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Understanding the Relationship Between the Red and 

Blue Light Sources in the Determination of Particle Size 

Distribution Profiles

Due to its simplicity and precision, laser diffraction is an analytical 

technique frequently used in the determination of particle size 

distribution profiles. For a commonly used laser diffraction instrument, 

the wide dynamic range is accomplished by using a sequential 

combination of measurements with red and blue light sources. The 

wide range of the instrument is also achieved using mathematical 

algorithms based on laser diffraction theory, such as Mie Theory. 

Mie Theory is a rigorous solution for the scattering from a spherical, 

homogeneous, isotropic and non-magnetic particle based on the 

properties of a collimated, monochromatic light source. This work 

is concerned with understanding how the instrument’s internal 

algorithms account for both red and blue light sources to accurately 

determine particle size distribution profiles. Of interest is the expected 

overlapping region of each light source scattering pattern of the same 

particle size, studied by measuring the particle size distribution of 

narrowly dispersed standards across the 0.300 µm to 100 µm range. 

The data are evaluated using non-parametric statistical methods and 

considering the goodness-of-fit of the results.

Introduction

Determination of particle size distribution profiles by laser diffraction 

is a common analytical technique utilized across multiple industries. 

A quick literature search results in hundreds of articles reporting on 

the applications of laser diffraction to measure particle size in natural 

sediments,1-3 combustion research4-6 and pharmacy.7-9 The versatility 

of the technique can be attributed to its capacity to analyze the 

diffracted light of an ensemble of particles, and its ability to perform 

measurements of wet and dry material dispersions,10,11 resulting in 

particle size characterization in a short period of time. Because of this, 

constant improvements to analytical instrumentation based on the 

principles of laser diffraction theory are being made to improve its 

accuracy and precision, as well as its analytical range. For a commonly 

used laser diffraction instrument in the pharmaceutical industry, 

the wide dynamic range is accomplished by using, “a sequential 

combination of measurements with red and blue light sources to 

measure across the entire particle size range … an advanced focal 

plane detector design able to resolve very small diffraction angles 

… and a powerful 10 mW solid state blue light source.” This wide 

range also is achieved using complex mathematical algorithms 

based on laser diffraction theory, such as Mie Theory. Mie Theory is a 

rigorous solution for the scattering from a spherical, homogeneous, 

isotropic and non-magnetic particle of any diameter in a non-

absorbing medium based on the known properties of a collimated, 

monochromatic light source.12 Derived from Maxwell’s Equations, 

Mie Theory also considers the refractive and absorption indices of 

the material and the medium. Given the aforementioned conditions, 

this work seeks to understand the relationship between the two light 

sources used in the determination of particle size distribution profiles 

despite the fact Mie Theory only considers one wavelength of light as 

part of its mathematical framework. For the purpose of data collection, 

a series of 63 detectors is utilized. According to Mie Theory, diffraction 

light patterns vary depending on the refractive and absorption indices 

of the material and the medium as well as the wavelength of the light 

source interacting with the ensemble of particles, which would result 

in different signal intensities (diffraction patterns) identified by each 

detector. Since “a sequential combination of measurements with red 

and blue light sources” is employed to determine the particle size, 

it is reasonable to expect each channel (detector) will be populated 

by signals from both light sources. If so, the question remains as to 

how the internal algorithm combines and deconvolutes the signals 



    

when measurements are performed using both light sources and 

the blue light data are subtracted from the raw light energy signal. 

For this purpose, the expected overlapping region of each red and 

blue scattering light patterns of the same particle size population 

was studied by measuring the particle size distribution of narrowly 

dispersed standards chosen across the 0.1 µm to 100 µm range. 

Evaluation of the raw data was performed using non-parametric 

statistical methods and by taking into consideration the goodness-of-

fi t of the resulting model. These fi ndings are expected to contribute 

in procuring a more cost- and time-eff ective approach in the design 

of accurate and robust particle size testing methods as part of the 

pharmaceutical product development process.

Materials and Methods

National Institute of Science and Technology certifi ed narrowly 

dispersed polystyrene particle size  standards, which were certifi ed by 

the National Institute of Science and Technology in the 0.1 μm to 100 

μm range, were chosen (0.300 μm, 1 μm, 10 μm and 100 μm) to ensure 

the expected overlapping region between the scattering patterns of 

both red and blue light sources was covered. Thirty measurements of 

the background signal were collected during the equilibration time 

(12 seconds per light source) using the testing parameters appropriate 

for polystyrene beads (Table S1). The instrument was realigned and 

a new background was collected immediately before addition of 

any standard for the fi rst time. All background measurements were 

performed using both light sources. Physical properties inherent to the 

material, such as refractive and absorption indices, were loaded from 

the instrument’s internal database and verifi ed with each standard’s 

certifi cate of analysis.

For the analysis involving all standards at once; the normalized 

sum of the individual experimental datasets for each standard 

size (collected using both light sources at the most appropriate 

obscuration value) was used for comparison, instead of a multimodal 

simulated dataset. Hence, the comparison was performed among 

equally weighted data sets of the same nature to understand the 

eff ect of multiple particle size distributions at once on the resulting 

particle size distribution profi le.

Determining Appropriate Obscuration

The fi rst phase of the study focused on determining the most 

appropriate obscuration value for each particle size standard to rule 

out variances in particle sizes due to obscuration. Thirty measurements 

were collected at each of the obscuration values listed in Table S2. For 

this portion of the study, both light sources were used.

The JMP statistical software package was used to perform a Friedman’s 

means comparison rank test between the diff erent obscuration 

datasets per standard size.13,14 The mean comparison was performed at 

the 95% (p = 0.05) confi dence level with n ≈ 3,000. The null hypothesis 

(H
0
) for the Friedman test is there are no diff erences between the 

means of each dataset. The critical value is given by the χ2 (Chi-Square) 

distribution. If the calculated probability is low (p less than 0.05 or χ2-

calculated is greater than χ2-table), the null-hypothesis is rejected, and 

it can be concluded at least two of the means are signifi cantly diff erent 
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Table S1. Instrument Operating Conditions

Parameter ValueValue

Particle Shape Model: Spherical

Sample Material Name: Polystyrene Latex

Refractive Index: 1.590

Absorption: 0.000

Dispersant Name: 0.5% (w/v) Tween 20

Refractive Index of the Dispersing Agent: 1.330

Diff erent Blue Light Properties: Checked

Refractive Index (in blue light): 1.600

Absorption (in blue light): 0.000

Background Measurement Time (red): 12.00 seconds

Sample Measurement Time (red): 12.00 seconds

Don’t Perform Blue Light Measurement: Unchecked

Background Measurement Time (blue): 12.00 seconds

Sample Measurement Time (blue): 12.00 seconds

Number of Measurements: 30

Delay Between measurements: 0.00 seconds

Obscuration Limits: 0.00-20.00%

Auto-start when Obscuration in Range: No

Enable Obscuration Filtering: No

Sample Handling Unit: Wet 

Stirrer Speed: 3,000 rpm

Analysis Model:

• Single Mode:

• Number of Inner Detectors to Kill:

General purpose

• Unchecked

• 0

Advanced:

• Remove Blue Light from Analysis:

• Calculation Sensitivity:

• Unchecked

• Normal

Limit Result Size Range: Yes (0.200-200.00 µm)

Results Type: Volume

Table S2. Target % Obscuration Values per Standard Size

Approximate 

Obscuration %, Obscuration %, 

Standard Standard 

0.300 µm0.300 µm

Approximate Approximate 

Obscuration Obscuration 

%, Standard %, Standard 

1 µm1 µm

Approximate Approximate 

Obscuration %, Obscuration %, 

Standard Standard 

10 µm10 µm

Approximate Approximate 

Obscuration %, Obscuration %, 

Standard Standard 

100 µm100 µm

1 3 1 1

2 5 6 3

3 7 7 5

4 10 7

5 13

6 15

7 18

8 20

9

10



     

from each other. The eff ect of obscuration on each experimental 

dataset was evaluated against the standards’ certifi cates of analysis 

specifi cations through the generation and inclusion of a randomly 

generated and normally distributed set of particle size values as part of 

the statistical mean comparison. These datasets (“Simulations”) were 

created using the JMP scripting language (JSL) under the assumption 

that in an ideal case scenario, the particle size distribution of each 

standard would be normally distributed. The mean and standard 

deviation values listed in each standard’s certifi cate of analysis were 

used to simulate the normal distributions (n = 3,000).

Particle size data generated by laser diff raction are presented on a 

volume basis. Once the light energy versus detector number signal 

(63 detectors) is collected, Mie Theory is utilized to transform the data 

into a particle size distribution profi le describing the volume occupied 

by each particle size present in the sample population. A particle size 

histogram is generated by populating 100 log-spaced bins ranging 

from 0.01 µm to 3,500 µm. These histograms are then typically 

represented with a smooth curve by connecting the midpoints of 

each bin. Because of the binning, an otherwise continuous response 

is turned into a discrete one, which also infl uences the variance of the 

population, as only a fi nite number of discrete bins are populated in 

the process of generating a particle size distribution histogram.

The experimental particle size histograms were exported from the 

instrument and rebinned by taking the average of two bin limits in 

the raw data (midpoint) and reassigning the datapoints accordingly. 

This was done to minimize the diff erence between the particle size 

histograms plotted within JMP and the particle size curves reported by 

the instrument. Once the data were rebinned, the counts within each 

set of 30 measurements were added (equivalent to 30 observations 

of the same dispersion per obscuration value) and the corresponding 

histogram was generated using a JSL script.

Given the distribution diff erences between the simulated (continuous) 

and the experimental particle size data (discrete due to binning), and 

including their unequal variances, Friedman’s Rank Test was necessary 

to statistically compare the means of each population. Friedman’s 

test does not require the data to be neither only continuous 

nor only discrete, and the typical assumptions of normality and 

homoscedasticity do not apply. Friedman’s test does require; however, 

the datasets to be: 1) equal in size (accomplished by removing a 

handful of counts from the bin with the highest frequency in each set); 

and 2) block-centered. 

As a result of block-centering the data, the variances of each population 

are transformed. This is particularly evident for the simulated datasets, 

for which the distribution of their datapoints is broadened when 

the calculation of the block means take place. The block means are 

calculated by taking the average of the datapoints belonging to the 

same block (rank) within each dataset. Nevertheless, useful information 

regarding binning frequency and the distribution of the experimental 

data within each set relative to each other can be obtained, as the 

block-centered data allows for a descriptive representation of the 

weight of each bin value. The appropriate obscuration values for each 

particle size standard were determined using the (Mean-Mean
0
)/Std

0

value resulting from the Friedman’s Rank Test and the goodness-of-

fi t of the particle size data. The most appropriate obscuration value 

had to: 1) have a (Mean-Mean
0
)/Std

0
 closest to that of the simulated 

standard distribution; and 2) have the least number of fi t residuals 

> 1.00%. In this case, given both refractive and absorption indices 

for polystyrene are accurate, a poor fi t (residuals > 1.00%) can be 

attributed to low signal-to-noise ratio due to low concentration or, at 

the other extreme, multiple scattering.

Light Source Eff ect

The standards were analyzed as previously described at specifi c 

obscuration target values given in Table S2. The obscuration values 

were chosen based on the data collected during the fi rst phase of 

the study. A 60-second premeasurement delay was allowed between 

the background monitoring portion and the particle size analysis. 

The fi rst 30 measurements were collected using both light sources, 

then the blue light source was turned off  (Don’t Perform Blue Light 

Measurement: Checked) and an additional series of 30 measurements 

was performed using the same dispersion. Finally, the “Remove Blue 

Light from Analysis” function was utilized to reprocess the fi rst set of 

30 measurements and “subtract” the blue light data.

Upon analysis of each individual particle size standard, the light source 

eff ect was evaluated in the same manner for all standard sizes present 

at once. The approximate amount of standard-added equivalent to 

each obscuration target is listed in Table S3. The overall obscuration 

value was 12%. Statistical comparison of the population means was 

performed using Friedman’s Rank Test as described previously.

Relationship Between Particle Size Distribution 
Profi le and Detector Signal

To understand the relationship between detector signal and 

particle size distribution, the sum of the detector signal of each 

experimental dataset for each standard size was normalized 

and compared to the detector signal of the analysis involving all 

standards at once (like the treatment given to the raw particle 

size histograms in the previous section). The square root of the 

absolute difference between each dataset was plotted against 

particle size bin or detector number accordingly to easily display 

the relationship between detector signal variance and its effect on 

the variance of the particle size distribution profile. The plots were 

generated using the JMP statistical software package.

Results and Discussion

Figure 1 shows a representative particle size distribution profi le 

(simulated and experimental) for the 0.300 µm particle size standard. 
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Table S3. Target % Obscuration Values per Standard Size

Standard Size (µm) Individual (% Obscuration)Individual (% Obscuration)

0.300 6

1 7

10 3

100 4



    

Additional representative histograms for each standard are included 

in Figures S1, S2 and S3. While both the simulated and experimental 

histograms can be graphically fi tted to a normal curve (in red), the 

experimental results ‘“deviate from normality“ due to discontinuity 

produced by the binning of the raw data, which in turn aff ects the 

homoscedasticity of the variances. Nevertheless, the experimental 

results are comparable to the certifi cate of analysis’ specifi cations.

Determining Appropriate Obscuration

The results from the percent obscuration statistical evaluation are 

shown in Table 1. JMP outputs are included in Figure S4 to Figure 

S7, and Table S4 to Table S11. The data consist of a collection of one-

way plots, means and standard deviations for each block-centered 

dataset and their corresponding Friedman Rank Test outputs. The 

one-way plots provide a visual representation of the distribution 

of the data within each dataset and relative to each other. One-

way plots also provide a graphical representation of the means 

(blue) and standard deviations (green) of each set and the actual 

values are included in the corresponding means and standard 

deviations fi gures. In addition to their resulting (Mean-Mean0)/Std0 

values, the goodness-of-fi t of each experimental dataset at each 

percentage obscuration value was considered to determine a stable 

experimental obscuration region to evaluate the eff ect of the red and 

blue light sources. This was done to establish the most appropriate 

experimental conditions, so any variances could be attributed to the 

diff erence in light sources utilized. Table 1 also shows the number of 

residuals greater than 1.00% for each dataset.

For both the 0.300 µm and 1 µm standards, datapoints tend to fall 

more heavily within bins located toward the upper limit of the set for 

lower obscuration values and primarily populate bins located toward 

the lower limit of the set for higher obscuration percentages. However, 

both standards show evenly distributed datapoints in the 5-10% 

range, approximately. This means within this range, the distribution of 

the experimental data most closely resembles a normal distribution.

Though at fi rst glance the means of each population are practically 

the same despite not having equal variances, statistically, the eff ect 

of percent obscuration is still discernable. In addition to the varied 

distribution of the data within each set, the Friedman Rank Test 

output resulted in a statistically signifi cant p-value (less than 0.05). 

This means at least two datasets are diff erent from each other. In 

both cases, the 0.300 µm and 1 µm standards, the (Mean-Mean
0
)/

Std
0
 value for the simulated datasets was the most positive (60.511 

and 17.235, respectively), with values such as 2.284 (6% obscuration) 

and 7.335 (3% obscuration) being the closest. Those datasets with 

the most even distribution of data points across the range (5-10% 

obscuration datasets), also possess positive (Mean-Mean
0
)/Std

0
 values, 

which further supports the notion these are the most comparable 

experimental datasets to the simulated ones, generated based on the 

specifi cations listed in each standard’s certifi cate of analysis.

For the 10 µm and 100 µm standards, the trends are reversed. The 

experimental data appears more heavily weighted toward the lower 

particle size bins for lower obscuration values and the (Mean-Mean0)/

Std0 values for the simulated datasets were the most negative. This 

reversal could be attributed to the fact particle sizes at this size range 

predominantly manifest forward scattering, whereas the diff raction 
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Figure 1. Representative Simulated (Left) and Experimental 

(Right) Particle Size Distribution Profi les of the 0.300 µm 

Polystyrene Size Standard

Figure S1. Representative Simulated (Left) and Experimental 

(Right) Particle Size Distribution Profi les of the 1 µm Polystyrene 

Size Standard

Figure S2. Representative Simulated (Left) and Experimental 

(Right) Particle Size Distribution Profi les of the 10 µm Polystyrene 

Size Standard

Figure S3. Representative Simulated (Left) and Experimental 

(Right) Particle Size Distribution Profi les of the 100 µm 

Polystyrene Size Standard



     

patterns for the 0.300 µm and 1 µm standards are composed of 

signifi cant amounts of both back and forward scattering. The eff ect of 

percentage obscuration across the test range is not as pronounced, 

particularly for the 10 µm standard, for which all mean values lie along 

the grand mean line. For this specifi c standard, the datasets with the 

most even distribution of points (6-7% obscuration) have positive 

(Mean-Mean
0
)/Std

0
 values, and the simulated data looks weighted 

toward the upper limit of the set. This could be explained by recalling 

each mean block is calculated by taking into consideration each 

point from each set that belongs to the same block (or rank). In this 

case, the smaller number of datasets available to compare results in 

a skewed weighting of the simulated datapoints. Nevertheless, the 

mean population values are still accurate to the raw experimental and 
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Table 1. Percent Obscuration Evaluation Results and Determined % Obscuration Values/Standard Volume for Light Source Analyses

Standard Size (µm) Obscuration (%)Obscuration (%) Mean (µm)Mean (µm) (Mean-Mean(Mean-Mean
00
)/Std)/Std

00
Prob > χProb > χ22 Number of Residuals > 1.00%Number of Residuals > 1.00%

0.300 1 0.296 -10.495 <0.0001 24

0.300 2 0.297 -9.283 <0.0001 17

0.300 3 0.297 -6.524 <0.0001 13

0.300 4 0.298 -2.706 <0.0001 0

0.300 5 0.299 -0.601 <0.0001 0

0.300 6 0.300 2.284 <0.0001 0

0.300 7 0.299 -3.572 <0.0001 0

0.300 8 0.298 -6.582 <0.0001 0

0.300 9 0.297 -9.948 <0.0001 8

0.300 10 0.297 -13.084 <0.0001 27

0.300 Simulated 0.303 60.511 <0.0001 n/a

1 3 0.986 7.335 <0.0001 6

1 5 0.984 4.621 <0.0001 0

1 7 0.984 3.784 <0.0001 0

1 10 0.983 1.823 <0.0001 0

1 13 0.981 -1.187 <0.0001 0

1 15 0.976 -7.324 <0.0001 0

1 18 0.972 -12.280 <0.0001 0

1 20 0.971 -14.008 <0.0001 0

1 Simulated 0.994 17.235 <0.0001 n/a

10 1 10.04 -4.417 <0.0001 30

10 6 10.04 5.350 <0.0001 30

10 7 10.02 3.513 <0.0001 30

10 Simulated 10.02 -4.446 <0.0001 n/a

100 1 101 8.973 <0.0001 0

100 3 101 7.759 <0.0001 0

100 5 101 6.329 <0.0001 0

100 7 101 5.315 <0.0001 0

100 Simulated 100 -28.376 <0.0001 n/a

Figure S4. One-way Analysis Plot of 0.300 µm Polystyrene Size 

Standard by % Obscuration Figure S5. One-way Analysis Plot of 1 µm Polystyrene Size 

Standard by % Obscuration



    

simulated histograms. This is not the case for the 100 µm, where the 

simulated data are evenly distributed across the range of the dataset, 

as with the 0.300 µm and 1 µm standards. For each 10 µm and 100 

µm standard, the most comparable datasets based on their (Mean-

Mean
0
)/Std

0
 values were 1% and 7%, respectively.
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Figure S6. One-way Analysis Plot of 10 µm Polystyrene Size 

Standard by % Obscuration

Figure S7. One-way Analysis Plot of 100 µm Polystyrene Size 

Standard by % Obscuration

Table S4. Means and Standard Deviations of 0.300 µm Polystyrene 

Size Standard by % Obscuration

Level (%) NumberNumber Mean µmMean µm Standard Deviation µmStandard Deviation µm

1 2995 0.2963 0.0092

2 2995 0.2966 0.0090

3 2995 0.2973 0.0085

4 2995 0.2983 0.0081

5 2995 0.2990 0.0072

6 2995 0.2999 0.0077

7 2995 0.2985 0.0095

8 2995 0.2979 0.0115

9 2995 0.2972 0.0138

10 2995 0.2967 0.0170

Simulated 2995 0.3031 0.0232

Table S5. Friedman Rank Test Output of 0.300 µm Polystyrene Size 

Standard by % Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

1 2995 -10.495

3854.2809 10 < 0.0001

2 2995 -9.283

3 2995 -6.524

4 2995 -2.706

5 2995 -0.601

6 2995 2.284

7 2995 -3.572

8 2995 -6.582

9 2995 -9.948

10 2995 -13.084

Simulated 2995 60.511

Table S6. Means and Standard Deviations of 1 µm Polystyrene Size 

Standard by % Obscuration

Level (%) NumberNumber Mean µm Standard Deviation µmMean µm Standard Deviation µm

3 2995 0.9863 0.0290

5 2995 0.9842 0.0250

7 2995 0.9837 0.0238

10 2995 0.9826 0.0238

13 2995 0.9806 0.0274

15 2995 0.9758 0.0328

18 2995 0.9724 0.0429

20 2995 0.9713 0.0475

Simulated 2995 0.9942 0.0759

Table S7. Friedman Rank Test Output of 1 µm Polystyrene Size 

Standard by % Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

3 2995 7.335

703.9535 8 < 0.0001

5 2995 4.621

7 2995 3.784

10 2995 1.823

13 2995 -1.187

15 2995 -7.324

18 2995 -12.280

20 2995 -14.008

Simulated 2995 17.235

Table S8. Means and Standard Deviations of 10 µm Polystyrene 

Size Standard by % Obscuration

Level (%) NumberNumber Mean µm Standard Deviation µmMean µm Standard Deviation µm

1 2993 10.0346 1.0234

6 2993 10.0410 0.2426

7 2993 10.0217 0.2488

Simulated 2993 10.0201 1.1199



     

Except for the 10 µm standard, there are specifi c percent obscuration 

values for which no residuals greater than 1.00% were counted, which 

means, at these concentrations, the signal detected by the instrument 

is suffi  ciently intense to result in an accurate fi t and particle size 

distribution profi le. The poor fi t characteristic of the 10 µm particle 

size datasets could be attributed to its predominant forward scattering 

and the fact the data are collected using two light sources, though no 

concrete evidence was collected to support this claim.

In summary, percent obscuration values at approximately 2-7% 

depending on the particle size, were determined to be the most 

appropriate to perform the light source evaluation based on having 

(Mean-Mean0)/Std0 values closest to the simulated datasets and 

goodness-of-fi t with the most residual values less than 1.00%.

Light Source Eff ect

Figure S8 to Figure S12 and Table S12 to Table S21 provide the results 

of the statistical evaluation of the eff ect of both light sources in the 

determination of particle size distribution profi les. A summary of 

the results can be seen in Table 2. As with the percent obscuration 

evaluation, the results consist of a collection of one-way plots, a list 

of means and standard deviations and the Friedman Rank Test output. 

The eff ect of the light source is particularly pronounced for the 

0.300 µm standard, where using the blue light source in conjunction 

with the red light improves the accuracy of the measurement by 

approximately 10%. This eff ect is still observable, though to a lesser 

extent, at the 1 µm particle size, becoming negligible for the 10 µm 

and 100 µm particle size standards. Based on their (Mean-Mean0)/Std0 

values, the rejection of the null hypothesis can be directly attributed 

to the simulated dataset for the 10 µm and 100 µm standards, whereas 

for the 0.300 µm and 1 µm, both the simulated and the RED+BLUE 

datasets are signifi cantly diff erent from the RED and (RED+BLUE)-BLUE 

data. The Friedman Rank Test output shows there is no diff erence 

between the RED and (RED+BLUE)-BLUE datasets at any particle size, 

meaning “removing” the blue light data from the measurement has no 

eff ect on the results and the signal generated by each light source is 

captured within specifi c detector numbers (not convoluted). The red 

and blue light data are each directed to specifi c channels (1 through 

51 and 52 through 63, respectively) by the instrument, and the signal 

intensity at these channels is not a combination of the signal produced 

by each light source.

When the experimental histogram corresponding to all the particle size 

standards in the same dispersion (“ALL” dataset) is compared against 
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Table S9. Friedman Rank Test Output of 10 µm Polystyrene Size 

Standard by % Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

1 2993 -4.417

60.1924 3 < 0.0001
6 2993 5.350

7 2993 3.513

Simulated 2993 -4.446

Table S10. Means and Standard Deviations of 100 µm Polystyrene 

Size Standard by % Obscuration

Level (%) NumberNumber Mean µm Standard Deviation µmMean µm Standard Deviation µm

1 2997 100.8283 1.6914

3 2997 100.7050 1.3946

5 2997 100.5800 1.3826

7 2997 100.5019 1.5347

Simulated 2997 99.9891 4.6599

Table S11. Friedman Rank Test Output of 100 µm Polystyrene Size 

Standard by % Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

1 2997 8.973

811.4158 4 < 0.0001

3 2997 7.759

5 2997 6.329

7 2997 5.315

Simulated 2997 -28.376

Figure S8. One-way Analysis Plot of 0.300 µm Polystyrene Size 

Standard by Light Source Setup at 6% Obscuration

Figure S9. One-way Analysis Plot of 1 µm Polystyrene Size 

Standard by Light Source Setup at 7% Obscuration



    

the normalized sum of the experimental histograms of each standard 

collected using both light sources (“COMBINED” dataset), the statistical 

results show a signifi cant diff erence between datasets, which can be 

attributed to the weighting of the data across the bins. The normalized 

data sum results in an approximately equal weight of each particle 

size standard peak, as supported by the mean of the dataset [(0.300 

µm + 1 µm + 10 µm + 100 µm)/4 = 27.825 µm, experimental = 23.835 

µm]. This is not the case for the experimental dataset in which all 

standards were present at once, as the addition of the standards was 

not performed to result in the same volume percentage of particles 
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Figure S10. One-way Analysis Plot of 10 µm Polystyrene Size 

Standard by Light Source Setup at 3% Obscuration

Figure S11. One-way Analysis Plot of 100 µm Polystyrene Size 

Standard by Light Source Setup at 4% Obscuration

Figure S12. One-way Analysis Plot of All Polystyrene Size 

Standards by Light Source Setup at 12% Obscuration

Table S12. Means and Standard Deviations of 0.300 µm Polystyrene 

Size Standard by Light Source Setup at 6% Obscuration

Level NumberNumber Mean µm Standard Deviation µmMean µm Standard Deviation µm

(RED+BLUE)-BLUE 2995 0.3352 0.0074

RED 2995 0.3352 0.0073

RED+BLUE 2995 0.3006 0.0191

Simulated 2995 0.3031 0.0107

Table S13. Friedman Rank Test Output of 0.300 µm Polystyrene Size 

Standard by Light Source Setup at 6% Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

(RED+BLUE)-

BLUE
2995 45.429

6196.0568 3 < 0.0001

RED 2995 45.321

RED+BLUE 2995 -48.924

Simulated 2995 -41.825

Simulated 2997 -28.376

Table S14. Means and Standard Deviations of 1 µm Polystyrene 

Size Standard by Light Source Setup at 7% Obscuration

Level NumberNumber Mean µm Standard Deviation µmMean µm Standard Deviation µm

(RED+BLUE)-BLUE 2997 0.9846 0.0232

RED 2997 0.9821 0.0365

RED+BLUE 2997 0.9945 0.0266

Simulated 2997 0.9942 0.0565

Table S15. Friedman Rank Test Output of 1 µm Polystyrene Size 

Standard by Light Source Setup at 7% Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

(RED+BLUE)-

BLUE
2997 -5.066

134.5637 3 < 0.0001

RED 2997 -8.071

RED+BLUE 2997 5.492

Simulated 2997 7.644

Simulated 2997 -28.376

Table S16. Means and Standard Deviations of 10 µm Polystyrene 

Size Standard by Light Source Setup at 3% Obscuration

Level NumberNumber Mean µm Standard Deviation µmMean µm Standard Deviation µm

(RED+BLUE)-BLUE 2997 10.1395 0.2614

RED 2997 10.1400 0.2686

RED+BLUE 2997 10.1356 0.2678

Simulated 2997 10.0201 0.7775



     

per particle size standard (experimental mean ≈ 82 µm). The utilization 

of both light sources produced a slightly diff erent (though practically 

negligible) result when compared to the RED and (RED+BLUE)-BLUE 

datasets. Removing the blue light data did not aff ect the results as 

well, maintaining this dataset comparable to the RED dataset. Finally, 

though the p-value is less than 0.05, it is “not as signifi cant” as the 

previously determined p-values, which results from the comparison 

being performed among experimental datasets only, rather than 

comparing among experimental and simulated datasets.

Relationship Between Particle Size Distribution 
Profi le and Detector Signal 

In the interest of understanding the resulting diff erence between the 

ALL and COMBINED datasets, an evaluation of the light energy versus 

detector number and its relationship to the particle size distribution 

profi les was performed. Figure 2 shows an overlay of the light energy 

versus detector data of both the COMBINED (green = 100 µm, red 

= 10 µm, and magenta = 1 µm) and ALL (blue) datasets. The signal 

corresponding to the 0.300 µm is not suffi  ciently intense to be pictured 

in the overlay.

From Figure 2, both the location and intensity of resulting particle size 

distribution is a function of not only which detectors are populated, 

but also the intensity of the light energy signal at each detector. This is 

particularly illustrated with the 0.300 µm standard. A signifi cant portion 

of the light energy versus detector signal for this standard is masked 

by the signal corresponding to the other standards. The intensity 

of the light energy signal is directly comparable to the intensity of 

the particle size peaks on a volume basis, as shown in Figure 3 and 

Figure 4. Furthermore, the analysis correctly identifi es the presence of 

this particle size among all the other particles, as exemplifi ed by the 

resulting particle size profi le illustrated in Figure 5 (blue). 

The relationship observed between the utilization of the red and blue 

light sources as well as light energy and particle size peak intensities 

can be used to develop robust particle size testing methodology. 

The analyst can focus on the eff ect of testing parameter variance 

on detector signal in addition to the particle size profi le itself and 

establishing a less variable detector signal will translate into a less 

variable particle size distribution profi le.

Figure 3 and Figure 4 illustrate the square root of the diff erence 

between the normalized ALL and COMBINED datasets, which show 

any diff erences in intensity in the particle size profi le (an average of 

approximately 10 √µm) are equivalent to the diff erences observed 

between the detector signals (approximately 5 √arb. unit). These 

fi gures also picture the inverse relationship between detector number 

and particle size bin. Figure 5 shows the particle size distribution 

profi les from the individual determinations at the 0.300 µm (cyan), 1 

m (magenta), 10 µm (red), 100 µm (green) standard sizes, and for all 

standards/same aliquot (blue).

Conclusions

The Friedman Rank Test and goodness-of-fi t were utilized to 

statistically evaluate the eff ect of the light source setup (red light only 

versus red and blue) in the determination of particle size distribution 

profi les, as well as the relationship between both light sources. Percent 

obscuration values at approximately 2-7% depending on the particle 

size, were determined to be the most appropriate to perform the light 

source evaluation.
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Table S17. Friedman Rank Test Output of 10 µm Polystyrene Size 

Standard by Light Source Setup at 3% Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

(RED+BLUE)-
BLUE

2997 5.460

248.1252 3 < 0.0001
RED 2997 5.354

RED+BLUE 2997 4.934

Simulated 2997 -15.748

Table S18. Means and Standard Deviations of 100 µm Polystyrene 

Size Standard by Light Source Setup at 4% Obscuration

Level NumberNumber Mean µm Standard Deviation µmMean µm Standard Deviation µm

(RED+BLUE)-BLUE 2996 100.6626 1.6115

RED 2996 100.6114 1.5937

RED+BLUE 2996 100.6903 1.6036

Simulated 2996 99.9885 4.5498

Table S19. Friedman Rank Test Output of 100 µm Polystyrene Size 

Standard by Light Source Setup at 4% Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

(RED+BLUE)-
BLUE

2996 7.939

565.5355 3 < 0.0001
RED 2996 7.507

RED+BLUE 2996 8.329

Simulated 2996 -23.775

Table S20. Means and Standard Deviations of All Polystyrene Size 

Standards by Light Source Setup at 12% Obscuration

Level NumberNumber Mean µm Standard Deviation µmMean µm Standard Deviation µm

(RED+BLUE)-BLUE 2982 83.5630 10.6959

COMBINED 2982 23.8353 30.1225

RED 2982 83.4803 10.6021

RED+BLUE 2982 81.1604 12.0689

Table S21. Friedman Rank Test Output of All Polystyrene Size 

Standards by Light Source Setup at 12% Obscuration

Level (%) Count
(Mean-(Mean-

Mean0)/Std0Mean0)/Std0
χχ22 Degrees of Degrees of 

FreedomFreedom

Prob Prob 

> χ> χ22

(RED+BLUE)-
BLUE

2982 1.484

12.2930 3 < 0.0064
COMBINED 2982 -3.443

RED 2982 1.432

RED+BLUE 2982 0.527
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Table 1. Percent Obscuration Evaluation Results and Determined % Obscuration Values/Standard Volume for Light Source Analyses

Standard Size (µm) Obscuration (%)Obscuration (%) Mean (µm)Mean (µm) (Mean-Mean(Mean-Mean
00
)/Std)/Std

00
Prob > χProb > χ22 Number of Residuals > 1.00%Number of Residuals > 1.00%

0.300 (Red + Blue) - Blue 0.335 45.429 <0.0001 6

0.300 Red 0.335 45.321 <0.0001 6

0.300 Red + Blue 0.301 -48.924 <0.0001 6

0.300 Simulated 0.303 -41.825 <0.0001 n/a

1 (Red + Blue) - Blue 0.985 -5.066 <0.0001 7

1 Red 0.982 -8.071 <0.0001 7

1 Red + Blue 0.995 5.492 <0.0001 7

1 Simulated 0.994 7.644 <0.0001 n/a

10 (Red + Blue) - Blue 10.14 5.460 <0.0001 3

10 Red 10.14 5.354 <0.0001 3

10 Red + Blue 10.13 4.934 <0.0001 3

10 Simulated 10.02 -15.748 <0.0001 n/a

100 (Red + Blue) - Blue 101 7.939 <0.0001 4

100 Red 101 7.507 <0.0001 4

100 Red + Blue 101 8.329 <0.0001 4

100 Simulated 100 -23.775 <0.0001 n/a

All Standards/Same Aliquot (Red + Blue) - Blue 84 1.484 0.0064 12

All Standards/Same Aliquot Red 83 1.432 0.0064 12

All Standards/Same Aliquot Red + Blue 81 0.527 0.0064 12

All Standards/Diff erent Aliquot Combined 23 -3.443 0.0064 12

Figure 2. Overlaid Light Energy versus Detector Number for each 

Particle Size Standard Dataset and ‘All’ Particle Size Standards 

Dataset (RED+BLUE)

Figure 3. Square Root of Absolute Diff erence between ‘Combined’ 

Particle Size Standard Dataset and ‘All’ Particle Size Standards 

Dataset (RED+BLUE) 

Figure 4. Square Root of Absolute Diff erence between ‘Combined’ 

Light Energy versus Detector Number Dataset and ‘All’ Light 

Energy versus Detector Number Dataset (RED+BLUE) 

Figure 5. Overlay of Particle Size Distribution Profi les for all 

particle size standards as part of the same dispersion (‘ALL’ 

dataset) and Individual Determinations



     

Upon conclusion of the percent obscuration value determination, 

the Friedman Rank Test showed a statistically significant effect of 

the blue light on the generation of the particle size distribution for 

the 0.300 µm and 1 µm size standards, for which the most accurate 

measurements were obtained when both light sources were used. 

However, this effect becomes negligible for the 10 µm and 100 µm 

standards. Furthermore, subtraction of the blue light source data from 

those experimental datasets collected using both light sources had 

no effect, meaning the data generated by each light source populates 

different detectors.

In Memoriam

In memory of Kristopher Garibay, a former PPD Laboratories employee, 

one of our original authors who performed much of the lab work that 

formed the basis of this article.
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