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Abstract
The dosimetric properties of the recently introduced UV dosimeter based on 16 µm PVC film have been fully characterized. Drying the thin film in air at 50 ºC for at least 28 days was found to be necessary to minimise the temperature effects on the dosimeter response. This research has found that the dosimeter response, previously reported to be mainly to UVB, has no significant dependence on either exposure temperature or dose rate. The dosimeter has negligible dark reaction and responds to the UV radiation with high reproducibility. The dosimeter angular response was found to have a similar pattern as the cosine function but deviates considerably at angles larger than 70º. Dose response curves exhibit monotonically increasing shape and the dosimeter can measure more than 900 SED. This is about three weeks of continuous exposure during summer at subtropical sites.  Exposures measured by the PVC dosimeter for some anatomical sites exposed to solar radiation for twelve consecutive days were comparable with those concurrently measured by a series of PPO dosimeters and were in line with earlier results reported in similar studies.       







1. Introduction
Chemically-based ultraviolet (UV) radiation dosimeters have been widely used in personal UV exposure measurements since 1976. Despite the development of the electronic ultraviolet (EUV) dosimeters, chemical UV dosimeters maintain their suitability in human exposure research as simple and economical UV monitors that require no power and can be miniaturised [1, 2]. The most commonly used chemical UV dosimeters are the polysulphone (PS) [3] and polyphenylene oxide (PPO) [4, 5] dosimeters. The PS dosimeter has long been employed in quantifying human exposure to solar UV in different environments during various activities [6-15]; and effectively used in evaluating UV minimizing strategies [16-18]. The PPO dosimeter, employed later than PS, has also been successfully utilised in measuring UV exposures in terrestrial and aquatic environments [19-21]. The dynamic range of PS and PPO is limited to up to eight hours and five days respectively of exposure to solar UV radiation. Consequently, the dosimeters have to be replaced periodically for longer measurements, increasing the cost, effort and margin of error of the measurements.
Quantifying long-term personal UV exposure has a great importance, particularly for studies of latent outcomes of exposure to UV radiation [22]. It is well known that cumulative exposure throughout lifetime is a risk factor for a number of cutaneous diseases, including photaging [23] and some types of skin cancer [24], and ocular diseases such as pterygium and cataracts [25, 26]. A long-term personal UV dosimeter takes into account the day-to-day variations in exposure related to personal activities and environmental conditions. Therefore, prolonged measurements will be more accurate and reliable than the results obtained using short dynamic range dosimeters. 
A new dosimeter based on a thin film of polyvinyl chloride (PVC) cast from tetrahydrofuran (THF) solution has recently been introduced with the ability of measuring at least two weeks of continuous exposure to solar UV radiation at subtropical sites [27]. Further research has identified the best PVC/THF mixing ratio to prepare the dosimeter as 10% and the ideal thickness of the dosimeter as 16 µm [28]. In the same research, the dosimeter responsivity was determined to be mainly to the UVB waveband and thereby the dosimeter can be calibrated for erythemally weighted exposures. Dose response curves were established by relating the UV-induced absorbance change at the 1064 cm-1 peak with the incident exposure. However, to achieve accurate dose measurements, the basic dosimetric properties reported in the literature [29, 30] have to be studied. This paper reports on the investigation of the key aspects of the PVC dose response: reproducibility, temperature independency, dose rate independency, angular dependence, backscattering effect, threshold dose and dark reaction. Seasonal dose response curves have also been provided and a field trial has been conducted to test the dosimeter validity.                 
2. Materials and Methods
2.1 Drying time determination
Pure polyvinyl chloride (PVC) does not absorb any radiation above 220 nm [31] and thereby no changes should occur in PVC during its exposure to UV radiation. However, PVC is known to be degraded on exposure to UV radiation mainly because of impurities, arising from either thermal treatment during processing or added ingredients, which catalyse photodegradation processes or absorb UV radiation to form radicals that initiate further reactions [32]. PVC thin films prepared by casting from tetrahydrofuran solution for use in UV dosimetry have not been treated thermally and contain no additives. Therefore, the UV-induced changes are assumed to be a result of the influence of residual tetrahydrofuran,  which is considered as a photosensitiser [32] and responsible for the 1064 cm-1 peak in the infra red (IR) absorption spectra of solvent cast PVC samples [33]. Solvent residues remain even when the films are dried at high temperatures (up to 120 ºC) for extremely long times [34]. Maláč et al. [34] dried solvent cast PVC samples at 50 ºC in air and found that the amount of residual tetrahydofuran in the samples decreases with time up to about 25 days and then remains nearly constant. The response of PVC dosimeters dried for various times to UV radiation, therefore, has to be investigated to determine if it is necessary to dry the PVC thin films and for how long.


Ninety solvent cast PVC dosimeters of thickness of about 16 µm were prepared as described elsewhere [28]. The absolute absorbance of the dosimeters at 1064 cm-1 (hereafter only “absorbance”) was measured immediately using a Fourier Transform Infrared (FTIR) spectrophotometer (IRPrestige-21/FTIR-8400S, Shimadzu Co., Kyoto) and found to be 0.249 ± 0.012. The dosimeters were then dried at 50 °C in air for about four weeks and their absorbance was measured periodically. During the drying process, eight dosimeters were removed each five days and exposed to a broadband UV radiant exposure of 200 kJ/m2 supplied by a UV fluorescent lamp (model Philips TL40/12, supplier Lawrence and Hansen, Toowoomba) that emits radiation primarily in the UVB region of the UV spectrum . Four of the dosimeters were exposed at 25 °C and four at 45 °C. The spectral irradiance at the dosimeters’ site  was measured with a calibrated scanning spectroradiometer (model DMc150, Bentham Instruments Ltd, Reading UK) and the radiant exposure  received by the dosimeters was calculated by: 

				(1)



where  is the wavelength increment and  is the exposure time. The corresponding absorbance change  was calculated by 

		            	(2)


where  is the pre exposure absorbance and  is the post exposure absorbance. The average deviation of the lamp output during the exposure and the irradiance uniformity at the dosimeters’ site were about 3% and 3% respectively.
2.2 Reproducibility 
The reproducibility is one of the quantities that define the dosimeter reliability. Equal radiant exposures from the same source should induce the same measured response. Any errors related to the film reproducibility will affect the results and have to be quantified and taken into account during the measurement process. To quantify the reproducibility of the measurements, ten dosimeters were irradiated evenly by the fluorescent UV lamp for 20 days, receiving a total radiant exposure of 27 MJ/m2 of broadband UV radiation. The mean absorbance change of the dosimeters was determined at various intervals, and the average deviation from the mean was obtained and plotted as a function of the radiant exposure.
2.3 Temperature independency
Chemical dosimeters employed in solar UV radiation measurements experience different ambient temperatures. Therefore, the thermal stability of the dosimeter has to be ensured and the temperature range of the dosimeter validity should be identified. To investigate the effect of temperature on the response of the PVC dosimeter to UV radiation, five groups of 16 µm PVC dosimeters, previously dried at 50 °C for four weeks, were sequentially exposed at 5 ºC, 12 ºC, 20 ºC, 30 ºC, 40 ºC, and 45 ºC to radiant exposures of 200 kJ/m2 using the fluorescent lamp. Irradiation at different temperatures was achieved by controlling the air flow temperature, except for 5 ºC in which a water bath containing a mixture of ice and water was used. The temperature error was estimated to be ±2 ºC. The IR absorbance was measured before and after the exposure to allow comparison of the absorbance change of the dosimeters exposed at different temperatures.
2.4 Dose-rate independency

Chemical UV dosimeters measure the integrated radiant exposure (dose). Therefore, the UV-induced response within the dosimeter should be independent of the rate of the received dose (irradiance), i.e., equal doses are supposed to induce the same response regardless of the dose rate and duration of exposure. The dose rate dependence of the PVC dosimeter was studied by exposing seven groups of PVC dosimeters sequentially to the fluorescent lamp at different distances from the lamp for different durations of exposure, so that all groups received an equal broadband UV radiant exposure of 2 MJ/m2. The distance between the dosimeters and the lamp ranged between 6 cm and 34 cm. The UV irradiance as measured by the Bentham spectroradiometer at the exposure site was between 12.9 W/m2 and 2.9 W/m2; and the required exposure time ranged between 43 and 193 hours. The average absorbance change of each group was measured, normalised and plotted against the corresponding irradiance. For each exposure, an additional three dosimeters covered with cardboard were employed as control dosimeters. The covered dosimeters were placed at the exposure site to ensure that they were at the same temperature as the exposed dosimeters. 
2.5 Angular dependence



The angular dependence of the dosimeter is the variation in its response with the angle of incidence of incoming radiation. The maximum irradiance of a stable beam of radiation corresponds to angle of incidence, and reduced by a factor of  with increasing  angle [35].  Therefore, for an ideal UV dosimeter, the response to the change in the angle of incidence of the beam should be a cosine function. To quantify any differences of the angular response of the PVC dosimeter from the cosine function, nine sets of PVC dosimeters were irradiated by a collimated UV beam at nine different angles of incidence. The irradiation source was a UV solar simulator (19160-1000, Newport Co., California, USA) combined with an exposure controller (model 68945, Newport Co., California, USA) to minimise variations in the lamp output. The simulator provides a stable collimated beam of 5 cm×5 cm with measured irradiance uniformity across the entire exposure area of about 5%. Batches of four PVC dosimeters were irradiated sequentially at angles ranging from 0º to 80º at intervals of 10º. The exposure lasted for 24 hours at each angle. The average absorbance change of the dosimeters corresponding to each angle was measured and then normalised for the comparison with the cosine function. The deviation of the dosimeter angular response from the ideal cosine response was calculated for each angle.      
2.6 Backscattering effect
Butson et. al. [36] have reported a variation of up to 19% in the measurements of UV exposure obtained with a UV dosimeter based on a radiochromic film due to various background materials. This discrepancy is assumed to be associated with backscattered radiation reflected off backing material. Therefore, the effect of the background material and colour on the response of PVC dosimeters to UV radiation was examined. White, black and purple papers along with black polyethylene and glossy wood were employed as backgrounds for five batches of PVC dosimeters. The dosimeters were exposed evenly to the fluorescent UV lamp for 100 hours, providing 5 MJ/m2 of broadband UV radiant exposure at the dosimeters’ site. The UV-induced absorbance change of the dosimeters was measured and normalised for the comparison. 
2.7 Erythemal dose response curves
The erythemal dose response curves of the PVC dosimeter were determined at the University of Southern Queensland, Toowoomba, Australia (latitude 27.6 ºS) in Autumn (23 April - 29 May 2012), Winter (23 July - 28 August 2012), Spring (10 September - 8 October) and Summer (5 February - 22 February 2013). For each season, five dosimeters have been exposed on a horizontal unshaded plane near an erythemally weighted UV meter (model 501 Biometer, Solar Light Co. PA. USA), that records the cumulative erythemal exposure each five minutes. The Biometer was calibrated to the Bentham spectroradiometer each season. The angular response of the Biometer is assured by the manufacturer to be within 5% from ideal cosine for all incident angles. The dosimeters were removed only for the absorbance measurements (15 minutes) and were not brought indoors at night. The absorbance change of the dosimeters was measured at different intervals and related to the corresponding exposure dose to construct dose response curves. During the summer calibration, three covered dosimeters (control dosimeters) were placed at the exposure site to investigate any effects of the ambient temperature on the UV-induced changes within the dosimeter. 
2.8 Threshold dose
The threshold dose is the smallest dose that can induce a measureable response within the dosimeter. The erythemal dose response curves obtained for the PVC dosimeter indicate that the dose capacity of the dosimeter extends to more than 900 SED. However, the response to small doses does not exactly match the general trend of the data. Further investigation of the dosimeter response to small doses has been carried out using the solar simulator. A set of four PVC dosimeters was evenly exposed to a total radiant exposure of 6 SED, during which the absorbance change was measured regularly.   
2.9 Dark reaction
Previous research has reported changes in some chemical UV dosimeters’ response after the UV exposure has been terminated [3, 5, 37, 38]. This behaviour is commonly known as the dark reaction. The presented PVC dosimeter aims to measure weeks of exposure to solar UV radiation and thereby will experience nocturnal periods during the measurements. In addition, the readout process is not always available immediately after exposure and the dosimeters may have to be stored for a while. The post exposure behaviour of the PVC dosimeter was investigated by exposing 16 PVC dosimeters to a radiant exposure of 3.5 MJ/m2 supplied by the fluorescent lamp. After measuring the UV-induced absorbance change, the dosimeters were divided into four groups and maintained in a UV free environment at -15 ºC, 0 ºC, 15-20 ºC and 40 ºC respectively. The absorbance change was measured at different times during the storage and plotted against time for each temperature.
      2.10 Field trial
An outdoor test was carried out to evaluate the use of the PVC dosimeter in measuring personal exposure in a field trial to solar UV during long periods. The results were compared with those concurrently measured by a series of PPO dosimeters. PVC and PPO dosimeters were employed for monitoring the exposure received by five anatomical sites using four upper-body manikins rotating at a speed of one revolution per minute.  Dosimeters of both types were attached to the following sites: vertex, nose, shoulder, chin and neck. The exposures were carried out for 12 consecutive days during summer 2013 at a private property near the University of Southern Queensland. The site of the exposures was an unshaded lawn surrounded by a house and fence, with partial shading before 8:00 and after 18:00 EST. The dose response curves were determined at the same time by exposing a number of PVC and PPO dosimeters on a horizontal unshaded plane near the erythemally weighted UV meter and recording the UV-induced response as a function of the UV exposure. The UV-induced response of the PPO dosimeter was quantified by the change in the absorbance at 320 nm [5] measured using a spectrophotometer (model UV-1601, Shimadzu Co., Kyoto, Japan). Due to the fact that PPO dosimeters are saturated after about five days of exposure to solar UV radiation [5], the measuring and calibrating PPO dosimeters were replaced after each four days of exposure. At the end of the exposures, the anatomical exposure measured by one set of PVC dosimeters (10 dosimeters) was compared with that measured using three sets of PPO dosimeters (30 dosimeters).          
3. Results
3.1 Drying time determination
Figure 1 shows the absorbance of the PVC dosimeters dried at 50 °C as a function of the drying time. The error bars represent the standard error of the measured absorbance. There was a gradual absorbance reduction with a decreasing rate of change. Although the absorbance curve has not eventually levelled as expected [34], the rate of absorbance decrease reached its minimum after about 3 weeks of drying. The absorbance dropped to 50% of its initial value after four weeks of drying. The difference between the absorbance change of PVC dosimeters exposed to 200 kJ/m2 at 25 ºC and 45 ºC decreased with the increase of drying time (Figure 2). The error bars represent the standard error of the normalised absorbance change as calculated by the error propagation formulae. The absorbance change of the undried dosimeters exposed at 45 ºC was about 30% higher than those exposed at 25 ºC. This difference dropped to just about 5% for those dosimeters dried for 25 days, indicating that drying the dosimeters for about 25 days at 50 ºC will minimise the temperature dependence of the dosimeters.     
3.2 Reproducibility
The average deviation from the mean absorbance change of the ten dosimeters was 3-5% for broadband UV exposures up to 2.5 MJ/m2 and dropped to ≤ 2% for higher exposures (Figure 3). The y error bars represent the standard error of the measured absorbance change, they are shorter than the dimensions of the associated symbol and do not appear clearly on the graph, while the x bars represent 3% variation in the output of the lamp..
3.3 Temperature independency

The dosimeters exposed at various temperatures showed no significant difference in their behaviour and the response seems to be independent of temperature. Figure 4 shows the normalised response of PVC dosimeters exposed over the range 5-45 ºC. The average deviation from the mean response was about 4.5 %. 
3.4 Dose-rate independency
The response of PVC dosimeters exposed to an equal radiant exposure accumulated from different irradiances with different durations of exposure is given in Figure 5. The average deviation from the mean response was about 6 %. 
3.5 Angular dependence
The response of the PVC dosimeter as a function of the angle of incidence of UV radiation is shown in Figure 6 together with the cosine function and the corresponding cosine error. The y error bars represent the standard error of the normalised response as calculated by error propagation formulae while the x error bars represent an estimated constant angular alignment error of 1º. The measured cosine error was less than 6.5% for angles up to 40º, increasing to 16% at 50º and reaching its maximum of about 40% at higher angles.
3.6 Backscattering effect
The response of PVC dosimeters evenly irradiated using different backgrounds is shown in Figure 7. In general, darker backgrounds had less effect on the absorbance. This is in agreement with previous research [39, 40] that reported less UV reflectivity of dark colours than the light ones. The maximum response was for the white paper background. Responses for white and purple backgrounds differed by about 30%. In addition, a slight effect of the material type is noticed by the 5% discrepancy in the response of dosimeters irradiated with black polyethylene and black paper. The results indicate that similar materials and colours should be employed for both calibrating dosimeters and measuring dosimeters to avoid any backscattering effect. 
3.7 Erythemal dose response curves
Figure 8 shows the erythemal dose response curves of the PVC dosimeter obtained for different seasons. The best fit of the data for all curves is almost similar and very close to linear. Control dosimeters used during summer calibration (when the temperature is the highest) showed an absorbance change of ±1%, except one point when the change was 2%. This change is within the experimental error of the absorbance measurements, indicating that there was no significant effect of ambient temperature on the measured response. The maximum measured cumulative exposure was about 900 SED and obtained during the spring calibration (28 days of exposure) with no signs of saturation or substantial deviation from the general trend of the curve, indicating that the dosimeter is able to measure even higher doses.  The combined data of all seasons is shown in figure 9. The curve could be used as a standard dose response curve for the different seasons.
3.8 Threshold dose
A fluctuation in the response is noticed for doses less than 2 SED (Figure 10). After that, the response started to change monotonically. A dose of 3 SED can be considered as the threshold dose of the dosimeter. 
3.9 Dark reaction
Figure 11 illustrates the percentage change in ∆A% of four PVC batches maintained after exposure at different temperature. The change was within the experimental error ± 2% and independent of temperature.
      3.10 Field trial 
The doses received by the five anatomical sites during the study period as measured using the PVC and PPO dosimeters are shown in Figure 12. The agreement between the results was best for the vertex, nose and shoulder. Although there was a slight discrepancy between the two dosimeters for doses measured at the chin and back of the neck, measurements obtained by the PVC dosimeter agree with the generalization of earlier studies where the shoulders generally receive two-thirds of the dose relative to the vertex while vertical sites of the body receive roughly half of the vertex dose [29, 41-43]    
4. Discussion and conclusion 
The results presented in this research demonstrate that the PVC film dosimeter fulfils, in general, the criteria required for a reliable UV dosimeter.  The 16 µm PVC films prepared from 10% PVC/THF solution and dried in air at 50 ºC for 28 days showed a high reproducibility in their response to UV exposure. The response was within 2.5% of its mean, with a maximum deviation of 5% for exposures less than 2.5 MJ/m2 (Figure 3). In addition, there was no significant dependence of the dose response on exposure temperature over the range 5-45 ºC (Figure 4). The average deviation from the mean response was 4.5 %, which is an acceptable value considering the 3% variation in the lamp output, 5% reproducibility and an uncertainty of about 1.5% for the absorbance measurements. Likewise, no clear relationship was found between the dose response and dose rate for the tested irradiances (3 W/m2 - 13 W/m2) (Figure 5). The response over this range of irradiances deviated within an average of 6% from the mean. Additionally, the general shape of the angular response of the PVC film was similar to the cosine function (Figure 6). The difference between the curves was less than 6.5% for angles up to 40º, but it reached 40% for angles ≥70º. Furthermore, the dark reaction induced response was negligible and independent of temperature (Figure 11). The study of the dosimeter’s sensitivity to small doses showed that an erythemal dose of 3 SED seems to be the threshold dose of the dosimeter (Figure 10). However, high threshold dose is not necessarily a disadvantage, as the dosimeter is proposed for long term exposures. Additionally, the results demonstrated the necessity of using the same background material for both calibrating and measuring dosimeters to eliminate any response due to the backscattering radiation (Figure 7). Finally, the dosimetric characteristics of the PVC dosimeter are comparable with those of PPO and PS dosimeters (Table 1) with a far higher dose capacity for the PVC dosimeter.
The establishment of the PVC dose response curves underlined not only the high dose capacity of the dosimeter, but also the suitability of the dosimeter to be used in a range of environmental conditions. The dose response curves indicate that the PVC dosimeter can measure more than 900 SED of exposure. This is equivalent to about three weeks of continuous exposure during summer at subtropical sites. 
The anatomical exposure measurements obtained by the PVC dosimeter over 12 consecutive days agreed well with the results reported in earlier similar studies, supporting the positive overall evaluation of the PVC dosimeter. 
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Figure 1: Change of absolute absorbance at 1064 cm-1 of PVC dosimeters as a function of drying time at 50 ° C.








Figure 2: Normalised absorbance change of PVC dosimeters exposed to 200 kJ/m2 at 25 °C and 45 °C after being dried for different periods at 50 ºC.






Figure 3: The average deviation from the mean of ten dosimeters’ absorbance change as a function of the radiant exposure.





Figure 4: The response of PVC dosimeters as a function of the temperature during exposure.










Figure 5:  The response of PVC dosimeters exposed to 2 MJ/m2 of broadband UV exposure as a function of the supplied irradiance.  
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Figure 6: The response of PVC dosimeters as a function of the angle of the incident beam (dashed line) compared with the ideal cosine function (thin line). The bar chart shows the deviation of the PVC angular response from the cosine function.  






Figure 7: The response of PVC dosimeters irradiated evenly over different backgrounds. 
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 Figure 8: Solar erythemal dose response curves of the PVC dosimetr. The summer curve includes the response of the control dosimeters.





Figure 9: Combined dose response curve for the four seasons.





Figure 10: The response of PVC dosimeter to small doses. 






Figure 11: The dark reaction induced change of PVC dosimeters kept at different temperatures as a function of time.





Figure 12: Doses received by five anatomical sites due to exposure to solar radiation for 12 days as measured by PVC and PPO dosimeters.









	
	PVC
	PPO [5]
	PS [3, 44-47]

	Sensitivity
	Primarily to UVB 
	Primarily to UVB
	Primarily to UVB

	Dose Capacity (SED)
	> 900 
	~ 300 
	~ 30

	Reproducibility
(response variation) 
	5 %
	6.5 %
	5 %

	Temperature dependency
	Independent
4.6 % variation in the response within the range 
5-45 ºC
	Independent
< 2% variation in the response within the range
1.5-50 ºC
	Independent


	Dose rate dependency
	Independent
6.4 % variation
within the range  
3-13W/m2

	Independent 
4 % variation in the response within the range  
 2.1-11.7 W/m2
+ Slight dependency 
13 % variation in the response within the range 1-3.7 W/m2
	Independent
5 % variation in the response within the range 0.56-3.4 W/m2


	Angular response 
(% deviation from the cosine function)
	< 6.5 % for angles up to 40º
increasing to up to 40% for angles ≥ 60º
	< 6.2 % for angles up to 40º
 increasing to up to 13.2 % for angles ≥ 60º
	Independent for angles up to 70º

	Dark reaction induced change after exposure 
	Negligible 
No clear trend
	~ 3.4 % per night
Dependent on temperature
	4 % after 24 hours
5 % after a week



Table 1: A comparison of the dosimetric properties of the PVC, PPO and PS dosimeters.


[bookmark: _GoBack]
Av.	y = 0.0002x2 - 0.0087x + 0.2324
R² = 0.98
1.2101257969502342E-2	1.225405193757928E-2	1.1691157152119613E-2	1.1077707344031148E-2	1.0794803791125079E-2	1.0732093613705201E-2	1.050889358802554E-2	1.054012650145464E-2	1.0435482206821499E-2	1.0118162437474038E-2	1.0089992842195498E-2	9.9856947680169641E-3	9.8664054019463876E-3	9.653050755532664E-3	9.3934516197899959E-3	9.1194596574822335E-3	8.936878028086178E-3	8.783368753881771E-3	8.4766450386406962E-3	1.2101257969502342E-2	1.225405193757928E-2	1.1691157152119613E-2	1.1077707344031148E-2	1.0794803791125079E-2	1.0732093613705201E-2	1.050889358802554E-2	1.054012650145464E-2	1.0435482206821499E-2	1.0118162437474038E-2	1.0089992842195498E-2	9.9856947680169641E-3	9.8664054019463876E-3	9.653050755532664E-3	9.3934516197899959E-3	9.1194596574822335E-3	8.936878028086178E-3	8.783368753881771E-3	8.4766450386406962E-3	0	1.0833333333333333	2.3333333333333335	3.25	4.2083333333333508	5.25	6.0833333333333508	6.9166666666666714	7.9166666666666714	10.041666666666666	12	13.666666666666702	14.875000000000034	16.895833333333222	19.895833333333222	23.395833333333222	25.520833333333222	26.8125	28.354166666666735	0.24900000000000044	0.22737000000000002	0.20844000000000057	0.20025999999999999	0.19286999999999999	0.18625000000000044	0.17912	0.1765400000000005	0.17011999999999999	0.16191000000000044	0.15508000000000041	0.14939000000000024	0.14552000000000001	0.14005000000000001	0.13266	0.12889	0.12496999999999998	0.12283000000000002	0.12062000000000027	Time of drying (d)
Absolute absorbance

at 45 ºC	8.1338794471141479E-2	8.963784862778057E-2	4.952146683023062E-2	6.1191581668656764E-2	9.2494313874141657E-3	0.118465799708623	8.1338794471141479E-2	8.963784862778057E-2	4.952146683023062E-2	6.1191581668656764E-2	9.2494313874141657E-3	0.118465799708623	0	5	10	15	20	25	1	1	1	1	1	1	at 25 ºC	4.587571510050785E-2	5.4952097996098161E-2	5.4116462491821685E-2	7.9366997390207944E-2	1.6453438660187066E-2	0.16802489120605588	4.587571510050785E-2	5.4952097996098161E-2	5.4116462491821685E-2	7.9366997390207944E-2	1.6453438660187066E-2	0.16802489120605588	0	5	10	15	20	25	0.71035901491182885	0.8549432815074729	0.85416955879876266	0.89896011044266755	0.90633444675152652	0.95992447486429089	Time of drying (d)
Normalised response

Absorbance change	0.1522635170834124	0.22219015017993451	0.22325688314497424	0.29766731745943087	0.3459634738914979	0.3472070193826195	0.38588884644223204	0.1522635170834124	0.22219015017993451	0.22325688314497424	0.29766731745943087	0.3459634738914979	0.3472070193826195	0.38588884644223204	0.87000012000000004	2.5710001199999977	5.9640001200000006	7.7670001079999853	11.799000108	16.904998908000035	27.576358920000068	7.7017584410119024	17.760613194842129	32.107670149552391	38.614249522566439	51.420915681606985	63.436314491478278	77.893799294297196	Average deviation from the mean	0.87000012000000004	2.5710001199999977	5.9640001200000006	7.7670001079999853	11.799000108	16.904998908000035	27.576358920000068	5.4208306431871964	3.0265177584347422	1.8107464695915347	2.1009314552063807	1.7900482590433437	1.5353589809375421	1.308999493144819	Radiant exposure (MJ/m2)
%

E	3.0432499274704601E-2	5.8869841930686811E-2	4.7960976396673974E-2	6.0993062618628184E-2	5.6031994236700924E-2	6.81879047590839E-2	3.0432499274704601E-2	5.8869841930686811E-2	4.7960976396673974E-2	6.0993062618628184E-2	5.6031994236700924E-2	6.81879047590839E-2	5	12	20	30	40	45	0.86498898612199515	0.85124514831971865	1	0.90474251912655879	0.94380000189017366	0.93082622720443475	Temperature (ºC)
Normalised response

0.10114722072859322	8.9220644046987527E-2	0.17174500242607763	0.14159978952019106	0.14432913815276649	7.3665457495270495E-2	0.12573410357229658	0.10114722072859322	8.9220644046987527E-2	0.17174500242607763	0.14159978952019106	0.14432913815276649	7.3665457495270495E-2	0.12573410357229658	12.92721489	10.2390998528571	7.455363695000023	6.0365119409090875	4.6330082209999945	4.2278319531999786	2.8881054251666667	1	0.83204029141025904	0.88476188343984175	0.9587602519839008	0.909735875602947	0.78774718055018356	0.86390119906464813	Irradiance (W/m2)
Normalised response

normalised response	9.2429009406409749E-3	1.4464006466296135E-2	1.7049074308426233E-2	1.5663280329177801E-2	2.2988823436599352E-2	9.2429009406409749E-3	1.4464006466296135E-2	1.7049074308426233E-2	1.5663280329177801E-2	2.2988823436599352E-2	White paper	Black Paper	Wood	Black Polyethylene	Purble paper	1	0.83655415748764228	0.83446970523714747	0.80269605617216022	0.71058963663763564	Dosimeter Background
Normalised response

y = 0.32x2 + 43.5x
R² = 0.99
0	0.81760867740701171	1.4889739572842706	2.6958868640796783	3.9624468552120669	4.7600203304179045	6.3847287145265774	6.8309442017523407	6.9395707151460124	7.7160496783216104	7.9615169794076026	8.6987309491779072	9.2770093485578009	9.7289854505312956	10.176371881122213	11.412246546231406	11.760438592846675	12.724179034247355	13.766207551749064	0.60070978965628663	1.0724053223872902	1.6766041074568241	1.930952088307428	2.6700830768159891	3.266711596157752	2.8249634565202077	3.0191038282135336	5.1268301796165963	5.2754500527409327	5.8237810800567695	6.5037812760900806	8.4324968160780571	10.584335204574977	11.184078988796115	13.050351139084714	15.201393646994111	2.2559419321031133	2.9527039005985367	4.5944996306190555	9.2020444191730046	10.726226831646116	12.141910057970129	14.183957059777654	17.323844886401528	18.514863881963613	2.5041074086452952	2.660083200589404	3.1843924176621692	3.1800502524630851	4.0436665616781884	5.1676015008033369	7.6594416074654355	7.8739949548638704	10.38366855869045	13.779648867913119	14.28448034152767	16.248097834331752	0	14.172125499999996	70.838624199999998	125.5848349	149.14836890000001	194.11711319999998	290.25953239999996	310.28453569999999	330.02349609999999	349.01834489999999	409.37539709999999	428.73430049999911	447.14906230000128	465.26177879999898	480.35004170000002	531.97178379999991	549.49641209999947	633.56902109999771	650.20351589999939	10.331549500000023	27.422112699999897	44.074610200000002	68.332248299999989	120.02600120000001	136.91653440000002	153.20497730000002	191.89077930000045	250.79961429999938	270.29853869999891	291.37369950000004	311.91277989999969	432.11480750000032	535.32028599999819	550.99863740000001	590.10650269999996	695.79035290000206	62.487371699999976	116.02540119999962	210.75760890000001	418.72079869999999	495.38229620000004	616.14440780000007	722.07629520000012	852.4258447000002	928.93131879999817	52.237834500000005	83.850575699999979	98.954841000000016	129.00126890000001	144.56760350000002	177.15249050000045	334.78427269999997	367.70758370000004	446.47355569999911	609.8983257000001	679.01384370000005	777.67160870000009	∆A%
Erythemal Exposure (SED)

y = 1.40x2 + 0.28x
R² = 0.94
0	0.32775672798577454	0.15274169375428701	9.6809479465029866E-2	4.2217537881627007E-2	6.0842014461952372E-2	0.30688912095168752	0.12894236476328641	0	0.32775672798577454	0.15274169375428701	9.6809479465029866E-2	4.2217537881627007E-2	6.0842014461952372E-2	0.30688912095168752	0.12894236476328641	0	0.90620675680200558	0.7313306251244347	0.91002878507655849	1.3077130750774686	1.7361564339274891	1.6610221419182312	1.9693646516729462	0	0.5	1	2	3	4	5	6	∆A%
Erythemal Exposure (SED)

  40 ºC	0	24	48	71	93	117	0	2.5856632207210049	-1.0087028520052017	-0.86622839757044678	-1.4910879470579173	-1.6577508924966529	  15-20 ºC	0	24	48	71	93	117	0	0.76046441343203175	-0.59839056084970765	-1.393104766814097	-1.0253492970325471	-1.8687230455541288	  0 ºC	0	24	48	71	93	117	0	2.1365487980351929	0.82863782742815406	1.1267879021222906	0.5704205544560208	0.42120799367778328	 -15 ºC	0	24	48	71	93	117	0	2.5097191365847937	1.2048598168001059	0.97309075667284095	1.3375645912959298	1.4768614470106853	Time (hrs)
Percentage change in ∆A%

PVC	10.03711631580893	22.990652481860309	34.687060056898005	56.637641384837544	47.321692651736264	10.03711631580893	22.990652481860309	34.687060056898005	56.637641384837544	47.321692651736264	vertex	nose	shoulder	chin	 back of the neck	526.30772274462743	425.49491263325473	354.58354190378867	319.01618052436947	274.8925911115067	PPO	43.003212600617374	19.029127737868446	17.855114567491132	5.9121426533289565	11.096844625399276	43.003212600617374	19.029127737868446	17.855114567491132	5.9121426533289565	11.096844625399276	vertex	nose	shoulder	chin	 back of the neck	550.47579484734695	442.94127684027075	383.70047251779926	253.71910382789582	180.96279133090647	Exposed site
Erythemal Exposure (ESD)
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