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Abstract 

This is the second paper on the development and implementation of a universal experimental protocol 

for transfer and persistence of trace evidence. Here, we present the results of five individual researchers 

who implemented the universal experimental protocol for the first time. Over 2,500 images were 

collected, computationally analysed and statistically compared. The results were shown to be reliable 

and consistent under all conditions tested and were used to model the rate of loss of transferred 

particles over a 7-day timescale. The protocol was additionally extended to include a test of camera 

settings. The protocol was found to be usable and robust in this preliminary trial paving the way for it to 

be deployed more widely. 

 

Highlights 

 An application of a universal protocol for transfer and persistence for the first time. 

 Over 2,500 raw images collected from 57 highly replicated transfer experiments and 2 

persistence experiments. 

 Application of a mathematical model to experimental persistence data. 

Keywords 

Transfer and Persistence, Protocol, Trace evidence, Proxy, Statistical analysis.

1. Introduction 

The presence of trace evidence recovered from individuals or surfaces may provide important 

information at the intelligence gathering and evidentiary stages of a criminal investigation. However, 

trace evidence and understanding the weight of evidence that such traces may provide in a given 

framework of circumstances related to a specific case may not always be used to its best advantage 

particularly as the transfer and persistence of most materials is largely unknown [1]. As such, there is a 

need for more empirical and foundational research [2, 3] upon which to base the interpretation and 

evaluation of a recovered trace material.  

Transfer and persistence experiments relating to a variety of trace materials such as DNA, soil, pollen, 

GSR, fibres as well as proxy materials have been published over recent years [4-10] adding to the 

experiential knowledgebase of practitioners. However, there can be inconsistencies in the findings, for 
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example, there is little agreement in how long GSR persists on a person’s hands [10]. Furthermore, 

although various studies may have investigated similar effects and conditions on similar materials, there 

has been little commonality in the methodologies used. For example, Bull et al. [9] brushed pollen or 

sprinkled powder or flicked flint onto swatch materials which were then pinned and worn for up to 24 

hours to study persistence, and Webb et al. [7] precisely counted pollen grains which were transferred 

to test material. The comparison of results between experiments which lack a common approach is 

challenging, requires assumptions to be made and may result in erroneous conclusions. The raw data 

produced by the studies are often not made available with the publications thus losing a valuable 

resource which would be of use to future experimentalists. Szkuta et al. [5] did provide all the raw data 

as supplementary data but this was unusual. Most studies tend to provide summary statistics (mean, 

standard deviation or linear model parameters) in tables within the papers if the data is present at all. 

Summary statistics only give a partial view of the data and may not fully represent the variability present 

within. Results which are not underpinned with the raw data are not as robust as they perhaps should 

be which is, in part, a reason why the Findable, Accessible, Interoperable, Re-useable (FAIR) [11] 

guidelines were established in 2016 for the management and stewardship of scientific data. [12]. 

This paper forms the second part of the design, implementation and dissemination of a universal 

experimental protocol developed to investigate the transfer and persistence of trace materials. Part 1 

[13] provided the background and described the experimental protocol in detail and here we present 

the results of an initial set of five transfer and persistence experiments and assess the analytical 

workflow with real data. The experiments were undertaken by five students across three institutions 

allowing for consistency of the implementation of the experimental protocol to also be assessed. We 

reveal some of the early insights whilst being cognizant that they are not conclusive nor complete. In 

addition, a demonstration is made of the flexibility of the protocol to incorporate extensions of scope, in 

this case an exploration of camera settings. 

2. Materials and Methods 

2.1. Transfer Experiment 

A set of baseline transfer experiments were performed by five independent researchers as described in 

the universal experimental protocol presented in Menard et al. [13]. Briefly, small quantities of UV 

powder mixed with flour in a 1:3 (by weight) mixture [8, 9, 13] were sprinkled on a 3 cm × 3 cm central 

area of a 5 cm × 5 cm cotton swatch used as the ‘donor’ material. A second swatch of the ‘receiver’ 
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material, 5 cm × 5 cm was placed on top or the donor material and a weight of known mass placed upon 

both materials for a specific time. The mass and time combinations are presented in Table 1. 

 

Table 1: Grid of the baseline experimental conditions for UV powder transfer combinations. The time and 
mass combinations for the baseline experiment are shown with a tick mark. 

  Contact time (s) 
  30 60 120 240 

Mass (g) 

200     
500     
700     

1000     

 

Following removal of the weight, the donor and receiver materials were carefully separated and the 

receiver material retained for further persistence experiments. For each replicated transfer experiment, 

a total of five images were collected under UV light illumination of the sample;  

 Photo No. 1 (P1): Donor material background prior to addition of UV powder 

 Photo No.2 (P2): Receiver material background prior to transfer  

 Photo No. 3 (P3): Donor material after addition of UV powder 

 Photo No. 4 (P4): Donor material post transfer 

 Photo No. 5 (P5): Receiver material post transfer 

Each transfer experiment for a given mass and time combination was repeated 6 times with fresh 

swatches used in each case, making of a total of 30 images per mass/time combination. The baseline 

transfer experiments were completed with cotton as the donor material and wool or nylon as the 

receiver materials and by differing numbers of the five researchers as presented in Table 2.  

Table 2: Number of researchers that completed each experimental combination. 4 researchers focused 
on the transfer protocol only. The baseline experiment for the persistence protocol is 60 s – 1000 g 
combination. One researcher did not submit a complete set of images for the Cotton to nylon 30 s- 
1000 g. 

Transfer  Contact time (s) 
material Mass (g) 30 60 120 240 

Cotton to  
wool 

200  4   
500  4   
700  4   

1000 4 5 4 4 

Cotton to  200  4   
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nylon 500  4   

700  4   

1000 3 5 4 4 

 

Counting of UV particles was performed computationally via image analysis methods using the open 

source software package Image J (version 1.52) [14, 15] completing the following steps; (1) cropping (if 

necessary) to the central area of the swatch removing background features; (2) converting colour depth 

to 8-bit; (3) thresholding the background to remove noise; (4) automatic counting of particles and (5) 

results stored in a file. An exemplar macro for ImageJ is presented in Table 3 [13]: 

 

Table 3: Example of ImageJ macro written for batch processing images. 

makeRectangle(498, 462, 2256, 2178); 

run("Crop"); 

run("8-bit"); 

setThreshold(20, 255); 

setOption("BlackBackground", false); 

run("Convert to Mask"); 

run("Analyze Particles...", "display clear summarize"); 

 

The transfer ratio is the number of particles which have moved from the donor to the receiver material 

as a proportion of the total number of particles originally recorded on the donor material prior to 

transfer. Complete transfer of all particles from the donor to the receiver material would give a transfer 

ratio of 1 and no transfer of any particles would give a ratio of 0. 

The transfer efficiency of a specific activity is the amount of UV powder that has moved to the receiver 

material related to the amount of UV powder left on the donor material on completion of the transfer 

event. Transfer efficiency takes into account other factors that can be linked to a specific activity. For 

example, during the separation of the two textile swatches at the end of the transfer step, some 

particles may be lost and not counted. This will lead to a transfer efficiency of less than 100 %. On the 

other hand, and in the case of using UV powder as a proxy, some of the particles may be present as 

‘clumps’ of powder which may split between the two textiles and are counted on both the donor and 
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the receiver materials. In this case the transfer efficiency will be greater than 100 %. The combination of 

both cases is possible and cannot be individually separated. 

The following equations were used to determine the transfer ratio of particles and their transfer 

efficiency (equations 1-4): 

𝐴𝑐𝑡𝑢𝑎𝑙 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 =  𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑝𝑜𝑠𝑡 𝑡𝑟(𝑃ℎ𝑜𝑡𝑜 𝑁𝑜. 5) −  𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑏𝑔(𝑃ℎ𝑜𝑡𝑜 𝑁𝑜. 2) Equation 1 

𝐴𝑐𝑡𝑢𝑎𝑙 𝐷𝑜𝑛𝑜𝑟 =  𝐷𝑜𝑛𝑜𝑟 𝑝𝑜𝑠𝑡 𝑑𝑒𝑝 (𝑃ℎ𝑜𝑡𝑜 𝑁𝑜. 3)  −  𝐷𝑜𝑛𝑜𝑟 𝑏𝑔(𝑃ℎ𝑜𝑡𝑜 𝑁𝑜. 1)  Equation 2 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟

𝐴𝑐𝑡𝑢𝑎𝑙 𝐷𝑜𝑛𝑜𝑟
       Equation 3 

𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟

𝐷𝑜𝑛𝑜𝑟 𝑝𝑜𝑠𝑡 𝑑𝑒𝑝(𝑃ℎ𝑜𝑡𝑜 𝑁𝑜.3) − 𝐷𝑜𝑛𝑜𝑟 𝑝𝑜𝑠𝑡 𝑡𝑟(𝑃ℎ𝑜𝑡𝑜 𝑁𝑜.4)
  Equation 4 

Where, tr = transfer; bg = background; dep = deposition 

For all experiments, the metadata was collected manually and documented in a spreadsheet. Image 

filenames were renamed manually or with the help of Windows command prompt shortcuts. Files were 

managed locally by the individual researchers and shared with the LRCFS research group via a Box 

shared folder. The vast majority of the data was complete and correct although some manual curation 

was required to ensure all the data and metadata matched up correctly. An LRCFS file renamer 

application was subsequently developed to aid curation of the completed datasets [13]. 

A statistical analysis of the effect of camera settings on the particles counted on photos P3, P4 and P5 

using either a wool or nylon substrate material. Two camera settings were compared for the six 

combinations of material and wool using a Mann-Whitney test in R (wilcox.test() function) using a two-

sided alternative hypothesis from the null. A Benjamini-Hochberg corrected significance level of 0.05 

was set [16]. 

2.2. Persistence Experiment 

The persistence experiment was an extension of the transfer experiment where the receiver material 

after transfer had occurred and once the image of the transferred material had been captured, was used 

as the starting data point, t0, for establishing the persistence of the transferred material given normal 

wear. To establish a baseline for the persistence of the transferred UV proxy material, a fixed mass and 

transfer time were selected (1000 g for 60 s). Persistence experiments were conducted where 100 % 

cotton was the donor material and 100 % wool and 100 % nylon were the receiving materials. The 

receiver material swatches (n=6) were attached to outer clothing using four safety pins, one at each 

corner of the swatch, and the garment was worn by the participant for one week. The receiver material 
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swatch remained uncovered during the experiment and the participant undertook normal indoor (non-

sport) daily activity including walking, sitting etc. (Further studies could examine different activity levels 

involving moderate- and vigorous-intensity physical activities). Images of the fabric swatch were 

captured under UV light following the baseline transfer experimental protocol outlined in Menard et al. 

[13] after the following time periods post the transfer event: 30 min, 60 min, 120 min, 180 min, 360 min, 

720 min (12 h), 1440 min (24 h), 10080 min (168 h or 7 days) and 40320 min (672 h or 4 weeks). For the 

final three time periods, the receiver material swatch was worn for periods of at least 8 hours in each 

12, 24 hour and 7 day periods representing normal daily wear. The particle count was determined using 

ImageJ software as previously discussed until zero counts of particles were reached at which point the 

specific receiver material swatch was no longer examined. By the end of the experiment, only 2 wool 

and 3 nylon receiver material swatches (out of 6) had remaining particles after 4 weeks. 

The data were fitted using parameters obtained with SSasymp(), a function from the R base package 

stats [17]. Details of the R-code can be found at https://doi.org/10.5281/zenodo.4772478. 

2.3. Extension Experiment 

An extension of the protocol was developed to study the effect of camera settings on the ability to 

count particles under the UV light used to visualize the swatch of material. A Canon EOS 600D camera 

with a 50mm f/1.8 II lens was used and two camera exposure settings were chosen and defined as “C1” 

or “C2” and this information was added as an additional column in the metadata. The details of the 

settings are specified in Table 4. A complete baseline experiment (as defined in Table 1) was performed 

where each image was repetitively captured (n=6) using two different camera settings C1 and C2. 

Table 4: Camera settings. 

 Shutter Speed (s) Aperture (f stop) ISO Setting 

C1 1/6 5.6 1600 

C2 1/25 2 1600 

 

The image data and count results are available at https://doi.org/10.15132/10000166 and all code for 

the analysis is available via https://doi.org/10.5281/zenodo.4772478.  
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3. Results 

3.1. Transfer experiments 

Figure 1 shows exemplar images taken under UV light during the baseline transfer experiment. Any UV 

fluorescing powder shows up brightly as can be seen in photographs P3-P5 whereas prior to deposition 

of UV powder no UV fluorescent particles can be seen (photographs P1 and P2). One approach simply 

described here to determine particle count was to import the images into ImageJ, before applying a 

threshold to enhance the contrast of the particles against the background and counting the particles 

using the ‘Analyze Particles’ function. An example image following ‘thresholding’ is also presented in 

Figure 1 (panel P3T). Particle counts were collated in a spreadsheet template which included all the 

relevant experimental parameters together with the source image filename. The spreadsheet metadata 

was kept together with all the source images for an individual experiment which were then shared for 

collation with other experiments. 

 

Figure 1: Example images of material swatches during the baseline transfer experiment. Images are labelled by the photo 
number and comprise a cotton donor material and a Nylon receiver material prior to deposition of the UV powder (P1&P2 
respectively); the cotton donor material after deposition of the UV powder (P3); the cotton donor material and Nylon receiver 
material after transfer (P4&P5 respectively). An example of an image (P3) following ‘thresholding’ in ImageJ is shown (P3T). The 
square outline represents the approximate location of the 3 × 3 cm central area. The transfer was performed for 60 s and with a 
1000 g weight. 

The results presented here were directly taken from the particle count determined by the researchers, 

using the completed metadata files submitted alongside the respective images. A total of five datasets 

were collected by the five researchers from two institutions resulting in 2,718 images. The results were 
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 8 

curated and checked for consistency in terms of files matching their descriptions, no additional analysis 

of the images was performed beyond what the contributing researchers had done themselves. 

From the raw particle counts obtained from various sets of the replicate images of the five images (P1-

P5) taken for each baseline transfer experiment the transfer ratios and transfer efficiencies were 

determined using equations 1-4. The summary transfer ratio results are presented in Figure 2 for nylon 

and wool. A transfer ratio (calculated from Equation 3) of zero would show there was no transfer 

between the donor material and the receiver sample while a value of 1 would indicate there was 100 % 

transfer. The majority of the baseline experiments were repeated 6 times as requested in the protocol, 

however a small number of experiments had a fewer replicates due to errors or omissions in the 

submitted data, but this did not detract from the overall trends observed in the data.  

Figure 2 reveals the data broken down as a function of transfer time (panel A) and transfer mass (panel 

B). The baseline transfer experiments carried out by the five researchers are labelled A through to E.  

 

Figure 2: Transfer ratio of UV powder from cotton as the donor material to either wool or nylon as the receiving material over a 
range of different transfer conditions. Data are shown for five independent researchers (A-E) undertaking the baseline transfer 
experimental protocol with the recipient materials nylon and wool broken down by transfer time (panel A) or mass (panel B). 
Data points represent the mean +/- std error (n = 6 for most of the individual datasets). Researcher A only collected data for the 
60 s and 1000 g with both nylon and wool. Researcher B omitted collecting data for a 30 s transfer time with nylon. 
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For both wool and nylon as receiving materials, the transfer time did not seem to have an apparent 

effect on the transfer ratio for the UV powder. In regard to wool as the receiver material, Figure 2A 

bottom, researcher A collected data for the 60 s transfer time only. In the experiments undertaken by 

researchers B-E the trends observed were flat. The intra-researcher experimental variability was low for 

all researchers, except for D where the replicate variability dominates.  

With nylon as the receiver material, Figure 2A top, the patterns were similar to wool although the 

variability between researchers was higher. Researcher A collected data for the 60 s time point only and 

researcher B did not collect data for the 30 s timepoint. The transfer ratio trends across transfer time 

were generally flat, except for researcher D, and perhaps researcher B, which suggests a negative 

relationship between transfer time and transfer ratio. However, the variability in the experiments 

undertaken by researcher D were high making it difficult to draw concrete conclusions. The experiments 

undertaken by researcher B were also quite variable whilst the experimental sets generated by the 

other researchers demonstrated remarkably consistent transfer ratios. 

In comparing the two materials in Figure 2A it was not possible to discern any noticeable differences 

between the receiving materials in terms of the transfer time. There was some consistency between the 

data produced by the researchers, however, with D showing high variability and B, C and E controlling 

the variability better. Despite, researcher A only performing a single time-point, the variability of the 

experiments undertaken appeared well controlled. 

In terms of the mass applied during the baseline transfer experiments, the trends in Figure 2B for wool 

and nylon as receiver materials were essentially flat. There was a little apparent difference in transfer 

when using a 200 g weight vs a 1000 g weight. Again, the data obtained by researcher D demonstrated a 

greater variability when compared to the other researchers although the agreement across all five when 

nylon was the receiver material (Figure 2B top) was generally high. Researcher B demonstrated higher 

variability at 200 g and 700 g masses as well as a negative transfer ratio, which suggests that the 

background particle count in either the donor or receiver material was higher than the deposited UV 

powder. On closer inspection, it was found that one replicate in each of the 200 g and 700 g tests 

undertaken by this researcher had a donor material with a higher particle count after transfer than 

before. This can occur when the deposited powder is in clumps which are then broken up during 

transfer. 
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With the effect of both mass and time on the transfer ratio for these initial experiments being minimal it 

was possible to aggregate all of the data together to determine an overall material effect and to explore 

whether the different receiver materials had an influence on the transfer ratios. Figure 3 aggregates all 

the experimental data for a given receiver material, wool or nylon, and represents the variation within 

the data set generated by the researchers with boxplots.  

 

Figure 3: Distribution of transfer ratios revealed by researcher (A-E) categorised by the receiver material (nylon or wool). 
Boxplots represent the middle 50 % of the data in a distribution, the thick horizontal line within the box is the median and 
whiskers extend from the box by +/- 1.5 the inter-quartile range. Points outside the whiskers are considered outliers for being 
outside the inter-quartile range.  

 

Using the median of the data sets as a reference point, the data generated by researchers A, B and C 

appear to suggest that the transfer ratio was higher with nylon (more particulate material was 

transferred from the cotton donor material to the nylon receiver material) than wool, although it is 

worth bearing in mind that researcher A only completed the baseline transfer experiments for one mass 

and one transfer time combination and the data generated by researcher B much more variable for 

nylon. For researchers D and E there was no apparent difference between the receiver materials, 

although researcher D demonstrated a high level of variability in particle counts across all experiments.  
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Overall, the transfer ratios for either receiver material were relatively low. With the exception of the 

data from researcher D, the wool transfer ratio medians are all less than 0.25 (25 %) and less than 0.5 

(50 %) for Nylon.  

Transfer efficiency is a numerical summary of the process of particle transfer from the donor material to 

the receiver material whilst attempting to take into account particulate clumps which may disassociate 

during the transfer process thereby creating apparently more total particles than were originally 

deposited. Figure 4 shows the transfer efficiency results for the cotton to nylon and cotton to wool 

experiments based on the data sets generated by each of the researchers A to E.  

 

Figure 4: Transfer efficiency of UV powder from cotton as the donor material to either wool or nylon as the receiving material 
over a range of different transfer conditions. Data are shown for five independent researchers (A-E) undertaking the baseline 
transfer experimental protocol with the recipient materials nylon and wool broken down by transfer time (panel A) or mass 
(panel B). Data points represent the mean +/- std error (n = 4 for most of the individual datasets with n=3 and n=5 on two 
occasions). Researcher A only collected data for the 60 s and 1000 g with both nylon and wool. Researcher B omitted collecting 
data for a 30 s transfer time with nylon. 

 

A perfectly efficient transfer (transfer efficiency = 1) means that all particles would migrate from the 

donor to the receiver with no loss nor gain, from de-clumping, in the total number of particles originally 
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deposited on the donor material. A failure to transfer any particles would give a transfer efficiency = 0. 

The results presented in Figure 4 reveal a much larger range than 0-1, especially for nylon where the 

mean transfer efficiencies ranged from -1 to 4.1 when broken down by transfer time (panel A) whereas 

for wool the mean transfer efficiencies ranged from -0.2 to 3.1. Negative transfer efficiency values 

indicate that donor particle counts were higher after transfer, whereas values >1 indicate that the 

receiver material gained more particles than were on the donor material. Both these effects are likely 

artefacts caused by clumps of UV powder breaking apart during transfer and highlights that care needs 

to be taken to avoid clumping of the powder. 

3.2. Persistence Experiments 

The transfer experiment naturally leads to a persistence experiment where the receiver material swatch 

following transfer then becomes the first time point of a persistence experiment. Figure 5 shows the 

progressive loss of particles from two experiments performed with nylon and wool receiver materials 

following a transfer from cotton as detailed in the Methods and Materials section. The particle counts 

revealed a loss which has an appearance of a ‘decay’ with the particles completely disappearing by the 

end of the persistence period of 10,080 min (7 days). An exponential decay has the properties shown in 

Equation 5, 

                                                        𝑦(𝑡) ~ 𝑦𝑓 + (𝑦0 −  𝑦𝑓)𝑒−𝛼𝑡                                      Equation 5 

where y(t) represents the loss (or decay) of the number of particles present on the receiving material as 

a function of persistence time, 𝑡. 𝑦𝑓 is the count where the decay asymptotes, 𝑦0, is the count at the 

initial time 𝑡0 and α is the rate constant.  

Given these parameters, a non-linear least squares estimate can be fitted to the data once they have 

been determined. The parameters relating to the fitted curves shown in Figure 5 generated from the 

experimental data are detailed in Table 5. 

Table 5: Parameters of non-linear least squares fit. The R-code can be found at 
https://doi.org/10.5281/zenodo.4772478. The analysis and results are available in the supplementary 
information. 

Substrate Y0 Yf log(α) α 

Nylon 47.06 2.06 -4.46 0.0116 

Wool 27.13 1.91 -4.45 0.0117 
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Figure 5: Loss of particles over time during the baseline persistence experiments. Particle counts are shown for transfers 
performed with a cotton donor material and a 1000 g weight for 60 s to Nylon (A) and Wool (B) as receiver materials. n = 6 for 
persistence times 0 – 720 min, n = 4 for 1440 min, n = 3 for nylon 10080 min and wool 2880 min, n =2 for nylon 2880 min and 
wool 10080 min. 
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The trends observed in Figure 5 and Table 4 were very similar despite the different starting points. More 

particles had transferred from the cotton donor material to the nylon receiving material (mean particle 

count = 49.8) than had occurred between cotton and wool (mean = 29.3), but the rates of loss of the 

particles once transfer had occurred were almost identical as determined by α. The collection of more 

data as well as including in the metadata, information such as measurements of the warp and weft, or 

morphology of the threads within the donor and recipient materials, will increase understanding of 

which factors affect α most and to what extent. The methodology presented in the Universal 

experiment [13] provides for such information to also be recorded. 

Similar trends in the persistence of trace materials have been seen, using different protocols, with glass 

[18], pollen, flint particles and UV fluorescent powder[9] giving confidence that the universal baseline 

experimental protocol and results presented here are representative. 

3.3. Extension Experiments 

In addition to the persistence experiment, a study was performed to determine the effect of different 

camera settings on the process of counting particles under UV light on the two receiving materials, 

nylon and wool. Figure 6 presents the count data as determined for photographs P3, P4 and P5 for nylon 

and wool for a 60 s transfer experiment over the mass range 200 g – 1000 g. 
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Figure 6: Difference in particle counts for given camera settings. Particle counts are measured for photographs P3, P4 and P5 for 
different masses used during a 60 s transfer experiment with camera settings C1 and C2 for nylon (A) and wool (B). n = 1 (wool 
200 g, C2) – 8 (1000 g, C1) and error bars are standard error of the mean. 

 

Photographs P1 and P2 are mostly zero counts and critically, represent the background abundance of 

the target material on the donor and receiver materials (data available at 

https://doi.org/10.5281/zenodo.4772478). The particle counts for each of the two camera settings, C1 

and C2, reveal that there is a systematic difference between the two camera settings with C2 always 

showing higher counts than C1. The same was observed for the transfer experiments performed over 

30 s, 120 s and 240 s timescales (data analysis presented in supplementary information and data 

available at https://doi.org/10.5281/zenodo.4772478). 

Figure 7 shows the comparison between the material types for each of the camera settings over the 

same transfer experimental conditions as presented in Figure 6. What is notable is that the wool counts 

are always higher than the nylon counts except for photograph P4, 200 g and C1 where it is lower. This 

observation taken together with that seen in Figure 6 suggests C2 is more sensitive at picking up particle 

counts and that it is also material specific with a stronger effect in wool than nylon. We can test the 

assumption that the camera settings did not have an effect on the true particle count.  
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Figure 7: Difference in particle counts for given camera settings and substrate materials. Particle counts are measured for 
photographs P3, P4 and P5 for different masses used during a 60 s transfer experiment comparing materials with camera 
settings C1 (A) and C2 (B). n = 1 (wool 200 g, C2) – 8 (1000 g, C1) and error bars are standard error of the mean. 

 

In Figure 2 and Figure 4 it was revealed that transfer time and mass had a minimal effect so these 

variables were excluded and all wool and nylon data for each of the three photographs (P3, P4 and P5) 

were tested using a Mann-Whitney test for a significant effect from the camera settings alone. The data 

were discrete counts meaning they were assumed to follow a Poisson distribution and the effect of the 

camera settings on counts was tested. All six combinations of material and photographs were tested for 

significance and corrected for multiple-hypothesis testing with the Benjamini and Hochberg method 

[16]. The results are shown in Table 6 for both material substrates.  

 

Table 6: Significance statistic of camera exposure setting versus particle counts following Mann-Whitney 
test. 

Substrate Photo no. W Statistic p-value Adjusted p-value* 

Nylon 3 516.0 9.90 × 10-2 0.119 

Nylon 4 432.0 1.00 × 10-3 0.015 
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Nylon 5 525.5 0.122 0.122 

Wool 3 276.0 9.66 × 10-4 1.93 × 10-3 

Wool 4 232.5 1.08 × 10-4 6.50 × 10-4 

Wool 5 265.0 5.71 × 10-4 1.71 × 10-3 

* raw p-value adjusted for multiple-hypothesis correction using the Benjamini and Hochberg method 

[16]. 

 

Four out of the six tests, including all of those where wool was the receiver material, show an adjusted p 

value of p < 0.05. The raw particle counts for all of the photographs P3, P4 and P5 taken of wool as the 

receiver material for each camera setting are shown in Figure 8 together with a boxplot summarising the 

distribution of the data. It is apparent that the median particle counts for C2 are higher than C1 for all 

three photos, however, it also appears the variance is also higher. This suggests that although the C2 

settings were able to identify more particles than C1 they also introduced more noise.  

 

Figure 8:Camera Setting C2 shows higher particle counts with higher variance in Wool. The combined data for all transfer times 
and masses are collated for Wool across photographs P3, P4 and P5. The boxplots show the median count as a dark horizontal 
line with the box representing the middle 50 % of data between quartiles 1 and 3, and the whiskers extend from the box by 1.5 
times the interquartile range (IQR). 
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4. Discussion 

The data and results presented here are an exemplar of how a universal experimental protocol for 

studying transfer and persistence of physical trace material can be applied to short-term research 

projects undertaken by different researchers and across different laboratories can be successfully 

aggregated together for analysis. It is possible to generate relevant data to support the development of 

a ground truth resource as well as apply the methodology to different research hypotheses for testing. 

Five sets of experiments undertaken by five researchers are described which have contributed data to 

the baseline set experimental conditions for the transfer of UV powder to nylon and wool as receiver 

materials from a cotton donor material. The transfer experiments were augmented with week-long 

persistence experiments and an extension experiment studying the effect of camera exposure settings. 

Combining the data from the five researchers together allows a comparison of the findings to be made. 

The methodology and data capture are sufficiently detailed to the extent that the combination of the 

data from the different researchers was straightforward. An important step within the protocol was the 

automated counting of the UV particles via software and the application of suitable thresholds to 

differentiate the particles from the background. Unsuitable thresholds can result in over- or under-

estimation of the particles present [8], a common issue in image analysis [19-21]. 

It is as yet too early to draw definitive conclusions, but the data so far collected for the baseline transfer 

experiment appear to show that the mass and times used do not have a strong effect on the ratio of 

particles transferred from the donor material to the receiver material (as shown in Figure 2) nor the 

transfer efficiency (see Figure 4). The results hold true for both nylon and wool as the receiving surfaces, 

despite the slightly different overall transfer ratios (Figure 3) where they appear to be higher for nylon 

than wool. The transfer efficiencies are very variable with some being > 2.5 or < 0, but the majority were 

in the 0-2.5 range for both nylon and wool. It is possible the more extreme values may be due to 

clumping/declumping of the UV powder during deposition and transference. More experiments are 

needed in order to identify what properties of the materials (or other variables) were responsible for 

this observation. The variability between the experimental data produced by the different researchers 

was also obvious particularly in the transfer ratio results where researcher D had consistently high 

variability. Researcher B also had high variability, but less so than D while researchers A, C and E showed 

well-controlled variability, although A did not include all the combinations of weight and time.  
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For the two persistence experiments it was encouraging to find that the results returned were very 

similar to one another even when using different materials. The results also compare well with other 

studies relating to trace evidence for example GSR studies presented in Blakey et al. [10].Interestingly, 

the general trends observed also compare well with fibre transfer and persistence experiments 

performed by Pounds and Smalldon [22] suggesting a uniform behaviour regarding persistence of traces 

on fabrics that occurs irrespective of the transferred trace. 

It was noted that despite being a requirement, only three of the five researchers fully completed the 

baseline experimental combinations as defined in Table 1. This was because of a combination of aspects 

including miscommunication of needs, time limits and missing data during submission. The first and last 

issues have been subsequently addressed in the universal experimental protocol [13] with more explicit 

requirements for the baseline experimental process and a more streamlined process for submission of 

data. The recommendation within the universal experimental protocol was for six replicates to be 

undertaken for each combination of transfer time and mass as well as for each of the persistence data 

points. In two cases the data submitted by the researchers did not fulfil this requirement and as such 

some of the collected data could not be interpreted reliably and therefore were omitted from further 

analysis. Notwithstanding this, the data that was submitted enabled comparisons to be made between 

the researchers carrying out the same experimental protocol at different locations and enabled 

successful outcomes to be reached in regard to the aggregation of the data to reveal common trends. 

The data management issues were a significant challenge during the pilot experiments as manually 

ensuring consistency of filenaming and tracking of metadata required a high level of diligence which 

took time and effort. Likewise sharing hundreds of files between institutions, although technically 

straightforward via cloud sharing services, still required considerable manual intervention. As a result 

two tools were developed, the LRCFS File Renamer and LRCFS Data Uploader web application in order to 

simplify, verify and streamline the data management and submission process. For more details see our 

accompanying paper [13]. 

Through the persistence and extensions sections of this study it can be seen that the protocol was 

flexible enough to be applied to different scenarios and questions whilst still maintaining the same data 

format for ease of sharing and analysis. The persistence experiment demonstrated a clear relationship 

between time since transfer and particle counts for the UV powder and materials under study. After 

approximately 500 minutes the majority of the loss of particles had occurred which was similar to other 
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research findings [9, 18]. Additional results completed under more conditions will allow further 

parameterisation of the relationship between time, material, activity type and trace evidence type.  

The extension experiment which explored the exposure settings on the camera for capturing particle 

count data revealed that there may be an influence on the particle count and the camera settings. This 

emphasises the need for consistency within the experimental protocol being used across the baseline 

transfer and persistence experiments within an experimental series.  

The image processing and data analysis performed using Image J was presented as an example rather 

than the only way to extract data from the images and subsequent particle count analysis. In making the 

raw data available, we wish to promote scope for alternative methodologies to also be explored. The 

emphasis on the provision of the raw data alongside this publication is fundamental to the universal 

experimental protocol. 

5. Conclusion 

Transfer and persistence of physical trace evidence remains incompletely understood and there is a 

distinct need to identify the parameters that contribute to how the transfer of material occurs, how 

efficiently transfer occurs?, how much material may transfer in a given event? and which external 

factors affect such transfers? Once a material is transferred, how long does the material persist on the 

receiving surface?, what is the rate of loss? and what aspects of the materials defines those parameters? 

In collaboration with practitioners, academic discipline leads and others involved in the criminal justice 

system we have developed a universal experimental protocol for performing transfer and persistence 

experiments in a consistent, robust and flexible framework. This paper presents a preliminary analysis of 

the first batch of experiments performed by independent researchers during the prototyping of the 

protocol. The results demonstrate that data generated from using a UV powder proxy has the potential 

be used to understand the transfer and persistence phenomenon. The universal experimental protocol 

is available for wider dissemination and use by the educational, research and practitioner communities 

to engage with the authors and provide data to grow a “ground truth” dataset on the transfer and 

persistence of physical materials of value to forensic practice. The protocol is also flexible enough to be 

extended for use with other more case-relevant particulate trace materials such as gunshot residue [10], 

pollen [7], glass [18] and many others which will enable the community to work together to generate a 

dataset which will grow in size and utility into the future. 
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