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Abstract: Holographic photopolymers are subject to extensive studies in recent years because they
are low-cost, easy-to-handle, self-processing materials, which have a number of advantages over
more traditional holographic materials. The development of low-toxicity photopolymers that are
environmentally friendly is highly desirable. The availability of low-toxicity photopolymers will
permit the mass production of commercial holograms without harm to the environment. This paper
reviews recent developments in low-toxicity water-soluble holographic photopolymers. A novel
composition for a water-soluble, low-toxicity photopolymer is described. This new holographic pho-
topolymer has 90% diffraction efficiency in the transmission mode of recording and 50% diffraction
efficiency in the reflection mode of recording. This photopolymer has all the necessary holographic
characteristics to make it very attractive for commercialisation. The optimised chemical composition
of the holographic photopolymer for the production of pressure sensors is addressed. A novel and
unique feature of this new material is its high sensitivity to pressure, which can be controlled by
changing its composition. Several promising environmentally friendly optical materials are being
developed for future holographic applications. The presented review of low-toxicity, water-soluble,
holographic photopolymers is the first of its kind. Thus, the importance of the review is twofold—it
helps contribute to the development of low-toxicity holographic photopolymers, and it provides
insight and new ideas for the development of water-soluble photopolymers for other applications.

Keywords: low-toxicity holographic photopolymers; photopolymer layers; pressure-sensitive films;
reflection holography; colour holograms; water-soluble polymers

1. Introduction

Dry photo-polymeric materials are attractive as holographic recording media. These
materials are self-processing and of low cost. There is a growing need for the production of
environmentally friendly holographic recording materials. This is the main reason for the
increasing efforts towards the development of non-toxic photopolymers in recent years.

The objective of this work is to present for the first time a review of water-soluble,
low-toxicity, holographic photopolymers.

Holographic photopolymers were first described in the late 1960s. At that time, they
were not good candidates for the mass production of optical elements since they were
not able to record high spatial frequency gratings. More traditional materials such as
dichromated gelatin and silver halide photographic emulsion performed much better.
In the early 1980s, a technique for the mass production of surface relief holograms was
developed. This embossing technique opened the possibility for great commercial success
for surface holograms.

In 1987, Calixto [1] reported the development of an acrylamide-based (AA-based) ma-
terial, whose chemical composition included acrylamide (AA) monomer, triethanolamine
(TEA), methylene blue, and Polyvinyl Alcohol (PVA) as a binder. Fimia et al. [2,3] devel-
oped a method for increasing the sensitivity of acrylamide photopolymers by reducing
the inhibition time caused by oxygen and reported a diffraction efficiency (DE) of 40% at
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a spatial frequency of 1000 lines/mm, obtained with an exposure of 3 mJ/cm? [2,3]. The
photopolymer composition described by Calixto [1] was optimised by Martin et al. [4]
for recording in the 514 nm, using a xanthene dye as a photosensitiser and a crosslink-
ing monomer bisacrylamide. Diffraction efficiencies above 80% were obtained when
the exposure energy was 80 mJ/cm?. Blaya et al. [5] developed further the acrylamide
photopolymer for recording at 633 nm. A different crosslinking monomer was used: N,N'-
dihydroxiethylenbisacrylamide, the and sensitivity of the photopolymer increased [5]. In
1998, Blaya et al. reported results from the investigation of the effects of the addition of
a cross-linking monomer to a photopolymerisable material [6]. The diffraction gratings,
recorded in the optimised material, had a diffraction efficiency of around 88%, achieved
with an energy exposure of 12 mJ/cm? [6]. Regardless of the successful development of the
acrylamide-based holographic photopolymers, their toxicity remains a great disadvantage
for the mass production of holographic optical elements and their use at an industrial scale.

The efforts of researchers to develop environmentally friendly materials and tech-
nologies for a sustainable future have increased recently [7,8]. The new developments in
holographic materials are of particular interest for holographic applications [9-11]. The de-
velopment of holographic photopolymers with low toxicity is of particular interest in order
to reduce the environmental impact of mass production. We present an overview of the low-
toxicity, water-soluble, holographic photopolymer materials, which have been developed
until now. Three important types of “green”, holographic, water-soluble photopolymers
are described, namely Biophotopol, N-isopropylacrylamide-based photopolymer, and Di-
acetone Acrylamide-based holographic photopolymer. We examine the main developments
of each work and present some attractive applications of the novel photopolymers.

2. Water-Soluble Photopolymer Materials

Holographic photopolymer materials are in the form of a thin film, which is light-
sensitive and able to record holograms when exposed to laser illumination. The holograms
recorded in photopolymers offer great advantages in comparison to current security holo-
grams, which is largely due to their thickness and greater versatility, such as the capability
of recording multiple holograms within the same volume.

Most water-soluble holographic photopolymerisable materials contain monomers, for
example, acrylamides, an electron donor, which may be Triethanolamine (TEA), a light
absorbing dye, which can be Methylene Blue or Erythrosine B, and a polymer binder such
as Polyvinyl Alcohol [12].

A high-quality volume holographic material needs to have all of the characteristics
listed below:

Very good optical quality

Low scattering

Sufficient thickness to have the required storage density for holographic storage
applications

Photosensitivity to the wavelength of the laser used for recording

No need for heat treatment or chemical processing

Long-term thermal stability and humidity within a certain range to achieve sufficient
storage life

AA-based photopolymers have been under development and optimisation for many
years [13-15] and have found many different optical applications [16-18]. A typical
chemical composition of an AA-based photopolymer sensitive to green light is the fol-
lowing (Figure 1): 0.6 g monomer (AA), 2 mL TEA, 0.2 g cross-linking monomer N,N'-
methylenebisacrylamide (BA), 4 mL erythrosin B (EB) dye (0.11% wt. water stock solution),
and 9 mL stock solution of PVA in water (20% wt.) [19].
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Figure 1. Typical chemical composition of AA-based photopolymer.

Figure 2 presents a schematic of the photopolymerisation process in the photopolymer
layer during hologram recording. A diffraction grating is recorded (Figure 2c) when the
photopolymer layer is illuminated by two beams of laser light (Figure 2b).
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Figure 2. Schematic of the photopolymerisation process in a photopolymer layer during hologram

recording: (a) photopolymer layer before exposure to laser light; (b) exposure to light; (c) photopoly-
mer layer after light exposure.

The main disadvantage of an AA-based photopolymer is the AA monomer, a sub-
stance, which is well-known to be carcinogenic [20-22]. Photopolymers with PVA or
gelatine binder and acrylamide monomers are hydrophilic [9-15]. All of these photopoly-
mers contain toxic acrylamide, and they have low environmental compatibility [23].

3. Low-Toxicity Water-Soluble Photopolymers
3.1. Biophotopol Photopolymer

Ortufio et al. [23,24] reported the development of a new holographic photopolymer,
biophotopol, which has lower toxicity than that of the known acrylamide-based pho-
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topolymers. Acrylamide was replaced by NaAO, and the dye was replaced by the salt
5'-riboflavin monophosphate (PRF). Sodium acrylate is less toxic than that AA. The main
holographic parameters of Biophotopol have been studied. High diffraction efficiencies of
77% were measured in photopolymer layers 900 pm thick when the energetic exposure was
197 m]/cm?. The authors pointed out that Biophotopol has the potential for recording many
holograms in the same polymer layer. Thus, the new polymer has a “green” nature [23,24].

In 2016, Navarro-Fuster et al. [25] reported a method, which led to the improvement
of the energetic sensitivity of the new “green” photopolymer (Biophotopol). The mate-
rial’s energetic sensitivity was improved in 300 um thick layers by tuning the recording
wavelength to 488 nm. The results show that the energetic sensitivity of the Biophotopol
material remains constant for recording at 488 nm, and the thicknesses are greater than
300 um [25].

In 2017, Navarro-Fuster et al. [26] demonstrated the holographic data storage capacity
of Biophotopol. The authors report that the performance of Biophotopol is very similar to
that of the AA-based photopolymer in data storage applications.

3.2. NIPA-Based Photopolymer

Recently, Mikulchyk et al. [27] developed a photopolymer, which can record trans-
mission and reflection holograms. The approach applied was to replace the toxic AA
with low-toxicity N-isopropylacrylamide. The authors report optimised recording condi-
tions at different spatial frequencies (300, 1000, and 2700 lines/mm) in transmission mode
and 2700 lines/mm when the recording is performed in reflection mode. The authors
also reported the reversibility of the temperature-induced changes of the diffraction effi-
ciency of transmission gratings within 2% [27]. These results indicate a possibility for the
development of different types of holographic temperature sensors [27].

More recently, Cody et al. [28] reported a study of the temperature response of transmis-
sion holograms. It has been experimentally shown that holograms recorded in NIPA-based
polymer layers exhibit memory of their exposure to temperatures higher than 45 °C [28].

3.3. Diacetone Acrylamide-Based Photopolymer

The main monomer in DA-based photopolymer is Diacetone Acrylamide (DA) [29].
DA contains a minimal amount of 0.1 wt % AA. DA is not a carcinogen according to
research reported by the IARC [30]. DA is known as a material of category 4 concerning its
acute toxicity, while AA is a category 3 high-risk substance [31]. DA has high hydrophilicity,
and via a radical chain mechanism, it polymerises with different co-monomers [32]. High
diffraction efficiencies >90% in a layer with a thickness of 70 um were reported by the
authors [29]. DA-based photopolymer is a “green” alternative to the well-developed
AA-based photopolymers [4,33-36] for different holographic applications.

Cody et al. [19] investigated the shrinkage induced via the polymerisation of the
DA-based photopolymer. The authors reported a shrinkage reduction of 10%—-15% in
the DA-based photopolymer relative to the AA-based photopolymer [19]. The authors
concluded that this reduction in shrinkage is probably due to the replacement of the AA
monomer with the larger DA monomer [19].

3.4. Bright Holograms in DA-Based Photopolymer

Cody et al. reported an optimised composition for a water-soluble holographic pho-
topolymer with low toxicity, able to record reflection holograms with a high diffraction
efficiency of 50% [37] at a spatial frequency of 3050 L/mm. The stability of the reflection
holograms was improved by UV post-exposure.

Figure 3 shows a photograph of a reflection hologram of a 10-cent coin, recorded in
the DA-based photopolymer layer, whose chemical composition is presented in Figure 4.
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Figure 3. Denisyuk reflection hologram recorded in DA-based photopolymer, illuminated in white
light.
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Figure 4. Chemical composition of the pressure-sensitive photopolymer layers.

3.5. Holographic Pressure Sensors in DA-Based Photopolymer

Mihaylova et al. reported a new type of pressure sensor, based on a reflection hologram
recorded in the DA-based photopolymers (Figure 3) [12]. The reflection holograms recorded
in the DA-based photopolymers are of special interest for a variety of applications because
of their ability to visualise the pressure distribution applied as colour maps without the
need for scanning. Pressure-sensitive holograms have potential industrial and medical
applications, where pressure visualisation devices are necessary, such as human gait
measurement, balance and posture assessment, footwear research and design, implant
prosthetics, implant occlusion, packaging and sealing, security devices, door seal testing,
grip and ergonomics, impact studies, nip and pinch rollers, tire-tread footprint analysis,
robotics, automation, and many others.

Figure 4 presents the chemical composition of the pressure-sensitive DA photopolymer
layers.

The operating principle (Figure 5) of the holographic pressure sensor is that the colour
of the reconstructed image from a reflection hologram, when illuminated by white light,
depends on the pressure applied to the hologram.

The holographic photopolymer is elastic and shrinks under pressure. The principle
of the holographic pressure sensor is based on the change in the fringe spacing of the
hologram under pressure. The change in the fringe spacing of the reflection hologram leads
to a change in the colour of the reconstructed image, seen by the observer (Figure 5).

The Denisyuk setup for recording reflection holograms (Figure 6) is the simplest. The
laser beam incident on the polymer layer serves as a reference beam while the laser light
transmitted through the layer and reflected from the object serves as an object beam.

The reflection holograms of a coin using the Denisyuk reflection geometry were
recorded with a He-Ne laser at a wavelength of 633 nm.

The pressure applied to the holograms was measured using an INSTRON machine.
The reflection holograms, recorded in the pressure-sensitive DA-based photopolymer
composition, change colour under applied pressure. Figure 7 shows some of the results. It
was observed that with the increase in the applied pressure, the colour of the reconstructed
image changed from red to yellow—green—blue.
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Figure 5. Principle of operation of a holographic pressure sensor.
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Figure 6. Schematic of a Denisyuk set-up for recording reflection holograms.

Figure 7. Denisyuk reflection holograms recorded of a 10-cent coin subjected to pressure. The
pressure applied was: (a) 50 N/cm? for the green spot; (b) 70 N/cm? for the dark blue spot.

4. Conclusions

Recently the demand for the mass production of holograms is increasing, especially
for security applications. This is the main reason for the development of new photopoly-
mer materials which are not harmful to the environment and have good holographic
characteristics. Environmentally compatible materials for industrial use are required.

This paper reviewed recent developments in low-toxicity, water-soluble, holographic
photopolymers, whose material characteristics compare favourably with the holographic
characteristics of acrylamide-based photopolymers. It is clear that the development of
environmentally friendly holographic photopolymers is an attractive field of research work
in recent years.

The review describes three main groups of novel photopolymers, namely, Biophotopol,
NIPA-based photopolymer, and Diacetone Acrylamide-based photopolymer, and their
possible applications. The holographic storage capacity of Biophotopol is comparable
to that of AA photopolymers. The most attractive application of the novel NIPA-based
photopolymer is its memory of exposure to temperatures higher than 45 °C. Such a material
can find application in temperature sensing.
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Finally, the review describes an optimised DA-based photopolymer composition,
which shows a remarkable improvement in holographic recording abilities in compari-
son to other recently developed, water-soluble, “green” photopolymer materials [19-23].
This material’s self-processing nature and low cost of production mean it is an excellent
candidate for different industrial holographic applications. In addition, the DA-based
holographic material is capable of recording reflection gratings with a high diffraction
efficiency of 50%, the highest reported value for the diffraction efficiency of reflection holo-
grams. Another attractive property of this new material is its high sensitivity to pressure,
which can be controlled by changing its composition. Thus, the development of pressure
sensors with different specifications is possible. Pressure-sensitive photopolymers open the
possibilities for the production of new types of colour holograms.

This review shows that several different approaches are possible for the development
of holographic photopolymers with low toxicity (Table 1) and very good optical quality
and low scattering. There is room for future optimisation of all water-soluble holographic
photopolymers by using different monomers, different chain transfer agents and different
free radical scavenging agents in the PVA matrix.

Table 1. Review summary of the basic chemical composition of the low-toxicity photopolymers and
their key characteristics.

Main . o Key Characteristics of
Photopolymer Monomer Dye Binder DEmax, % the Photopolymer
Biophotopol PVA, Mw = 130,000, 87.7% . Low-toxicity;
[23,24] NaAO PRE hydrolysed 77in TR Multiplexing;
NIPA-based . PVA, Mw =9000-10,000, 80in TR; Low-toxicity;
[27,28] NIPA Erythrosin B 80% hydrolysed 20 in RE Temperature sensitive;
Low-toxicity;
DA-based DA Erythrosin B; PVA, Mw = 9000-10,000, 90 in TR; Pressure sensitive;
[12,29,37] or MB 80% hydrolysed 50 in RE High DEin TR;
High DE in RE;
Abbreviations: Methylene blue (MB); Molecular weight (Mw); Transmission (TR); Reflection (RE).
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data that support the findings of this study are included within the
article.
Contflicts of Interest: The authors declare no conflict of interest.
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