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1. Introduction

The spinning of hollow fibers involves a 

complex process, necessitating a comprehensive 

comprehension of the various manufacturing 

factors that impact the geometry and 

characteristics of the fibers. These parameters 

include the diameter, wall thickness, strength, 

and porosity of hollow fibers [1-6]. Producing 

hollow fibers with the required characteristics 

should involve strict control during the 

fabrication process over these parameters. 

In this research, the investigation is focused on 

the possibility of controlling inside and outside 

diameter (ID and OD) sizes during the 

production of hollow fibers with an OD of less 

than 1.2 mm. The results are expected to 

contribute to development of a reliable and 

reproducible fabrication process for producing 

hollow fibers with a desired diameter size [7]. 

The science of manufacturing hollow-fibers 

involves a good understanding of the various 

formulation variables and their reciprocal 

actions. Proper control and manipulation of these 
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variables can result in producing hollow fibers 

with the desired properties [8-13]. The studied 

hollow fibers are used for water ultrafiltration 

membranes. The main focus of this research is to 

identify and to regulate the factors that impact 

the geometry of asymmetric polysulfone (PS) 

hollow fibers produced through the dry-wet jet 

spinning process. To achieve this, some 

experiments are planned based on the Taguchi 

method. The objective of the experiments is to 

analyze the significance of different spinning 

parameters and to evaluate the effect of each 

parameter in relation to the resulting geometry of 

the hollow-fiber product. 

 

2. Spinning parameters 

 

By varying the material, concentration, and the 

manufacturing conditions, it is possible to 

produce hollow fibers with wide variety of sizes, 

morphological structures, and mechanical 

properties [14]. To obtain desired characteristics, 

it is important to strictly optimize all the 

interrelated factors and variables during the 

spinning process [1, 6, 15]. The factors 

investigated in this research and their limitations 

are discussed briefly in the following section.  
 

2.1. Dope extrusion rate (DER) 

 

Refers to the solution flow rate, DER is a 

significant factor influencing the performance of 

the hollow fibers used in water filtration. Idris et 

al. [16] observed the performance of hollow-

fiber membranes produced at DER varying 

between 2.5 and 4.0 mL/min. Properties of the 

dope solution affects its spinnability and hence 

its performance. Solution spinnability refers to 

its ability to be transformed into a continuous 

filament without interruptions or irregularities 

[17]. Through a comparison of membranes 

produced at various DER within each trial while 

maintaining the bore fluid, it was noted that the 

permeability of the membranes varied with 

changes in the DER. Alsalhy et al. [18] 

concluded that an increase in DER leads to an 

increase in the porosity of the Polyethersulfone 

hollow-fiber membrane. 

 

 

2.2. Bore flow rate (BF) 

 

BF refers to the inner spinneret solution flow 

rate. High BF applies pressure on the inner fiber 

surface which, expand the fiber circumference of 

the inner surface, leading to thin fiber walls [5]. 

An increase in BF can also contribute to an 

increase in gas permeance and selectivity due to 

the resulting thinner fiber wall, which can 

enhance gas permeance and selectivity 

properties [19]. Çulfaz et al. [20] reported that 

when the BF is high, the microstructure is 

affected. This is due to the buckling of the inner 

surface as a result of shrinkage of the outer fiber 

surface. Alsalhy et al. [18] compared the effect 

of using different bore types at different flow 

rates on the properties of PES hollow-fiber 

membranes. The results proved that BF rate does 

not have significant effect on the pore size of the 

hollow fiber.  

 

2.3. Air gap (AG) condition 

 

The AG length is the distance between the 

spinneret and the coagulation bath. Its length and 

conditions play a crucial role in determining the 

membrane geometry and morphology [21]. 

Wang et al. [22] claimed that the effect of 

decreasing AG from 15 to 5 cm results is thinner 

separation layer and an increased pure water 

permeability. Chung and Hu [23] found that 

increasing AG distance lowers the permeance of 

the Polyethersulfone hollow-fiber membranes. 

According to Miao et al. [24], the use of different 

AG of 14.4 cm and 16.1 cm during the spinning 

process results in hollow fibers with a distinct 

morphological structure near the outer skin. In a 

study by conducted Chau et al. [25], it was found 

that the optimal PS hollow-fibers could be 

achieved at AG = 7 cm. Additionally, Khayet 

[26] investigated a range of AG lengths from 1 

cm to 80 cm on PVDF hollow fiber. The findings 

indicated that as the AG length increased, there 

was a decrease in permeability and an increase 

in rejection rate. Furthermore, the membranes 

exhibited a denser sponge-type structure at 

higher air gap lengths. In general, increasing Ag 

allows for a enough duration for the fibers before 

entering the coagulation bath, facilitating proper 

skin formation. However, it is important to avoid 



JCARME                                                 Predictive model for . . .                                        Vol. 13, No. 1 

 

29 

 

excessively long exposure times, as they can 

negatively impact the performance of the 

membranes. Sharpe et al. [27] demonstrated that 

by increasing the residence time in the air gap, 

selectivity increased and flux decreased as the 

skin matured and formed effectively. On the 

other hand, incomplete skin formation is more 

likely to occur at lower residence times. 

It is worth noting that the spinning velocity is a 

dependent parameter because gravity within AG 

causes stretching of the extruded filaments [27]. 

This influence becomes more significant when 

AG is large and the dope solution viscosity is 

low. In general, as AG increases, ID and OD of 

the fiber decrease due to the gravitational force 

effect [28, 29]. 

 

2.4. Take-up speed (TUP) 

 

Precise control over fiber properties like pore 

size and asymmetry necessitates slow spinning 

speeds. For example, it is possible to spin 

polypropylene hollow fibers at TUP as low as 

0.76 m/min [30]. Kim et al. [31] achieved 

successful wet-spinning at speeds of 10 – 35 

m/min. In the case of polyester, spinning at 

approximately 3000 m/min and subsequent post-

drawing with a 2:1 draw ratio reduces diameter 

while maintaining strength comparable to fibers 

spun at 6000 m/min [32]. Higher TUP produces 

fibers with better chain orientation and packing, 

which increases selectivity but reduces 

permeability. The elongation stresses due to 

higher TUP during spinning alters the fiber 

morphology. Generally, when TUP increases 

from 19 to 33 m/min, the gas permeance 

decreases [19]. The permeation results reported 

by Mubashir et al. [33] revealed that at the TUP 

ranging from free fall to 12.2 m/min, the CO2 

permeances were dramatically dropped, and 

selectivities were significantly enhanced by 

increasing TUP. 

 

2.5. Coagulation bath temperature 

 

The temperature of the coagulation bath, in 

combination with AG length, has a notable effect 

on the membrane production and performance 

[34]. Yeow et al. [35] investigated the impacts of 

coagulation bath temperature on the permeation 

properties of the produced membrane. The 

results indicated that higher coagulation 

temperatures have advantages in hollow fiber 

production, resulting in increased permeation 

rates. Furthermore, membranes produced at 

higher coagulation temperatures displayed a 

larger pore radius compared to the ones prepared 

at lower temperatures. Wang et al. [36] produced 

polyvinylidene fluoride membranes using 

coagulation bath temperatures of 15, 25, and 60 

°C. It was reported that more shrinkage and 

denser fiber surface is obtained at low 

temperatures. Furthermore, a porous surface can 

be achieved if the solvent is added to the 

coagulation bath [36]. 

 

3. Experimental setup 

3.1. Experimental materials 

 

Polysulfone Udel-3500 in powder form was 

selected as the polymer material. The solvent 

was N-methyl-2-pyrrolidone (NMP). The dope 

solution consisted of polymer/solvent PS: NMP 

concentration of 18:82. Distilled water was used 

as the bore fluid.  

 

3.2. Spinning procedure 

 

The hollow-fibers were produced using the 

nonsolvent-induced phase separation (NIPS) 

process. [37]. The schematic of the spinning 

apparatus is illustrated in Fig. 1. The process 

involved feeding a polymer / solvent solution 

into a heat-controlled tank. After preparing the 

machine and degassing the dope solution, the 

spinning process can be initiated. A pressurized 

nitrogen gas at 2 bar was used to pump both the 

bore and dope tanks. The valve of the dope tank 

was opened, allowing the dope solution to drain 

into the extrusion pump. Simultaneously, the 

valve of the bore tank was opened, enabling the 

bore fluid to flow in the center hole of the 

spinneret. The dope solution was then pushed 

through the filter by the metric pump and 

delivered to the outer ring of the spinneret at the 

desired DER. As a result, hollow-fiber filaments 

started to extrude, passed through the air gap, 

and entered the preheated coagulation bath. 

The take-up drum was initiated, and its angular 

velocity was adjusted accordingly.  
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Fig. 1. NIPS dry-jet wet spinning apparatus, with closer look on the spinneret area. 

 
The hollow fiber was kept wet throughout the 

spinning process. Upon completion, the fibers 

were removed from the drum, resulting in a 

bundle length approximately equal to the 

circumference of the winder (1.22 m). 

 

4. Design of experiments 

 

The Taguchi method was employed in the study 

to analyze and determine the parameters that 

influence the geometry and their respective 

degree of significance. The approach involves 

identifying the quality characteristics associated 

with the results using Signal-to-Noise (S/N) ratio 

[38]. The "smaller-the-better" S/N was chosen to 

investigate both ID and OD sizes, as the aim was 

to reduce diameter sizes. Additionally, statistical 

analysis of variance (ANOVA) was applied to 

assess the significance level of each parameter 

on both ID and OD of the hollow fiber. 

 

4.1. Planning of experiments 

 

Based on an initial investigation of eight 

variables at three levels, five variables were 

identified as having a significant effect on 

diameter size and were selected for further study. 

Linear behavior was considered for these 

variables within the range of levels investigated. 

Each run was repeated several times, and the 

average result was reported to obtain the ID and 

OD. For a fixed spinneret size, five controllable 

factors were identified, namely solution 

temperature (ST), air gap length (AG), bore flow 

rate (BF), dope extrusion rate (DER), and take-

up speed (TUP). Table 1 shows the factors and 

levels used in each set. In a previous study [5], 

the coagulant and bore solution temperatures 

showed no significant effect, so they were 

eliminated. The L8 OA is sufficient for the 

examination of seven factors of two-level each, 

while columns A and G are kept empty. 
Table 2 displays the L8 array used in the 
experiment, along with the assignments to the 
columns. The numbers within the table represent 
the levels of the factors. Columns A and G in the 
table are not assigned to any factors. 
 

Table 1. Factors and their levels. 

Factors 
levels 

1 2 

A: not used   

ST: (C) 35 55 

AG: (mm) 5 14 

BF: (mL/min) 3.5 5.25 

DER: (mL/min) 7 11 

TUP: (m/min) 1x 1.5x 

G: not used   
 

Table 2. Taguchi’s L8 orthogonal array. 

Exp 

no. 

Factors 

A ST AG BF DER TUP G 

1 1 1 1 1 1 1 1 

2 1 1 1 2 2 2 2 

3 1 2 2 1 1 2 2 

4 1 2 2 2 2 1 1 

5 2 1 2 1 2 1 2 

6 2 1 2 2 1 2 1 

7 2 2 1 1 2 2 1 

8 2 2 1 2 1 1 2 
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4.2. Confirmation experiments 
 

This stage was aimed to validate the suggested 
equations for predicting the ID / OD sizes, 
ensuring their accuracy and reliability in 
achieving the desired dimensions. The proposed 
equations were implemented in the control 
system of the machine, where the factors were 
controlled and adjusted to produce the required 
diameter sizes. The confirmation tests were 
conducted to investigate the individual effect of 
each factor by performing experiments where 
one factor was varied while keeping all other 
factors at constant values. This approach allowed 
for a more detailed examination of the impact of 
each factor on the outcomes of interest. The 
control system can control the input factor values 
and predict diameter sizes. These predicted 
results were compared with actual diameter size 
of the product. Table 3 shows the test values used 
in each confirmation test. 
 

5. Results and discussion 
 

Scanning electronic microscopy (SEM) was 
used to image cross-sectional view of 5 samples 
from each experiment, and the average ID and 
OD were recorded. Since the smaller fiber 
diameter is desired. The smaller-the-better target 

of the S/N ratio () is mathematically defined as: 
 

i = – 10 ⨉ log (SQ)           (1) 
 

where SQ is the average squared deviation. 
ANOVA analysis involves determining the 
percentage contribution (Ω) of each factor and its 
variance ratio. Ω for a specific factor can be 
calculated as follows: 
 

𝛺 =
𝑆𝑄𝑓

𝑆𝑄𝑡𝑜𝑡𝑎𝑙
             (2) 

 

where SQf is the factor’s squared deviations, and 
SQtotal is the total of squared deviations. 
 
5.1. Analysis of experimental data 
 
Based on the L8 array, 8 experiments were 
conducted. The mean S/N ratios of each level for 

the five factors are shown in Figs. 2 and 3, 
respectively. The figures indicate that the highest 
S/N response for each level corresponds to the 
smallest diameter, as the logarithmic function in  
Eq. (2) is inversely related to the diameter. 

It is observed that TUP has the most significant 
influence on both the ID and OD, with the 
minimum diameter achieved at the highest TUP 
level. It can also be observed that ST exhibits the 
least impact compared to the other factors, 
suggesting its influence can be disregarded. 
Additionally, AG factor demonstrates a notable 
contribution in both figures, although its 
influence is slightly lower compared to TUP. 
The BF factor demonstrates a significant effect 
on the ID of the hollow-fibers but does not have 
a notable impact on the OD. Increasing the BF 
leads to increased pressure applied on the inner 
wall of the hollow fiber, causing it to expand. As 
a result, the wall thickness is reduced. To 
compensate for this axial elongation, the TUP 
needs to be increased.  
On the other hand, the DER factor influences the 
OD but does not significantly influence the ID. 
An increased amount of dope solution extrusion 
directly increases the OD and, consequently, 
increases the wall thickness. However, ID is not 
significantly affected due to the pressure of BF 
applied on the inside surfaces. Furthermore, an 
ANOVA was conducted separately for each 
response to identify the variables that have 
statistical significance. 
 
5.2. ANOVA analysis 
 
The ANOVA results of ID presented in Table 4 
shows that factors ST and DER do not exhibit 
significant contributions to the ID. As a result, 
they were pooled into the error term. On the 
other hand, TUP, BF and AG were found to be 
the most significant with confidence levels 
exceeding 95%. TUP has the highest 
contribution, accounting for 64% of the total 
variance in the ID. BF and AG shared a lower 
relative effect, contributing to approximately 
36% of the variance combined. According to the 
OD results presented in Table 5, factors ST and 
BF do not have a significant contribution to the 
OD of the hollow fibers. 
 

Table 3. Values for each factor used for the 

confirmation experiments. 

Factor Levels 

TUP 1x* 1.5x 2x 2.5x 

AG (mm) 5 8* 15 20 

DER (mL/min) 4.8 6* 7.8 9.3 

BF (mL/min) 2 3 4* 5 

* Fixed values utilized when testing other factors. 



JCARME                                                       A. Rugbani                                                       Vol. 13, No. 1 

 

 

32 

 

 

 
Fig. 2. Factor effects on ID. 

 

Fig. 3. Factor effects on OD. 

 
As a result, they were merged into the error. TUP 

has the highest contribution, which accounts for 

76% of the total variance. AG has a relatively 

lower but still significant effect, contributing to 

19% of the variance. DER has the least impact 

on the OD, with only 5% contribution. 

The variance ratio (P) in Tables 4 and 5 

represents the ratio of the mean square due to a 

specific factor to the residual mean square 

(error). The FDIST function in MS Excel is used 

to calculate the probability distribution, which 

helps to determine the degrees of freedom. 

Factors with a confidence level of 95% or higher 

are considered statistically significant. 

A P value less than 1 indicates that the effect of 

the factor is less than the error, indication that the 

factor is insignificant. On the other hand, a P 

value greater than 4 suggests that the factor is 

significant. Therefore, the P value can be used to 

rank the factors in terms of their importance. 

 

Table 4. ANOVA results for ID. 

Factor 
ID 

SQ Ω (%)  P Conf (%) 

A      

B: ST 0.02 0 p 2.71 83.9 

C: AG 1.10 13  188.9 99.9 

D: BF 1.97 23  337.5 99.9 

E: DER 0.00 0 p 0.00 1.5 

F: TUP 5.52 64  947.4 99.9 

G      

 
Table 5. ANOVA results for OD. 

Factor 
OD 

SQ Ω (%)  P Conf (%) 

A      

B: ST 0.00 0 p 0.01 5.4 

C: AG 1.36 19  175.

9 
99.9 

D: BF 0.03 0 p 4.35 90.8 

E: DER 0.34 5  44.0

3 
99.8 

F: TUP 5.54 76  719.

2 
99.9 

G      
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5.3. Regression model 
 

The ANOVA analysis results confirmed that ID 

is dependent on AG, BF, and TUP, while the OD 

is a function of AG, DER, and TUP. The 

regression analysis of ID and OD can be 

represented by the following first-order 

equations: 
  

ID = 872 – 5.5 AG + 44.8 BF – 275 TUP        (3) 

OD = 1466 – 10.3 AG + 13.3 DER – 394 TUP     (4) 

 
Eqs. (3 and 4) can be applied within the 

following limits of the factors (AG: 5 – 14 mm, 

BF: 3.5 – 5.25 mL/min, TUP: 1x – 1.5x, DER: 7 

– 11 mL/min). Fig. 4 presents a visual 

comparison between Eqs. (3 and 4) and the 

actual measured values. 
 

6. Confirmation of results 
 

Confirmation tests were conducted individually 

on the four most significant factors, namely for 

TUP, AG, BF, and DER. 
 

 
Fig. 4. Comparison of predicted and experimented 

ID/OD. 

 
By isolating these factors and keeping all other 

parameters fixed, their specific effects on the 

geometry of the hollow fibers could be studied 

in detail. The predicted ID and OD results 

obtained by Eqs. (3 and 4) were compared with 

the average diameter sizes. SEM images were 

used to measure the ID and OD on a cross-

sectional view. 
 

6.1. Take-up speed 
 

The only variable parameter here was the TUP. 

SEM images presented in Fig. 5 demonstrate that 

increasing TUP beyond twice its minimum value 

leads to fibers with irregular inner contours, 

displaying more pronounced deformations. 

Similar observations were made by Santoso et al. 

[39], who explored the influence of high-speed 

spinning on inner skin morphology and proposed 

potential solutions to address this issue. 

The experimentally measured ID and OD values 

were determined by averaging the measurements 

of 3 samples. The ID and OD were predicted 

using Eqs. (3 and 4), respectively.  

Fig. 6 illustrates a comparison between the 

experimental and predicted results, showing 

good agreement up to a TUP of double the 

minimum speed, with an error of less than 7.8% 

within the investigated range.  
 

TUP = minimum 

 

TUP = 1.5x 

 

TUP = 2x 

 

TUP = 2.5x 

 

Fig. 5. SEM images of fibre prepared at different TUP 

(150x magnification). 

 
Fig. 6. Experimental measurements and predicted 

values of ID and OD at various relative TUP. 
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The results obtained from the model begin to 

deviate when the TUP exceed double the 

minimum speed, as depicted in Fig. 6. It is worth 

noting that higher TUP speeds are not desirable 

due to their adverse impact on the inner shape of 

the hollow-fibers, which consequently affects 

their overall performance. 

6.2. Bore flow rate 

Fig. 7 displays SEM images of each experiment, 

illustrating the influence of the BF value on the 

ID of the hollow fibers. It is evident from the 

images that changes in BF have a noticeable 

impact on the ID, while the OD remains 

relatively unaffected. This indicates that 

adjusting the BF serves as a means to modify the 

wall thickness of the fibers [5]. The experimental 

and predicted values of both ID and OD are 

presented in Fig. 8. The predicted OD remained 

stable as BF does not affect OD, as indicated by 

Eq. (4). The experimental measurements of OD 

also exhibit minimal deviation. Overall, the 

predicted values of ID and OD closely align with 

the experimental results, demonstrating an error 

of less than 6.8%. 

6.3. Air gap length 

The SEM images depicted in Fig. 9 demonstrate 

a slight reduction in both ID and OD as the AG 

distance increases from 5 mm to 20 mm. This 

observation aligns with the experimental 

measurements and predicted values shown in 

Fig. 10, where increased AG distance leads to a 

decrease in both ID and OD of the fiber. This 

effect can be attributed to the gravitational force 

impact on the fiber during the spinning process 

[28, 29]. The predicted results from the model 

for ID and OD and the experimental 

measurements shown in Fig. 10 show an 

acceptable match within the range of the study. 

The maximum error between the model and the 

experimental measurements was less than 3%. 

6.4. Dope extrusion rate 

The SEM images presented in Fig. 11 illustrate 
that increasing the DER influence the OD, while 
no significant change in the ID is observed. The 

experimental and predicted diameter results are 
displayed in Fig. 12.  

BF = 2 mL/min BF = 3 mL/min 

BF = 4 mL/min BF = 5 mL/min 

Fig. 7. SEM images of fibre prepared using different 

BF (150x magnification). 

Fig. 8. Experimental measurements and predicted 

values of ID and OD at various BF. 

AG = 5 mm AG = 8 mm 

AG = 15 mm AG = 20 mm 

Fig. 9. SEM images of fiber prepared using deferent 

AG (150x magnification). 
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Fig. 10. experimental measurements and predicted 

values of ID and OD at various AG. 

 

According to the prediction model, Eq. (3), the 

ID values remain unaffected by changes in the 

DER. This is attributed to the neglected effect of 

the DER factor on the ID. As DER increases, the 

OD of the fiber increases, while the ID remains 

relatively unchanged. 

This is due to the pressure exerted by the bore 

solution on the inner surface of the hollow fiber 

[16]. Generally, the experimental measurements 

of both ID and OD agree with the predicted 

results with an error of less than 3.7% within 

the investigated range shown in Fig. 12. 

 

7. Conclusions 

 

The study investigated the influence of various 

process parameters on the geometry of 

Polysulfone hollow fibers produced using the 

dry-jet wet spinning technique. The Taguchi 

experimental design method was utilized to 

examine the effect of various spinning 

parameters. The results of Taguchi's method 

demonstrated that the TUP, AG length, DER, 

and BF parameters have significant effects on 

the ID and OD and hence the wall thickness of 

the hollow fibers. 

In addition, regression models utilizing the 

significant factors were established to predict ID 

and OD of the hollow fibers. The equation for 

predicting ID was determined to be dependent on 

TUP, AG, and BF, while the equation for 

predicting OD was dependent on TUP, AG, and 

DER. To validate the equations, confirmation 

experiments were conducted, and the diameters 

of the hollow fibers were measured using SEM. 

The results from the model demonstrated strong 

agreement with the experimental measurements, 

with an error of less than 7%. 

The study presents a promising approach to 

control the fabrication process of Polysulfone 

hollow fibers with specific geometries and 

characteristics using the proposed regression 

models. The results suggest that the control 

model could be implemented in the control 

system of the spinning machine to ensure 

consistent production of hollow fibers with 

desired properties. Further studies could focus 

on optimizing the process parameters for other 

types of hollow fibers and investigating the 

effects of other factors on the hollow fiber 

properties. 

 
DER = 4.6 mL/min 

 

DER = 6 mL/min 

 
DER = 7.8 mL/min 

 

DER = 9.3 mL/min 

 
Fig. 11. SEM of fiber prepared using different DER 

(150x magnification).  

 

 
Fig. 12. experimental measurements and predicted 

values of ID and OD at various DER. 
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