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Abstract 

Microplastic particles are a burgeoning population crisis in the marine environment. This 

work is to predict the releasing of microplastic fibers from the jeans made from polyester 

during domestic washing by using of adaptive neuro-fuzzy inference system (ANFIS) model. 

The advantage of the ANFIS model is to predict the variations in between the randomly 

chosen parameters. This prediction model can be cost-effective, slowed down to study 

behavior more closely. The consequence of washing duration, temperature, spin-speed, 

detergent types, and conditioner usage was investigated against the microplastic fibers 

releases. The washing temperature, washing duration, spin-speed, detergent types, and 

addition of conditioner are the main factors for this research work. The forecast presentations 

have been exposed by having a considerably lowered RMSE of 3.23 value than the variant of 

the experiment as exposed by its standard deviation for the ANFIS version. This ANFIS 

model will be able to provide a theoretical understanding to enhance and inhibit microplastic 

fibers releases from jeans.  

 

Keywords: microplastic fibers, domestic washing, jeans, ANFIS.  

1. Introduction  

The contamination in the marine environment with the microplastic particles are to be a global 

ecological issue. Last two decades, the sediments of microplastics have been found in 

beaches, water bodies including major rivers and oceans [1,2]. A recent study shows that the 

sediments of microplastics can be observed in the most remote places like mount Everest [3], 

a remote island like Fiji [4] and deep-sea [5,6].   

 

The aquatic environment encounters two most common microplastic shapes as fragments 

whereas referred as ‘microplastics particles” and fibrous shaped called as ‘microplastic fibers’ 

(< 5 mm) [7]. Microplastics can stem from a range of resources consisting of synthetic 

textiles, tires, roadway markings, aquatic coverings, personal care/cosmetic products as well 

as crafted plastic pellets or originate from the fragmentation of bigger plastics gradually in 

overtime [8], among these sources, synthetic textiles have highest possibilities for the 

generation of microplastic fibers via domestic washing via laundering process. The released 

microplastic fibers from laundry wastewater contaminate the natural water bodies and nearby 

soil, spreading microplastic fibers pollution. Microplastic fibers are prone to infect in the food 



chain, as well as several marine animals, are impacted by this sort of contaminant [9]. Owing 

to their tiny size and invisible nature, most of the organism consumes along with the food and 

it continued with the food chain.  

 

Napper et al. [10] studied the garments made from PET, acrylic, and polyester/cotton at two 

temperatures (30°C and 40°C) in the presence/absence of a detergent with their influence of 

microplastic fibers releases. Also, 0.0012 wt. % of microplastic fibers are released from PET 

fleece blankets for every washing which is determined by a similar approach [11]. In other 

work [12], the synthetic clothes releases which range between 124 to 308 mg for one kilogram 

of washed clothes, it varies according to the type of clothes. Microplastic fibers releases 

purely depends on the washing conditions, in particular detergents play a vital role [10,13,14], 

washing machines (top-versus and front-load) [15]. Various works [10,13,14] have been 

published on this topic where the results are not clear due to different methodologies adopted.  

 

To our knowledge, there is no study executed to predict the releasing of microplastic fibers by 

utilizing of ANFIS model. However, the different prediction models such as mathematical 

designs, logical regression models as well as artificial neural network (ANN) have been 

developed to expect the features of textiles like yarn strength [16], weaving operation [17] 

predicting bursting strength, modeling of UV protection factor [18], mechanical properties 

[19], EMI shielding [20], wrinkle recovery [21], textile sensor [22], textile effluent [23], color 

strength, color fastness, mechanical properties and so forth. The advantage of the ANFIS 

model is to predict the variations in between the randomly chosen parameters. This prediction 

model can be cost-effective, slowed down to study behavior more closely. In this work, we 

varied the washing conditions as detergent types, conditioner, washing temperature (30°C, 

45°C, and 60°C), washing duration (60, 75, and 90 min), and spin-speed (1000, 1200 and 

1400 rpm). Five process variables such as washing-duration (WD), washing-speed (WS), 

washing-temperature (WT), detergent (DE) and conditioner (CO) are the main factors for this 

research work since these factors strongly influence the microplastic fibers generations.  

 

Zadeh [24] recommended the fuzzy mathematical collection theory nurtured after the crisp 

reasoning right into the fuzzy interference system, which overwhelmed the ANN modeling. 

Given that, ANFIS does not require significant details (input and likewise result) to examine 

the forecast of models. 

 



The input-output information is trained a lot more specifically making use of the neuro-fuzzy 

design. The procedure of fuzzy modeling is helped by the neural network technique to acquire 

even more information through data established and enumerate the membership function 

parameters to route the provided input outcome information. ANFIS is a technique using an 

adaptive network that is functionally representing FIS. Using a given input-output data, 

ANFIS constructs a FIS whereas the membership functions are accustomed to utilizing a 

back-propagation algorithm or a hybrid learning algorithm (a mix of back-propagation and the 

very least squares method). The disturbance system conforming to fuzzy IF-THEN guidelines 

that must find out the ability to approximate nonlinear features. It has a multi-valued 

reasoning framework as artificial intelligence (AI) whereas the implementation is simpler 

juxtaposed to various other versions considered that it is capable to operate in an adequate 

amount of hypothetical info in non-linear, trial-error, indistinct, and besides in-depth fabric 

domain name. ANFIS is a type of synthetic semantic network that is based on the Takagi-

Sugeno (TS) fuzzy reasoning approach. A single rule in a (single result) TS fuzzy system is of 

the kind in Eq.1. 
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where x = (x1,...,xp) is the p-dimensional input vector and µij the fuzzy set describing the j-th 

antecedent of the rule and the weight vector ( )0 1, ,....i i i ipw w w w= , as proposed by Edwin [25]. 

 

ANFIS architecture has 5 fixed layers based on Takagi-Sugeno system (see Fig. 1), 

Layer I: Once the fuzzy collections are picked, a membership function for each established 

should certainly be generated. Every node k in this layer indicates the input as well as with a 

node function is just to pass the signal to the following layer, 

[ ] ( )1

kAk
OP xµ=          (2) 

where x is the input to node k and Ak is a linguistic layer related to this node works as a 

membership function defining the level to which xk pleases the quantifier Ak. A membership 

feature is a normal contour that transforms the mathematical input value within a range from 0 

to 1, showing the belongingness of the input to a fuzzy collection described as 'fuzzification'. 

There are various forms of membership functions such as Triangular, Trapezoidal, Gaussian. 

The Gaussian membership function relies on two requirements specifically standard deviation 

(σ) as well as mean (c) and additionally is stood for as listed below. 



( ) ( )2

2exp
2A

c x
xµ

σ

 −
= − 

 
 

        (3)    

Layer II: In this layer, every node is categorized as Π  is a fixed node, while the product of all 

the incoming signals obliges as the result and refers the item to the next layer. 
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In this layer, every node symbolizes the firing strength of a guideline based on Takagi-Sugeno 

(TS) fuzzy systems. 

Layer III: In this layer, every node is considered as N and determines the normalized firing 

strength of a rule. The kth node estimates the ratio of firing strength of kth guideline to the sum 

of all the various other rules as adheres to 
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Layer IV: In this layer, every node k calculates the weighted consequent value as follows. 
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where kω is the output of layer 3, and ( ), ,k k kp q r  is the parameter set.  

Parameters in this layer will certainly be denoted as ensuing criteria. A single collection is 

obtained by accumulating the outcome fuzzy collections. This action is referred to as 

'defuzzification' by fixing the result ready to a single crisp number by weighted average 

defuzzification technique. 

 

Layer V: In this layer, the only single dealt with node classified as Σ that calculates the sum of 

general inbound signals to get the presumed outcome for the whole system, 
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Fig. 1 Conceptional framework of ANFIS model, (note: input MF- input membership 

function, output MF- output membership function, and microplastic fibers releases (MFR)).  

 



2. Materials and Methods  

2.1 Materials  

For this investigation, polyester jeans were purchased from a local store in Coimbatore, India. 

The basic properties of the garment are given in Table 1. Further, we purchased the detergent 

and conditioners from the local shops, the composition of detergent and conditioner is shown 

in Table S1. Citric acid was purchased from Sigma Aldrich India. The image of washed and 

unwashed jeans is shown in Fig.S1.   

 

Table 1. Physical properties of jeans used for this study.  

Composition  100% Polyester (PET) 

Cover factor (yarns/inch) Warp 81 

Weft 51 

Staple fiber length (mm) 38 

Linear density (Tex) Warp 59/1 

Weft 36.8/1 

Areal density (g/m2) 290 

Garment weight (grams) 453 

Construction 3x1 RHT 

Style of the jeans Women’s bottom 

Color Blue 

note RHT- right-hand twill. 

 

2.2 Washing process  

For the washing process, the Whirlpool FRESH CARE has been used. This washing machine 

does not contain a tumble dryer since such machines are expensive and not commonly used in 

India. Usage of a tumble dryer after washing could be beyond the scope of this present study. 

Before the jeans washing, the machines were cleaned twice with rigorous settings (120 min, 

60°C, 1400 rpm). During the washing, a single garment was washed separately and dried in 

atmospheric conditions (i.e., line dry), to simulate the real wear situation of garments: 

washing and wearing is important and this was made in this study. The detailed information 

on the washing conditions is given in Table 2, and the inclusion and exclusion criteria for 



washings were provided in Table S2. Further, the quantity of washing had been kept constant 

throughout the cycles with the same volume of water (15 L).  

 

Table 2. Detailed information on the domestic washing treatment on the jeans.  
Abbrev
iation 

Washing conditions Washing duration (min) Washing temperature (°C) Spin-speed (rpm) 

A Low Detergent + No 
conditioner 

60 75 90 30 45 60 1000 1200 1400 

B Low Detergent + Low 
conditioner 

60 75 90 30 45 60 1000 1200 1400 

C Low Detergent + 
Medium conditioner 

60 75 90 30 45 60 1000 1200 1400 

D Low Detergent + High 
conditioner 

60 75 90 30 45 60 1000 1200 1400 

E Medium Detergent + No 
conditioner 

60 75 90 30 45 60 1000 1200 1400 

F Medium Detergent + 
Low conditioner 

60 75 90 30 45 60 1000 1200 1400 

G Medium Detergent + 
Medium conditioner 

60 75 90 30 45 60 1000 1200 1400 

H Medium Detergent + 
High conditioner 

60 75 90 30 45 60 1000 1200 1400 

I High Detergent + No 
conditioner 

60 75 90 30 45 60 1000 1200 1400 

J High Detergent + Low 
conditioner 

60 75 90 30 45 60 1000 1200 1400 

K High Detergent + 
Medium conditioner 

60 75 90 30 45 60 1000 1200 1400 

L High Detergent + High 
conditioner 

60 75 90 30 45 60 1000 1200 1400 

DE- low (20 mL), medium (40 mL) and high (60 mL) for 15 L of washing liquid.  

CO- low (20 mL), medium (40 mL) and high (60 mL) for 15 L of washing liquid. 

 

2.3 Filtration, removal and counting the microplastic fibers 

The total quantity of washing effluent was collected from the washing machine at every single 

washing. The residual microplastic fibers were collected by filtering the wastewater in the 

external custom build stainless-steel (200 x 200 µm) and PTFE (5 µm) was fixed at the end of 

the drain hose. Once the washing is completed, the filter was removed carefully, dried in 

atmospheric condition. While drying, the PTFE filter was covered by aluminum foil to avoid 

airborne. Later, the microplastic fibers were collected cautiously to weigh it.  

 

2.4 Characterization 

After drying, the microplastic fibers were carried out to analyze the surface morphology. 

Both, scanning electron microscope (SEM) and the optical microscope were used for the 

surface analysis. TS5130 Vega-Tescan SEM (Czech Republic) was used with the following 



treatments, 20 kV accelerating voltage, 500x with a vacuum of 7.8×10-3 Pa. OLYMPUS SZ61 

optical microscope was used to evaluate the length and diameters of the released microplastic 

fibers. The length and diameter of the fiber are repeatedly tested 40 times per filter and the 

average values were used for further calculations. The working distance between the sample 

and the objective lens can be adjusted according to the image resolution. SEM images were 

used to analyze the surface properties of jeans after washing.  

 

2.5 Implementation of ANFIS 

In this work, using neuro fuzzy designer of fuzzy logic toolbox in MATLAB version was 

utilized to tune the membership function according to the experimental data. Five process 

variables such as WD, WS, WT, DE and CO have been used as input criteria and MFR as 

output criteria for the chosen garment can be result specifications. Fuzzification was made 

based on the following functions. The following function was made based on fuzzification, 
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where IP1, IP2, IP3, IP4, and IP5 are the input variables (i.e., washing duration, washing speed, 

washing temperature, detergent, and conditioner respectively). 
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where OP1 are the output variables on microplastic fibers releases. 

 



The Gaussian membership functions for the fuzzy variables, namely, washing-duration (Fig. 

2), washing-speed (Fig. 3), washing-temperature (Fig. 4), detergent (Fig. 5), and conditioner 

(Fig. 6) have been created using fuzzy logic toolbox from MATLAB software (version 2020).  

 

Fig. 2 Membership functions for input variable as washing durations. 

 

Fig. 3 Membership functions for input variable as washing speed.  

 

Fig. 4 Membership functions for input variable as washing temperature. 

 

Fig. 5 Membership functions for input variable as detergent. 

 

Fig. 6 Membership functions for input variable as a conditioner. 

 

The different sets of data factors (i.e., data collection A, information set B, and data set C) 

were used to examine, train, and examine the ANFIS design specifically. They are called 

training information, testing data as well as checking data. Upon training, the ANFIS 

discloses the training mistake which shows the degree of the mapping attribute is up to. To 

confirm the design, we better apply the testing information to see just how the ANFIS 

represents known details. ANFIS maps the feature onto the testing data based on the training. 

When the details set is created then the next action is to train the network. This shows we 

create a new FIS to fit the details into membership functions. Nevertheless, ANFIS was 

trained to obtain the wanted results which established 324 fuzzy rules based upon input 

details. After acknowledgment of the rule connected to depend on degree, significant inputs, 

as well as results for a maximum value of color in fuzzy toolbox to be prepared in addition to, 

were identified to appropriate membership for input and output. To have a trustworthy 

analytical comparison between the mathematical models, both the mean absolute percent error 

(MAPE) approach (Eq. 15), as wellas RMSE, can be made use of with each other to figure out 

the variation responsible in a defined set of forecasts. Estimation of RMSE involves settling 

the difference between the anticipated and matching observed values.  
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RMSE has a square error law, where the errors are cleared up former to being stabilized. 

Therefore, a practically high weight is provided to large errors [26]. This could be practical 

when huge mistakes are annoying in a logical version. 
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where 
kEOP is the experimental value and 

kPOP is the forecast value of microplastic fibers 

releases.  

 

3. Results and Discussions   

3.1 Characterization of microplastic fibers  

The morphological analysis for the microplastic fibers collected from the washing effluent has 

been analyzed and the images are shown in Fig. 7. From this image it is evidenced that several 

fibers show the surface damage or ripped-off from the fiber structure (Fig. 7-b,j), also there is 

a fracturing of the fiber in a few situations (Fig. 7-h). However, a few fiber fragments show 

surface damages probably due to the mechanical stress of the washing machine (Fig. 7-b,c,e 

and f). This is due to the consequence of mechanical stress suffered by the garment 

throughout the washing process. Besides, the detachment of microplastic fibers was observed 

as it is clearly shown in Fig. 7- e,i and j. Further, we used the SEM images to calculate the 

average length of collected microplastic fibers from the washing effluent. In some cases, it is 

very difficult to measure, due to the entanglement of fibers in which some are strongly bound 

together (i.e., the microplastic fibers collected from higher spin-speed and higher washing 

temperature). Therefore, the average length of the microplastic fibers estimation was under-

estimated. However, we measured 40 different locations of fibers to calculate the average 

length and diameter. The average length and diameter of the microplastic fibers released from 

jeans were tabulated in Table 3.  

 

Table 3. Details of released microplastic fibers.  

Factors   

Length (µm) 7800 (ranges from 2200 to 13400) 

Diameter (µm) 11.9 ± 3.2 

 



Fig. 7 Optical microscopy images (100 X) of representative fibers collected on the 5 μm 

PTFE filter, garment (a-f); SEM images of garment unwashed (g); washed (h-j). 

 

A neuro-Fuzzy logic expert system has been established based on washing-duration, washing-

speed, washing-temperature, detergent, and conditioner. The result microplastic fibers releases 

(MFR) of the fuzzy logic system is confirmed by utilizing MATLAB® Fuzzy Toolbox. The 

outcome result can be confirmed by transforming the input variables values in the 

MATLAB® rule viewer. The rule viewer for the 5 inputs and 1 outcome Fig. 8. For instance, 

if washing-duration (75 min), washing-speed (1110), washing-temperature (45 °C), detergent 

(40 mL) and conditioner (15 mL) then MFR values are 110419. All 324 fuzzy regulations are 

assessed simultaneously to identify fuzzy outcomes for microplastic fibers releases.  

 

Fig. 8 Rule viewer for five different input variables and one output variable.  

 

3.2 Domestic washing and microplastic fibers releases  

Fig. 9 shows the surface plots of the ANFIS model on the number of microplastic fibers 

released for the polyester garment. In the garment, maintaining the constant washing 

treatment ‘low detergent without conditioner’, 1.714 mg, 1.807 mg, and 1.936 mg of 

microplastic fibers per garment were released with varying the washing temperature from 

30°C, 45°C, 60°C respectively (Fig. 9), the observed trend is similar for all washing 

treatments. Temperature is directly proportional to the release of microplastic fibers which is 

depicted in (Fig. 9). By maintaining the temperature constant, 6.9%, 9.4%, 11.4%, 

14.8%,18.4%, 18.9%, 20.1%, 22.8%, 25.5%, 29.2% and 32.1 % of microplastic fibers are 

recorded with the washing treatments of B, C, D, E, F, G, H, I, J, K and L respectively (Fig. 

9). Evidence shows that the possibility of garment releases higher microplastic fibers during 

washing with high temperature, this is due to the surface hydrolysis characteristic of polyester 

under alkaline medium (i.e., when the concentration of detergent is increased). When the jeans 

are washed by using a surfactant which creates the foam resulting in a reduction of 

mechanical agitation during the washing process [27–29]. Yet, similar results were not 

observed in our work as the release of microplastic fibers is higher by adding the detergent as 

well as conditioner. Our investigation emphasis the results that the microplastic fibers are 

abundant due to the addition of detergents. Washing treatment ‘B’ for garment releases (i.e. 

spin-speed of 1200 rpm, 30°C with 75 min) 6.85%, 21.8%, 23.7%, 31.3% and 36.4% higher 



microplastic fibers on the treatments of B, C, D, E and F respectively (Fig. 9-b) as compared 

to the washing treatment ‘A’.  

 

The higher concentration of detergent also induces chemical damage to the garment which is 

exposed to the extended washing time and washing temperature. The hydrolysis of polyester 

garment takes place when it undergoes a hot alkaline environment, which causes the 

nucleophilic substitution reaction on hydroxyl ion which attacks the carboxyl carbon of PET 

following the chain scission resulting in the production of hydroxyl and carboxylate end 

groups [30,31]. Additionally, the friction between the garment and machine drum increases 

when the quantity of detergent is increased. There were additionally some noteworthy impacts 

of conditioner usage, in the washing treatment ‘A’ (i.e., spin-speed- 1000 rpm, 30°C, 60 min) 

releases 1.714 mg microplastic fibers per garment (Fig. 9-a), it increased with the addition of 

conditioner 1.7229 mg microplastic fibers per garment. The presence of detergent and 

conditioner plays a vital role, it increases the microplastic fibers shedding. Likewise, the 

washing duration and the spin-speed are directly proportional to the microplastic fibers 

shedding. This is due to the higher beating and rubbing (friction) action during the washing 

process.  

 

Fig. 9 Surface plot showing the impact of different variables on microplastic fibers releases. 

 

3.3 Model validation 

The adaptive network uses the hybrid approach to enhance the membership functions and the 

parameters to make sure that the prediction error is lessened. Dataset A is utilized to train the 

model and the predictive capability of ANFIS is checked on dataset B. Throughout the 

training procedure of the model, to minimize the prediction error, the data of input are mapped 

several times. For the mapping, the number of iterations required is known as epochs. The 

trained model is then evaluated on 324 data points from dataset B to confirm it. To validate 

the model, data set C was used. At the end of 100 (i.e., iteration) training epochs, the network 

error (mean square error) convergence course of each ANFIS was obtained. RMSE shows the 

absolute fit of the design to the information exactly how close the experimental maximum 

color strength data points are to the forecasted on the released microplastic fibers data. 

Whereas R-squared indicates the level of relative measure fit and the RMSE is an absolute 

measure of fit. Additionally, the RMSE can be interpreted as the standard deviation of the 

inexplicable variance. Lower RMSE values suggest a better fit. From our experiment, it is 



observed that 100 epochs are essential to training the model on the data with an RMSE of 

3.23. Generally, very high magnitude outliers have a strong influence on the dataset, however, 

in this case, it is negligible.  

 

The established fuzzy forecast model has been verified by experimental results. The forecast 

was done making use of the fuzzy reasoning rule viewer. The results obtained from the 

established fuzzy model and used this value to find the relationship by simple correlation 

method are shown in Fig. 10. The coefficient of determination (R2) between the experimental 

released microplastic fibers and that anticipated released microplastic fibers by the fuzzy 

design was located to be 0.99. Therefore, it can be concluded that the established fuzzy design 

can discuss up to 99% of the total variability for released microplastic fibers. The mean 

absolute error (MAPE) in between the experimental value and the predicted values for the 

released microplastic fibers were located to be 4.64 % (< 5%). The absolute error gives the 

discrepancy between the anticipated as well as experimental values and it is called for to reach 

in the direction of zero. The results of the coefficient of decision as well as suggest absolute 

error (MAPE)% show that the developed fuzzy model is efficient, accurate and cost effective. 

 

Fig. 10 Correlation between experimental microplastic fibers releases and ANFIS model 

predicted microplastic fibers releases (i.e., WD-90 min, WS-1400 rpm, WT- 45°C, DE- low, 

medium, high, and CO- low, medium, high). 

 

4. Conclusion  

In this research work, microplastic fibers releases were accounted for on the domestic 

washing with various washing conditions. ANFIS model be used to address the issue of 

microplastic fibers release into the environment effectively. According to the acquired 

correlation coefficients, ANFIS had a greater precision in the prediction of the outcomes of 

this research. The plotting of the actual data, as well as forecasted data positioned with fewer 

inconsistencies, denote that the ANFIS versions have the exceptional capability to anticipate 

the instrumental information. The forecast presentations have been revealed by having a 

significantly reduced RMSE of 3.23 value than the variation of the experiment as revealed by 

its standard deviation for the ANFIS model. Additionally, MAPE is made to determine 

exactly how accurate the forecast values of microplastic fibers releases as compared to the 

experimental values, since the prediction model provides 1.16% which represents the highest 



accuracy between the experiment and prediction model. This development of innovative 

approach addresses the microplastic fibers releases in a cost-effective way with more accuracy 

to develop a better understanding of release mechanism, pathway to the environment to 

mitigate the initial microplastic fibers releases during the domestic washing.  
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