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Abstract 

Biomedical applications relying on optical radiation, particularly with the advent of lasers, have 

experienced exponential growth in the last 20 years. Powerful optical sources are now found not 

only in universities, hospitals, and industries but also in beauty centers, used for tasks such as tattoo 

removal, and even in our homes. Despite their widespread use, managing the risks associated with 

lasers, particularly in non-research contexts, has not kept pace with their proliferation. While the 

risks associated with direct exposure to radiation to the eye and skin are relatively well understood, 

the hazards posed by reflected and diffuse radiation remain less characterized and monitored. 

Therefore, there is a critical need to assess potential eye and skin hazards in spaces where lasers and 

non-coherent light sources are used. This necessitates a detailed analysis of reflective surfaces, with 

particular emphasis on evaluating their reflectance characteristics at relevant wavelength ranges. 

This study investigates the reflectance and transmittance (where relevant) properties of commonly 

used materials in biomedical settings, including fabrics, plastics, and metals, across a broad 

spectrum from 250 nm (UVA) to visible light and into the infrared (IR) region up to 25 μm. Both 



specular (at 45° incidence) and diffuse reflectance spectra were measured using spectrophotometric 

techniques and used to provide a straightforward parameter to classify the specular/diffusive 

behavior of the different surfaces. Besides, small-angle reflectance measurements in the IR range 

were performed by Fourier transform infrared spectrometry. The knowledge of the material optical 

properties used in environments where optical radiation is employed allows for accurate assessment 

of associated risks. This facilitates the determination of appropriate preventive measures and the 

establishment of safer protocols, for both operators and, where applicable, patients and the general 

public. For this scope, the creation of a database of material reflective properties has been initiated. 

 

Introduction 

The current legislation in various countries mandates the assessment of risks posed by physical 

agents such as optical radiation from artificial sources.1-4 Accordingly, it is necessary to implement 

technical and procedural measures to mitigate these risks comprehensively. This necessitates a full 

examination of all potential ocular and dermal hazards in facilities where lasers and non-coherent 

sources are used.5,6 Special attention must be focused on all the reflective surfaces that could be 

exposed to the light source by the operator, whether intentionally or not. It is crucial to account for 

the surface reflectance at the specific emission wavelength of the source 

Existing experimental studies on materials in clinical environments are limited, and a 

comprehensive database of surface reflective properties for risk management is currently lacking,7 

also considering innovative light sources.8 Further research in this field is then evidently necessary. 

This study aims to identify effective optical parameters for characterizing surfaces in risk 

assessment and to establish straightforward methodologies for measuring these parameters in an 

easy but effective and accurate way. To achieve this goal, we analyzed many different materials that 

are commonly present in working environments where both lasers and non-coherent sources are 

utilized, including furnishings, clothing, and surface coverings, including analysis of different 

finishings of the same surface material (e.g., polished versus satin-finished metals). 

When light encounters an interface between two surfaces with a refractive index n discontinuity 

(being n defined as the ratio between the speed of light in vacuum and the speed of light in the 

medium), reflection, refraction, and scattering processes can occur. In this work, we mainly focus 

on light reflection at the interface between air and material, while a more detailed analysis of light-

matter interaction can be found in.6 Depending on the surface characteristics, light can be reflected 

in either a specular or diffuse manner, as illustrated in Figure 1. While in the first case, reflection 



occurs at an angle qr qual to the angle of incidence qr, in the diffusive case reflection occurs in all 

directions. Generally, all materials are capable of specular reflection if their surfaces are polished to 

reduce irregularities to a scale comparable to (or smaller than) the wavelength of the incident 

radiation. It is the surface roughness that is mainly responsible for backscattering. In practice, only 

metals can be efficiently polished to achieve almost a 100% specular reflection. In contrast, other 

common materials, even with the best-polished process, are mainly dominated by diffusive 

reflection, and only small fractions — generally 5-10% — of the incident radiation is specularly 

reflected, depending on the angle of incidence. 

Contrary to common belief, the amount of reflected light from a medium is not solely due to the 

surface imperfections, but also involves backscattering from subsurface layers. This phenomenon 

underscores how scattered light provides insights into the surface layer structure of materials. 

 

Materials and Methods 

Fundamental to an accurate risk assessment of coherent and non-coherent light is the measurement 

and characterization of the optical properties of different materials. For this purpose, we need to 

introduce the concepts of reflectance, transmittance, and absorbance.9,10  

The total reflectance RTot of a material is a parameter that evaluates the fraction of the radiant flux 

incident on the material surface that is reflected. Similarly, if we consider the fraction that is 

transmitted, we can define the total transmittance TTot. All the leftover radiant flux that has not been 

either reflected or transmitted has been absorbed by the medium and defines the absorbance 𝐴, 

which can be calculated in terms of RTot and TTot through the relation: 

 

 𝐴(𝜆) = 1 − (𝑅!"#(𝜆)

+ 𝑇!"#(𝜆)) 

(1) 

 

where we underlined the explicit dependence on the incident light wavelength l. As previously 

discussed, the reflection of an incident beam involves specular reflection, where the reflectance and 

incident angles are equal, and diffuse reflection is scattered in all directions. The predominance of 

one or the other type depends on both the incident light wavelength and the surface properties, such 

as the material type and surface roughness degree. Since optical radiation risk assessment and safety 



measures can be different for specular and diffusive surfaces, the total reflectance can be 

decomposed as 

 𝑅!"#(𝜆) = 𝑅$(𝜆) + 𝑅%(𝜆) (2) 

where RS (l) and RD (l)  represent the specular and diffusive reflectance, respectively. However, RS 

(l)  depends on the incidence angle of the light. To provide a measure of specular reflectance, we 

have decided to use a characteristic incidence angle of 45 degrees, identified by the symbol R45°S 

(l). This angle is representative of many practical situations and is also easily measurable with 

simple and inexpensive setups, enabling even poorly equipped laboratories to extend or compare 

our measurements on other materials. The Eq. 2 now becomes: 

 

 𝑅!"#(𝜆) = 𝑅$&'°(𝜆) + 𝑅%(𝜆) (3) 

 

Considering that the main purpose of this work is to make safety officers aware of the risks of laser 

radiation reflecting off surfaces in healthcare environments, it is essential to identify a proper 

parameter that immediately indicates whether a surface mainly exhibits specular or diffusive 

characteristics. This can be identified by the Lambertian parameter LLAMB (l) which can be obtained 

by measuring separately R45°S (l) and RD (l) and is defined as follows: 

 

 
𝐿)*+,(𝜆) = 100 ⋅ 	 /

𝑅$&'°(𝜆)
𝑅$&'°(𝜆) + 𝑅%(𝜆)

0 
(4) 

 

This parameter ranges from nearly 0 to 100; the more LLAMB (l) approaches low values (LLAMB (l) 

can be as low as zero, but in practical cases, it ranges between 1 to 100), the more diffusing the 

sample (RD >> R45°S), while for a predominant specular behavior, LLAMB (l) approaches 100 (R45°S = 

RTOT). 

Since LLAMB (l) is represented by a spectral curve, indicating its behavior as a function of 

wavelength, we will also provide a reference value for it, obtained as an average over the spectral 

range of 400-1100 nm and indicated as 𝐿)*+,&--.//--	1+. Although this average value does not 

encompass all spectral information, it offers a practical alternative for an initial estimation of the 



specular or diffuse reflection behavior of a surface within the 400-1100 nm range. This range 

includes most optical sources used in biomedical applications, such as those employed in 

phototherapy. Providing this average value, in addition to the full spectral data, simplifies the 

analysis and interpretation of the spectral information, offering a convenient (but not accurate) 

single metric. 

Besides R45°S (l), we have also characterized the total and specular reflection at smaller angles (30°), 

labeled as R30°S (l), in the range of 2.4-25 µm. This extends the characterization of the optical 

properties of the materials up to 25 µm, thereby encompassing the emissions of lasers extensively 

used in biomedical applications such as CO2 (10 µm) and  Erbium (2940 nm). 

As for reflection, also in the case of transmission, we can identify two contributions: diffusive and 

ballistic transmission. Ballistic transmission TB(l) refers to light that passes through a medium 

without being scattered or absorbed, maintaining its original direction and coherence as it travels 

through the material. In contrast, diffusive transmission TB(l) occurs when light propagates through 

a medium and undergoes multiple scattering events, causing it to spread out and diffuse in different 

directions. The total transmission is determined by the sum of these contributions: 

 

 𝑇!"#(𝜆) = 𝑇2(𝜆) + 𝑇%(𝜆) 
(5) 

 

Equipment 

Small sample measurements (dimensions of a few centimeters) were performed with a Lambda900 

spectrophotometer (Perkin Elmer) equipped with a 150-mm internal diameter integrating sphere 

(Pela 1000, Perkin Elmer) coated with Spectralon® (LabSphere), a perfectly diffusing material with 

an optical behavior known as Lambertian, since it homogeneously diffuses light in all directions. By 

covering each port with the same white material as the sphere, except for the entrance and detector 

port, a 100% reflectance measurement can be obtained. Inserting a sample into the sample port 

allows for measurement of total reflectance, which includes both specular and diffuse components. 

As anticipated, to isolate specular reflectance, a black trap is placed in the specular port, thereby 

measuring only diffuse reflectance. Specular reflectance is then calculated by difference. All the 

reflectance measurements are calibrated against diffusive reflectance standard made of Spectralon® 

(LabSphere). The Lambda900 spectrophotometer is a dual beam scanning spectrometer with a 

double grating for stray light reduction, operating in the wavelength range 0.20-2.5 μm, i.e. covering 



part of the ultraviolet range (UV: 200-380 nm), the whole visible spectrum (VIS: 380-750 nm) and 

the near-infrared range (NIR: 0.75-2.5 μm).  

For measuring the total and specular reflectance on materials that cannot be reduced to small 

dimensions (e.g. wall plaster) the portable AvaSpec 2048 Standard Fibre Optic Spectrometer 

manufactured by Avantes (USA) was used. 

The AvaSpec 2048 spectrometer performs measurements in the range of 200-1100 nm with a 

maximum stray light of 0.1%. Its A/D converter is 14-bit @ 1.3 MHz. The sensor is a linear CCD 

array of 2048 pixels with a signal-to-noise ratio of 200:1. The integration time can be varied from 2 

ms to 60 s. For reflectance and transmission measurements, the spectrometer is coupled with 

different light sources: a fiber-optic illuminator powered by a halogen lamp AvaLight-HAL 

(Avantes), for the VIS and NIR, and a deuterium-lamp based illuminator AvaLight-DHc (Avantes), 

for the UV. 

To accurately measure total reflectance (i. e. total hemispherical reflectance), diffuse reflectance, 

and transmittance, an integrating sphere was employed. This consists of a spherical cavity with a 

diffuse white interior surface that, ideally, uniformly scatters incoming light without absorbing it on 

the whole spectral range of interest. Our integrating sphere is internally coated with Spectralon® 

(LabSphere). The sphere also includes specific access for light entry ("entrance port"), sample 

placement ("sample port"), and a light detection port. Optional access can collect the specularly 

reflected light from the sample (“specular reflection gate”), which can alternatively be excluded 

from measurement by use of a light black “trap” geometrically positioned in correspondence to the 

specularly reflected beam.  

In the case of the AvaSpec 2048 spectrometer, an integrating mini-hemisphere has been employed. 

Illumination and detection fibers were coupled with the mini-hemisphere to be 90° apart and to form 

a 45° angle between the hemisphere plane and each fiber. 

Finally, measurements in the range of 2.4-25 µm were conducted using the FTIR spectrometer 

Nicolet iS50 (Thermo Scientific) using an integrating sphere (Pike). Total RTOT (l) and small-angle 

R30°S (l) reflectance measurements were performed with Pike gold-coated sphere and accessory Pike 

30Spec. 

 

Results and Discussion 



The results are presented as reflectance spectra, including both specular and total reflectance, as 

well as the Lambertian parameter for all tested materials. Additionally, transmission spectra are 

provided for various fabric tissues commonly used in clinical operating rooms or in environments 

where both coherent and non-coherent laser sources are employed. The accuracy of these 

measurements has been determined to be ± 2% for transmission and ± 4% for reflection 

measurements across the entire spectral range examined. This consistency was observed across 

materials with varying compositions and surface characteristics. The high accuracy, together with 

reproducibility, indicates the reliable performance of the measurement setup, ensuring that the data 

accurately reflects the optical properties of the materials under study. 

To provide a comprehensive characterization of surfaces present in environments where optical 

radiation is used, we selected a wide range of different samples: metals (with varying degrees of 

surface finish), transparent and non-transparent plastic materials, building materials, and fabrics 

specific to biomedical applications or operating rooms. 

In Figure 2 we report the total and specular reflectance, together with the Lambertian spectral 

parameters and the total reflectance in the NIR for several metals, with both polished or brushed 

surface finishing, and some plastic materials. 

Reflection spectra show great variability: surface characteristics (material composition and surface 

treatment) play an important role in the determination of the spectral reflectance curves. The 

wavelength dependence must also be carefully considered because the same sample can behave 

very differently at different wavelengths. This indicated that the material reflection properties in the 

UV or IR range cannot always be deduced from the visible range, as can be seen in several 

materials shown in Figure 2. 

Polished materials, as expected, exhibit significantly higher specular reflectance compared to satin-

finished ones. Notable differences are observed between near IR and mid-IR (up to λ=25 µm). In 

particular, brushed metals demonstrate a small-angle reflection that is several tens of percentage 

points higher in the 10-25 µm range. This range is of particular interest for clinical and industrial 

settings because it includes CO2 laser emission. Brushed metals also show up to 10% specular 

reflection in the visible wavelengths, a value that in many cases cannot be neglected in risk 

management. Regarding the plastics, we observe that their behavior is predominantly diffusive 

within the measured range. In determining the LLAMB (l) parameter, we note that this parameter 

reaches values greater than 100, its theoretical maximum, around the region of 2 µm. This is due to 

the limited accuracy of the reflectance measurement, which, for some materials, leads to a slight 

overestimation of specular reflectance compared to the total reflectance (always within the stated 



accuracy ±4%). This can result in LLAMB (l) values exceeding 100. In Figure 2 we can identify the 

diffusive/specular behavior (at 45°) of different materials by looking at the LLAMB (l) value: the 

smaller it is, the more diffusive the material is.  

In Figure 3, we present the total reflectance spectra RTot (l) in the two ranges of 250-2500 nm and 

from 1.5 µm up to 25 µm, again examining various fabrics with significantly different textures and 

composition (see Table 2 for additional information) to obtain a representative sample of those used 

in environments where optical radiation sources are present, with particular reference to the hospital 

setting. We also measured the specular reflection in the 250-2500 nm range. All measured textile 

samples exhibited very similar behavior in terms of total reflection. As shown in Figure 3, the total 

reflectance in the range of 250-2500 nm shows an initial peak in the visible spectrum reflecting the 

coloration of the material (generally blue or green). Then, a higher plateau starts from around 700 

nm, varying from approximately 60% to almost 90% (depending on the type of fabric), gradually 

decreasing at longer wavelengths. Furthermore, the specular reflectance of all fabrics was found to 

be less than 4% (limited by instrumental accuracy alone) in the range of 250-2500 nm. However, 

considering the surface finish of the fabrics and, consequently, the representative length of surface 

irregularities, very low values of specular reflectance are also expected in the range up to 25 µm. 

Therefore, the behavior of the fabrics is highly diffusive, with total reflectance values potentially 

exceeding 80%. Although diffusely reflected radiation is less hazardous than specular radiation, 

contrary to expectations textile surfaces can have a diffusive reflectance comparable to satin-

finished metals, which must be properly accounted for in risk assessment. 

As an example, in Figure 3, we also compare the total reflectance RTot (l), the total TTot (l) and 

ballistic TB (l) transmittance, and the absorbed fraction A(λ) for textile samples A and C. The 

specular reflectance is not reported, being below the instrument's accuracy limit as previously 

mentioned. The ballistic transmittance, like the reflectance, is heavily attenuated, resulting in a 

predominant contribution from diffuse transmittance. All the tested fabrics exhibit spectra 

analogous to those reported. 

Table 2 reports on the 𝐿)*+,&--.//--	1+ value, calculated as the average of the spectral curve LLAMB (l) 

over the range 400-1100 nm, together with the surface roughness parameter Ra  for metallic 

samples.11 

The 𝐿)*+,&--.//--	1+ values for the metals indicate that aluminum exhibits greater diffusivity compared 

to steel, both in its polished and satin-finished forms. It is important to note that the 𝐿)*+,&--.//--	1+ 

parameter does not represent the absolute diffusive or specular properties of the sample. The 

significant variability in the values of R45°S (l) and RTot (l) across different wavelengths, both in the 



visible and infrared regions for certain materials, necessitates a meticulous evaluation of this 

Lambertian value at the specific wavelengths or emission bands of the sources. This is crucial for 

accurately assessing the potential ocular hazard. 

Finally, for completeness, we present the optical properties of a highly transparent material such as 

glass. Specifically, we have examined BK7 crown glass, a standard material for optical equipment. 

BK7 is commonly used in the production of lenses, foils, and prisms for ophthalmology, as well as 

in the lenses of cameras and microscopes. This glass exhibits greater transparency in both the 

visible and infrared spectra compared to ordinary 'green' window glass. As shown in Figure 4, the 

reflectivity of BK7 is expected to be less than 10% over the entire visible range. However, there are 

two bands of high reflectivity in the infrared spectrum, between 7.5 μm and 11 μm, and between 19 

μm and 25 μm. 

The presence of these two bands in the infrared region underscores the importance of accurate 

characterization of the optical properties of materials: extrapolating, for instance, the reflectance 

behavior of one spectral region to another can lead to significant errors and underestimations. This 

inaccuracy is particularly critical when the data are used to determine safety criteria for laser 

radiation and to implement measures ensuring the safety of workers in environments where optical 

radiation is utilized. 

 

Conclusions 

The reflective properties of materials used in the biomedical environment are of great interest for 

risk management purposes when laser light and other non-coherent sources are used in clinical 

practice or research. When light from a laser source hits a surface, it produces both specular and 

diffuse reflections, which can have harmful effects, particularly on the eyes. While diffusely 

reflected radiation is generally less hazardous than specular radiation, it is important to note that 

textile surfaces can exhibit a diffusive reflectance comparable to that of satin-finished metals. This 

unexpected characteristic must be carefully considered in risk assessments. Of particular interest is 

the comparison of different LLAMB (l) curves and 𝐿)*+,&--.//--	1+ values, which were presented in 

correspondence to the laser wavelengths most commonly used in clinical practice and provide an 

immediate index that indicates whether a given surface behavior is mainly diffuse or specular. 

Based on the results presented here, the creation of a database of material reflective properties has 

been initiated.12 
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Figure1. Scheme of the effects governing light transport in a medium. 

 

  

  



 

 

 

Figure 2. Specular R3&'°(λ) and total reflectance spectra R456(λ), together with the Lambertian 

parameter L789:(λ) in the spectral range 250-2500 nm. Small-angle reflectance spectra R3;-°(λ) is 

reported in the wavelength range 1280-25000 nm. 

 

 

 

 

 



 

 

 

 

Figure 3. Total reflectance spectra R456(λ) in the spectral range 250-2500 nm and total reflectance 

spectra in the wavelength range 16-20 μm. All the tested blue-coloured textiles show specular 

reflectance lower than the instrument accuracy in the 250-2500 nm range (R3(λ) < 	4%) and has 

not been reported in the graph. In the same spectral range we report an example of total T456(λ) and 

ballistic transmission T<(λ) together with the absorption curve A(λ)and the total reflectance R456(λ) 

for textile samples A and C. 

 

 



 

Figure 4 Optical properties diagram of a 10-mm thick BK7 borosilicate glass sample from Schott. 

  



Table 1. Macroscopic (3x3 cm2) and microscope images of the different blue-coloured textiles 

tested in this work. Green-coloured textiles were also tested, showing the same composition and 

surface finishing of the ones reported above (data not shown). 

 

Sample A 

 

Sample B 

 

Sample C 

 

Sample D 

 

Sample F 

 

Sample M 

 

Sample P 

 

  



Table 2. Average values of L789:(λ) in the range 400-1100 nm (indicated as L789:&--.//--	=9) and the 

surface roughness parameter R8 for metallic samples. For textiles, the value has been estimated 

assuming a 4% specular reflectance that corresponds to the measuring instrument limit.  

 

 

Sample L789:&--.//--	=9 R8[μm] Sample L789:&--.//--	=9 R8[μm] 

Polished Stainless 

Steel 
38 0.12 

Brushed Stainless 

Steel 
16 0.68 

Polished Aluminum 20 0.35 Brushed Aluminum 5 0.41 

Brass 60 0.14 Polished Copper 90 0.06 

Plexiglass 58 – Polycarbonate 64 – 

Polyvinyl Chloride 91 – PTFE 2 – 

Textiles A < 10 – Textile C < 8 – 
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