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Abstract

:

Global market developments of wooden pellets have led to an increased attention towards pellet quality. ISO 17829 defines the procedure to assess pellets’ geometrical parameters, which play a key role in pellet overall quality. For instance, pellet length influences the spatial arrangement within the stove brazier, affecting the interaction between combustion air and solid biofuel, thus affecting CO emissions. The ISO 17829 method is time-consuming and affected by the operator’s accuracy. Recent studies have investigated the application of new methods, such as image processing, for monitoring the aforementioned parameter. While also assessing the representativeness of ISO 17829’s method, this paper proposes an alternative measuring tool based on image processing named Pellet Length Detector (PLD). Samples were obtained from Italian pellet suppliers and subjected to a multiple dimensional analysis via PLD and caliper. The PLD’s overall performance led to satisfactory results, with only 10% of the samples having a bias between replicates of >2 mm. Compared to caliper, PLD led to an average bias of 0.5 mm. Moreover, a one-way ANOVA highlighted that increasing the sample size between caliper and PLD leads to a greater statistical similarity of the data obtained for different replicates. Given the prototype status of the device, a further performance upgrade is possible, especially through error modeling.
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1. Introduction


The last decade has been characterized by a global increase in attention towards wooden pellets [1,2]. For instance, since 2012, Europe has witnessed a 29% increase in pellet production [3]. Noteworthy cases are Germany which, between 2012 and 2021, increased production by 49% or Estonia which, from a 442-thousand-ton production in 2012, reached 1600 thousand tons in 2021 (corresponding to a 260% increase). Whilst Italy, since 2010, which was one of the largest producers in Europe, has been subjected to a decline in production that has been reversed in recent years [3,4].



Concurrent to production, the attention towards pellet quality has increased as well. In fact, since 2011, the worldwide commercialization of ENplus certified pellets has increased from 1 million up to 8 million tons [5]. This suggests an increase in attention towards the quality of pellets by both producers and consumers.



Pellet threshold values of quality parameters or proprieties such as chemical, energetical and physical ones, are defined by standard ISO 17225-2 [6]. Monitoring these parameters not only helps manufacturers in the production of a more readily marketable and higher-appeal product but also aids consumers in the purchasing of a low-polluting and energy-efficient solid biofuel.



In fact, pellets’ properties, such as moisture, ash content and dimensional parameters, play a key role in the pellets’ combustion quality. For instance, moisture content highly and negatively impacts the calorific value [7,8,9], whilst a higher average pellet length leads to an increase in CO emissions during combustion [10,11]. Moreover, pellet length impacts the fuels’ durability and therefore the fines’ content and dust generation during handling and other logistic stages [12].



Standards are not limited to outlining the qualitative parameters of solid biofuels, but they also define procedures for monitoring them.



Specifically, ISO 17829 defines the procedure to assess pellets’ length and diameter [13]. However, specified procedures are unclear and might lead to an unrepresentative analysis. Namely, there is a discordance in sample size to be analyzed, once stated in mass and later in the number of pellets. Regardless, considering the latter to be valid, ISO 17829 suggests an analysis of 40–50 pellets through the use of a precision caliper. This operation is time-consuming and is affected by the operator’s accuracy.



Studies have highlighted the importance of a wide sample size for obtaining data representative of larger mass piles [14]. However, increasing the sample size leads to higher costs in time and personnel. Specifically for pellets, 40–50 pellets are thought to be an insufficient number to effectively represent a standard 15 kg bag.



Recent studies have investigated the application of new technologies for the monitoring of fuels’ and biomasses’ overall quality [15,16]. For example, Oh et al. applied image processing for the assessment of the particle size distribution of carbon pellets, emphasizing the need to find alternative and time-efficient measurement methods that can be used directly on the production line [17]. Furthermore, image processing techniques have begun to be widely investigated for the assessment of the quality parameters of densified biomasses, such as briquettes and pellets [16,18]. For example, Jägers et al. proposed an innovative method for the determination of the sample size via image acquisition, binarization and the detection of pellets [19]. These studies highlight the industry’s interest in affordable and alternative methods that allow for the analysis of a large number of pellets thoroughly and within a short time, possibly also enabling monitoring activities directly on the production line. Thus, while also assessing the representativeness of the sample size suggested by ISO 17829 in relation to a whole pellet bag, this paper proposes and evaluates a rapid and alternative measuring tool based on image processing to assess pellets’ dimensional parameters, especially pellet length. In addition, the components’ low cost and the device’s portability make it easily accessible to all industry operators.




2. Materials and Methods


2.1. Sample Preparation


A total of 20 soft-wood pellet bags of 15 kg each were provided by Italian pellet suppliers. Each bag was considered as a sample. Each sample was homogenized and reduced through coning and quartering, according to standard methodology [20]. Lastly, from each reduced bag, a total of 100 pellets were manually and randomly selected, making up 20 samples of 100 pellets each, as intended for a dimensional analysis.




2.2. Dimensional Analysis


Each sample was analyzed assessing pellet dimensional parameters through the use of a Borletti digital caliper with 0.01 mm resolution, according to ISO 17829’s methodology, and a prototypal image-based measuring system, named Pellet Length Detector (PLD). The latter was produced by the Italian IT company Metacortex in collaboration with Laboratorio Biomasse founded by the Polytechnic University of Marche (Figure 1). Each sample was analyzed by the same experienced operator.



The PLD is made up of the following components: (i) a Raspberry Pi 4 Model B computing unit, (ii) a 5 MP Raspberry Pi Camera V2.1, (iii) Pi Fan Brushless, (iv) a Raspberry Pi DSI Display V1.0 (12.1 × 7.6 cm) and (v) the Python software version 3.12. In addition, for its operation, the PLD requires a green board for sample placing with a red plastic square (2 × 2 cm) on its top left corner that serves as a reference during measurements. Therefore, upon placing an exhaustive number of samples on the board (approximately 15), the PLD measures the length of pellets through (i) image acquisition, (ii) smoothing and binarization, (iii) object detection and segmentation and (iv) data acquisition through a comparison with the reference. Images should be taken at a height which exclusively allows for the green board on the scene to be shown and with the same camera focus in order to obtain images with an equal resolution.



Thus, pellets of each sample were analyzed three times via the PLD and once through the caliper. The PLD analyses were performed under the same natural ambient lighting conditions. The length data obtained via the caliper were considered as a ground truth for the PLD’s performance assessment.



Considering that the pellet production process ensures constant diameter values (6 ± 0.5 mm), the latter dimensional parameter was excluded from further data analysis.



Data from single PLD analyses, or replicates, and for each sample were compared to assess the reliability and variability of the obtained data.



Moreover, the average data of the three replicates for each sample obtained via the PLD (Lp) were compared with the caliper (Lc) to assess the bias of the PLD’s measurements and the bias on sample length (BL). The latter indicates the significance of measurement errors in relation to the actual length of the sample (Lc). Negative bias values indicate an overestimation of the PLD, whilst positive bias values indicate an underestimation.



During main dimensional analyses, the time required to perform the dimensional analysis via the PLD and caliper of the first 15 pellets of each sample was recorded. The timing data were used to estimate the time required to analyze a number of pellets consistent with what has been established by ISO 17829. A critical evaluation of the timing data was carried out to assess the operational advantages that PLDs can provide to the industry.




2.3. Representativeness Assessment of Standard Method


To evaluate the variability and representativeness of the data obtained via the ISO 17829 method, a total of 5 additional replicates via the caliper were performed on 10 random samples out of the previously analyzed 20 samples. Each replicate consisted of the measurement of 50 randomly selected pellets from the original whole 15 kg bags, for a total of 250 additional pellets for each sample. Moreover, to assess how analysis on larger samples could dilute the error given by the lack of representativeness, the same 10 samples were ulteriorly analyzed via the PLD performing an additional 5 replicates of 100 pellets each, for a total of 500 pellets for each sample. Each replicate was carried out by the same experienced operator who conducted the previous dimensional analysis (Figure 2).



The range of the average and quartiles was compared to evaluate the variability of the data between replicates of the same sample. Lastly, a one-way ANOVA was carried out to assess the significance of the differences between the replicates’ average data.





3. Results and Discussion


3.1. Single Replicates’ Data


The average data of the three PLD replicates (Lp1, Lp2 and Lp3) of each sample are reported in Table 1, as well as the average PLD measurement values (Lp), standard deviation, coefficient of variation (CV) and the range between the maximum and minimum replicate values.



Since PLD measurement is a non-standard measuring method, it proves difficult to define the repeatability and reproducibility of coefficients, all the more so ISO 17829 does not specify a repeatability and reproducibility assessment procedure. Therefore, a tolerance limit system was used to evaluate range values and highlight the variability between replicates. Range was chosen over standard deviation and CV given the increased intuitiveness.



The system classifies replicates on the basis of threshold values chosen on the basis of the authors’ subjective assessment. Thus, considering three range threshold values (≤1 mm, <2.1 mm and ≥2.1 mm), replicates of 45% of the samples showed a range of ≤1 mm, 45% showed a range of <2.1 mm and the remaining 10% of the samples showed a range of ≥2.1 mm (Figure 3). Further testing is needed to assess the variables that may have led to excessive range values.




3.2. Average Data


The average Lc and Lp data of each sample are reported in Table 2, as well as the bias values and BL, whilst a comparison of Lc, Lp and the measurement bias are shown in Figure 4a.



No relation between the mean samples’ length and absolute bias measurement values (Pearson: −0.2) was obtained. Out of the two samples characterized by high range values between replicates (G9259 and G9740), only G9259 led to an excessive bias (3.1 mm). Figure 4b highlights over- and underestimation bias trends between the samples. Negative bias values indicate the PLDs’ overestimation, whilst positive values indicate an underestimation. Thus, 60% of samples have been characterized by an overestimation of PLDs’ measurements, up to 3 mm.



The PLDs’ overestimation tendency, compared to the caliper measurements, might be given by object detection and segmentation stages during image acquisition. Specifically, segmentation measures the distance between the most extreme pixels of detected objects. Thus, the jagged ends of pellets, which, during caliper measurement, may encounter compression or breakage, although thin and of negligible size, in an image processing analysis contribute to a number of pixels per object.



As stated, given the absence of a procedure for the evaluation of repeatability, to assess the overall reliability of the PLDs’ average measurements, a bias tolerance threshold system was used.



Considering absolute bias values and hypothetical bias tolerance thresholds of 1, 2 and 3 mm, 8 out of 20 samples led to a bias greater than 1 mm, whilst 3 out of 20 samples led to a bias greater than 2 mm and only 1 sample led to a bias greater than 3 mm. Likewise, with BL threshold values of 5% and 10%, 7 out 20 samples led to a BL greater than 5% and 3 out of 20 sample led to a BL greater than 10%. Lastly, almost half of the samples (12 out of 20) led to bias values below both the 1 mm and 5% BL threshold values.



Whilst a measurement error of 3 mm could lead to unreliable and unrepresentative data, on the basis of the authors’ experience, a 2 mm tolerance threshold can be considered as an acceptable trade-off between accuracy and measurement quickness compared to the standard methodology. Alternative to a fixed millimeter bias threshold, a 10% BL threshold could represent a suitable tolerance threshold, which, considering that the average length of the analyzed samples was ~20 mm, corresponds to a 2 mm bias. Furthermore, it was observed that similar bias values have different significances between samples. For instance, samples G9723 and G9010 led to similar biases (2.4 mm and 2.6 mm) but different mean lengths, thus leading to different BL values (12.7% and 9.9%). Moreover, a strong correlation between the BL and bias was found (R2 = 0.9), suggesting that a limited increment of the measurement bias (e.g., 1 mm) leads to a significant increase in BL.



Lastly, the averaging mean data of all samples allowed for an overall evaluation of the PLDs’ performance (Table 3). Compared to the caliper analysis, the PLD led to an average overestimation of 0.5 mm and a BL average bias of 4.7%. Both values are considered acceptable, especially referring to commonly commercialized pellet samples which have an average length of 20 mm.




3.3. PLD’s Operational Advantage


The caliper analyses of the first 15 pellets for each sample required different timings (Tc), while still ranging from 145 s up to 170 s. No significant relation was found between the Tc and average length of the samples (Pearson: 0.16). Nevertheless, it is thought that jagged ends of pellets might be a factor that leads to analysis slowdowns. That is, heterogeneous pellet ends easily break during measurements, leading to an increase in repeating the analysis which leads to an increase in the Tc. Meanwhile, the PLD led to 78% shorter analysis timings compared to the Tc.



When comparing the caliper and PLD (Tp) analyses timings, the latter always resulted in significantly shorter timings. In fact, not only does the PLD solely require sample placement on the green board for data acquisition, but the sample size does not affect analysis timings, as opposed to the caliper where an increase in pellets leads to increases in timings. Specifically, for an estimation of the timings required to measure samples in line with what ISO 17829 suggests, the Tc might drastically increase by up to 500–550 s for each sample.



Thus, with the times being equal, the PLD allows for a larger sample to be analyzed, which results in an increased reliability and representativeness of the obtained data. Furthermore, the PLD allows for an instant and automatic obtaining of additional data, such as the pellets’ class size distribution, which is believed to be of particular importance in describing the dimensional properties of pellets, in view of the effects they have on the overall quality of this form of solid biofuel.




3.4. Representativeness Assessment of the Standard Method


The average data and standard deviation of the further replicates performed on 10 out of 20 samples are reported in Table 4, each replicate consisting of the measurements of 50 pellets via the caliper and of 100 pellets via the PLD.



The average length values obtained via the caliper were found to be more variable compared to the PLD replicates. Namely, the fourth replicate of sample G9259 was significantly different compared to the other four replicates. This same trend was seen in the majority of the samples. For instance, sample G2076 led to significantly different average lengths between the first and fourth replicates. Conversely, the PLD replicates, performed on 100 pellets instead of 50, led to definitely more similar results. Namely, samples G9259 and G2076 led to no significant differences of average length between the replicates.



The range of average lengths and quartile values of data obtained via the caliper (Rcavg, RcQ1, RcQ2 and RcQ3) and PLD (Rpavg, RpQ1, RpQ2 and RpQ3) are shown in Figure 5. The majority of the samples led to higher range values when analyzed via the caliper, namely, when replicates consisted of 50 pellets. Increasing the sample size to 100 pellets during the PLD analyses led to a reduction in the range values and thus to a reduction in variability.



Furthermore, the larger sample sizes led to more homogeneous quartile values, with the exception of samples G9576, F4809 and F4797 which led to slightly higher RpQ3 values compared to the RcQ3 ones. More similar quartile values suggest a more uniform and consistent distribution of the data between the replicates, which translates into a more accurate description of the distribution of the length classes of the analyzed pellets.



Lastly, a one-way ANOVA (95% confidence interval) was performed to assess the statistical differences between the replicates for both the caliper and PLD (Table 5). The caliper replicates led to statistically significant differences between the means for 4 out of 10 samples, namely, G9259 (F = 20.340, p = 1.75 × 10−14), G2076 (F = 6.311, p = 7.55 × 10−5), G4216 (F = 5.4795, p = 3.06 × 10−4) and G9683 (F = 2.504, p = 4.29 × 10−2). Meanwhile, only 2 out of 10 PLD replicates led to statistically significant differences between the means, specifically, G9259 (F = 4.919, p = 6.75 × 10−4) and F4801 (F = 2.943, p = 2.01 × 10−2).



A Multiple Comparison Test that was performed on sample G9259 (Figure 6a) highlighted the significative difference between replicates r2–r5 (p = 1.10 × 10−3) and r3–r5 (p = 3.90 × 10−3), whilst for sample F4801 (Figure 6b), it highlighted the difference between replicates r2–r3 (p = 3.53 × 10−3).





4. Conclusions


The authors believe that PLD represents a major technological breakthrough in the measurement of pellet length, especially considering the low cost of components that make up the prototypal device. Although not accurate as a caliper, replicates of the same sample performed via the PLD appeared highly precise, with only 2 out of 20 samples leading to replicates differing by ≥2.1 mm between them.



The streamlined PLD measurement method, leading to 50% shorter measurement times than the standard method, allows for the analysis of more extensive samples. This, in turn, yields more representative results, with more a homogeneous data distribution among the replicates. A one-way ANOVA highlighted less statistical differences between the PLD replicates (p ≤ α for 2 out of 10 samples) than those carried out via the caliper (p ≤ α for 4 out of 10 samples).



The PLD’s overall performance is satisfactory, with an average bias of −0.5 mm (ϭ = 1.3), compared to the caliper measurements, and an average maximum bias value of 3.1 mm. There is no relation between the bias and average pellet length (Pearson: −0.2). Negative bias values highlight the overestimation trend, which occurred in 60% of the analyzed samples and is thought to be given by the jagged ends of pellets, which, as fine and fragile as they may be during caliper analysis, in image processing, contribute to the increase in the number of pixels per object.



Given the prototype status of the device, a performance upgrade is believed to be possible, especially through further measurements that could allow for the highlighting of factors which could influence the quality of measurements. Future tests should be conducted directly at pellet production plants to assess the response and interest of pellet producers to the rapid and in-line measurements of pellets. Furthermore, future tests should be carried out with varying lighting conditions during measurements to assess the effects of light and pellet surface reflectance on the measurement quality. Lastly, the authors believe there are prerequisites for implementing this innovative method on additional devices, such as smartphones, for lowering system expenses and for establishing the groundwork for the involvement of a broader audience in pellet quality assessments.
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Figure 1. PLD portable measuring device. (a) PLD’s rear view with a touch screen; (b) PLD’s front view with a central camera; (c) diagram of PLD’s inner components. 
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Figure 2. Summary diagram of the experimental stages. 
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Figure 3. The tolerance limit system visually highlights the distribution of replicates based on three range threshold values marked by the black lines (≤1 mm colored in green, <2.1 mm and ≥2.1 mm respectively colored in yellow and red). 
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Figure 4. Average bias trends. (a) Comparison between average sample length and absolute bias between caliper and PLD measurements; (b) Bias trend highlighted the PLDs’ overestimation tendency (negative bias values). 
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Figure 5. Range trends of average lengths and quartile values obtained via the caliper in green (Rcavg, RcQ1, RcQ2 and RcQ3) and PLD in blue (Rpavg, RpQ1, RpQ2 and RpQ3). 
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Figure 6. Multiple Comparison Test results. (a) Statistically significant difference between replicates r5 (blue line) and both r2 and r3 (red lines); (b) Statistically significant difference between replicates r2 (blue line) and r3 (red line). 
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Table 1. Key data obtained from the three replicates performed via the PLDs (Lp1, Lp2 and Lp3), average data (Lp) and corresponding basic statistics.
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	Sample
	Lp1

mm
	Lp2

mm
	Lp3

mm
	Lp

mm
	Std. D.
	CV
	Range

mm





	F4801
	19.8
	19.7
	19.5
	19.7
	0.2
	1%
	0.3



	F5211
	19.0
	18.9
	19.9
	19.2
	0.5
	3%
	1.0



	G9723
	22.1
	22.7
	21.2
	22.0
	0.7
	3%
	1.5



	G9259
	23.7
	24.0
	21.4
	23.1
	1.4
	6%
	2.6



	F4809
	19.3
	20.6
	19.1
	19.7
	0.8
	4%
	1.5



	G2076
	21.4
	21.0
	22.3
	21.6
	0.6
	3%
	1.3



	F4821
	21.0
	21.0
	20.2
	20.7
	0.4
	2%
	0.8



	G9150
	21.9
	21.9
	21.5
	21.8
	0.2
	1%
	0.4



	G9411
	23.4
	22.9
	23.2
	23.2
	0.3
	1%
	0.6



	G9882
	21.1
	22.3
	22.3
	21.9
	0.7
	3%
	1.2



	F4797
	22.4
	22.7
	22.6
	22.6
	0.2
	1%
	0.4



	G8435
	22.6
	22.4
	22.7
	22.6
	0.1
	1%
	0.2



	G9683
	26.2
	24.7
	24.6
	25.1
	0.9
	3%
	1.5



	G9611
	24.1
	22.5
	24.4
	23.6
	1.0
	4%
	1.9



	G9725
	25.4
	24.3
	25.5
	25.1
	0.7
	3%
	1.2



	G9576
	24.2
	24.3
	24.1
	24.2
	0.1
	0%
	0.2



	G9740
	23.3
	26.5
	24.2
	24.7
	1.7
	7%
	3.2



	G6076
	25.5
	25.4
	23.8
	24.9
	1.0
	4%
	1.7



	G4216
	24.7
	25.7
	25.9
	25.4
	0.7
	3%
	1.3



	G9010
	24.0
	23.8
	23.9
	23.9
	0.1
	0%
	0.2










 





Table 2. Average length data of samples obtained via caliper (Lc) and PLD (Lp), as well as Bias (Lc–Lp) and BL (Bias/Lc).






Table 2. Average length data of samples obtained via caliper (Lc) and PLD (Lp), as well as Bias (Lc–Lp) and BL (Bias/Lc).





	
Sample

	
Lc

	
Lp

	
Bias

	
BL




	
mm

	
std. dev.

	
mm

	
std. dev

	
mm

	
%






	
F4801

	
17.7

	
2.9

	
19.7

	
4.3

	
−1.9

	
11.0%




	
F5211

	
19.5

	
5.5

	
19.2

	
6.2

	
0.3

	
1.5%




	
G9723

	
19.5

	
1.9

	
22.0

	
3.6

	
−2.5

	
12.7%




	
G9259

	
19.9

	
3.7

	
23.1

	
4.5

	
−3.1

	
15.6%




	
F4809

	
20.1

	
5.1

	
19.7

	
5.5

	
0.4

	
2.1%




	
G2076

	
20.2

	
3.7

	
21.6

	
4.4

	
−1.3

	
6.7%




	
F4821

	
20.5

	
4.7

	
20.7

	
5.3

	
−0.2

	
0.9%




	
G9150

	
21.0

	
4.7

	
21.8

	
6.0

	
−0.8

	
3.7%




	
G9411

	
21.2

	
4.3

	
23.2

	
5.5

	
−1.9

	
9.1%




	
G9882

	
21.7

	
6.0

	
21.9

	
6.4

	
−0.2

	
0.7%




	
F4797

	
22.3

	
3.7

	
22.6

	
4.6

	
−0.3

	
1.4%




	
G8435

	
22.5

	
4.4

	
22.6

	
4.8

	
−0.1

	
0.5%




	
G9683

	
23.5

	
3.9

	
25.1

	
5.6

	
−1.7

	
7.2%




	
G9611

	
23.9

	
5.2

	
23.6

	
5.4

	
0.3

	
1.1%




	
G9725

	
24.0

	
6.2

	
25.1

	
7.1

	
−1.1

	
4.4%




	
G9576

	
24.4

	
6.3

	
24.2

	
6.4

	
0.2

	
0.9%




	
G9740

	
25.0

	
6.1

	
24.7

	
6.7

	
0.3

	
1.1%




	
G6076

	
25.5

	
4.3

	
24.9

	
5.0

	
0.6

	
2.3%




	
G4216

	
26.0

	
7.9

	
25.4

	
7.5

	
0.6

	
2.2%




	
G9010

	
26.5

	
8.8

	
23.9

	
8.1

	
2.6

	
9.9%











 





Table 3. Overall PLDs’ performance, where Lc = average length via caliper, Lp = average length via PLD, Bias = Lc–Lp and BL = Bias/Lc. Maximum and minimum values are given as absolute values.






Table 3. Overall PLDs’ performance, where Lc = average length via caliper, Lp = average length via PLD, Bias = Lc–Lp and BL = Bias/Lc. Maximum and minimum values are given as absolute values.





	

	
Lc

	
Lp

	
Bias

	
BL




	

	
mm

	
mm

	
mm

	
%






	
mean

	
22.3

	
22.7

	
−0.5

	
4.7%




	
std. dev.

	
2.5

	
1.9

	
1.3

	
0.1




	
max

	
26.5

	
25.4

	
3.1

	
16%




	
min

	
17.7

	
19.2

	
0.1

	
1%











 





Table 4. Average length data of samples obtained via caliper and PLD during each replicate.






Table 4. Average length data of samples obtained via caliper and PLD during each replicate.





	
Sample

	
Caliper

	
PLD




	
r1

mm

	
r2

mm

	
r3

mm

	
r4

mm

	
r5

mm

	
r1

mm

	
r2

mm

	
r3

mm

	
r4

mm

	
r5

mm






	
G9259

	
mean

	
13.9

	
16.4

	
16.0

	
10.7

	
14.0

	
13.8

	
14.7

	
14.5

	
13.7

	
13.0




	
std. dev.

	
3.6

	
3.9

	
3.0

	
3.2

	
4.1

	
2.6

	
3.5

	
3.1

	
3.3

	
2.3




	
G2076

	
mean

	
13.3

	
15.4

	
16.0

	
18.0

	
16.7

	
15.8

	
15.0

	
15.3

	
15.1

	
15.4




	
std. dev.

	
4.5

	
5.3

	
4.5

	
4.5

	
5.3

	
3.8

	
3.8

	
3.8

	
4.0

	
4.3




	
G4216

	
mean

	
19.3

	
19.4

	
21.8

	
21.7

	
18.5

	
18.5

	
18.2

	
17.7

	
17.8

	
18.2




	
std. dev.

	
5.2

	
4.3

	
4.7

	
4.3

	
4.5

	
5.3

	
4.6

	
4.3

	
4.1

	
4.2




	
G9683

	
mean

	
18.8

	
18.9

	
16.2

	
17.3

	
17.8

	
16.9

	
16.8

	
17.4

	
17.7

	
17.9




	
std. dev.

	
5.2

	
4.9

	
5.2

	
4.5

	
5.0

	
3.9

	
3.6

	
4.5

	
4.6

	
4.0




	
G9576

	
mean

	
18.8

	
18.4

	
20.0

	
19.0

	
21.1

	
19.3

	
18.8

	
20.0

	
20.2

	
20.7




	
std. dev.

	
7.6

	
6.8

	
7.5

	
7.3

	
7.7

	
5.8

	
5.9

	
5.7

	
5.6

	
5.6




	
G9740

	
mean

	
21.1

	
21.5

	
19.8

	
19.8

	
18.3

	
21.2

	
20.9

	
20.6

	
19.7

	
19.2




	
std. dev.

	
7.8

	
6.5

	
7.3

	
6.0

	
7.4

	
5.8

	
6.5

	
6.3

	
5.6

	
5.3




	
F5211

	
mean

	
18.9

	
17.1

	
17.0

	
17.1

	
16.4

	
16.6

	
16.6

	
15.9

	
15.3

	
15.7




	
std. dev.

	
6.9

	
7.2

	
5.2

	
5.6

	
5.2

	
4.9

	
4.7

	
4.6

	
5.1

	
4.6




	
F4801

	
mean

	
14.8

	
14.9

	
15.4

	
15.5

	
14.3

	
14.4

	
13.6

	
14.7

	
14.0

	
13.7




	
std. dev.

	
2.9

	
3.0

	
3.4

	
3.8

	
2.7

	
3.2

	
2.6

	
3.0

	
2.7

	
2.5




	
F4809

	
mean

	
17.2

	
17.4

	
19.5

	
19.6

	
17.9

	
17.8

	
18.2

	
17.3

	
16.4

	
16.7




	
std. dev.

	
5.8

	
6.3

	
5.4

	
5.7

	
5.5

	
5.0

	
4.2

	
4.7

	
4.7

	
5.2




	
F4797

	
mean

	
15.8

	
18.3

	
17.7

	
17.6

	
16.6

	
16.4

	
16.9

	
16.0

	
15.6

	
15.4




	
std. dev.

	
5.3

	
5.0

	
4.4

	
5.1

	
3.8

	
5.1

	
5.6

	
4.5

	
3.8

	
4.0











 





Table 5. Summary of main results obtained via one-way ANOVA for both the caliper and PLD replicates.






Table 5. Summary of main results obtained via one-way ANOVA for both the caliper and PLD replicates.





	
Sample

	
Caliper

	
PLD




	
F Value

	
p

	
H0

	
F Value

	
p

	
H0






	
G9259

	
20.3

	
1.75 × 10−14

	
Rejected

	
4.9

	
6.75 × 10−4

	
Rejected




	
G2076

	
6.3

	
7.55 × 10−5

	
Rejected

	
0.6

	
6.88 × 10−1

	




	
G4216

	
5.5

	
3.06 × 10−4

	
Rejected

	
0.6

	
6.99 × 10−1

	




	
G9683

	
2.5

	
4.29 × 10−2

	
Rejected

	
1.3

	
2.85 × 10−1

	




	
G9576

	
1.1

	
3.50 × 10−1

	

	
1.7

	
1.55 × 10−1

	




	
G9740

	
1.6

	
1.68 × 10−1

	

	
1.9

	
1.07 × 10−1

	




	
F5211

	
1.2

	
3.33 × 10−1

	

	
1.5

	
2.01 × 10−1

	




	
F4801

	
1.2

	
3.17 × 10−1

	

	
2.9

	
2.01 × 10−2

	
Rejected




	
F4809

	
2.0

	
9.84 × 10−2

	

	
2.4

	
5.16 × 10−2

	




	
F4797

	
2.1

	
7.82 × 10−2

	

	
1.6

	
1.64 × 10−1
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