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Abstract: We present an alternative to the conventional approach, 
phantoms without scattering nanoparticles, where scattering is achieved by 
the material itself: spherical cavities trapped in a silicone matrix. We 
describe the properties and fabrication of novel optical phantoms based on a 
silicone elastomer polydimethylsiloxane (PDMS) and glycerol mixture. 
Optical properties (absorption coefficient µa, reduced scattering coefficient 
µs', and anisotropy factor g) of the fabricated phantoms were retrieved from 
spectrophotometric measurements (in the 400–1100 nm wavelength range) 
using the inverse adding-doubling method. The internal structure of the 
phantoms was studied under a scanning electron microscope, and the 
chemical composition was assessed by Raman spectroscopy. Composition 
of the phantom material is reported along with the full characterization of 
the produced phantoms and ways to control their parameters. 
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1. Introduction 

Rapid growth in the field of optical measurement techniques for medical imaging, diagnosis 
and therapeutics requires the use of tissue-mimicking objects. Such objects called optical 
phantoms are fabricated to reduce usage of real biological tissues and resemble them by their 
optical properties. Nowadays, optical techniques are receiving rising interest as non-invasive 
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tools for medical diagnostics. Detecting clinical-level changes in the parameters of bodily 
fluids, such as intracranial cerebrospinal fluid pressure [1], blood glucose levels [2,3], 
microvasculature blood flow rates [4] as well as the parameters of the blood itself [5–7] are of 
great importance and are extensively studied. Optical phantoms are used mainly for 
calibration and development of these optical measurement and imaging systems [8,9]. They 
serve as reference standards for comparison of devices and techniques as well as for studying 
light transport in complex, often multi-layered tissues or organs with internal vasculature 
[10,11]. Also phantom studies of nanoparticles for skin cancer diagnosis and laser therapy has 
been reported [12,13]. A multitude of different types of phantoms have been invented to suit 
the needs of specific research methods, such as fluorescence [14] or Raman [15] imaging. 
While the scattering and absorption properties are the primary parameters of every phantom, 
their other properties define their usefulness in specific applications. Properties such as their 
lifetime stability, flexibility, low cost, short manufacture times, homogeneity, ease of 
production and possibility to create complex systems with internal inhomogeneities, such as 
capillaries or microchannels are greatly sought after. 

Phantoms are composed of matrix material, scattering constituent, and absorbing 
constituent. This allows for independent and rigorous control of absorption and scattering. 
There are two main groups of phantoms depending on the means to achieve their light 
scattering properties: nano- or microparticle-induced scattering, and intrinsic scattering of the 
used materials. Achieving desired scattering coefficient in nano- or microparticle-based 
phantoms is controlled through the nanoparticle type, size, shape, and concentration. Particles 
such as titanium dioxide [16], aluminum oxide [17], zinc oxide [18] or polymer microspheres 
[19] have been used. The most common matrix materials in which the particles are suspended 
are: polyvinylchloride-plastisol [20], polyurethane and polyester resin [21], silicone and other 
materials [17]. This is a widely accepted and the most common approach. However, in many 
cases, the sedimentation or clustering of nanoparticles causes uncontrolled inhomogeneity of 
phantom properties due to uneven distribution of scattering centers. Methods which solve 
these problems require additional equipment, increase the time, cost, and difficulty of 
phantom fabrication. The particle-free phantoms, with intrinsic scattering, are perfectly 
homogeneous and usually easier to produce. Some phantoms fabricated this way used 
collagen, agarose, or even fibrin matrix [22] to encapsulate scattering Intralipid solution. 
However, a drawback of such phantoms with intrinsic scattering lies in their short lifetime and 
reduced possibilities for introducing structures and creating multiple layers [23,24]. 

We present a new design for fabrication of particle-free optical phantoms with intrinsic 
scattering arising from the matrix material itself. This phantom has homogeneous optical 
properties, long lifetime of months, is stable at room temperature, flexible, inexpensive, easy 
to produce and to control scattering properties during manufacturing process. The phantom 
comprises a silicone elastomer polydimethylsiloxane (PDMS) mixed with glycerol. Both 
composing materials are transparent in the VIS-NIR wavelength range. This mixture creates 
an emulsion which is stable after curing. We have retrieved the absorption coefficient μa, 
reduced scattering coefficient μs' and anisotropy factor g of the produced phantoms. Altering 
the optical properties of phantoms was achieved during the manufacture procedure by 
changing the content of glycerol in the mixture. The phantoms are designed as stable, flexible 
phantoms with the possible introduction of structural inhomogeneities. This composition of 
materials is reported for the first time to the best of the author's knowledge, along with full 
characterization of the produced phantoms and ways to control their parameters. 

2. Materials and methods 

We describe the procedure for the phantom fabrication, as well as describe the materials that 
make up the phantom. We later describe the methods used for characterization of the phantom 
internal structure, as well as its chemical composition, and the resulting optical properties. 
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2.1 Materials and phantom fabrication process 

The bulk of the phantom comprises two materials, first of which is a silicone elastomer 
polydimethylsiloxane (PDMS). The PDMS (Sylgard® 184, Dow Corning, USA) is a two-
component organic silicone which cures at room temperature over 48 hours. Heating 
effectively reduces curing time to minutes. This allows for creation of complex, multilayer 
systems with internal structures. PDMS has been widely used as a material for fabrication of 
microfluidics devices [25] due to its hydrophobicity after curing, which permits creation of 
microchannels. PDMS is transparent in the VIS-NIR, non-toxic, and non-flammable. 
Although PDMS was previously used for phantom fabrication it was always used as a matrix 
material forming PDMS-particulate mixture [26], never as a particle-free scattering phantoms. 
The other material used in the mixture is glycerol (1,2,3-propanetriol). Glycerol (≥ 99.5% 
Sigma-Aldrich) is a viscous, transparent liquid. It is used in the field of biophotonics 
primarily as an optical clearing agent [27] in various optical techniques, but it was also used 
as a matrix material for liquid, particle-based phantoms [28]. 

The phantom fabrication procedure is as follows: first, the two components of PDMS were 
mixed together according to the manufacturers' proposed quantities of 10:1 parts by volume, a 
ratio of the base PDMS material to the curing agent volumes. Then, required amount of 
glycerol was applied and carefully, thoroughly mixed, not to introduce excessive amounts of 
air. Air was evacuated from the mixture in a vacuum chamber. The mixture was poured into 
rectangular aluminum molds with controlled thickness. The standard process of the phantom 
fabrication requires no heating, as mixture is left at room temperature to solidify in less than 
24 hours. Phantoms fabricated this way were primarily used to study their internal structure 
and measure their optical properties. Later we introduced changes in the procedure to control 
the optical properties of phantoms by varying the amount of glycerol in the mixture. 

2.2 Methods for characterization of materials 

The characterization of the phantom morphology and chemical structure was conducted by 
scanning electron microscopy and Raman spectroscopy. 

A scanning electron microscope (SEM) (JCM-5000, JEOL, Japan) was used to image the 
internal structure of the phantoms. This gave us the opportunity to identify the origin of the 
intrinsic scattering. Introduced changes in the internal composition dependent on the amount 
of glycerol were observed under SEM. Phantoms were cut into pieces and placed in the 
chamber to observe their inner structure. 

To identify chemical substances by their fingerprint Raman spectrum, which is unique for 
each substance, we used a Raman system (Nomadic, BaySpec) with three different excitation 
wavelengths: 532 nm, 785 nm and 1064 nm, of which 785 nm was the most useful. Raman 
spectra were smoothed for clarity and baseline-corrected. We studied a sample of glycerol, a 
transparent phantom (solidified PDMS) and a scattering PDMS-glycerol mixture phantom. 
Comparison of the recorded spectra enabled identification of the chemical composition of the 
cavities. 

2.3 Measurements of optical properties 

For retrieval of the optical properties of the phantoms we have followed a previously 
described procedure [18,29], which utilized the inverse adding-doubling (IAD) calculations 
based on spectrophotometric measurements. For this, we used the OL-750 spectrophotometer 
system with integrating spheres (Optronic Laboratories, USA) to measure total transmittance 
T, diffuse reflectance R, and collimated transmittance CT of the phantoms in the wavelength 
range of 400-1100 nm. Measurements over 2 weeks proved stability of their parameters. 

We have used the spectral-domain optical coherence tomograph OCT Hyperion (Thorlabs, 
USA) for measuring the phantoms geometrical thickness. The phantoms were cut in half and 
placed on a glass slide. We calculated their thickness by the division of the optical to the 
geometrical thickness of the phantom. 
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The refractive index (RI) of the phantoms was measured at 450 nm, 589 nm, 680 nm, 800 
nm, 930 nm and 1100 nm using an Abbe refractometer (DR-M2 1550, Atago, Japan). These 
values were used to retrieve the optical properties of phantoms in the IAD method. 

3. Results and discussion 

The study of the phantom internal structure and chemistry proved to establish the origin of the 
internal scattering of the fabricated phantoms as arising from the refractive index mismatch 
between the matrix medium PDMS and the cavities partially filled by glycerol. SEM images 
of phantoms (Fig. 1) illustrate their internal structure. The cavity size histograms (Fig. 2(a)-
2(e)) show that increasing concentration of glycerol causes their size distribution to shift 
towards larger sizes, and an increase of the total area Ac occupied by the cavities (Fig. 2(f)). 

 

Fig. 1. SEM images of the internal structure of phantoms with different glycerol concentrations 
from 0 to 10 parts per volume, mixed with 10:1 parts per volume of PDMS to the curing agent. 

 

Fig. 2. Size distribution histograms for each glycerol concentration from 0.1 to 10 parts per 
volume (a)-(e); Ratio of the area occupied by cavities Ac to the total area AT vs. glycerol 
concentration (f). Each experimental point in (f) corresponds to histograms from (a) to (e), 
respectively. 

The study of chemical composition of the phantom was carried out to obtain information 
about the content of the cavities. The presence of spectral lines only from both glycerol [30] 
and PDMS [31] in the phantom spectrum proves that PDMS polymerization was unaffected 
by the addition of glycerol and that no chemical reaction occurred between the PDMS and 
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glycerol (Fig. 3). Therefore the resulting phantom is an emulsion formed of glycerol-filled 
micron-sized cavities suspended in the PDMS matrix. 

 

Fig. 3. Raman spectra of glycerol (top), phantom (middle) and PDMS (bottom). 

Retrieved optical properties of the phantoms are presented in Fig. 4. The reduced 
scattering coefficient decreases with the wavelength. The introduction of higher 
concentrations of glycerol results in formation of more cavities and of larger diameters which 
increases the µs' of the phantoms (see Fig. 4(c)). However, when the glycerol constitutes over 
25% of the total phantom volume (see Fig. 1, glycerol concentration from 5 to 10 parts), the 
cavities occupy more and more space with creation of new cavities with a broader size 
distribution (see Fig. 2 from (d) to (e)) resulting in scattering dependence saturation at high 
glycerol concentrations. This practically limits the possible µs' which can be achieved at 
values of about 3.5 mm−1 at 500 nm and 2.5 mm−1 at 1100 nm. Results are reproducible, yet 
some batch-to-batch variation is present during the production of the phantoms which is 
illustrated by the error bars in Fig. 4(c). 

 

Fig. 4. Dependence of µs', g, (a) and µa (b) on the wavelength and the glycerol content (shown 
in the legend) in the produced phantoms; Measured µs' at different wavelengths and glycerol 
concentrations in the produced phantoms (c). 

Comparison of the cavity-occupied area Ac to the total area AT ratio (Fig. 2(f)) and µs' 
(Fig. 4(c)) dependent on the glycerol concentration shows a matching trend, which proves the 
origin of the intrinsic scattering. Our further study of optical clearing on these phantoms 
proves that cavities are filled up by air-glycerol mixture, with glycerol having refractive index 
(for λ = 589 nm) of 1.473 ± 0.001, thus the effective RI of the cavities is lower than 1.411 ± 
0.001 of surrounding PDMS. Additionally, the absorption coefficient is smaller than 0.090 
mm‒1 ± 0.025 for all phantoms and remains constant in the whole wavelength range. 
Introduction of glycerol does not introduce any additional absorption. We have also measured 
the g-factor of these phantoms (Fig. 4(a)) which equals 0.975 ± 0.01 on average over the 
whole studied wavelength range. 

The retrieved optical properties corresponding to many biological tissues [32]. Therefore, 
we suggest the possible application of our phantoms as primarily bone [33] and lung tissue 
[34], due to similar porosity of their morphology. Additionally we perceive them to be used as 
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an intermediate or connective medium between layers, or as a specific material for internal 
structures or inclusions. Capillaries are also a possible addition which allows for more 
complex, accurate and versatile tissue-mimicking possibilities e.g. in blood flow studies. The 
capabilities of optical phantoms to mimic specific tissues arise due to the ability to rigorously 
and independently control their scattering and absorption properties. They are usually 
fabricated with the use of particles suspended in a matrix material. Optical properties of 
particles, their size distribution and concentration define the scattering properties of 
phantoms. This approach has been widely used, however it has several disadvantages, such as 
particle sedimentation, clustering, and errors during the procedure cause inhomogeneities 
affecting phantom optical properties. Our presented phantoms with intrinsic scattering cause 
no such problems and offer several advantages: they are homogeneous, with controllable 
parameters, can be easily shaped and are elastic. This makes the PDMS-glycerol phantoms a 
viable new approach for creating optical tissue-mimicking phantoms, and testing optical 
clearing agents. 
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