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Abstract 
 

       This paper reports, for the first time, the successful 

implementation of microcapillary coextrusion technology 

with an emphasis on the fundamental understanding of the 

effect of rheological properties of polymers in both film 

matrix and microcapillaries on the morphology of 

coextruded microcapillary films. Four different polymer 

pairs were judiciously selected for coextruded 

microcapillary films, indicating that the microcapillary 

shape may be circular, oval, or even rectangular depending 

on the viscoelastic properties of the respective polymer 

pair as well as the processing conditions. The area 

percentage of microcapillaries in the film cross-section was 

dependent on the screw speed (i.e. extrusion rate) of the 

extruder. The average film thickness decreased with 

increasing line speeds, while the aspect ratio of 

microcapillary dimension held the reverse trend.  

 

 

Introduction 
 

       Microcapillary film (MCF) extrusion is a unique 

process for creating a plurality of microcapillary channels 

during the film extrusion process, which was first proposed 

and developed by Mackley, et al. [1, 2].  Microcapillary 

films contain capillaries arrayed across the film width that 

extend the length of the film in the flow direction [3]. 

Special interests are due to the fact that the 

microcapillaries of these films can be filled with a variety 

of fluids including molten polymers [4], leading to the 

potential development of a plethora of interesting 

coextruded structures.  

 

       Coextrusion in plastics engineering is often referred to 

as the simultaneous extrusion of two or more polymers 

through a single die where the polymers are joined together 

such that they form distinct, well-bonded dimensions 

forming a single extruded product [5]. Because coextrusion 

has many advantages over conventional extrusion such as 

improved properties due to synergistic effects as well as 

reduction in cost and defects, coextrusion has widely found 

applications into important areas such as cast film, sheet, 

tubing, blown film, wire coating, and profile extrusion [6, 

7]. Microcapillary coextrusion technology opens a new 

avenue toward the fabrication of many novel coextruded 

structures, which is otherwise impossible. 

 

        To successfully prepare coextruded products, a few 

important influencing factors must be carefully examined. 

Among these factors, the foremost factor is polymer 

selection as it relates to the rheology and viscoelasticity of 

the polymers [5]. The rheological behavior of the polymers 

is one of the most important concerns for designing 

coextrusion dies and feedblocks as well as optimizing the 

processing conditions. Viscosity mismatch, elastic layer 

rearrangement, and shear instability are often encountered 

in coextrusion processes and may lead to interfacial 

distortions and flow instability [8]. The objective of this 

paper is to gain fundamental understanding of the effect of 

rheology on the morphology of coextruded microcapillary 

films.  

  

     Microcapillary Film Coextrusion  

 
      The microcapillary coextrusion line used for this work 

is schematically represented in Figure 1. This line consists 

of a 38-mm single-screw Extruder 1 equipped with a gear 

pump to supply polymer melt for the matrix of the 

coextruded microcapillary films and a 19-mm single-screw 

Extruder 2 to supply polymer melt for the microcapillaries 

of the coextruded films via a transfer line to the 

microcapillary die. The layout of a portion of the 

microcapillary coextrusion die is displayed in Figure 2, 

where the circular microcapillary pins are located at the 

center of the die gap.  

 

       Five different polyolefin resins to be referred to as P-1, 

P-2, P-3, P-4, and P-5 were used in this study.  Hereafter, 

we define A/B coextruded micropillary films with A being 

the film matrix and B being the microcapillaries. P-1/P-1, 

P-1/P-2, and P-1/P-3 coextruded microcapillary films were 

extruded at 200°C, while P-4/P-5 coextruded 

microcapillary film was extruded at 130°C. The polymer 

melt streams comprising the film matrix met with the 

multiple polymer streams of the microcapillaries at the exit 

of the microcapillary die. Upon exiting the extrusion die, 

the extrudate was taken through a chill roll (Figure 1) 

where it was quenched, taken by a nip roll, and then wound 

by a tension winder. The line speed was controlled by a nip 

roll in the roll stack. For a typical experiment, the 

microcapillary coextrusion line was run for a minimum of 

thirty minutes to ensure that steady state conditions had 

been reached. 



 

 

 

Figure 1. Schematic representation of coextruded 

microcapillary film extrusion line. 

 

                            

Figure 2. Schematic drawing of a portion of microcapillary 

die with circular pins. 

 

 

Dynamic Rheological Properties of Polymers 

Used for Microcapillary Coextrusion Films  

 
       The successful implementation of microcapillary 

coextrusion requires the delicate control and matching of 

the polymers used in both matrix and microcapillaries. 

Hence, poor matching may lead to instability in the 

microcapillaries [5, 7]. Because of this, the rheological 

properties of the polymers are critical for designing 

coextrusion dies and feedblocks as well as for controlling 

the morphology and properties of final products. 

Therefore, the flow characteristics of the polymers must be 

considered when selecting materials for coextruded 

products. If the viscosity ratio of two polymers at the same 

temperature is too large (e.g., ηhigh/ηlow >> 3), non-

uniformity and instability of melt streams may occur.  

 

      A TA Q200 rheometer equipped with a parallel plate 

fixture was used to characterize the rheological properties 

of the polymers. Measurements were performed at 200°C 

for P-1, P-2, and P-3 and at 130°C for P-4 and P-5. Care 

was taken to ensure the rheological characterization was 

performed in the linear viscoelastic regime by using 

suitable applied strain amplitudes for the dynamic 

frequency scans. Plots of complex viscosity, storage 

modulus (G'), and loss modulus (G'') versus frequency for 

all five polymers are given in Figure 3. It can be observed 

from Figure 3a that P-5 exhibits nearly Newtonian 

behavior whereas all of the other materials exhibit a shear 

thinning viscosity. P-1 has a higher viscosity than P-2, but 

both of them have a lower viscosity than P-3 at the same 

frequency at 200°C. At 130°C, P-4 shows a much higher 

viscosity than P-5. The same trend of complex viscosity 

holds true for both storage modulus (Figure 3b) and loss 

modulus (Figure 3c). It can be learned from Figure 3b that 

the melt elasticity holds the following order: P-3 > P-1 > P-

2.  

 

 

 

 

Figure 3. Plots of (a) complex viscosity, (b) storage 

modulus (G'), and (c) loss modulus (G'') at 200°C for P-1, 

P-2, P-3 and at 130°C for P-4 and P-5. 
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Coextruded Microcapillary Films with the 

Same Polymer in Both Film Matrix and 

Microcapillaries 
 

       The first experiment was to make coextruded 

microcapillary films using P-1 as the material for both 

matrix and microcapillaries. Basically, the gear pump 

speed of Extruder 1 was fixed at 15 rpm, while the screw 

speed of Extruder 2 was set to 25 rpm and 50 rpm. The size 

of the microcapillaries increased as the screw speed of 

Extruder 2 increased from 25 rpm to 50 rpm. It can be seen 

from Table 1 that the area percentages of microcapillaries 

in the film cross-section for P-1/P-1 coextruded 

microcapillary films prepared at a line speed of 3 m/min 

are 11.1% and 23.1% at an Extruder 2 screw speed of 25 

rpm and 50 rpm, respectively.  

 

      The optical microscopy images shown in Figure 4 

demonstrate the effect of line speed on the morphology of 

P-1/P-1 coextruded microcapillary films prepared with an 

Extruder 2 screw speed of 50 rpm. As the line speed 

increased from 3 m/min to 18 m/min, the film thickness 

becomes smaller and smaller (Figure 8), while the degree 

of deformation of microcapillary shape was significantly 

increased (Figure 9). Consequently, the aspect ratio of 

individual microcapillaries continuously increases from 

about 1.34 to 9.0, as indicated in Figure 9.  In order to have 

better contrast between matrix and microcapillaries, black 

colorant was added to Extruder 2 to color the 

microcapillaries black as shown in Figure 5 for the film 

surface of P-1/P-1 coextruded microcapillary films. 

 

Coextruded Microcapillary Films with a 

High-Viscosity Polymer in Film Matrix and a 

Low-Viscosity Polymer in Microcapillaries 
 
       The next step was to examine the case of lower-

viscosity polymer (P-2) in the microcapillaries while 

keeping P-1 as the matrix. All the processing conditions for 

P-1/P-2 coextruded microcapillary films were kept the 

same as those of P-1/P-1 coextruded microcapillary films.  

As the screw speed of Extruder 2 increased from 25 rpm to 

50 rpm, the increase in throughput resulted in an increase 

in the size of microcapillaries. Correspondingly, the area 

percentages of microcapillaries in the film cross-section for 

P-1/P-2 coextruded microcapillary films prepared at a line 

speed of 3 m/min increased from 11.0% to 19.4% as the 

screw speed of Extruder 2 increased from 25 rpm to 50 

rpm, as given in Table 1.  

 

 

          
 

           
 

 
 

 
 

 

Figure 4. Optical microscope images of P-1/P-1 coextruded 

microcapillary films prepared by different line speeds: (a) 

3 m/min, (b) 6 m/min, (c) 12 m/min, and (d) 18 m/min. 

 

 

Figure 5. Photographs of film surface for P-1/P-1 

coextruded microcapillary films having original color 

matrix and black color microcapillaries, 

 

 

     The effect of line speed on the shape of microcapillaries 

in P-1/P-2 coextruded microcapillary films prepared with 

an Extruder 2 screw speed of 50 rpm was characterized by 

optical microscopy images presented in Figure 6. As the 

line speed increases from 3 m/min to 18 m/min, the film 

thickness gradually decreases from 0.89 mm to 0.17 mm 

for samples prepared at an Extruder 2 screw speed of 50 

rpm (Figure 8), while the aspect ratio of individual 

microcapillaries continuously increases from about 1.49 to 

9.27 (Figure 9). 
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Figure 6. Optical microscope images of P-1/P-2 coextruded 

microcapillary films prepared by different line speeds: (a) 

3 m/min, (b) 6 m/min, (c) 12 m/min, and (d) 18 m/min. 

 

Coextruded Microcapillary Films with a Low-

Viscosity Polymer in Film Matrix and a High-

Viscosity Polymer in Microcapillaries 
 

     We then investigated the use of a higher-viscosity 

polymer (P-3) as the microcapillary material while keeping 

P-1 as the film matrix. For consistency, P-1/P-3 coextruded 

microcapillary films were also processed at 200°C under 

the same conditions as P-1/P-1 coextruded microcapillary 

films. Because of the higher viscosity of P-3 (Figure 3), the 

extrusion throughput was lower than those of P-1 and P-2 

under the same conditions in Extruder 2. This led to the 

area percentage of microcapillaries in the film cross-

section of 2.3% and 18.6% for an Extruder 2 screw speed 

of 25 rpm and 50 rpm, respectively, as illustrated in Table 

1. 

       

      The average thickness of P-1/P-3 coextruded 

microcapillary films reduced with increasing line speeds, 

as illustrated in Figure 8. The optical microscopy images in 

Figure 7 show that the P-3 microcapillaries deformed to a 

lesser extent than P-1 or P-2 microcapillaries. It can be 

seen from Figure 9 that the aspect ratio of microcapillaries 

increases from 1.3 to 3.9 as Extruder 2 screw speed is 

increased from 25 rpm to 50 rpm, respectively. 

 

 
 

 
 

 
 

 
 

 

Figure 7. Optical microscope images of P-1/P-3 coextruded 

microcapillary films prepared by different line speeds: (a) 

3 m/min, (b) 6 m/min, (c) 12 m/min, and (d) 18 m/min. 

 

         In this study, we used P-1 as the matrix while 

changing the material in microcapillaries. To simplify the 

study, we fixed the extrusion temperature profiles and the 

Extruder 1 gear pump speed for the matrix. Under this 

circumstance, we were able to examine the effect of the 

rheology of materials used for microcapillaries and line 

speed on the dimension (e.g. aspect ratio) of 

microcapillaries, as given in Figure 9. It can be seen from 

Figure 9 that the aspect ratios for P-1, P-2, and P-3 

microcapillaries were continuously increased as the line 

speed increased. They were all very close at the low line 

speeds (less than 20 ft/min) because of the relatively 

smaller deformation of the film. At higher line speeds, both 

P-1 and P-2 microcapillaries exhibited a significant 

increase in aspect ratio, whereas P-3 showed a better 

resistance to deformation due to higher viscosity. 

 

       To gain more insight into the effect of rheology on the 

microcapillary dimension, we further compared the optical 

microscopy images in Figures 4d, 6d, and 7d at the highest 

line speed of 18 m/min. The following important 

observations can be made from this comparison: (1) P-1/P-

1 coextruded microcapillary films had smoother surfaces 

even under the large deformation at a line speed of 18 

m/min; (2) Both P-1/P-2 and P-1/P-3 coextruded 

microcapillary films exhibited curved surfaces; (3) For P-

1/P-2 coextruded microcapillary films, the thinnest section 

of the film occurred at the center of the microcapillaries; 

(4) For P-1/P-3 microcapillary films, the thinnest section of 

film appeared at the center of the area between two 

microcapillaries; (5) As far as the long axis of the 

microcapillary cross-section is concerned, P-2 has the 
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longest length, followed by P-1, while P-3 shows the 

smallest one. 

 

       The rheological properties of polymers for the 

microcapillaries play a significant role in shaping the 

microcapillaries. Referring to Figure 3, we learned that the 

viscosity of these three polymers held the same trend as P-

2 < P-1 < P-3. In the case of P-1/P-1 coextruded 

microcapillary films, there is no difference between matrix 

and microcapillaries. As a result, we observed very smooth 

surfaces for P-1/P-1 coextruded microcapillary films. Since 

P-2 has a lower viscoelastic behavior than P-1, P-2 

microcapillaries would have a greater tendency to deform 

when large external force was exerted on the film. This 

explained why the thinnest section of film occurred at the 

center of the microcapillaries of P-1/P-2 coextruded 

microcapillary films. In contrast, P-3 possessed a higher 

viscoelastic behavior than P-1, and thus it had a stronger 

capability of resisting the external force than P-1. As a 

result, P-3 showed smaller aspect ratios while the thickest 

sections of film were located at the center of 

microcapillaries.   

 

Table 1. Area percentage of microcapillaries in the film for 

P-1/P-1, P-1/P-2, and P-1/P-3 coextruded microcapillary 

films prepared by a line speed of 3 m/min. 

Coextruded 

Microcapillary 

Films 

Screw Speed of 

Extruder 2 

(rpm) 

Area Percentage of 

Microcapillaries in the 

Film (%) 

P-1/P-1 
25 11.1 

50 23.1 

P-1/P-2 
25 11 

50 19.4 

P-1/P-3 
25 2.3 

50 18.6 

 

 

 

Figure 8. Plot of average thickness versus line speed for P-

1/P-1, P-1/P-2, and P-1/P-3 coextruded microcapillary 

films prepared by the same extrusion conditions. 

 

 

Figure 9. Effect of line speed on the aspect ratio of 

microcapillary for P-1/P-1, P-1/P-2, P-1/P-3 coextruded 

microcapillary films prepared by the same extrusion 

conditions. 

 

 

Coextruded Microcapillary Films with a 

High-Viscosity Polymer in Film Matrix and 

an Extremely Low-Viscosity Polymer in 

Microcapillaries 
 

 

        In order to understand whether it is feasible to prepare 

coextruded microcapillary films with a polymer pair 

having an extreme viscosity mismatch, P-4 and P-5 were 

chosen as materials for the film matrix and 

microcapillaries, respectively. Keep in mind that P-4 

exhibited a shear thinning behavior characteristic of high 

molar-mass viscoelastic polymers, while P-5 showed a 

nearly Newtonian behavior as indicated in Figure 3. Note 

that the complex viscosity of P-4 was approximately 100 

times that of P-5 at 130°C. Therefore, there was a 

significant viscosity mismatch for this polymer pair as 

compared to the other aforementioned polymer systems.  

 

       For the coextrusion process, four screw speeds (10, 20, 

30, and 40 rpm) of Extruder 2 were used, while the gear 

pump speed of Extruder 1 was kept constant at 5 rpm. Two 

line speeds were applied for these experiments: 1.5 and 3 

m/min.  It can be seen from Figure 10 that the average film 

thickness increased with increasing screw speed of 

Extruder 2, due to the increased extrusion rate. As 

expected, higher line speed yielded thinner microcapillary 

films because of the larger draw-down ratio. 

 

      The optical microscope images in Figure 11 illustrated 

the effects of Extruder 2 screw speed and line speed on the 

morphology of P-4/P-5 coextruded microcapillary films. It 

was of particular interest to observe the nearly rectangular  



 

 

 

 

Figure 10. Plots of average thickness of P-4/P-5 

coextruded microcapillary films against the screw speed of 

Extruder 2 at different line speeds. 

 

 
   

 

   
   

 
 

 

Figure 11. Optical microscope images of P-4/P-5 

coextruded microcapillary films prepared by different 

screw speeds of Extruder 2: (a, c) 20 rpm and (b, d) 40 

rpm, and different line speeds: (a, b) 1.5 m/min, (c, d) 3 

m/min. 

shape of microcapillaries for P-4/P-5 coextruded 

microcapillary films, which was primarily attributed to the 

significant discrepancy in viscosity and elasticity between 

P-4 and P-5. An increased size of the microcapillaries was 

observed as the screw speed of Extruder 2 increased from 

20 rpm to 40 rpm. The area percentage of microcapillaries 

in the film continuously increased from about 20% at an 

Extruder 2 screw speed of 10 rpm to about 42% at an 

Extruder 2 screw speed of 40 rpm. The change of line 

speed did not cause large variations in the area percentage 

of microcapillaries in the film.  

 

 

 

Figure 12. Plots of area percentage of microcapillaries in 

the film for P-4/P-5 coextruded microcapillary films 

against the screw speed of Extruder 2 at different line 

speeds. 

 

Summary 
 

       For the first time, we have succeeded in making 

coextrusion microcapilllary films where the 

microcapillaries were filled with polymers instead of air. 

For the coextrusion process, one extruder was used to feed 

polymer melt to the film matrix and another extruder was 

used to supply the polymer melt to the microcapillary 

phase. The thrust of this paper was to gain fundamental 

understanding of polymer rheological properties on the 

morphological control of coextruded microcapillary films. 

For this, five polyolefin materials were selected and four 

different polymer pairs with different viscosity ratios were 

investigated.  Both viscosity and elasticity of the polymers 

used in this study held the same trend at 200°C for P-1, P-

2, and P-3 with P-2 < P-1 < P-3.  

 

      Polymer rheological properties have a dominant effect 

on the microcapillary shape. For coextruded microcapillary 

films with P-1 as film matrix, P-3 microcapillaries 

exhibited the smallest aspect ratio, and conversely P-2 

showed the largest aspect ratio under the same conditions. 

We observed smooth surfaces for P-1/P-1 coextruded 

500 µm 

(a) 

(b) 

(c) 

(d) 



 

 

microcapillary films, but waved surfaces for P-1/P-2 and 

P-1/P-3 coextruded microcapillary films. Specifically, the 

thinnest film section of P-1/P-2 coextruded microcapillary 

films occurred at the center of microcapillaries, whereas 

the largest film thickness of P-1/P-3 coextruded 

microcapillary films happened at the center of 

microcapillaries. Noticeably, for a viscosity-mismatched 

polymer system with an extremely low viscosity polymer 

in microcapillaries, we observed a rectangular 

microcapillary geometry in spite of the fact that circular 

microcapillary pins were used to prepare the coextruded 

microcapillary films. 
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