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A B S T R A C T   

The aim of this research is to develop and validate two computer programs based on artificial intelligence (AI) 
and digital image analysis (DIA) in order to determine the incidence of medullation in white alpaca fibers. Two 
data sets were analyzed: 76 samples of Huacaya alpaca fibers obtained from Huancavelica, Peru, and 200 
samples of white alpacas of two genotypes (Huacaya, n =100; Suri, n = 100), obtained from Arequipa, Peru. The 
preparation of each sample followed the procedure described in IWTO-8-2011. The Pytorch framework was used 
to generate several training models based on the You Only Look at Once (YOLO) architecture. Circa 4000 pic-
tures of fibers were taken and 661 of them were selected as representative. Using the LabelImg software, the 
fibers present in each representative picture (approximately 10 fibers/picture) were labeled as one of these two 
classes: either medullated or non-medullated. Subsequently, the data augmentation technique was applied to 
expand the data set to 3966 photographs. Thus, 90 of them were used as initial validation data, while the 
reaming 3876 pictures (containing a total of 23,964 labeled fibers) were used as training data. Matlab was used 
to develop the DIA-based software. More specifically, algorithms of pre-processing, segmentation, smoothing, 
skeletonization and Hough transform were implemented to detect medullated and non-medullated fibers. Cor-
relation and linear regression analyses were used to evaluate the models. The medullation percentage results 
show that there is no statistically significant difference between the AI-based method and the projection mi-
croscope method (p-value = 0.668 and 0.672 for the t-student and Wilcoxon tests, respectively). Moreover, the 
correlation of each of the developed computer methods with the projection microscope method is very strong (r 
= 0.99 and 0.97). This confirms the software ability to perform the recognition of fibers with and without 
medullation. Similar results (p-value = 0.357) were obtained when comparing the projection microscope method 
and DIA-based software method. Finally, using the proposed framework, the average time required to analyze a 
sample was 19.44 s. As a result, this software allows the implementation of practical, precise, and efficient 
methodologies to determine the incidence of medullation of alpaca fibers.   

1. Introduction 

The fleeces of South American camelids are composed of fibers both 

with and without the presence of medullation (Villarroel, 1963; Marti-
nez et al., 1997). Among the latter stand out the fibers of continuous 
medullation and the strongly medullated, also known as objectionable 
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fibers (Hunter et al., 2013). The presence of these type of fibers is often 
undesirable for the textile industry due to a number of reasons. First, the 
wide medulla of these fibers makes them dye with a shade paler than 
those non-medullated. This effect is enhanced by the reflection of light 
from the surface of the medulla, which makes undyed fibers appear 
chalky white (Shelton, 1995; Balasingam, 2005). Moreover, in contact 
with the skin, their coarseness causes an unpleasant sensation to people, 
commonly referred to as “prickle”. This is due to the thickness of some 
fibers (those bigger than 30 µm) protruding from (Frank et al., 2014). In 
addition, they give a heterogeneous appearance in yarns and fabrics 
(Wang et al., 2005) that decreases the price of the product (McGregor, 
1997). This is so because they break quickly during the processing of the 
textiles, increasing thereby the proportion of waste (Gupta et al., 1981). 
The prickle and heterogeneity of fabrics are more intense as the inci-
dence of medullation increases. However, medullation is not always a 
defect, given that its presence provides a high insulating and thermal 
quality to the garments (Wang et al., 2005). Moreover, it makes them 
lighter, which is why fabrics based on alpaca fibers are lighter than those 
of wool. This is explained by the differences in density, being the former 
around 1309 g / cm3 and the latter 1320 g / cm3 (Czaplicki, 2012). 

Thus, it is of utmost importance to determine the incidence of 
medullated fibers. To do so, the projection microscope (PM) procedure is 
the standard, direct and objective method. However, it is laborious, 
expensive, time consuming (Lupton and Pfeiffer, 1998; Balasingam, 
2005). Shakyawar et al. (2013) found that the average time taken by two 
operators to measure 500 fiber sites with PM is apparoximately two 
hours and the results may vary from person to person. Therefore, it does 
not have an extensive and practical use (Shakyawar et al., 2013). Efforts 
aimed at measuring the degree of medullation can be found in the 
literature. The most relevant pieces of equipment and procedures 
include: (a) the Wronz Medulometer, based on the photoelectric tech-
nique (Lappage and Bedford, 1983; Wood, 2003; Balasingam, 2005); (b) 
modifications of the Optical Fibre Diameter Analyser (OFDA), which 
incorporate lighting and software based on opacity (Brims and Peterson, 
1994; Turpie and Steenkamp, 1995); (c) the near-infrared ray reflec-
tance analysis (NIRS), based on spectrometry (Boguslavsky at al., 1992); 
(d) the sonic digitizer technique (Blakeman et al., 1988), and (e) the 
automatic imagen analysis system (Qi et al., 1995). 

However, these equipments have been developed mainly for the 
evaluation of wool and mohair fibers (Lappage and Bedford, 1983; 
Blakeman et al., 1988; Boguslavsky et al., 1992; Brims and Peterson, 
1994; Qi et al., 1995; Balasingam, 2005; Cottle and Baxter, 2015). Little 
evaluation has been performed for cashmere and no validation tests 
have been conducted on South American camelid fibers. To date, the 
OFDA100 is the only device available that, in compliance to 
IWTO-57-2000 (IWTO, 2017b), evaluates the incidence of medullation 
of wool fibers in a practical, fast and accurate way. However, according 
to the different authors, the results in mohair fibers are still controversial 
(Lupton and Pfeiffer, 1998; Botha and Hunter, 2010; Cottle and Baxter, 
2015). In addition, in alpacas fibers, it has been shown to have unade-
quate accuracy and precision (Pinares et al., 2018; Torres, 2020). 
Moreover, all fibers of Angora rabbit have at least one medulla canal, 
however Rafat et al. (2007) found mean percentage of medullated fibers 
very low, ranging from 0.1% to 7.3%, therefore they concluded that a 
new definition about opacity must be developed to mesure medullation 
in Angora rabbit fiber. 

Along with the growth of computer science and digital image anal-
ysis, there has been research efforts towards the development of algo-
rithms to measure the diameter of animal fibers, as well as some other 
variables (Baxter et al., 1992; Qi et al., 1995; Deng and Ke, 2010; 
Arcidiácono et al., 2014; Quispe et al., 2017). In the topic of medulla-
tion, Qi et al. (1995) and Shakyawar et al. (2013) used a PM together 
with an image analysis software to determine, with precision and ac-
curacy, the percentage of heterotopic fibers, thick and kemp type, in the 
sheep and goat fleeces, and in wool of creole sheep of India. However, 
there are still no reports of any device, method or procedure created to 

specifically evaluate the medullation of alpaca fibers. 
At present, Artificial Intelligence (AI) has shown to be efficient for 

the recognition of arbitrary shaped objects. AI requires a relatively large 
amount of data (usually referred to as “training set”) or, at least, enough 
input information to apply data augmentation techniques, and thus 
avoid overfitting in training (Krizhenysky and Sutskever, 2012). 
Therefore, this technology could be useful for the recognition of 
medullated and non-medullated fibers. Nevertheless, no previous work 
in the literature has approached the fiber medullation issue by means of 
AI. 

Therefore, there is a lack of devices and procedures that would allow 
the practical identification and swift counting of medullated fibers in 
alpacas and llamas. Producers are unable to breed animals with good 
quality fleeces because they do not have enough objective information 
of the animals fibers. The textile industry must draw upon additional 
processes (such as dehairing or other treatments) to remove strongly 
medullated or objectionable fibers, which in many cases are inefficient 
(Hack et al., 1999; Frank et al., 2014). Dehairing is a procedure that 
works around the problem in llamas and guanacos, but it is arduous, 
expensive, unhealthy and has variable results (Tarqui, 2008; Quispe 
et al., 2015). However, in alpacas and llamas, it does not have good 
results (Wang et al., 2003). Therefore, the selection in favor of reducing 
the percentage of strongly medullated fibers is the best solution strategy 
(Gupta et al., 1981; Pinares et al., 2019; Cruz et al., 2018; Torres, 2020; 
Radzick-Rant and Wierckinska, 2021). 

With all the considerations above, this work is aimed at developing 
two computer programs based on DIA and AI to determine the incidence 
of medullation in Huacaya and Suri alpaca fibers and evaluate their 
performance in terms of accuracy, precisión and time required 
compared to existing methodologies. 

2. Materials and methods 

2.1. Location and time frame of the research 

The design and development of the computer programs was carried 
out in the Laboratory of Innovations and Technological Development of 
Maxcorp Technologies S.A.C (Lima, Peru), while the analysis of the fiber 
samples using the PM was carried out in the Textile Fiber Laboratory of 
Natural Fiber’s Tech S.A.C (Lima, Peru). The fiber samples were ob-
tained from two production units located in the regions of Huancavelica 
and Arequipa (Peru). The research was carried out between January to 
September, 2020. 

2.2. Samples preparation 

Two data sets of fibers were used in this research. First, 76 samples of 
Huacaya alpaca fibers from the Lachocc Research and Production Center 
(National University of Huancavelica, Peru) were analyzed. More spe-
cifically, 40 white and 36 light beige fibers were considered. These 
colors were chosen since they allow observing the medulla without the 
need of discoloring the fiber. Then, 200 samples of white alpacas of two 
genotypes (Huacaya, n = 100; Suri, n = 100), obtained from the Paco-
marca Genetic Center belonging to INCATOPS, located in Arequipa, 
Peru, were also evaluated. It is worth noting that while Huacaya alpacas 
produce crimpy, curly, dense and soft wool, Suri alpacas have longer 
cylindrical locks resembling dreadlocks. All samples were taken from 
the mid-side area, which is located over the third last rib, half-way be-
tween the mid-line of the belly and the mid-line of the back at the height 
of the tenth dorsal rib (Aylan-Parker and McGregor, 2002; McGregor 
et al., 2011). The fibers had an average diameter of 21.72 ± 0.21 µm 
(minimum: 15.67 µm; maximum: 28.39 µm). 

The preparation of each sample to be analyzed followed the pro-
cedure described in IWTO-8-2011 (IWTO, 2017a). The samples were 
washed in a solution of 7 parts 96% ethyl alcohol and 3 parts benzene. 
Then, they were dried with a towel by pressing with a roller. Fiber 
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fragments were obtained from each sample whose lengths varied be-
tween 0.4 and 0.8 mm for which the Hardy micrometer was used. The 
fiber fragments were placed on a slide and dispersed, using a stirring rod 
and immersion oil. Then, a coverslip was placed on top. Care was taken 
that each sample image contained between 5 and 20 fragments of fibers, 
avoiding as much as possible fiber crosses and/or agglomeration of fiber 
fragments. 

2.3. Model development using AI 

Several training models were generated based on the You Only Look 
at Once (YOLO) architecture (Ultralytics, 2020) to develop the AI-based 
software. In the approach developed, the configuration was carried out 
using Python as programming language and PyTorch, an open-source 
machine-learning framework. 

The image database stems from 40 fiber samples. Approximately, 
100 photographs were taken from each fiber sample and each photo-
graph contained an average of 5–10 fibers. Thus, 4000 photographs, 
with about 40,000 fibers altogether, were available. The photographs 
were obtained with a PM, equipped with a 4X magnifying lens. Out of 
the 4000 photographs, only 661 representative photographs with 
different percentages of medullated fibers (hereinafter, %MedFib) were 
taken in consideration for balancing data. Then, each one of the fibers 
was manually labeled as one of these two classes: either medullated fi-
bers (MedFib) or non-medullated fibers (UnMedFib). Using the Label-
Img software in YOLO format as a tool, the labeling consisted of 
graphically enclosing each fiber in a bounding box and indicating 
whether it was "medullated" or "not medullated". 

Subsequently, the data augmentation technique was applied to the 
photographs with labeled fibers. This was carried out using the "Albu-
mentations" library, part of the PyTorch ecosystem. The process con-
sisted in creating new images by making random modifications in color, 
lighting, blur and rotation. Thus, the database is increased and the ac-
curacy at inferencing is improved, making it more robust to the indi-
cated changes. By this method, it was possible to obtain a total dataset of 
3966 images, composed of the initial images (661) and those obtained as 
a result of the modifications (3305). Out of the 3966 images, 90 of them 
were used as data for the initial validation, while the reaming 3876 
pictures (containing 23,964 labeled fibers) were used as training data for 
the models. 

For the training process, the “Colaboratory” tool from Google was 
used. This is a powerful, web-based virtual machine with 25 GB of Video 
Random Access Memory (VRAM) and V100 or P100 graphics processing 
units (GPUs) available. Thus, from several model developed only two 
models (YOLOv5s and YOLOv5l) were chosen. These varied in the 
number of parameters assigned to the neural network (7.3 and 47.0 
million) and sizes (14.13 and 90.87 MB). Then, the trained models were 
evaluated, by comparing the percentages of medullation obtained with 
the results of the PM procedure. For this purpose, only 40 samples of 
white alpaca fibers were used. For the model evaluation process, a 
laptop with an NVIDIA 1660 Ti GPU with 8 GB of VRAM and a 9th 
generation Core I7 with 16 GB of RAM was used. The machine used is 
relevant since, during this process, the average time used to evaluate a 
sample was measured. 

2.4. Model development using DIA 

Initially, 1000 random images from a database of 7600 photographs, 
belonging to 76 samples of alpaca fiber, were selected. A number of 
digital image operations were performed over the pictures, in a sequence 
as follows. First, they were transformed to grayscale to distinguish the 
poorly lit fibers. Second, they were improved by preprocessing- 
enhancement methods. Third, segmentation and smoothing operations 
were performed. Fourth, the edges of the fibers were detected and the 
respective filling with pixels of values equal to one (“1”) was performed. 
Fifth, since unwanted remains were present in the background of the 

images, such as grease and dirt, morphological operations of erosion and 
dilation were carried out to eliminate them and homogenize the images 
of the fibers. Sixth, the fibers were skeletonized, a process that consists 
in removing from a pattern as many pixels as possible without affecting 
the general shape thereof. In our approach, the objective was to obtain a 
skeleton (i.e. a line) with a thickness of a single pixel, connected and 
centered in the middle of the fiber. However, when applying this pro-
cess, protruding branches of the skeleton were found. Therefore, the 
seventh step consisted in applying the process called pruning, which 
transformed the sample of the fiber into curves of 1-pixel thick. Eighth, 
the Hough Transform was used in order to find straight lines along the 
samples of the fiber images. Ninth, these lines were labeled and, finally, 
the counting of objects (in our case, fibers) began, resulting in the total 
number of fibers (hereafter, TFib). 

To measure the diameter, the following steps were performed. Once 
the lines of the fibers were found, the algorithm checked if they were 
vertically, horizontally or obliquely disposed. Then, a sweep was per-
formed; perpendicular to both ends and along these lines until finding a 
zero (“0”). Thus, the sum of these points (pixels) is the total diameter of 
the fiber. 

To establish the number of medullated fibers (hereinafter, NºMed-
Fib), the following procedure was applied. It relies on the fact that the 
interior of the fibers is transparent to visible light due to the immersion 
oil, given that it has the same refraction index. In addition, some fibers 
have a medulla, which is opaque and can be distinguished because of 
having holes or lines of dark color present inside the fiber after the 
original image is binarized (0 = medulla and edges, 1 = body of the 
translucent fiber and background). Thus, we proceeded to superimpose 
the lines previously found over the original binarized and inverted 
image. Using the algorithms previously developed, a certain diameter is 
measured in case the fiber has a medulla. Otherwise, this value is equal 
to "0". Then, the amount of measurements of diameters different that "0" 
is counted, obtaining thereby the NºMedFib. The percentage of medul-
lated fibers (from now on, %MedFib) is the ratio between the NºMedFib 
and the TFib found, expressed as a percentage (%MedFib =

100*N◦MedFib / TFib). 
All these programming codes, as well as the graphical user interface 

were developed in MATLAB programming language, under the Windows 
10 operating system, with a Core i7 processor computer and 12 GB RAM. 
The machine used is relevant since, analogously to the AI-based model 
case, the average time per sample used to perform the evaluation was 
measured. 

2.5. Validation of computer programs 

Initially, 76 samples of alpaca fibers from Huancavelica were eval-
uated using a PM. 100 images of each sample were captured, thereby 
accumulating 7600 images of alpaca fiber samples. The validation 
process consisted in comparing two alternative methods to classify the 
fibers in the pictures as MedFib or UnMedFib and, hence, obtain the 
percentages of medullation of each sample. On one hand, a visual and 
manual recognition was performed, following the procedure in test 
method IWTO-8-2011 (IWTO, 2017a), but slightly modified (since the 
fibers were classified as medullated and non-medullated, only). On the 
other hand, the same images were evaluated using the developed com-
puter programs, one based on AI and the other based on DIA, obtaining 
the percentages of medullation of each sample, by type of procedure 
used. 

Subsequently, 200 samples of Huacaya and Suri alpacas were used. 
Each sample was divided into two parts. One of the subsamples was 
evaluated with AI-based software and the samples were prepared ac-
cording IWTO-8-2011 (IWTO, 2017a). The other 200 subsamples were 
evaluated with an OFDA100 equipment, following the procedure 
described in IWTO-57-2000 (IWTO, 2017b). 
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2.6. Statistical analysis 

Correlation and linear regression analyses were used to evaluate the 
models. Before, the %MedFib, obtained using the developed software 
(based on both AI and DIA), the PM and the OFDA100, were initially 
subjected to tests of normality and homogeneity of variances using 
Komogorov-Smirnov and Levene tests, respectively. Subsequently, 
different statistical methodologies were used to obtain a number of % 
MedFib-related descriptive statistics. To compare and evaluate the de-
gree of relationship between the automatic computational methods and 
those obtained with the PM, the paired Student’s t-tests and the Wil-
coxon test were applied; simple linear regression analysis and Pearson’s 
correlation (r) analysis were also applied, complemented by their cor-
responding scatter plots. To evaluate the existence of biases between 
computational methods and PM, functional regressions of geometric 
mean (FRGM) and simple linear regressions (SLR) were performed, of 
the differences and the average of the %MedFib obtained with PM and 
each of the computational methods, following the methodology indi-
cated in IWTO-0-2012 Appendix B (IWTO, 2017c), complemented with 
their corresponding scatter plots. The %MedFib of the 200 samples ob-
tained with AI-based software and OFDA100 were compared with t-test 
by genotypes (Huacaya and Suri), because the characteristics of their 
fibers differ. Likewise, the statistical analysis was complemented by a 
scatter plot, lineal regression and, Spearman’s correlation. To perform 
these analyses, the software for statistical computing and graphics R was 
used (R Core Team, 2016). 

3. Results 

3.1. AI-based software 

After evaluating about 1000 fibers per sample, the YOLOv5s model 
achieved an average processing speed of 8.82 s/sample, while the 
YOLOv5l model was slower (19.44 s/sample). As regards to the ability of 
measuring the %MedFib, both models showed a similar Pearson corre-
lation (0.999 and 0.994) when comparing them to the PM procedure. 
For the regression analysis, the slope and intercept were respectively 
0.967 and 3.568 for YOLOv5s and 0.991 and 0.976 for YOLOv5l. Based 
on these results, the YOLOv5s model was used for the development of 
the respective software, due to its speed, similarity of slope and high 
correlation. 

The software developed calculates the TFib per sample and the 
number of medullated (N◦MedFib) and non-medullated (N◦UnMedFib) 
fibers, as well as the respective percentages, with an automatic, fast and 
practical process. However, the final processing speed is highly depen-
dent on the computer used, being to a large extent determined by the 
computation power of the video card. For a fast processing, it should 
contain Compute Unified Device Architecture (CUDA) cores. 

A benefit of the software developed is its ability to identify the types 
of fibers (medullated and non-medullated) by marking them in a box in 
the processed images, which can be saved according to the need of the 
user, thus allowing to verify the identification process. 

3.2. DIA-based software 

This software leverages digital image processing to analyze pictures 
of fiber samples. The captured images are processed one after the other 
to automatically summarize the results in the %MedFib, TFib evaluated, 
N◦MedFib and N◦UnMedFib. In addition, it saves the fields of valid 
photographs for further processing. Installed on a computer with a 2.8 
GHz Core I7 processor (4 CPUs) and 12 GB of RAM, the developed 
software takes 240 s/sample. 

On the other hand, all the fiber information displayed in the 
graphical interface is automatically saved in an Excel sheet. 

3.3. Validation 

The results of evaluating the two computer programs (based on AI 
and DIA) compared to the PM method are illustrated in Table 1. The 
algorithms produce an average of the %MedFib of alpaca very close to 
that obtained with the PM (61.04% and 54.80%, respectively, compared 
to 59.26%). In addition, the TFib evaluated by AI-based software is 
greater than that of the other two methods (996 versus 732 and 763), 
and its standard error is lower compared with the DIA-based method and 
PM. In addition, between 15 and 18 samples were evaluated 
(average=18.57 min/sample) per day (8-hour work day) with the PM 
method, but with the DIA and AI-based software, the processes were 4.6 
and 126 times faster, respectively. 

As shown in Table 2, regarding the results of calculating the % 
MedFib, no statistical difference was found when comparing the AI- 
based software with the PM methods (p-value = 0.668 and 0.672 for 
the t-Student’s and Wilcoxon tests, respectively.). Additionally, when 
evaluating the relationship between the values obtained with the pro-
cedures, a correlation and regression coefficient close to one (0.99 in 

Table 1 
Overall statistics of the percentage of medullation and number of fibers evalu-
ated, obtained with the Projection Microscope (PM), the Artificial Intelligence 
(AI)-based software and the Digital Image Analysis (DIA)-based software, in 76 
samples of Huacaya alpaca fiber.  

Variables evaluated and 
evaluation methods 

Mean Standard 
error 

Minimum Maximum 

Medullation Percentage     
●PM 59.26 2.98 6.43 98.94 
●AI-based software 61.04 2.90 9.00 99.00 
●DIA-based software 54.80 3.49 16.24 93.64 
N◦ fibers evaluated/equipment     
●PM 763 20 379 1161 
●AI-based software 996 27 402 1649 
●DIA-based software 732 21 472 958  

Table 2 
Statistics of the paired parametric t-Student’s test and Wilcoxon non-parametric 
test, among the percentages of medullation obtained with the computer pro-
grams based on Artificial Intelligence (AI) and Digital Image Analysis (DIA), 
compared with the methodology of the projection microscope (PM), in 76 
samples of Huacaya alpaca fiber.  

Statistics t-Student’s 
test 

Wilcoxon 
test 

●Comparison between the AI-Based computer software and the PM method  
PM AI Mean Difference Difference 

Mean (%) 59.26 61.04 60.15 -1.78 -1.54 
– StandardDeviation 

(%) 
25.99 25.25 25.58 2.70  

– Standard Error 2.98 2.90 2.93 0.31  
– Difference interval   [− 9.99 

6.43] 
[− 10.04 
6.76] 

– t-value/w-valor of the 
difference  

-0.429 2772.50 

– P-value  0.668 0.672 
– Significance  NS NS 
●Comparison between the DIA-Based computer software and the PM method     

t-Student’s 
test 

Wilcoxon 
test  

PM DIA Mean Difference  
– Mean (%) 59.26 54.80 55.72 1.85 5.51 
– StandardDeviation 

(%) 
25.99 22.05 24.5 6.31  

– Standard Error 2.98 1.37 3.87 1.00  
– Difference interval   [− 5.10 

14.02] 
[− 4.88 
15.35] 

– t-value/w-value of the 
difference  

0.925 1709 

– P-value  0.357 0.274 
– Significance  NS NS  
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both cases) was obtained, with an intercept not too far away of zero 
(− 0.97), as can be seen in Fig. 1. Similar results were obtained when 
comparing the PM and DIA-based software methods. More specifically, 
the p-value is 0.36 and the Pearson’s correlation index is 0.99 (Table 2 
and Fig. 1). 

The relationship between the differences and the averages of the % 
MedFib, considering the procedures using the developed software 
(based on both AI and DIA) and the PM method are shown in Table 3 and  
Fig. 2. The results show that, as the %MedFib increases, a slight increase 
in the differences between methods is also present. The increases in the 
differences are more noticeable in the DIA-based software than the AI- 
based software, since the regression coefficients (bxy) compared to the 
PM method are 0.21 and 0.03, respectively. In addition, the correlation 
coefficients threw by the geometric functional analysis and the simple 
linear analysis are different from zero. The relationship degree is less 
manifest when the PM and the AI-based software are assessed, than 
when the PM and the DIA-based software are assessed (r = 0.27 and 
0.80, respectively). Therefore, the bias lies between 7 and 3 times less 
with AI-PM than DIA-PM (when byx and r are considered for comparison, 
respectively).(Fig. 3). 

Finally, the results of the evaluation of samples of white Huacaya and 
Suri alpaca fibers are shown in Table 4. It can be observed that the % 
MedFib| measured with both methods evaluated (AI-based software vs 
OFDA100) in Huacaya alpaca fibers differ greatly (54.96% and 10.94%, 

respectively, p-value <0.001). Similar results between methods were 
found in Suri alpaca fibers (39.86% and 8.69%, respectively, p-value <
0.001). Additionally, when evaluating the relationship between the re-
sults obtained with the OFDA100 and those obtained by the AI-based 
software, it was found that there is a high linear correlation (0.74), 
although this relationship is adjusted to a quadratic relationship, 
obtaining in this case a coefficient of determination of 0.54. 

4. Discussion 

The procedure to determine the %MedFib that relies on the PM took 
18.57 min/sample on average and required intensive operator work 
(Balasingam, 2005). This time found is lower than reported by Sha-
kyawar et al. (2013). The DIA-based software is clearly faster, requiring 
an average of about 240 s/sample. Nevertheless, the AI-based software 
is the fastest one by a large margin, since it identifies an average of 
19.44 s/sample. Both methods proposed here are shown to be faster 
(especially the AI-based software) and, moreover, they minimize the 
fatigue caused by manual operator work. 

These algorithms, therefore, are able to provide practical and precise 
methodologies that require little time for determining the incidence of 
medullation. However, the software developed require their counterpart 
hardware, so that it can scan the samples of fibers prepared in a slide. 
This would allow obtaining the results in real time, as it happens with 
the Fiber-EC (Quispe et al., 2017) and the OFDA (Baxter et al., 1992) 
when they evaluate the diameter of fibers (and its variation) of different 
species of animals. 

Before this research, there was no practical, rapid and precise pro-
cedure or methodology for determining the alpaca fiber medullation. 
Although the OFDA100 has the ability to determine the medullation of 
sheep and mohair fibers (Lupton and Pfeiffer, 1998), unfortunately, to 

Fig. 1. Scatter plot of the percentages of medullated fibers (%MedFib) obtained 
with the AI- and the DIA-based software with the projection microscope (PM) 
methodology (top and bottom, respectively). Pearson’s correlation coefficients 
and their significance are also shown, as well as the fit-line equation (AI=
Artificial Intelligence; DIA: Digital Image Analysis). 

Table 3 
Statistics of the Functional Regression of Geometric Mean (FRMG) and simple 
linear regression (SLR) of the differences vs averages percentage of medullation 
of Huacaya alpaca fibers, obtained with artificial intelligence (AI) and digital 
image analysis (DIA) computer programs, as well as with the projection mi-
croscope (PM).  

Statistics  Regression type   

Geometric 
functional mean 

Linear 
Difference vs 
average 

Regression between AI-Based computer Software and PM 
– Estimated intercept   3.52 
– Standard Error of the 

intercept   
0.77 

– Significance of the 
intercept   

*** 

– Estimated slope  0.97 0.03 
– Standard error of 

slope  
0.01 0.01 

– Significance of the 
slope 

t-value 2.46 2.45 
Significance * * 

– Significance of the 
correlation 

r-value 0.99 0.27 
t-value 84.63 0.016 
Significance *** * 

Regression between DIA-Based computer Software and PM 
– Estimated intercept   -9.66 
– Standard Error of the 

intercept   
1.52 

– Significance of the 
intercept   

*** 

– Estimated slope  0.81 0.21 
– Standard error of 

slope  
0.01 0.03 

– Significance of the 
slope 

t-value 13.84 8.29 
Significance *** *** 

– Significance of the 
correlation 

r-value 0.99 0.80 
t-value 39.43 <0.001 
Significance *** ***  
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date, it does not have accurate results in the evaluation of the medul-
lation of alpaca fibers (Pinares et al., 2018; Torres, 2020). Also, although 
previously Shakyawar et al. (2013) developed a system based on digital 
image analysis to measure the diameter and determine the incidence of 
medullation (considering three categories: heterotopic, kemp and hair), 
the work was carried out on Chokla native sheep wool and with a 
minimum number of 42 samples. 

On the other hand, currently there is no effort available in the 
literature on the use of AI for the determination and identification of 
alpaca fibers by type of medullation. However, this technology has many 
uses in the recognition of different types of objects, natural language 
processing, computer vision systems, fraud detection, automatic vehicle 
handling, disease detection, among others (Krizhenysky and Sutskever, 
2012). 

The results of the validation indicate that the AI- and DIA-based 
software show similar %MedFib to those obtained with the PM. The 
advantage of the two pieces of software presented herein is that they are 

faster, while being reliable. Additionally, they provide better repeat-
ability, since the results of the PM method cannot be flawlessly repli-
cated even if the same operator evaluates the same sample, varying even 
more from person to person (Shakyawar et al., 2013). 

In addition, the degree of relationship of each of the computer 
methods with the PM is remarkably strong (r = 0.99 and 0.97). This 
substantiates the ability of the software to recognize fibers with and 
without medullation. In addition, the results of %MedFib using com-
puter methods are consistent with those obtained by various researchers 
working with the PM (Pinares et al., 2018; Torres, 2020; Radzick-Rant 
and Wierckinska, 2021). 

The evaluation of bias allowed us to evaluate whether the relation-
ship between the computer methodologies with the PM remains con-
stant at different %MedFib (IWTO, 2017c). The results indicate the 
existence of a slight bias of AI- and DIA-based software because the 
regression coefficient (i.e. the slope) is low (0.03 and 0.21, respectively). 
This low value of bxy, indicates that the relationship between the 

Fig. 2. Scatter plot of the differences against the averages of the percentages of medullated fibers (%MedFib) obtained with the AI- and the DIA-based software with 
the projection microscope (PM) procedure, on the top and bottom, respectively. Pearson’s correlation coefficients and their significance are also shown, as well as the 
fit-line equation (AI= Artificial Intelligence; DIA: Digital Image Analysis). 
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AI-based software and the PM method would have a maximum variation 
of 3% when fibers with a high incidence of medullation are evaluated. 
This could be considered small, given that there is an almost perfect 
relationship between these methods (99%). Thus, due to the bias effect, 
the relationship could be reduced down to a 96%. The results of the 
relationship between the DIA-based software and the PM method are not 
as good (21%) and, therefore, caution must be observed. The intercept 
and correlation between the means and differences of the PM compared 
with the IA-based software is lower than the PM compared with the 
DIA-based software. The slight bias has no influence on the similarity of 
the data, nor on the relationship found between them. Likewise, it is 
reasonable that the least accurate and precise method for the determi-
nation of the %MedFib in fibers with high incidence of medullation 
would be the PM method, since the procedure is quite tedious and 
strenuous for the operator (Balasingam, 2005; Hunter et al., 2013; 
Torres, 2020). With the PM method, the operator performs more counts 
when working with fiber samples of higher %MedFib than when there is 
less medullation incidence. Therefore, they will spend more time on the 
computer screen, which could affect their eyes health. Indeed, Computer 
Vision Syndrome (CVS) has been a recognized as a health condition for 
over 20 years (Sheppard and Wolffsonhn, 2018). 

The results of the %MedFib obtained with the OFDA100 (which are 
inferior compared to the procedure that uses AI) are concordant with 
those obtained by Pinares et al. (2018) and Torres (2020). They compare 
the results obtained with the PM and the OFDA100. However, they did 
not use alpaca fibers for the validation. Thus, while OFDA100 has been 
validated in sheep wool (Lupton and Pfeiffer, 1998; Baxter, 2002; IWTO, 
2017b), in mohair the results, depending on the sources consulted, vary 

from accurate to arguable (Lupton et al., 1991; Brims and Peterson, 
1994; Turpie and Steenkamp, 1995). Lee et al. (1996) showed that 
OFDA100 underestimates medullation values in mohair fibers by up to 
8%. These considerations suggest that, apparently, the limits of the de-
grees of opacity used by the OFDA100 for the identification of medul-
lated and non-medullated fibers of alpaca fibers should be revised. Rafat 
et al. (2007) also indicated that a new definition and calibration of 
OFDA must be developed to measure medullation in Angora rabbit fi-
bers. Although Angora fibers have a percentage of medullation close to 
100% (Berollati et al., 2021), they found a low average incidence of 
medullation using the OFDA100. In this context, it has been observed 
that all Angora fibers have at least 1 medulla canal (Chattopadhyaya 
et al., 2005; Rafat et al., 2007). 

The differences of %MedFib observed between AI and OFDA100 
could be because OFDA100 was developed to measure incidence of 
medullated fibers as a function of fiber opacity using wool (specifically, 
Merino wool), mohair and cashmere (Brims and Peterson, 1994; Bala-
singam, 2005). The Merino wool has low percentage of medullated fi-
bers (Berollati et al., 2021), and mohair is similar as regards to 
medullation incidence. Fiber opacity is defined as the ability of a fiber to 
transmit light perpendicular to the fiber length. It is calculated by 
summing the light transmitted by the fiber in dark field mode, 
normalized by the fibre diameter. When measuring medullation with the 
OFDA100, 80% opacity is generally regarded as representative of 
normal medullated fiber population (Balasingam, 2005). Fiber opacity is 
in turn affected by the optical lens effect of the fiber cross section and the 
effect of a keratin/air interface within the fiber (Brims and Peterson, 
1994), and it is determined by the fiber’s shape, internal structure, color 
and surface quality (Baxter, 1998; Hornik, 2012; Maqalika, 2020). 
Therefore, the OFDA100 do not distinguish between pigmentation 
versus medullation. In white animal fibers, the main cause of opacity is 
medullation (hollow fibers). It is thus unlikely to detect medullae of 
small diameter in thin fibers (Reid et al., 2007), and probably in other 
types of animal fibers such as alpaca (Pinares et al., 2018; Torres, 2020), 
Angora rabbit (Rafat et al., 2007), or Brushtail possum fibers (Reid et al., 
2007), because they have different properties of wool. Alpaca fibers 
have higher %MedFib, the scales are thinner and the shape and structure 
are different compared to wool (McGregor and Quispe, 2018). 

It is worth noting here than, currently, the OFDA100 has been 
withdrawn from the market and it has replaced by OFDA2000. However, 

Fig. 3. Scatter graphics of percentages of medullated fibers (%MedFib) assessed with OFDA100 and the AI-based software. It shows Spearman correlation and linear 
regression equation (AI=Artificial Intelligence). 

Table 4 
Comparative statistics of the percentage of medullation found by the AI-based 
software and OFDA 100 in Huacaya (n = 100) and Suri (n = 100) alpaca fibers.   

Mean Standard error Minimum Maximum 

Huacaya alpacas     
●AI-based software 54.96b 2.43 13.27 97.89 
●OFDA100 10.94a 0.92 0.90 42.25 
Suri alpacas     
●AI-based software 39.86b 2.17 2.66 82.35 
●OFDA100 8.69a 0.78 0.08 33.17  
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this new equipment is not adapted to measure the light transmitted by 
the fiber and, therefore, it cannot measure the incidence of medullated 
fibers (Hornik, 2012). 

5. Conclusion 

The software developed (based on both AI and DIA) allows evalu-
ating a large number of alpaca fiber images in a short time, compared to 
previous efforts. It also allows determining the incidence of medullation. 
The results show that the proposed software is faster while being reliable 
and more repeatable. Between the two options proposed, the AI-based 
software identifies a greater number of fibers in less time. Nonethe-
less, both pieces of software are faster than the standard traditional 
procedure (the PM method), which takes a long time and requires 
intensive operator labor. Although the algorithms proposed would allow 
the implementation of practical, precise, efficient methodologies that 
require little time for determining the incidence of medullation, there is 
still a need to design and develop the counterpart hardware, which will 
also help to obtain the results in real time. 
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