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ABSTRACT  

Gafchromic™ HD-V2 and EBT3 radiation dosimeter films are studied to determine their response to different UV wavelengths, 

and suitability as tools for evaluating sun-protective products, e.g. sunscreen formulations and fabrics. 

 
 INTRODUCTION 
 
Ultraviolet (UV) light emitted by the sun is divided into three major categories based on wavelength: UVC (200 nm to 280 nm), 

UVB (280 nm to 320 nm), and UVA (320 nm to 400 nm). UVC is mostly absorbed by the stratospheric ozone layer. UVB is 

mainly responsible for skin erythema (sunburn) from short-term unprotected sunlight exposure. UVA is implicated in skin 

photodarkening and photoaging via long-term cumulative exposure. UV radiation is the major environmental risk factor for skin 

cancers, with melanoma as most aggressive example. Avoiding overexposure to direct sunlight during the peak daylight hours, 

wearing protective clothing, and applying sunscreen are ways to protect the skin. [1] Common sense and overwhelming 

medical/scientific literature support the fact that fair-skinned people benefit from regular, lifelong, safe sun practices. [2] 

Region-specific regulations (e.g. US FDA CFR Parts 201 and 310; ISO 24444 and 24442) require human in vivo tests based 

on cumulative skin responses to UVA or UVB for determining protective factors such as SPF or UVAPF. To minimize the 

amount of studies which expose panelists to UVB and UVA, only the best sunscreen prototypes should be considered for 

human testing.  

Therefore, development of effective sunscreen products requires use of relevant in vitro tools and methods to assess their 

protection potential against UVB and UVA prior to human testing.  

Color-changing substances and films responsive to ionizing radiation have been known for more than a century. Henri 

Becquerel’s role in winning a Nobel Prize started with a photographic plate and a piece of uranium ore. Since then, 

photographic film and paper served to detect and measure radiation in medicine, science, and industry. Presently, 

Gafchromic™ films made by Advanced Materials business of Ashland Specialty Ingredients are widely used in radiation 

treatment of cancer. Gafchromic™ films principle of action is the ability of poly-diacetylene to change color when radiation or 

heat further polymerize and cross-link it. The color-changing active layer of the films includes poly-diacetylene crystals of 

precisely controlled shape, size, and orientation, along with adjuvants, stabilizers, and optional protective dye. Various types of 
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the film were developed for diverse applications, with differences including crystal size and shape to tune the sensitivity, and 

different dyes or lamination to protect against light, moisture, and scratches. Initially the ability of Gafchromic™ films to react to 

UV light was considered an undesirable aspect of film stability, but recent studies attempt to find constructive uses for it.  

In 2010 Butson et.al. performed ultraviolet radiation dosimetry with Gafchromic™ EBT and EBT2 films using outdoors solar 

exposure. It was shown that the films change from a clear color to blue color when exposed to UV, and the color change is 

reproducible under various conditions of solar radiation. Gafchromic™ EBT and EBT2 films were shown to be a novel two-

dimensional UV radiation exposure meters with a reproducible permanent color change occurring in the visible wavelengths; 

the films can be analyzed with a desktop scanner with the most sensitive channel for analysis being the red component of the 

signal. [3]  

Recently Xin Qu, Xiaomin Zhao and Zhihua Chen developed an in vitro SPF test method based on the use of the recent 

version of Gafchromic film named EBT3. [4]  

The goal of this paper is to more precisely determine the action spectra of several Gafchromic films in UV region and apply 

these films for relevant in vitro evaluations of sunscreen products and fabrics.  

EQUIPMENT, MATERIALS, and METHODS 

Controlled-spectrum light was provided by Solar Simulator LS 1000-6R-002 Rev.3 with Xenon Arc Lamp, XPS 1000 precision 

current source, and a variety of mirrors and filters, all from SolarLight Company, Glenside, PA, USA.  

Specific wavelength bands of light were obtained using bandpass filters ET270/15, ET300/10, ET313/25, ET335/20, 

ZET355/10, ZET375/10, ET395/25, all from Chroma Technology, Bellows Falls, VT, USA.  

Measurement of total flux (ultraviolet + visible + infrared) was done using 3A pyroelectric sensor and Vega radiometer from 

Ophir-Spiricon LLC, North Logan, UT, USA. Broad UVA and UVB measurements were made using PMA2100 datalogging 

radiometer, PMA 2106 UVB sensor, and PMA 2107 UVA+UVB sensor, all from SolarLight Company, Glenside, PA, USA.  

UVB was measured directly, UVA was calculated by subtracting UVB reading from UVA+UVB reading. Spectral power 

distribution, and measurement of flux after bandpass filters were done using BLACK-Comet spectrometer with F600-UVVis-SR 

fiber-optic light guide, CR2 cosine receptor, and SpectraWiz software, all from StellarNet Inc, Tampa, FL, USA.  

Flux after bandpass filters was calculated as area under the curve in the region of filter nominal center wavelength plus/minus 

double the filter bandwidth. Irradiation duration was measured, and sunscreen application was timed using Ultrak 410 
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stopwatch from CEI, Gardena, CA, USA. Sunscreen samples were weighed (with 0.1 mg resolution) using Explorer E00640 

analytical balance from OHAUS corporation, Parsippany, NJ, USA.  

Diffuse UV transmittance/absorbance measurements (e.g. UVAPF) at wavelengths from 290 nm to 400 nm were done using 

UV-2000S analyzer from Labsphere Inc, North Sutton, NH, USA.  

Temperature control during irradiation was provided by EchoTherm SC25 heating/chilling dry bath from Torrey Pines Scientific 

Inc, Carlsbad, CA, USA.  

Absorbance spectra of films were measured with Ultrospec 9000 spectrophotometer from Biochrom Ltd, Cambridge, UK.  

Color of films in CIE L*a*b* 1976 color space was measured using CM-2600d spectrophotometer from Konica Minolta Inc, 

Tokyo, Japan; with films placed on white calibration tile of Ceramic Landing Pad (product # 2008360) from Accuracy 

Microsensors Inc, Pittsford, NY, USA.  

Film images were scanned at 48-bit color depth (16 bits per channel) with all image corrections and adjustments disabled 

using Epson Perfection V700 Photo scanner from Seiko Epson Corp, Suwa, Japan. Recommendations of film manufacturers 

and radiotherapy professionals about maintaining orientation of the film between irradiation and scanning, using a glass plate 

to ensure flatness, and placing films along the central axis of the scan were followed.  

Both color measurements and scanning were done immediately after irradiation. Microscopic photographs were made using 

KH-7700 digital microscope from Hirox Co Ltd, Tokyo, Japan. Gafchromic™ HD-V2 (lot # 11171601), EBT3 laminated (lot # 

06141702), and EBT3 unlaminated (custom lot made upon request) films, and FilmQA Pro 2016 (version 5) software for 

analysis of scanned images of films were obtained from Advanced Materials group of Ashland Specialty Ingredients, 

Bridgewater, NJ, USA. As advised by Advanced Materials group, analysis was done using red channel data, with blue and 

green channel data compensating for possible smudges, scratches, or imperfections of the film.  

Vitro Skin® substrates with N-19 surface topography (lot # 6143) were obtained from IMS Inc, Portland, ME, USA.  

HelioPlate HD6 roughened PMMA (polymethylmethacrylate) substrates (lot # 000204) were obtained from HelioScreen, Creil, 

France.  

Glassless slide mounts with metal mask (product # 7031) were obtained from GEPE Produkte AG, Zug, Switzerland.  

Eleven sunscreen product samples (described in Table 1) with SPF values from 15 to 50 were randomly selected and 

purchased at US supermarkets. Sun protective fabric samples were obtained from fabric manufacturers.  
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Nitrile rubber finger cots (product # 125LNR) for applying sunscreen samples were obtained from Honeywell Safety Products, 

Smithfield, RI, USA.  

Initial characterization of light was carried out using these configurations of LS1000 solar simulator: 

• Airmass 1.5 (AM1.5) full spectrum sun configuration: plain mirror, airmass 0 filter, airmass 1.5 filter, attenuation mesh. 

957 W/m2 (UV+Visible+IR) total flux. 17.1 W/m2 UVA flux. 1.7 W/m2 UVB flux. 

• UVA configuration: UV dichroic mirror, WG335 filter, UG5 filter, attenuation mesh. 

51.2 W/m2 (UV+Visible+IR) total flux. 45.4 W/m2 UVA flux. 

• UVB configuration: UV dichroic mirror, UVB shortpass filter, UG5 filter, attenuation mesh. 

15.4 W/m2 (UV+Visible+IR) total flux. 13.5 W/m2 UVB flux. 

• Bandpass filters: plain mirror, one bandpass filter. 

Various flux values. 

Sunscreen formulation samples were uniformly applied to substrates according to manufacturer instructions (including pre-

hydration of Vitro Skin) and industry standards, using an analytical balance, and finger cots pre-saturated with the formulation. 

Application densities were 2 mg/cm2 for Vitro Skin substrates, and 1.3 mg/cm2 for HD6 PMMA substrates.  

Table 1. Test Articles 

Sunscreen Actives SPF 

Avobenzone 1.5%; Homosalate 3%; Octisalate 4.5%; Octocrylene 3% 15 

Avobenzone 1.4%; Homosalate 3%; Octocrylene 3% 15 

Avobenzone 3%; Homosalate 4%; Octisalate 4.5%; Octocrylene 2.6%  15 

Avobenzone 3%; Octinoxate 7.5%; Octisalate 2%  15 

Avobenzone 3% Octocrylene 10% 15 

Avobenzone 2%; Octisalate 5%; Octocrylene 1.85%; Oxybenzone 0.5% 15 

Avobenzone 1.5%; Octisalate 5%; Octocrylene 3%; Oxybenzone 4% 15 

Zinc Oxide 18.24% 30 

Avobenzone 3%; Homosalate 10%; Octisalate 5%; Octocrylene 6%; Oxybenzone 5% 50 

Titanium Dioxide 4.9%; Zinc Oxide 4.7% 50 

Zinc Oxide 21.6% 50 
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For irradiation, Gafchromic™ film squares (with side of about 40 mm to fit both HD6 substrates and slide mounts) were placed 

under substrates with applied samples, or without applied samples for blank/calibration measurements for respective substrate, 

or without substrates for initial and fabric measurements. 

RESULTS and DISCUSSION 

Evaluated Gafchromic™ films react to ultraviolet light in a dose-dependent way. This manifests as development of blue color, 

easily seen by unaided eye, and with color intensity easily measurable by densitometers, colorimeters, or spectrophotometers. 

For EBT3 this color development manifests as increase in absorbance at primary peak of about 635 nm and secondary peak of 

about 583 nm. For HD-V2 film, primary peak is at about 679 nm, and secondary at about 620 nm. Absorbance at other 

wavelengths also increases in a less characteristic way. For both types of film, change in color is accompanied by only a 

minimal change in absorbance between about 800 nm to 1000 nm, so a compensation wavelength can be picked from that 

range if needed. Primary peak is best used for lower-dose determinations, while secondary peak is more suitable for high-dose 

applications where primary absorbance peak may exceed dynamic range of spectrophotometer. For portable 

spectrophotometers (e.g. Konica Minolta CM-2600d) specialized for measuring L*a*b* values, extent of color development 

compared to untreated film is easily expressed as ΔE (e.g. in L*a*b* color space). 

For initial evaluation of relative sensitivity of Gafchromic™ films, cut squares were exposed to simulated full spectrum (including 

ultraviolet, visible, and infrared) sunlight (957 W/m2 total, 17.1 W/m2 UVA, 1.7 W/m2 UVB), with a portion of the spectrum shown 

as orange line (airmass 1.5 configuration) in Figure 2. Peltier-cooled surface was used to prevent heating of film above 37 °C 

during all irradiations. Figure 1 illustrates color development in three types of Gafchromic™ film (EBT3 laminated and 

unlaminated; and HD-V2). 
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Figure 1. Color development in EBT3 and HD-V2 after exposure to simulated full-spectrum (airmass 1.5) sunlight. Color of each 

point is a RGB conversion of measured L*a*b* SCE color. Horizontal axis is logarithmic. 

 

L*a*b* color of irradiated and non-irradiated film was measured, and ΔE differences between irradiated and non-irradiated 

samples were calculated using a* and b* values of Specular Component Excluded (SCE) part of the measurements.  

The curves shown in Figure 1 are easily modeled using a classical logistic curve, and used to convert color responses into 

linearly scalable units – in this case, delivered energy per unit area, and seconds of exposure at constant flux are functionally 

equivalent. It is known that Gafchromic™ films are sensitive to ionizing radiation and ultraviolet light, and less sensitive to visible 

light. To better characterize the color response of different films to different UV wavelengths, bandpass filters were used to 

narrowly restrict output of xenon arc lamp for irradiation. The spectra of resulting light are shown in Figure 2. 
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Figure 2. Spectral Distributions of power, Spectral power measurements were normalized so highest measurement in shown 

range is considered as 1, and lowest as 0. 

 

Next, film samples were exposed to light obtained via bandpass filters for sufficient time to darken to a color laying within range 

of calibration curves in Figure 1. Both the exposure time and the flux of the light were recorded. Film color responses were 

measured and quantified as equivalent of seconds of exposure to AM 1.5 light. Based on that, specific responses to 1 J/m2 of 

light of specific wavelength were calculated. Sensitivities of the films along with UVB and UVA related color responses of human 

skin - erythema action spectrum [5] and persistent pigment photodarkening (PPD) action spectrum [6]  - were normalized so 

335 nm response was considered as 1. These responses are presented in Figure 3. 
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Figure 3. Approximate relative color responses of Gafchromic™ films and notable color responses of human skin, normalized 

to use 335nm response as 1. Vertical axis is logarithmic. 

 

Relative color responses suggest that: EBT3 laminated films could be suitable for in vitro assessment of protection potential of 

sunscreen products against UVA, and indirectly against UVB in cases where UVA/UVB relationships are known; HD-V2 and 

EBT3 unlaminated films could be utilized for evaluations of protection potential against UVB and full-spectrum sunlight.  

Another observation is that due to presence of UV-absorbing dye in active layer, HD-V2 film is less sensitive than unlaminated 

EBT3 to fluorescent room lights and xenon flash lamps (such as used in portable spectrophotometer for measuring L*a*b* 

color). However, the remarkably high sensitivity of unlaminated EBT3 film could make it more suitable for applications where 

detection of small exposures is important, or when testing high-attenuation samples to make necessary exposure time 

acceptably short. 

 

Following tests focused on evaluation of commercial sunscreens detailed in Table 1. Test articles were applied to Vitro Skin and 

HD6 substrates in precise and controlled manner as described above. Vitro Skin substrates were placed against Gafchromic™ 
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film squares using glassless slide mounts in a “sandwich” arrangement shown in Figure 4. HD6 substrates were simply placed 

over the film squares, as substrate rims hold the middle portion slightly raised. 

 

Figure 4. Disassembled film “sandwich” of a glassless slide mount holding Gafchromic™ EBT3 laminated film and Vitro Skin 

substrate with applied pigment-rich formulation. Upper left corner of the film is marked to track orientation and facing. 

 

The samples were then irradiated by either AM1.5 full spectrum simulated sunlight, or UVB light, both detailed in Figure 2. 

Irradiation doses – equivalently expressible as energy per unit area, or exposure time at constant flux – were selected based on 

anticipated attenuation by the substrate and/or sample, relative film sensitivity, and previous range-establishing tests.  

For example, if a film provides adequate color response at 4 minutes of un-attenuated exposure, with sufficient “room” in color 

response to detect and quantify exposures both above and below anticipated number, and test article has an anticipated 

attenuation factor of 15, then a suitable exposure time can be 1 hour.  

Individual calibration curves for irradiation/substrate combinations were also constructed using films covered by substrates 

without applied samples. Attenuation values were then calculated by dividing the time of exposure by time-equivalent effect 

caused by exposure. For example, if film was covered with a sample-bearing substrate, irradiated for 1 hour, and showed color 

response equal to 5 minutes of un-attenuated light, then the attenuation was 12-fold.  

This is the same principle as calculating protective values such as SPF. 

The data for sunscreen formulations tested using Gafchromic™ HD-V2 film with various combinations of substrates and light 

are presented in Figure 5. 
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Figure 5. Attenuation values for selected sunscreens. Vertical axis is logarithmic. 

We have found that attenuation values of test articles determined on Gafchromic™ HD-V2 film directionally correlate with label 

SPFs of the test articles determined in vivo by manufacturers. 
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Similar testing was conducted using laminated EBT3 film with Vitro Skin substrate and airmass 1.5 full spectrum simulated 

sunlight to evaluate attenuation of mainly the UVA light. As UVAPF values are not listed on the labels, these values were 

measured on substrates with applied sunscreens using the Labsphere UV-2000S analyzer. Results are presented in Figure 6. 

 

 

Figure 6. Attenuation values for selected sunscreens using airmass 1.5 full spectrum simulated sunlight, EBT3 film, and Vitro 

Skin substrates. 

The attenuation values of test articles determined on Gafchromic™ EBT3 film visibly correlate with their respective  

UVAPF values.  

In addition to using Gafchromic™ films for “point” measurements of exposure, their very valuable property as 2-D dosimeters is 

the ability to very precisely resolve spatial features of a sample. 

A common sunscreen industry practice is to measure many locations on, e.g., an HD6 substrate with applied formulation to 

gather statistics and compensate for uneven coverage of sunscreen. However, all these measurements provide an average 

reading over the opening of the integrating sphere. In case of Labsphere UV-2000S, this is a 79 mm2 circle, which considerably 
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limits possible precision. While small defects in coverage are certainly possible to detect via statistics, quantifying the defects is 

more difficult if only large-area averaged measurements are available. 

In contrast, one (or several) samples of film can be scanned and analyzed at once, and spatial resolution of measurement is the 

resolution of the scanner. For example, even a comparatively low scan resolution of 100 dpi (dots per inch) means resolving 

areas of about 0.07 mm2 – over 1000 times smaller than integrating sphere opening mentioned above. Resolutions of > 300 dpi 

are trivially achievable with photo scanners. Ability to analyze such images is eased by the fact that there is a great body of 

available expertise in image analysis among manufacturers of Gafchromics™ films and FilmQA Pro software, as well as 

medical industry practitioners who use them. 

To demonstrate the improved ability to analyze sun protection over an area with Gafchromic™ films, two samples were 

prepared: pigment-rich BB cream described as “camouflage make-up” was applied to half of the area of an HD6 substrate with 

red felt-tip pen line on underside marking the boundary, and an un-stretched swatch of fabric marketed as sun-protective “solar 

canvas”. Microscopic focus-stack photos of the samples were taken at 70x magnification. As considerably high attenuation was 

expected, unlaminated EBT3 film (sensitivity shown in Figure 3) was used, along with UVB-configured light (output shown in 

Figure 2). Calibration curve was constructed using exposures of 0, 1, 2, 4, 8, 16, 32, and 64 seconds. Make-up sample was 

irradiated for 5 minutes, and fabric sample was irradiated for 10 minutes. The results are shown in Figure 7. 
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Figure 7. Image analysis example for “solar canvas” fabric (top) and pigment-rich “camouflage make-up” cream (bottom). 

 

The microscopic images (left) show the gaps in the canvas weave, and uneven coverage of the formulation. This unevenness is 

very seen in scans of irradiated film (middle) and is quantifiable by FilmQA Pro software (right) with sub-millimeter resolution as 

shown by the millimeter scale. “cGy” units should be read as seconds, since unit labels in FilmQA Pro are limited to a pre-

defined list. The distribution of effect of UVB light is clearly shown by the graphs of exported data from image analysis (grey and 

orange curves). Besides visualization, both statistical and threshold data are easily available. For example, film protected by 

fabric from 600 seconds of UVB light showed color effect equivalent to 1.70 ± 2.25 seconds of exposure, with minimum being 

below 1 second (tentatively considered as complete blocking, or attenuation of about 600-fold) and maximum being above 64 

seconds (tentatively considered as a hole). In contrast, film protected by make-up from 300 seconds of UVB light showed color 

development effect equivalent to 4.19 ± 2.32 seconds of exposure, with minimum being below 1 second (tentatively considered 

as complete blocking, or attenuation of about 300-fold), and maximum of 30.50 seconds – a complete lack of detectable holes 

in analyzed area.  
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Similar technique could be applied to testing UV protection by materials besides fabrics and topical sunscreens – e.g. coatings 

possible to apply to a UV-transparent substrate, pigments and dyes possible to mix into a transparent or translucent plastic film, 

or glass tints. In addition, parameters such as the spreadibility of the formulation, resistance of applied formulation to time’s 

passage or environmental stresses, an application technique for a formulation, or the quality of surface of a transparent 

substrate may all be precisely evaluated using Gafchromic™ films and FilmQA Pro image analysis software. 

 

CONCLUSIONS 

Gafchromic™ EBT3 and HD-V2 films could be applied for: 

- Directional evaluation of protection against UVB, UVA, and full-spectrum sunlight based on cumulative effects of light, not 

only single time-point measurements of absorbance 

- Assessment of photostability of formulations 

- Precise profiling of evenness of protection against UV by sunscreen formulations, fabrics, films, paints, coatings, and tints 

- Evaluation of formulation’s spreadibility and efficiency of spreading techniques 

- Resistance of formulations and materials to environmental stresses 

- Very expedient and field-suitable estimates of sun protection. Minimum required equipment is a stopwatch, an opaque 

container, and sunny sky 

- Optimization of sunscreen formulations prior to human studies 

- Competitive benchmarking 
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