% of tot’hema) swelling (during 1, 4 and 24 h) as a function
of tot’hema concentration.

FTIR analysis was performed to study the interactions between tot’hema and gelatin
matrix, i.e., to illustrate possible conformational changes in the gelatin films containing
tot’hema. FTIR spectra of TG_X films are presented in Figure 7. A wide band in the range
of 3500–3000 cm−1 can be attributed to O–H stretching and N–H bending, which are able
to form a hydrogen bond with the carbonyl group of the peptide bond in the gelatin, as
suggested by a literature review [52,53].



Polymers 2022, 14, 2350 8 of 14

Figure 7. FTIR spectra of TG_X films (X− 0, 5, 10, 20, and 30% of tot’hema).

The FTIR spectrum of the pure gelatin film contains characteristic peaks at 3297 cm−1

and 2963 cm−1, which can be attributed to –OH and –CH vibration stretching peaks.
Further, it showed the characteristic amide I, amide II and amide III bands [54]. It is
observed that the main absorption of the gelatin film such as C=O stretching at 1629 cm−1

(Amide I), N–H bending at 1542 cm−1 (Amide II), C–H deformation at 1403 cm−1, and C–N
stretching (Amide III) at 1237 cm−1 remains present in all films.

Compared to pure gelatin film, it was noticed that there are no new peaks in the
spectrum of TG_X films. At the same time, the addition of tot’hema caused noticeable
changes in the intensity of the Amide I, Amide II, and Amide III band. The peaks char-
acteristic of C–H stretching of CH2 and CH3 at 2963 cm−1 and 2876 cm−1 in TG_X films
vary significantly in intensity relative to the TG_0. Further, there is a slight shift in the
peak’s position, which can be explained by the formation of hydrogen bonds. The shift
of these bands to a lower wavelength can be explained by the crosslinking between the
components of TG_X films. These data indicate that the polar groups of tot’hema solution
interact with the amino acids of the protein chains via inter-and intra-molecular hydrogen
bonding and hydrophobic interaction. Therefore, tot’hema adding does not change the
chemical composition of gelatin, but it changes the structure of gelatin due to intermolecular
hydrogen bonding.

DSC is used to establish thermal stability due to changes in the physical and chemical
properties of a material as a function of temperature or time [55]. It is well known that
heat can cause structural transitions in protein networks that break chemical bonds [56].
The thermal properties of the film are closely related to their applications. The DSC
thermograms of the TG_X films up to a temperature of 250 ◦C are shown in Figure 8.
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Figure 8. DSC curves of the TG_X films (X− 0, 5, 10, 20, and 30% of tot’hema). Tg and Tm − Endother-
mic peaks (denoted for pure gelatin film −TG_0) represent glass transition and melting temperature,
respectively.

The first endothermic peak of pure gelatin film (TG_0) is recorded at a temperature
of about 40 ◦C (see Figure 8). This endothermic peak represents glass transition (Tg) and
is attributed to the transition from the glassy state to rubber. The endothermic peak that
follows Tg, at a temperature around Tm≈70 ◦C is attributed to the melting and dissociation
of arranged polymer parts. Some authors attribute this peak to the overlap of various
processes such as the water evaporation, melting and recrystallization of small and/or
imperfect gelatin crystals [57,58].

It was found that the peak temperatures and the enthalpies of these endothermic
processes depend on the film preparation and drying conditions [57]. The endothermic
peak at about 160 ◦C represents the gelatin decomposition temperature. It was observed
that by adding and increasing the tot’hema content, the endothermic peaks become sig-
nificantly wider and larger than that of the pure gelatin film. In addition, DSC analysis
demonstrated that tot’hema addition, depending on its content, improves gelatin thermal
stability. The melting temperature (Tm) increased when compared to pure gelatin film for
all concentrations of tot’hema. Tm is typically associated with thermal stability: a high
value of Tm corresponds to high thermal stability. It is already established that the thermal
stability of polymers is related to crosslinking density [59]. In Figure 8, it is noticed that pure
gelatin film (TG_0) has the lowest melting temperature (Tm). This temperature increases
after crosslinking gelatin by tot’hema. The highest value of Tm was obtained for TG_5 film,
while the Tm for films prepared with 10–30% of tot’hema show lower values. This behavior
is attributed to the hydrophobicity of the gelatin molecular structure resulting from the
addition of a large quantity of tot’hema. The improved thermal stability of TG_X films
indicates that the temperature range of the use has been extended to about 100 ◦C, which is
very important for practical applications.

To summarize—tot’hema is added to gelatin in order to increase the light absorption,
modify its melting temperature and make it permanently elastomeric. Tot’hema concentra-
tion was optimized in order to make a compromise between gelatin thermal (e.g., melting
temperature), mechanical (flatness) and optical (transparency) properties.



Polymers 2022, 14, 2350 10 of 14

4. Discussion

The gelatin-based material described above has a number of useful optical, thermal
and mechanical properties, which can be modulated by slight variations of its chemical
composition. In this way, it becomes suitable for a range of applications, primarily dealing
with micro-mechanics, microfluidics and micro-optics.

The most important property is photo-responsiveness. The photoresponsivegelatin
studied here belongs to the class of waste and natural biopolymers (such as alginates and
eggshells already reported for the electronics industry [35,36]), which is very important
for developing non-toxic, eco-friendly materials. In contrast to the classical photosensitive
materials (for example, silver-halide films, photoresists, dichromatedgelatin), the response
of tot’hemamodified material is a consequence of physical, rather than chemical, processes.
Here, absorbed light locally heats the material above the melting point, and surface tension
pushes the fluidized layer, thus producing a dip (concave, lens-shaped recess), as can be
seen in Figure 2. After the light is turned off, rapid cooling “freezes” the surface shape.
Due to the low melting point of the gel (approximately 50 ◦C), the effect is easily achieved
by a few milliwatt laser beams and millisecond irradiation times. Depending on the focal
point size, micron-sized structures are easily formed. It is important to note that there is
no material ablation because the melting point is much higher, and the material is simply
displaced [60].

This makes the material extremely useful for rapid fabrication of micron-sized features
using direct laser writing (DLW)—see Video S1 in a Supplementary Material of this paper
demonstrating manufacturing of a complex array of microlenses. By controllably guiding
the laser beam across the surface, virtually any shape can be formed (see Figure 9), where
a rather complex microchannel structure (with three Tesla valves) is shown [61,62]. The
whole pattern was fabricated in less than a minute using a 488 nm laser with 10 mW power
(focused by 0.4 NA microscope objective).

Figure 9. Complex microfluidic channels, with three Tesla valves formed on a tot’hema-gelatin.

Physicochemical processes during interaction with light depend strongly on the laser
beam power and focus. The sensitivity threshold is reached at approximately 7.5 nJ/µm2 of
laser energy, which is easily achieved by focusing the laser beam through the long-working–
distance microscope objective (Mitutoyo 20×, 0.4 NA). By appropriately controlling the
laser beam size and power, irradiation time and writing speed, features can be fabricated
with characteristic widths between 10 µm and 1000 µm and depths up to several hundred
micrometers. By using high-power lasers, fabrication time can be significantly reduced
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to milliseconds for the fabrication of individual microlenses or seconds for more complex
structures like the one in Figure 9. Of course, the scanning speed of the laser beam must be
increased to prevent material destruction. In most cases, there is no postprocessing, so the
optical structures are usable immediately after fabrication.

We have mostly studied optical applications of the material [37,38], which simulta-
neously offers several key features—optical homogeneity, transparency, surface quality,
easy fabrication and environmental friendliness. We have found that tot’hema ingredients
mostly determine the material properties. As shown above, spectral absorption and melting
point enable tailoring of the material to efficiently absorb the DLW beam.

The concept of microfabrication using meltable gels can be easily extended by replac-
ing tot’hema with a suitable combination of plasticizers, humectants, preservatives and
sensitizing dyes (e.g., betanin, eosin, anthocyanin, etc.) to achieve improved character-
istics (faster melting, improved sensitivity, optical transparency after laser processing),
which we described elsewhere [37].In this way, we were able to fabricate a range of optical
components, such as diffraction gratings and arrays of positive and negative microlenses.

Gelatin-based materials are biocompatible, and additional chemicals used in this
research are non-toxic (even food grade), giving the advantage of quick and natural
biodegradability. We have covered a piece of the material with a few centimeters of
soil and found that it was completely absorbed, without a trace, within a few days. For
some applications, this might be a problem as we observed fungi growing on the material
after some time (several days). To prevent that, we added table salt (NaCl), which made it
durable and usable over a long period of exposure time to normal room conditions. Normal
laboratory conditions (humidity, temperature) do not affect the material properties, and
laboratory illumination does not diminish the material sensitivity (i.e., the material does
not have to be kept in darkness). Dust is the major problem because of the stickiness of the
film, and the material surface must be protected by an additional cover glass.

Softness is yet another possible disadvantage. Surfaces should not be scratched or
punched with hard objects as this will certainly damage the structure. On the positive
side, films can be easily cut, peeled from the substrate, stacked together and transferred.
Mechanical hardness can be further significantly increased by removing the plasticizer (by
submerging the films in cold water and letting the plasticizer diffuse out) or by hardening
(tanning) with, e.g., alum [63]. In addition, we have been able to use tot’hema-gelatin as a
template for contact copying into harder materials (epoxies, photopolymer composites).

The usable temperature range is limited by the melting point to somewhere between
50 ◦C and 100 ◦C, depending on tot’hema concentration. For the majority of applications,
this is quite satisfactory and makes the material usable in the widest range of applications:
lab-on-a-chip, sensors and micro-optics. We have also found that above the critical power
density of the laser beam, material locally carbonizes and can be used as a blocking filter [39]
and, possibly, as an electrical conductor.

Finally, the fabrication cost is really low. Materials used here are cheap and ubiquitous.
Most of them can be found in the kitchen, while the fabrication of layers is straightforward
and simple. Production methods are well known in the film industry and can be used both
in low-and large-scale production.

5. Conclusions

To conclude, here we disclosed an innovative combination of well-known substances
producing really versatile material for safe, real-time, low-cost, rapid microfabrication.
Physicochemical properties of the material have been thoroughly studied, aiming to es-
tablish operational limits and optimize properties for the desired application. Application
potential is high due to the simplicity of fabrication of highly complex structures, good
optical properties, and manufacturability by direct laser writing without any further post-
processing, micrometers resolution, elastomeric characteristics, environmental friendliness,
and non-toxic character—a rare combination of properties concentrated in a single material.
Elasticity, uniform and homogeneous surface and optical transparency were achieved,
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making the material suitable for the production of adaptive micro-optical components
and protective filters. The temperature range of the material’s applicability is extended up
to 100 ◦C.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14122350/s1, Video S1: Microoptics fabrication.
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