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Abstract: Trilayer polymer tubes were manufactured

through an extrusion process using Pebax 6333 and high

density polyethylene (HDPE) as outer and inner layer,

respectively. A maleic grafted linear low-density poly-

ethylene (LLDPE) was used as the bonding layer or tie-

layer. Three types of multilayer tubes were produced: (1)

outer layer (Pebax) at 70% of the total wall thickness (WT),

(2) outer layer at 90% of WT, and (3) outer layer at 20%

of WT. The analysis of mechanical properties showed

that the inner layer contributes to strength and rigidity of

the tube while the outer layer provides flexibility. Melt

rheology behavior for HDPE and Pebax were studied, and

HDPE showed amore pronounced shear thinning behavior

compared to Pebax. Orientations of the tubes were

assessed using Fourier transform infrared spectroscopy

(FTIR) and it was found that HDPE layer ismore sensitive to

molecular orientation when extruded compared to Pebax

material. Melting behavior for the tubes was investigated

using dynamic scanning calorimetry (DSC). The tubes

showed two melting temperatures: one associated with

HDPE and one with Pebax. The HDPE peak showed a

specific shift to a higher melting point for tubes as a result

of molecular orientation during processing. Burst and

compression testing were performed on the tubes and re-

sults demonstrated that the HDPE-rich extrusion showed

the highest burst pressure and compression resistance.

Keywords: biomedical; extrusion; multilayer; Pebax; shaft;

trilayer.

1 Introduction

Catheters arewidely used inmedical devices inactivelyused

procedures, including stent delivery, drug, contrast injec-

tion, imaging guided diagnosis, and ablation [1]. These

catheters are generally 300–2000 mm long, including of a

combination of single-lumen, multi-lumen (cavity in the

tube), or even multilayer shaft tubing. Multilayer tubing

combines favorable properties of individualmaterials inone

extrusion, enabling functionality that cannot be attained

with a single material. For example, a standard trilayer

tubing consists of a highdensity polyethylene (HDPE) inner,

a linear low-density polyethylene (LLDPE) bonding layer,

andaNylonouter layer. AnHDPE innermaterial beneficially

allows for a low-friction, lubricious surface for effortless

insertion of a guidewire, mandrel, or hypotube. A Nylon (or

Pebax) outer material eases thermo-bonding to other Nylon

sub-components such as: shaft tubing, balloons, luers, etc.

A thin LLDPE middle layer primarily serves to bonding the

inner and outer layers together. A standard wall thickness

distribution consists of the follow: 20–25% inner, ∼5%

bonding layer, and 70–75%outer. The combination of these

materials provides an ideal tube for catheter maneuver-

ability in the cardiovascular or neurological system with

tight radii and complex anatomical pathways.

Polymer coextrusion is used when two or more

different polymers need to be combined in a layered for-

mation. Industries such as film packaging, pipe extrusion,

and blow molding select appropriate layers to obtain both

physical and mechanical properties required. Each layer is

selected to meet a certain property, such as gas perme-

ability resistance, tensile strength, abrasion resistance,

high clarity, flexibility, tear resistance, and thermal sealing

[1]. However, combining different polymers to have an

optimized multilayer structure requires melt rheology

design and an appropriate extrusion setup to provide a

stable flow for each stream and uniform distribution of

each polymer circumferentially. To eliminate interfacial

instability or layer distortion, polymer selection and

layer thickness are crucial steps in making a multilayer
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structure [2,3]. Coextrusion technology has evolved over

the last decades, enabling a seven-layer laminates which

are now common in the film extrusion industry.

Most thermoplastic polymers can be coextruded

together. Pebax (tradename fromArkema) for example, is a

polyether block amide (PEBA) that consists of a polyamide

and polyether. It is widely used in balloon catheters and

offers improved flexibility when compared to Nylon [4].

The polyether segment contributes to elastomeric behavior

and creates soft segments, whereas the polyamide con-

tributes to the thermoplastic behavior and forms hard

segments [5]. Pebax is a hydrophilic polymer and contains

amide groups that make it incompatible with polyolefins

such as polyethylene [5]. High density polyethylene is a

high strength polyethylene that contributes to stiffness and

rigidity. The middle layer or tie-layer is a maleic anhydride

modified liner low density polyethylene (M-gr-LLDPE) and

used to bond the Pebax to the HDPE. This tie-layer is the

thinnest layer, primarily serving a bonding role. The tie-

layer contains functional groups (grafted by maleic anhy-

dride) that interact with both polymers bonding them

together. The overall mechanical property of the final

product is a function of each layer. The thickness of the

layers is controlled by the law of mixtures: the summation

of tensile strength per unit layer thickness [6]. For example,

the following equation applies for tubing with two layers:

M = ((t1m1) + (t2m2))/(t1 + t2) (1)

where “M” is the estimated coextruded film mechanical

property, “t” is polymer layer thickness, and “m” is the

mechanical property of the layer.

The molecular structure of Pebax includes soft and

hard segments as previously mentioned, where the soft

segments are mainly the polyether and hard segments are

polyamide crystals. The soft to hard segment ratio plays an

important role in controlling the physical and mechanical

properties of the tube.Warner et al. [4] investigated balloon

surfaces made from Pebax. They observed a distribution of

hard segments of polyamide in a circumferential orienta-

tion in the balloon body. The hard segments were reported

to be 50 nm ± 20 nm wide by 300 nm ± 150 nm long. They

identified that the extrusion process was responsible for

hard segment orientation along the axial direction.

HDPE is a widely used in polymer extrusion. The

physical and mechanical properties of HDPE in final form

such as film, tube, or pipe are strongly related to their

microstructure, consisting of two phases: amorphous and

crystalline. The crystalline phase is composed of packed

folded chains that form lamellae blocks. The lamellae

blocks are connected to each other by tie chains [7]. In

general, the space between lamellae is amorphous phase

material which does not take part in crystallization of

lamellae. Crystalline and amorphous phases, depending

on the applied process, could show different arrangements

and orientations. Most of the products in their final shape

have an oriented structure, and consequently the crystal-

line and amorphous phases align following a preferred

direction. Orientation influences the properties from one

direction to another direction [8]. An oriented sample has

higher mechanical strength along the orientation direc-

tion. This orientation can be calculated and analyzed using

infrared spectroscopy [9]. If no orientation is applied, the

crystals would grow isotropic and form a spherulite

structure with isotropic mechanical properties [10].

Multilayer tubes are increasingly utilized for biomed-

ical applications. There is a great potential in using

multilayer tubes in different balloon and catheter appli-

cations. It is important to characterize and study the effects

ofmaterial and layer thickness on physical andmechanical

properties of tubes. There are very few studies which cover

polymer material properties as they relate to multi-layer

extrusions, and these details are typically not shared by

commercial producers. This study will investigate the ef-

fects of HDPE and Pebax materials and their ratio on the

crystalline structure of the extrusion, as well as the related

physical and mechanical performance catheter shafts us-

ing this composite extrusion.

2 Materials and methods, and

characterization

Two primary resins were used in this study: HDPE with a melt flow

index (MFI) of 0.35 g/10 min at 190 °C/2.16 kg (Marlex 5502 from

Chevron Philips), and Pebax 6333 (a thermoplastic elastomer from

Arkema-Biomedical grade). Tie-layer is a grafted-maleic anhydride-

LLDPE fromOrevac. Viscositywasmeasuredusing aDyniscoLCR7000

capillary rheometer at 200 °C. The tubes were produced using a

multilayer 12 mm diameter GIMAC coextrusion line. The outer diam-

eter (OD) and inner diameter (ID) of tube were 1.7 and 1.3 mm,

respectively. Three types of tubes were produced to the specification

shown in Table 1. The percentages presented in Table 1 are extreme for

each component and the samples are called “rich in HDPE” and “rich

Table : Specification of extruded tubes.

Tube name Total wall

thickness

(WT) (mm)

Pebax

WT (%)

Tie-layer

WT (%)

HDPE

layer

WT (%)

Nominal .   

Rich in Pebax .   

Rich in HDPE .   
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in Pebax”, respectively. Coextrusion is a sensitive process and vis-

cosities must match for the layers to obtain a uniform part. It has been

shown that interfacial instability is observed at a critical wall shear

stress that depends on the total flow rate and ratio of each individual

layer [11].

DMA (dynamic mechanical analyzer) tests were performed using

a DMA 8000 from Perkin Elmer (Waltham, MA) in tension mode. To

evaluate orientation and characterize phase formation, FTIR experi-

mentswere carried out by recording infrared spectra on aFrontier FTIR

instrument from Perkin Elmer (Waltham, MA) with a resolution of

4 cm−1 and an accumulation of 16 scans. The beam was polarized by

means of a Spectra-Tech zinc selenide wire grid polarizer. Thermal

properties of the films were analyzed using a differential scanning

calorimeter (DSC) 6000 from Perkin Elmer. The samples were heated

from −30 to 200 °C at a heating rate of 10 °C/min, then cooled at the

same rate to −30 °C and heated again to 200 °C. Tensile tests were

performed using a Shimadzu (AGS-X series) machine (Kyoto, Japan).

The tests were performed per ISO 10555-1 with 25 mm clamp gap and

500 mm/min stretching speed. Burst and compression tests were

performed using Pressure Tester (PT-3070) from Confluent Medical

Technologies.

Burst test were performed in a water bath and per biomedical

norm where tubes were pressurized in a stepwise trend (1 atm incre-

ment) with 1.7 atm/s rate and 6 s settling time in between steps until

burst occurred. A compression test is opposite to burst, and it is a

significant test when tubes are pressurized from outside (an external

component like a balloon pushes against the tube/shaft). For this test,

the tube is subjected to an external pressure in a using the same

conditions as for pressurization above (burst), until a collapse (crush)

occurs. Both these tests were performed in 37 °C water (equivalent to

the average human body temperature).

3 Results and discussion

The viscosity curves (viscosity versus shear rate at 200 °C)

for HDPE and Pebax are plotted in Figure 1. HDPE and

Pebax are categorized as thermoplastics, meaning that

their melt viscosity depends on the shear rate applied [10].

The polymer viscosities are important criterion for the

coextrusion process. The flow rate of each polymer layer

correlates with pressure applied at the die and viscosity of

material. The pressure at the die determines the consis-

tency and stability of the melt flow and is important as it

maintains the dimensions for the extruded tube [12]. An

important factor for polymer coextrusion is the viscosity

match between components.

Pebax exhibits a Newtonian plateau in the terminal

zone (lower shear rate region). However, the plateau region

is less pronounced for HDPE where it shows a higher vis-

cosity and an earlier shear thinning (viscosity reduction

with applied shear). This reduction of viscosity in the shear

thinning region is due to the molecular alignments and

disentanglements of the long polymer chains [10]. The

extrusion process for tube is usually designed for a shear

rate range of 100–1000 s−1 [12]. For this study, the range is

between 500 and 750 s−1 at the die. It is observed that the

viscosity is very comparable for two materials at this shear

rate range, and it is around 400 Pa s. In the case of a

viscosity mismatch, layer distortion can occur, resulting in

a disruption during the extrusion process.

In the extrusion process,materials aremelted and then

enter a water bath where they crystallize and form a

morphology. The morphology and orientation within each

tube determines the physical and mechanical properties.

For this specific tube, the Pebax forms the outer layer and

HDPE forms the inner layer. The cross-section and layer

arrangements for nominal tube are shown in Figure 2.

Pebax constitutes over 70% of the thickness as the outer

layer, and HDPE constitutes 25% inner layer, with a tie-

layer at 5% of the total wall thickness.

The morphology of Pebax consists of crystallized

polyamide (PA) hard segments dispersed in polyether (also

called polyethylene oxide-PEO) and amorphous phases of

PA (non-crystallized). Armstrong et al. [13] reported a

Figure 1: Viscosity curve for HDPE and Pebax at 200°C.

Figure 2: Optical microscopy of the cross-section of the nominal

tube.
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crystallinity of 10.7% for the PEO portion. Sheth et al.

[14] reported that Pebax 6333 is composed of 63% Nylon

12 (mol%) and 37% PEO (mol%). HDPE is a highly

crystalline polymer with reported crystallinity of about

70% [15].

The tube was extruded through a die before it enters

the water bath for cooling and crystallization. Polymer

molecules are oriented because of the draw down ratio

applied on the extrudate. Orientation of the polymer, either

in crystal or amorphous phase, improves mechanical

strength. Stretching orients both crystal and amorphous

phases, which in turn results in desirable improvements to

strength. Sadeghi et al. [8] showed that both the physical

and mechanical properties significantly increased with

higher orientation. Tensile tests along the tubes were per-

formed, and stress–strain curves are presented in Figure 3.

It is observed that the sample rich in HDPE shows themost

favorable mechanical properties (greatest yield strength).

The necking process is less pronounced for this sample,

likely due to lamellar crystal orientation [10]. The nominal

sample shows a similar trend to the Pebax rich sample,

with higher strain at break that is likely due to strong

bonding between two layers. For the sample rich in Pebax,

a delamination in layers occurs, with first portion of curve

behaving similar to the nominal sample. Delamination

occurs at failure point in the HDPE rich sample.

Strain hardening is observed for all three samples

mostly because of a breakdown of initial crystalline

structures and formation of fibrillar crystals [8]. In such a

process, a saturation in orientation of amorphous phases

during stretching is created [8].

Flexibility and stiffness of the tubes are important

in their applications. The DMA (dynamic mechanical

analyzer) was used to evaluate the tubes stiffness in this

study. Figure 4(a) compares the storage modulus (E′) and

tan (δ) for the nominal, HDPE-rich, and Pebax-rich tube.

A smaller storage modulus equates to less stiffness. This

can be seen in the Pebax-rich tube andmainly attributed to

the presence of the soft segments [14]. HDPE is shown to

demonstrate three peaks in DMA testing with increasing

temperature corresponding to relaxation mechanisms

referred to as α, β and γ [16]. The β and γ relaxations

correspond to molecular chain movement in the amor-

phous phase and the α relaxation is related to chain

movement in the crystalline phase. The γ relaxation is

normally taken to define the glass transition temperature

[16], which is in range of −80 to −100 °C. The next transition

is β that is not present here but α transition is pronounced

as it is observed in Figure 4(b). This peak increases linearly

with crystallinity for polyethylene and since HDPE has the

highest crystallinity, this peak becomes very pronounced.

The height and area under tan δ curve indicate the amount

of energy that can be absorbed by the sample. A large area

under the tan δ curve indicates a greater degree of molec-

ular mobility, which translates into better dampening

properties for the HDPE-rich sample [16]. This means that

the HDPE-rich sample can better absorb and dissipate

Figure 3: Stress–strain curve of the nominal, HDPE-rich, and Pebax-

rich tube samples.

Figure 4: DMA results (a) storage modulus (E’) (b) tan (δ).
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energy at temperature around 75 °C. However, the Pebax-

rich sample shows a transition at lower temperature

which translates to a sample that ismore flexible withmore

favorable elastic properties.

Increasing tan (δ) indicates that the material has more

energy dissipation potential: the dissipative properties of

the material improve with increasing tan (δ). On the other

hand, a decreasing tan (δ) corresponds tomore elasticity in

the material; thus the material has an increased potential

to store an applied load rather than dissipate it. Figure 4(a)

shows that HDPE-rich tubes are stiffer than Pebax-rich

tubes at room temperature, but increasing temperatures

results in decreasing stiffness. The temperature of α tran-

sition is around 51 °C for Pebax-rich sample, coincident

with a drop in elastic modulus, andmaximum in tan (δ). In

other words, the Pebax-rich tube absorbs the highest en-

ergy at this temperature. For the HDPE-rich tube as it is

shown in Figure 4(b) that Tα peak shifts to a higher tem-

perature (76 °C). This is most likely due to the crystalline

structure of HDPE that was previously discussed [15].

Dynamic scanning calorimetry (DSC) was used to

analyze the thermal behavior of the samples and the results

have been shown in Figure 5(a)–(c).

The first heat for the nominal sample (Figure 5(a)),

reveals two distinctive melting peaks: one associated

with the HDPE layer at 128 °C and one associated with

Pebax at 167 °C. Both correspond to the melting tempera-

ture of the constituents. The presence of Tα (at 59 °C)

for the nominal tube was observed confirming the DMA

results (Figure 4(b)). This peak shifts to lower temperature

(50.5 °C) for Pebax-rich tube as shown in Figure 5(a). This is

in accordancewith data presented in Figure 4(b). The effect

of second heating cycle has been shown in Figure 5(b),

where the sample was fully melted and crystallized in a

quiescent state, erasing its initial orientation history. The

comparison between the first heat (tube as it is) and second

heat shows a most pronounced effect on HDPE melting

peak where the shift in peak implies a higher degree of

orientation for this layer in tube structure [8]. This shows

that under same processing conditions, the HDPE mole-

cules tends to orient more and form crystals with more

defined orientation, whereas Pebax melting peak is not

sensitive to orientation (see the orientation calculation

in the next section). The DSC of crystallization from the

melt reveals a faster and sharper crystallization for Pebax

layer than HDPE (Figure 5(c)), with a 27 °C difference in

crystallization temperature (Tc) observed between the two

materials. Increasing the Pebax concentration (Pebax-rich

sample) does not displace the crystallization peaks, con-

firming that the crystallization peaks are independent of

their concentration in tube. The delay in crystallization

for HDPE versus Pebax is likely due to the presence of

longer molecular weight polyethylene chains that hinders

mobility [16].

FTIR spectroscopy was used to characterize the

orientation and phase structure of the samples [17]. Mea-

surements were performed along axial (0°) and radial (90°)

directions to evaluate the effect of orientation using a

polarized beam. Results are based on the analysis of the

energy of different molecular vibration modes associated

with specific groups in the molecules. FTIR spectrums are

presented in Figure 6 for outer and inner layer, respec-

tively. If there is no orientation, the spectrum at 0- and

90-degrees should have similar adsorption. However, with

orientation of molecules, there will be a difference in

Figure 5: DSC results (a) first heat, (b) second heat, (c) cooling

crystallization.
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intensity and especially the area under the peaks for 0- and

90-degrees spectrum. The first step in orientation calcula-

tion is peak selection for each material. In a study by

Cole et al., a list of peaks assigned to the different confor-

mations has been proposed for polyamides. These peaks

are applicable for Pebax because the hard segments in

Pebax are primarily polyamide. Based on the reviewed

literature [18] and the experiments executed, three peaks at

wave numbers of 904, 936, and 946 cm−1 were selected for

FTIR characterizations. The crystals in Pebax tubes mostly

consist of α and γ phases, where α phase ratio is higher. The

peaks at 904 and 946 cm−1 correspond to the γ-crystalline

phase, and the 936 cm−1 peak is associated with the

α-crystalline phase of the polyamide. HDPE crystalline

orientation can be calculated from two absorptions at 720

and 730 cm−1 corresponding to the b and a crystalline axis,

respectively [19].

It is observed in Figure 6 that the Pebax layer is less

sensitive to orientation of crystals relative to the HDPE

layer. The difference between the 0 and 90° polarized

spectrum ismuchmore significant for HDPE layer. This can

be revealed through the difference in the area under the

peaks for the spectrum at angles of 0 and 90° where the

difference for Pebax is insignificant. The higher orientation

for HDPE crystals could be related to its higher crystallinity

and molecular arrangement structure [16] that was dis-

cussed in previous section, and demonstrated in Figure 6b.

The orientation calculation and schematic of HDPE layer

for three crystalline axes are shown in Figure 7. That is

comparable with results obtained by Sadeghi et al. [20] and

Bafna et al. [21] where an orientation factor around 0.4 was

reported for extruded HDPE film. The Herman orientation

function (f) is used to describe the orientation of given

molecular axis with respect to the sample direction [10] in

crystal phase and is calculated based on formula discussed

by Sadeghi et al. [10]. As it is seen in Figure 7, a uniaxial

orientation along machine direction for c axis is observed.

However, for the a and b axis, a biaxial (planar) orientation

is observed with respect to machine direction.

Burst pressure is an important parameter test param-

eter in Biomedical applications that represents the strength

of tubes and catheters when pressurized [22]. A compres-

sion test is opposite to burst, and it is importantwhen tubes

are pressurized from outside (an external component like a

balloon pushes against the tube/shaft). The results for

these two tests are shown in Figure 8, The sample rich in

HDPE shows the highest burst pressure and compression

resistance. It is very important to note that burst results

are in accordance with elastic modulus calculated from

tensile results (Figure 3). However, the effect of increasing

of HDPE concentration (HDPE rich) on crush resistance

improvement is not as significant as burst.

Burst pressure in biomedical application is usually

performed in stepwise sequence as described above, with a

ramp step and settling time. To evaluate the effect of

continuous pressurization without relaxation, a separate

test was designed, using a fill rate to achieve a deformation

rate similar to that experienced during a tensile test

(0.03 ml/s). The nominal tubes were tested for burst and

compression test based on such method and results are

presented in Figure 9. This test was mainly designed to

simulate a tensile test and assess the tube resistance to

Figure 6: FTIR spectrum of the trilayer tube: outer layer (Pebax) (a) and inner layer HDPE (b).

Figure 7: Orientation of crystal lamella.
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volume deformation. As it is shown in Figure 9, both

curves demonstrate yield at approximately 180% volume

deformation. These curves are similar to a tensile curve

considering the first portion of the curve as elastic region.

The resistance to pressure (slope) increases significantly

beyond 180% volume change, This corresponds to the

strain hardening section of the tensile curve (see Figure 3).

It has been reported that burst pressure of the tube catheter

can be calculated based on following formula [23].

P =
T(d2

o − d
2
i )

d
2
i(1 + d

2
o

d
2
i

)
(2)

“T” is the tensile strength of the tube, “do” is the outer

diameter, “di” is the inner diameter of the tube, and “P” is

the burst pressure of the tube/catheter. Based on this for-

mula, a burst pressure of 57 atm should be obtained for the

nominal tube. A difference of 10 atm is observed between

the theoretical value and actual number (reported in

Figure 9). This is most likely because of burst pressure was

performed at body temperature (37 °C) instead of room

temperature. The tensile strength decreases with tem-

perature for polymer. It is important to note that burst

pressure in this type of test method (ramp) is more than

twice of compression pressure resistance. This could

be related to higher tensile to compression strength ratio

of part. A higher resistance to tensile versus compression

is observed for high density polyethylene when strain

rate greater than 0.04 s−1 is applied [24]. The strain

rate applied for the testing of the nominal sample is

0.30 s−1 that is well above 0.04 limit. In such a strain rate

range, the resistance response is stronger in tensile mode

compared to compression, which explains a greater burst

pressure than compression.

4 Conclusions

Tubes from HDPE and Pebax were produced using an

extrusion process. The melt rheology and crystalline

structure of the tubes were evaluated using DMA, DSC, and

FTIR measurements. The physical and mechanical prop-

erties of the tube were also studied. Our findings can be

summarized as follows:

Three type of tube samples were extruded in various

layer concentrations. The sample with highest HDPE con-

centration showed the maximum tensile properties. The

nominal condition, 70% Pebax and 30% HDPE, behaved

similarly to the sample with 90% Pebax and 10%HDPE. In

these descriptions, the 5% tie layer is included in the HDPE

layer ratio. The results were corroborated with DMA tests.

HDPE-rich tubes are stiffer than Pebax-rich tubes at room

temperature; but as temperature increases the stiffness

decreases. Temperature of α transition is around 51 °C for

Pebax-rich sample whereas for HDPE-rich tubes Tα peak

shifts to a higher temperature (around 76 °C). This is most

likely due to the crystalline structure of HDPE. DSC and

Figure 8: Burst/compression test results.

Figure 9: Burst/crush test results in a ramp method for nominal

tube.
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FTIR results demonstrate that the HDPE layer is more sen-

sitive to orientation than Pebax layer. The orientation of

the HDPE layer is significant and is calculated to about 0.4.

The sample rich in HDPE shows the highest burst and

compression resistance. The burst results are in accordance

with elastic modulus calculated from tensile results. How-

ever, the effect of an increasing HDPE concentration ratio

did not result in significant improvement of compression

resistance compared to burst pressure.
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