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Abstract

Cardiovascular  catheters  design while  balancing the tensile,  torsion and bending performance outputs  to achieve optimal

performance is a challenge. Lasercut Hypotubes as a catheter’s structural member provide an option to achieve the desired

mechanical properties. This paper presents a case study to detail the process of designing an interrupted spiral cut pattern

hypotube as a structural member while using Finite Element Analysis (FEA) test simulations along with Minitab’s Central

Composite Design (CCD) Response surface Methodology (RSM) for multi-response design optimization. The optimized de-

sign identified by this methodology, presented in the case study, showed that the tensile, torsional, and bending stiffnesses

predicted by the RSM model compared to that of FEA simulation data with 20%, 1% and 35% error. The large percentage er-

ror for one of the responses (>20%) was attributed to the high residual error in the Minitab’s model. For further improve-

ment in the Minitab’s  model  prediction,  a  DOE design to include full  factorial  design of  experiments for additional  data,

identification of potential outliers due to sensitivity of FEA simulations compared to that of real-world data are recommend-

ed. Overall,  this paper detailed the process of modeling a Lasercut hypotube design and the methodology to optimize the

LCH design based on FEA simulation data and RSM without the need for cost prohibitive prototype iteration process in the

design of structural heart catheters.

Keywords: Cardiovascular Catheters; Lasercut Hypotubes; Finite Element Analysis; Response Surface Methodology; Inter-

rupted spiral cut pattern
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Introduction

The  development  of  cardiac  catheterization  has

revolutionized  the  diagnosis  and  therapy  of  cardiovascular

diseases  [1].  Adequately  designed  catheters  in  intracardiac

procedures  have  become necessary  to  allow for  atraumatic

navigation of patient vasculature, adequate positioning, and

placement of cardiovascular implants [2]. The parameters af-

fecting the successful procedural outcomes in cardiac inter-

vention include the operational skills of the cardiologists, vi-

sual  navigational  systems  used  to  navigate  the  complex

three-dimensional structure of the heart, and the catheter’s

ability  to  adapt  and  maneuver  the  distinct  anatomy  of  the

patient  to  deliver  the  diagnostics  or  the  therapy  [3,4].  The

complexities  of  catheter  design  are  primarily  centered

around the aspects of lack of better understanding of physi-

cian user  needs,  distinct  patient  anatomies,  and non-linear

relationship between the catheter’s mechanical outputs and

its design parameters. Typical cardiovascular catheters have

multitude of design requirements such minimal OD profile

to minimize patient trauma at the access site, able to adapt

and track through the patient’s vasculature without causing

harm, able to bend a difficult turn and reach the treatment

target site, able to steer to align with the native annulus, able

to deploy a prosthetic valve and being able to be safely with-

drawn  from  the  patient.  Some  of  these  requirements  are

translated to pushability, trackability/flexibility and torquea-

bility  characteristics  of  the  catheter.  Table  1  serves  for  a

more comprehensive understanding of the relationship be-

tween the clinical needs, mechanical outputs and the design

options associated with catheter development. As can be de-

rived from the information in table 1, to achieve the desired

mechanical  properties  for  the  catheter  shafts  available  de-

sign  options  are  often  in  conflict  of  each  other-  which  re-

quires a judicious optimization [5].

Table 1: Catheter Mechanical Properties, their clinical relevance and design options to achieve them

S
no Mechanical Property Clinical Relevance Design objective Design option

1

Pushability: ability to exert
longitudinal force from the

proximal end to distal end of
the shaft

Allows the physician to easily
push the device to the target

treatment site

Maximize the pushability
of the catheter

Maximize areal moment of
inertia/cross sectional areatensile

stiffness

2

Torque transmission: ability to
transmit proximal end input
torque to distal end output

torque

Allows for rotation of the
implant in the intended

orientation with respect to the
patient anatomy

Maximize the torque
transmission with

minimal inter-shaft
frictional loss

Maximizepolar moment of
inertiatorsional stiffness

3
Trackability: ability to flex with
application of minimal bending

force

Allows the catheter to bend
and conform to the patient’s

anatomy without causing
traumatic vascular damage

Maximize the bendability
Minimizecross sectional

area/moment of inertiabending
stiffness

4

Kink Radius- ability to bend
around corners without

distortion of cross-sectional
shape of the catheter

Allows for easier delivery of
implants and ancillary devices

like guidewires through the
catheter lumen to the target

treatment site

Retain the cross-sectional
shape of the catheter with
minimal shape distortion

Maximizecross sectional area/ areal
moment of inertiaMinimizebending

stiffness

Polymers  based  catheters  design  article  discussed

the considerations for catheters design and listed attributes

to  optimize  to  achieve  desired  tension/compression,  bend-

ing  and  torque  by  choosing  an  optimized  configuration  of

jacket material, geometry, braid type and density to achieve

the required trackability, bendability and torsional strength

in the catheter [2]. While there are extensive advancements

in the transcatheter heart valve interventions in the last de-

cade, there is a desire in the physician community to make

the transcatheter procedures safer, easier, and more reliable

[6].  Specifically,  the  cardiovascular  catheters  experience

high  tensile  and  compressive  forces  due  to  the  force  re-

quired to unsheathe an implant that exerts high radial force,

therefore a shaft design that can withstand high tensile and

compressive  forces  with  minimal  stretching  while  also  be-

ing  able  to  bend  easily  for  better  trackability  are  required.
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While using a metal braid as a structural member of the ca-

theter allows for designing a catheter to meet the desired me-

chanical properties but it is challenging to balance them all.

This optimization is identified to be more feasible with the

laser cut reinforced shafts that use polymer lined long stent

struts which are solid metal shafts with distinct patterns cut

onto them using precision laser cutting [7]. The Lasercut re-

inforced shafts also allow for better kink resistance by main-

taining  minimally  distorted  shape  when  under  bending

force, and low-profile OD as the thin-walled laser cut tubes

allow for desired mechanical properties. In-vitro analysis re-

ported by Inam et al. [8], have reported that the laser cut re-

inforced  shafts  have  improved  mechanical  characteristics

than their braided counterparts in ovality retention, flexural

rigidity, torque transmission and pushability [8].

The advent of recent technological advances in the

field  of  precision  laser  cutting  allowed  for  designing  intri-

cate  laser  cut  patterns  on  metal  tubes.  These  Lasercut  pat-

terns  are  chosen  based  on  the  desired  mechanical  charac-

teristics of the catheter [5]. There are several types of Laser-

cut  patterns  that  allow  for  specific  mechanical  functional

output such as continuous spiral pattern, I-cut pattern, jig-

saw pattern, interrupted spiral pattern etc. For instance, the

spiral  pattern  generally  results  in  highly  flexible  shaft  but

poor torque performance; the I-cut pattern offers lesser flexi-

bility than the spiral  pattern but has better pushability and

torque transmission; the jigsaw cuts pattern allows for bet-

ter  flexibility,  pushability  and  torque  transmission  but  en-

tails  high manufacturing costs.  Amongst all  the commonly

available Lasercut patterns, we have identified that the inter-

rupted spiral cut pattern allows for greater design flexibility

in defining the desired mix of catheter’s mechanical proper-

ties.

In this paper, we present a case study to detail the

process of design and optimization of interrupted spiral (IS)

laser  cut  pattern  hypotube  used  in  a  cardiovascular  ca-

theters using Finite Element Analysis (FEA) simulated me-

chanical tests and Response Surface Methodology (RSM).

Materials and Methods

Lasercut Hypotube Model

Computer  Aided  Design  (CAD)-Solidworks-  was

used  to  develop  an  IS  Lasercut  hypotube  model.  The  ID,

OD French size, and the length of the hypotube is set to be

constant for this  study.  Figure 3 shows the Lasercut model

used and some of the features that are used to define it.

Figure 1: Braid Based vs Lasercut Hypotube Based Catheter Construction
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Figure 2: Common Lasercut Patterns

Figure 3: CAD Model- Interrupted Spiral Lasercut Pattern

Figure 4: Critical Parameters Definition- Interrupted Spiral Lasercut Pattern

For developing a fully defined CAD model for in-

terrupted spiral LCH pattern, the parameters listed in Table

2 are required for the chosen size and the length of the hypo-

tube.
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Table 2: Critical Parameters-Interrupted Spiral Pattern

Slot Length Uncut length between slots Spiral Pitch Slot Width Number of slots per rotation

For parametrization of the CAD model, the num-

ber  of  slots  per  rotation  was  set  to  a  constant  value  which

led to constant total number of slots for the given length of

a hypotube.  This allowed for using Slot length,  spiral  pitch

and slot  width as  the  3  parameters  used to  fully  define the

chosen  interrupted  Lasercut  hypotube  model,  while  uncut

length between slots was indirectly controlled given the con-

stant total number of slots. Table 2 lists the chosen parame-

ters to fully define the LCH, while Table 3 lists the constant

values used for some of the design inputs of the LCH Mod-

el.

Table 3: Parameter Constants used for the LCH Model Design

S No Design Parameters Values

1 LCH Outer Diameter (OD) 0.134 inches

2 LCH Inner Diameter (ID) 0.100 inches

3 LCH Length 1.5 inches

4 Number of slots per spiral rotation 3 count

5 Total Number of Slots 180 count

Experimental Tests-FEA Simulations

Based  on  the  characterization  data  available  on  a

predicate device, a few FEA simulated mechanical tests us-

ing  the  test  methods  detailed  below  were  run  using

ABAQUS  software  to  collect  the  preliminary  data  on  the

correlation  between  the  design  inputs  (slot  length,  spiral

pitch, and slot width) and the responses (tensile, torque and

bending stiffnesses). This allowed for preliminary estimates

for the target ranges for each of the design inputs that the re-

sponse optimization should be focused on. Table 4 lists tar-

get ranges used for this study.

Table 4: LCH Critical Parameter Ranges for Design Optimization

S No LCH Parameter Low (inches) High (inches)

1 Spiral Pitch 0.020 0.035

2 Slot Width 0.003 0.007

3 Arc Cut Length 0.056 0.084

Finite Elements Analysis (FEA) in ABAQUS soft-

ware was used to execute simulated mechanical tests to re-

cord experimental data related to torque, tensile and bend-

ing responses of the Lasercut hypotube. The parameters for

the material model used are listed in table 5. ABAQUS soft-

ware uses quasi-static simulations to solve the computation-

al mechanics problems associated with the tests. Analysis of

this  nature  assumes  that  the  tests  occur  at  infinitesimally

slow rate, but consider the effects of inertia and viscoelastic

behavior to an extent. The loading in these simulations is ap-

plied incrementally in infinitesimal steps to capture the me-

chanical behavior of the subject under test [9].

Table 5: FEA Material Model Parameters

Parameter Value

Material Model Linear Elastic-Plastic

Young’s Modulus(psi) 2.9E7

Poisson’s Ratio 0.29
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Plastic Behavior (Stress, Strain) (137000,0.00)(175000,0.198)

Ultimate Strain (%) 20

3-pt Bend Test

FEA model  boundary  conditions  followed the  re-

quirements  of  the  ASTM  D790-03  standard  with  span

length (L) to shaft diameter(d) following 16 to 1 ratio.. The

test setup for bending in FEA is shown in Figure 5. The 1.5

inches  length  of  the  sample  is  simply  supported  on  the  2

rounded  supports  that  are  mathematically  rigid  surfaces,

and a similar rounded support is brought down to exert the

bending load on the sample to record the bending reaction

forces with displacement. The slope calculated from the lin-

ear  section  of  the  plotted  bending  force  to  displacement

curve yields the bend stiffness of the LCH. See Figure 6.

Figure 5: Test Setup-3pt Bend Test

Figure 6: Force vs Displacement Curve- 3Pt Bend Test
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Torsion Test

One  end  of  the  1.5  inches  length  sample  is  fully

constrained (fixed boundary conditions) in all  6 degrees of

freedom  while  the  other  end  is  torqued  radially  to  record

torque  moments  with  respect  to  radial  displacement.  The

FEA test model setup for torque is shown in Figure 7.  The

radial  displacement  of  the  LCH  in  response  to  applied

torque is plotted, and the linear section of the curve is used

to calculate the slope to determine the torsional stiffness of

the LCH. See Figure 8.

Figure 7: Test Setup-Torsion Test

Figure 8: Torque vs Radial Displacement Curve- Torsion Test

Figure 9: Test Setup-Tensile Test

Figure 10: Force vs Displacement Curve- Tensile Test
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Figure 11: 3D Surface Plots- Tensile Stiffness

Tensile Test

One end of the 1.5 inches long sample is fully cons-

trained (fixed boundary conditions) in all 6 degrees of free-

dom while the other end is applied with pull force to record

the  tensile  reactionary  forces  with  respect  to  displacement.

The FEA test model setup for tension is shown in figure 6.

The  slope  calculated  from  the  linear  section  of  the  plotted

tensile  force  to  displacement  curve  yields  the  tensile  stiff-

ness of the LCH.

Table 6: Input Levels for Central Composite Design (CCD)

Input Variables Input Variables Level

Low Center High Axial(-α) Axial(+α)

Spiral Pitch (P) 0.020 0.0275 0.035 0.0149 0.0401

Slot Width (SW) 0.003 0.005 0.007 0.0016 0.0084

Slot Arc Length (SL) 0.056 0.070 0.084 0.0465 0.0935

Table 7: CCD Matrix and FEA Simulation Data for Responses

Run
Order Blocks Input Variables Response Variables

Slot Width(in) Slot Arc
Length(in)

Spiral
Pitch(in)

Tensile
Stiffness
(lbf/in)

Torsional Stiffness(lbf-
in/rad)

Bending
Stiffness(lbf/in)

1 1 0.0030 0.0560 0.0200 149.60 10.93 17.00

2 1 0.0070 0.0560 0.0200 79.40 7.20 8.42

3 1 0.0030 0.0840 0.0200 31.19 5.75 3.59

4 1 0.0070 0.0840 0.0200 7.01 2.83 0.85

5 1 0.0030 0.0560 0.0350 256.20 9.88 25.17

6 1 0.0070 0.0560 0.0350 185.80 6.33 14.25

7 1 0.0030 0.0840 0.0350 101.40 3.58 9.65

8 1 0.0070 0.0840 0.0350 34.68 0.80 3.83

9 1 0.0016 0.0700 0.0275 93.83 10.30 10.20

10 1 0.0084 0.0700 0.0275 30.76 5.47 1.84
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11 1 0.0050 0.0465 0.0275 136.40 12.55 15.94

12 1 0.0050 0.0935 0.0275 24.31 4.02 1.82

13 1 0.0050 0.0700 0.0149 7.12 2.99 0.29

14 1 0.0050 0.0700 0.0401 95.42 3.20 10.69

15 1 0.0050 0.0700 0.0275 47.10 7.60 5.04

16 1 0.0050 0.0700 0.0275 47.10 7.60 5.04

17 1 0.0050 0.0700 0.0275 47.10 7.60 5.04

18 1 0.0050 0.0700 0.0275 47.10 7.60 5.04

19 1 0.0050 0.0700 0.0275 47.10 7.60 5.04

20 1 0.0050 0.0700 0.0275 47.10 7.60 5.04

Experimental Design and Statistical Analysis

As shown in Tables 6 and 7, 20 designs of laser cut

hypotube with cut width (0.003 in- 0.007 in), arc cut length

(0.056 in- 0.084in), and spiral pitch (0.020 in-0.035 in) were

used for the optimization procedure based on a three-factor

central  composite  design (CCD).  As shown in Table 7,  the

center  point  was  repeated  six  times.  In  real  world  experi-

ments,  the  center  point  is  repeated  to  show  repeatability

[10], however, the outputs don’t change in FEA simulation

iterations  when  the  test  setup  and  boundary  conditions

don’t change. But the six center points were still included to

adhere  to  CCD  test  methodology.  Analysis  of  variance

(ANOVA)  and  regression  surface  analysis  were  conducted

to determine the statistical significance of model terms and

fit  a  regression  relationship  relating  the  simulation  data  to

the input variables. The generalized response surface model

for describing the variation in response variables is given be-

low.

where y is the response value predicted by the mod-

el; η0 is an offset value; η1, η2, and η3 are main (linear), qua-

dratic  and  interaction  regression  coefficients,  respectively.

The model adequacy was confirmed using model analysis,

lack-of fit test and coefficient of determination (R2) analysis.

The value of Regression coefficient (R2) required to be least

0.80 for a good fitness of a response model [11]. The corre-

sponding variables will be statistically significant (p≤0.05) if

the absolute t value increases and as the p-value decreases

[12]. The terms that are found to be statistically insignifi-

cant (p>0.05) were removed from the initial response mod-

els and the experimental data was refitted to ensure that all

the independent variables are statistically significant before

finalizing the reduced regression model. The CCD design of

experiments planning, and the data analysis was performed

using Minitab v. 20.2 statistical analysis software.

Optimization and Validation Procedures

The study evaluated the combined levels of Laser-

cut  hypotube  geometry  parameters  like  slot  width  (SW),

slot length (SL) and spiral pitch (P) to identify a design with

the desired mechanical properties related to tension, torsion

and bending of the catheter. Each of these mechanical out-

puts  were  required  to  achieve  a  catheter  design  that  meets

the application criteria of physician users, while considering

that  optimal  level  for  one  input  variable  for  one  response

(individual optimal region) can be far from the optimal re-

gion for another response. Therefore, all the mechanical re-

sponses need to be analyzed simultaneously for multiple op-

timization process.  For the present  study,  target  ranges for

each of the response variables were set based on the predi-

cate device characterization data and the user requirements

of the new device. Table 8 lists the target range for each of

the responses.

Table 8: Response Variables-Target Ranges

Response Variables

Tensile Stiffness (lbf/in) Torsional Stiffness (lbf-in/rad) Bending Stiffness(lbf/in)

Target Range 5-10 8-13 5-10
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For multi response optimization, Minitab’s graphi-

cal optimization procedures were used to identify optimum

design region of slot width, slot length and the spiral pitch

that  result  in  the  optimal  responses.  For  optimization,  the

final reduced regression models were expressed as three-di-

mensional (3D) response surface plots to visualize the inter-

action effect of LCH geometrical variables on catheter’s me-

chanical responses. The 3D plots were presented by holding

one  design  variable  constant  at  center  point  of  the  range

while  varying  the  other  two  design  variables  to  show  how

each  response  variable  is  related  to  two  continuous  design

variables.  For  identifying  the  optimal  design  region  that

meets the target response ranges for each of the responses,

Minitab’s  overlaid contour plots  were  used [13].  The three

(3)  responses  with  their  targets  set  the  levels  specified

above, were plotted against all possible combinations of de-

sign variables while holding the third design variable cons-

tant at low, mid, and high levels yielding a total of 9 overlaid

contour plots. Each of the 9 contour overlaid contour plots

are then analyzed for design regions where the target ranges

for each of the response variables are met. For method vali-

dation, FEA simulation data was compared with the regres-

sion model predicted values in order to verify the adequacy

of final reduced models.

Results and Discussion

Data Analysis

The  regression  coefficients  for  the  response  vari-

ables with corresponding R2 value, F-value and p-value for

lack of fit, are provided in Table 9. Each response variable (y-

i) was assessed as a function of main, quadratic and interac-

tion  effects  of  slot  width  (x1),  slot  length  (x2)  and  spiral

pitch (x3).  The regression models were reduced by remov-

ing the squared and interaction effects that had insignificant

effect on the model with p>0.05. The reduced models indi-

cated  that  the  coefficient  of  determination  (R2)  for  the  re-

sponses was ranging from 0.803 to 0.969, and that they were

significantly  (p<0.05)  fitted  for  all  response  variables

studied. Thus, more than 80% of variability of the Lasercut

hypotube  mechanical  properties  can  be  explained  by  the

RSM models as a nonlinear function of design variables. As

shown in Table 9, all the three design variables have signifi-

cant (p < 0.05) effect on the responses, therefore they were

all  preserved in the final  reduced model.  The quadratic  ef-

fect of slot arc length (SL) and the quadratic effect of spiral

pitch  (P)  are  kept  in  the  final  reduced  response  models  of

tensile  stiffness  and  torsional  stiffness  respectively,  as  they

had significant (p<0.05) effect  on these responses.  None of

the  interaction  effects  are  included  in  any  of  the  final  re-

sponse  models  as  they  didn’t  have  statistically  significant

(p>0.05)  on  the  responses.  Also,  as  noted  by  Montgomery

[11], the polynomial regression models are considered to be

significant (p<0.05) only in the design variable ranges con-

sidered  in  the  study  and  may  not  be  valid  beyond.  There-

fore, the regression models for the responses cannot be ex-

trapolated  beyond  the  ranges  studied.  Also,  as  noted  by

Montgomery  [11],  the  polynomial  regression  models  are

considered to be significant (p<0.05) only in the design vari-

able ranges considered in the study and may not be valid be-

yond.  Therefore,  the  regression  models  for  the  responses

cannot  be  extrapolated  beyond  the  ranges  studied.

Table 9: Regression coefficients, R2, adjusted R2, probability values and lack of fit for the initial regression models

Regression
Coefficient Tensile Stiffness (y1) Bending Stiffness(y2) Torsion Stiffness(y3)

Regression
coefficient

Associated p-
value for the

term

Regression
coefficient

Associated p-
value for the

term

Regression
coefficient

Associated p-
value for the

term

η0 724 0.000 97.9 0.000 4.89 0.000

η
1

-52606 0.012 -6403 0.000 -1364 0.000

η
2

-15345 0.000 -1941 0.000 -255 0.000

η
3

6174 0.002 168 0.001 1768 0.000

η
2

1
3451025 0.110

a

268541 0.100
a

2293 0.951
a
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η
2

2
103007 0.028 10641 0.006 770 0.324

a

η
2

3
176097 0.237

a

15763 0.166
a

-29947 0.000

η
12

221879 0.570
a

48858 0.117
a

7084 0.334
a

η
13

-356175 0.624
a

-45234 0.414
a

2623 0.844
a

η
23

-137049 0.203
a

-5898 0.455
a

-2723 0.174
a

R
2

 (Model) 0.885 - 0.934 - 0.983 -

R
2

(adj) (Model) 0.782 - 0.874 - 0.967 -

3Lack of Fit (F-
value) for Model 8.57 - 15.69 - 62.63 -

Lack of Fit (P-
value) for Model 0.001 - 0.000 - 0.000 -

η
i
: the estimated regression coefficient for the main linear effects. η

ii
: the estimated regression coefficient for the quadratic effects. η

ij
: the

estimated regression coefficient for the interaction effects. 1: Slot width; 2: slot arc length; 3: spiral pitch. a- statistically insignificant
(p>0.05)

Tensile Stiffness

As shown in Table 9, the tensile stiffness (y1) was

negatively associated with main effects of slot width and slot

arc length as well as the interaction effects of slot width/spi-

ral pitch and slot length/spiral pitch combinations. Only the

3 main effects, and the quadratic effect of slot arc length in-

dicated statistically  significant  (p<0.05)  effect  on the varia-

tions in tensile stiffness response. All other quadratic and in-

teraction  effects  were  insignificant  (p>0.05)  and  were  re-

moved  from  the  final  reduced  model  for  the  tensile  stiff-

ness.  The  final  reduced  model  has  a  regression  coefficient

(R2) of 0.808 which confirms that the 80% variability in the

response is  explained by the model  for  the inputs  Lasercut

hypotube design variables.

As indicated by the surface plots in Figure 11, the

tensile stiffness reduces as the SW and the SL increase in val-

ue, while it increases with increase in spiral pitch. The sur-

face  plots  also  indicate  curvature  in  the  relationship  be-

tween  the  independent  interaction  effects  associated  with

slot  length  and  the  tensile  response.

Bending Stiffness

As indicated in Table 9, the initial regression mod-

el indicated that the slot width and slot length have signifi-

cant (p<0.05) negative effect on the bending stiffness, while

the spiral pitch has significant (p<0.05) positive effect.  The

quadratic effect of slot length also shows have significant ef-

fect in the initial model, the subsequent reduction of the re-

gression model which included all the main effects and the

quadratic effect of slot arc length, showed that the quadratic

effect  of  slot  length  diminished  and  became  insignificant

(p>0.05).  Therefore,  the  final  reduced  regression  model

with regression coefficient of 0.803, as indicated in table 10,

showed that  only  the  main  effects  have  statistically  signifi-

cant  effect  on  the  bending  response  while  other  quadratic

and interaction effects were insignificant.

The 3D surface plots (Figure 12) indicate that the

relationship between the bending response variable and the

LCH design variables is linear without any curvature in the

response due to the lack of quadratic and interaction effects

in the bending response model. Overall, the response model

indicated  that  the  bending  stiffness  decreases  with  an  in-

crease in slot width, slot length and decrease in pitch.
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Figure 12: 3D Surface Plots- Bend Stiffness

Torsional Stiffness

The initial regression model, with parameters list-

ed in Table 9, indicated that slot width and slot length have

statistically significant (p<0.05) negative effect,  while spiral

pitch  have  statistically  significant  (P<0.05)  positive  impact

on  the  torsional  stiffness  response.  The  quadratic  effect  of

spiral pitch also has significant impact, while all other qua-

dratic and interaction response are statistically insignificant

(p>0.05). The final regression model is obtained by remov-

ing  the  insignificant  terms  and  has  regression  coefficient

(R2) of 0.975 which indicates that the 97.5% of variability in

the torsional stiffness response is explained by the model.

The 3D surface plot (Figure 13) shows a linear rela-

tionship between the torque response and the interaction be-

tween  the  main  design  variables  of  slot  width  and  slot

length. A curvature of the response surface is observed with

main interactions involving spiral pitch.

Figure 13: 3D Surface Plots- Torsional Stiffness

Overall,  the  model  indicates  that  the  torque  re-

sponse increases with decrease in slot width and slot length,

and increase in spiral pitch while the interaction effects be-

tween  design  inputs  are  not  statistically  significant  per  the

model and can be ignored.

Optimization Procedure for Targeted Responses

For graphical optimization method, contour over-

laid plots are shown to be an effective methodology for opti-

mized design region identification [13].  A total  of  nine (9)

overlaid contour plots are obtained, with 3 different combi-

nations  of  design  variables  while  holding  the  third  design

variable at a constant value of low, mid, and high levels. The

contour lines for each of the responses are set to the target
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range  identified  previously  in  this  paper.  All  the  overlaid

contour plots are analyzed for feasible design regions for all

3  response  variables  combined.  As  noted  in  figure  below,

feasible  design  regions  (indicated  in  white)  were  identified

in Pitch vs SL (SW constant at 0.007), SL vs SW (Pitch cons-

tant at 0.020), SL vs SW (pitch constant at 0.0275), Pitch vs

SW (SL constant at 0.056) and Pitch vs SL (SW constant at

0.005). The design regions in all these plots, as seen in Fig-

ure 14, indicated similarity of design variable ranges where

the design is feasible.

Figure 14: Overlaid Contour Plot Matrix

Pitch vs SW (SL constant at 0.056) visually repre-

sented a  larger  design region for  potential  feasible  designs.

Each  coordinate  in  this  feasible  region  represents  an  opti-

mized  design  solution  for  the  LCH,  and  a  few designs  can

be selected for further verification and design development.

Verification of Response Surface Models

The adequacy  of  the  RSM model  used  is  checked

by  comparing  model  predictions  for  responses  against  the

FEA simulation data. A few data points were selected from

the feasible design region of the Pitch vs SW (SL constant at

0.056)  to  cover  the  majority  of  corners  of  the  design  area,

and  FEA  simulations  are  run  to  collect  the  response  data.

The  percentage  error  between  the  model  predictions  and

FEA simulation data was calculated to select the best possi-

ble  design  that  has  the  least  calculated  error.  Figure  15

shows the coordinates selected in the design area, and Table

11 below shows the computed error between the Minitab’s

model prediction and the FEA simulation.

Figure 15: Overlaid Contour Plot- Pitch vs SW
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Table 10: % Error Between Minitab Model and FEA Simulation

Tensile Stiffness Bending Stiffness Torsional Stiffness

Minitab Model Prediction 99.99 8.99 8.5

FEA Test Result 79.9 5.81 8.61

% Error 20% 35% -1%

As noted in Table 11, the percentage error calculat-

ed for the Tensile and Torque responses are less than 20%,

while the bending response has calculated error of 35% be-

tween  the  Minitab  model  prediction  and  the  FEA  simula-

tion data. The factors causing large variance between the sta-

tistically significant (P<0.05) and high regression coefficient

(R2>0.80) model and the experimental data can be low R-sq

(pred)  values  for  tensile  and  bending  responses  (47%  and

55% respectively) due to high residual errors in the regres-

sion  models  used  for  these  responses.  This  indicates  high

residual  error  between  model  predicted  values  and  the  ex-

perimental data. This may be attributed to lack of adequate

experimental  simulation  data  that  includes  multiple  levels

between the chosen low and high levels of the design inputs

while in the current data pool there is only one center point.

Due to data inadequacy, some of the interaction effects be-

tween the main factors may be shown to be statistically in-

significant, while in reality they may be significant. The er-

ror  between experimental  simulation data  and the  model’s

prediction could be due to presence of outliers that could be

skewing the data.

While further optimization of the Minitab’s model

is outside the scope of this paper, the designer may need to

draw a correlation between the FEA data and real-world ex-

perimental data for simulation data validation. Based on the

correlation  the  regression  model  may  need  to  be  adjusted

based on the correction factor determined. If residual error

for  the  regression  model  continues  to  remain  high,  real--

world DOE needs to be run to supplement the FEA simula-

tion data to improve the model’s accuracy.

Conclusion

This  paper  discussed  the  intricacies  associated

with  the  design  of  cardiovascular  catheters  using  Lasercut

hypotubes for their optimal mechanical performance as de-

sired  by  the  physician  community.  Interrupted  spiral  pat-

tern laser cut hypotube design allows for specifying a recipe

of geometrical design inputs to control the mechanical per-

formance  outputs  related  to  tension,  torque  and  bending.

The case study presented to detail the interrupted spiral pat-

tern  design  methodology  and  optimization  of  multiple  re-

sponses  using Minitab’s  RSM was able  to  identify  a  design

using  FEA  simulation  data  with  20%  error  in  tensile  re-

sponse, 1% error in torque response and 35% in bending re-

sponse.  The  high  percentage  error  between  the  Minitab’s

model was attributed to the high residual error in the mod-

el. This may be addressed- to improve the model’s predicta-

bility-  by  adding  additional  simulation  data  by  running  a

full  factorial  DOE  and  identification  of  potential  outliers

due to sensitivity of FEA simulations compared to that of re-

al-world  data.  A  correction  factor  to  neutralize  the  differ-

ences  between the  real-world  data  and the  simulation data

may be determined to account for the differences in variabil-

ity of test methods, material models and the boundary con-

ditions used by Minitab computations compared to the re-

al-world.

Even with  the  large  percentage  error  between the

model’s prediction and simulation data for the chosen exam-

ple design of  the Lasercut hypotube,  the methodology pre-

sented in the paper provided a detailed overview of model-

ing of Lasercut hypotube, selection of critical parameters for

design, using FEA simulation data for conducting multiple

response optimization using Minitab’s DOE and identifica-

tion  of  optimized  Lasercut  Hypotube  design  for  structural

heart  catheter  without  having  to  undergo  cost  prohibitive

prototyping iterative process.
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