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            		 		UMAT and VUMAT routines for the 
                  elastic-plastic simulation of Nitinol

		

		 		Question

		 		
                  I wish to model the superelastic-plastic behavior of shape 
                  memory alloys such as Nitinol. Which material model should I 
                  use?



		

		 		Answer

		 		
                  (The following applies to Releases 6.5-1 and higher. )


                  Introduction 


                  For Releases 6.5-1 and higher of Abaqus, a constitutive 
                  model to simulate the superelastic behavior of alloys such as 
                  Nitinol (a nickel-titanium alloy commonly used in medical 
                  devices, such as cardiovascular stents and orthodontic wires) 
                  at finite strains is provided in the form of a built-in user 
                  material model for both Abaqus/Standard and Abaqus/Explicit. 
                  This model has been well tested and performs robustly for all 
                  applicable elements.


                  Plasticity effects are included in Releases 6.10-1 and 
                  higher.


                  Alloys such as Nitinol exhibit superelastic behavior as 
                  they undergo reversible phase transformations between the 
                  austenite phase and martensite phase, both phases being linear 
                  elastic. This transformation produces a substantial amount of 
                  strain, which upon unloading is reversible.


                  The model is based on an additive strain decomposition, in 
                  which the total strain is taken as the sum of the elastic 
                  strain, the transformation strain, and the plastic strain. 
                  Plastic strains develop as soon as the material is loaded 
                  beyond full transformation. The transformation strain is of 
                  the order of 6%, but the elastic strain is much smaller, and 
                  should be limited to a maximum of 2%. Since the transformation 
                  strains are large compared to typical elastic strains in a 
                  metal, the material is said to be superelastic [1,2].


                  The material data required by the model are obtained from 
                  straightforward observations of uniaxial tests. The data 
                  characterize the start and end of the phase transformation 
                  during loading, unloading and reverse loading. The different 
                  elastic constants for the austenite and martensite phases are 
                  accounted for and user control of volumetric transformation 
                  strains is allowed. Temperature effects are included as 
                  well.


                  User interface 


                  The superelastic behavior is based on the uniaxial behavior 
                  shown in the attached (V)UMAT user 
                  interface documents 
                  (UMAT-superelastic-plastic.pdf and 
                  VUMAT-superelastic-plastic.pdf). As explained in 
                  detail below, this material is included in the model by using 
                  the *USER MATERIAL option. The formulation uses 
                  24 solution-dependent state variables (SDVs) in the elastic 
                  case, 31 when plasticity is included; this number is specified 
                  using the *DEPVAR option. 


                  The material data required as input are explained in the 
                  aforementioned user interface documents. Different behavior in 
                  tension and compression can be specified by providing scLS (start of 
                  transformation during compression). The model also allows for 
                  user control of the volumetric transformation strain (eVL ) in the cases 
                  for which there is different behavior in tension and in 
                  compression. If eVL is not specified, 
                  it is assumed to be zero and a non-associated Drucker-Prager 
                  type formulation is used. This is recommended as the default 
                  behavior, if such data is not available, since eVL is usually very 
                  small. As a matter of convenience, an associated 
                  Drucker-Prager formulation is used if eVL is (artificially) 
                  made equal to eL. When 
                  eVL is not 
                  equal to eL, it is 
                  recommended to include the UNSYMM parameter on 
                  the *USER MATERIAL option and also invoke the 
                  unsymmetric equation solver by including 
                  UNSYMM=YES on the *STEP 
                  definition. These are recommended in order to avoid 
                  convergence issues.


                  Abaqus/Standard 


                  Using this material model requires the specification of 15 
                  + NA material constants on the data lines of the 
                  *USER MATERIAL option, where NA is the 
                  number of anneals (see the Annealing section 
                  below for description of annealing) that are performed. When 
                  plasticity is included, 16 + NA + 2NP 
                  material constants must be specified, where NP is 
                  the number of stress-strain pairs to define the yield curve. 
                  Note that if the analysis will involve importing the model 
                  into Abaqus/Explicit, the NAME parameter must be 
                  used consistently with the conventions defined below for 
                  Abaqus/Explicit. A detailed example of the keyword usage for 
                  Abaqus/Standard is shown in 
                  UMAT-superelastic-plastic.pdf.


                  The NAME parameter on *MATERIAL 
                  must start with ABQ_SUPER_ELASTIC. For example, a 
                  material may be named ABQ_SUPER_ELASTIC_1.


                  Abaqus/Explicit 


                  Using this material model requires the specification of 14 
                  material constants on the data lines of the *USER 
                  MATERIAL option. When plasticity is included, 15 + 
                  2NP constants are required. A detailed example of 
                  the keyword usage for Abaqus/Explicit is shown in 
                  VUMAT-superelastic-plastic.pdf


                  The NAME parameter on *MATERIAL 
                  must start with ABQ_SUPER_ELASTIC_N1D (beam 
                  elements), ABQ_SUPER_ELASTIC_N2D (plane stress, 
                  shell, and membrane elements), or 
                  ABQ_SUPER_ELASTIC_N3D (plane strain, 
                  axisymmetric, 3D solid elements).


                  Supported elements 


                  The elements that are supported for use with the material 
                  model are:


                  3D solids
Plane 
                    strain
Axisymmetric
Plane stress
3D shells
3D 
                    membranes
3D beams 


                  In Releases 6.7-1 and higher, the hourglass stiffness is 
                  not calculated by default when reduced integration elements 
                  are in use. You must specify this property using the 
                  *HOURGLASS STIFFNESS keyword option. To estimate 
                  the value of this stiffness, replace the Nitinol material with 
                  a linear elastic material that uses the same modulus and 
                  Poisson's ratio, and run a datacheck analysis. Include the 
                  *PREPRINT, MODEL=YES option and the hourglass 
                  stiffness values will be included in the printed results 
                  (.dat) file.


                  Analysis Procedures 


                  The material model can be used with analysis procedures 
                  that support mechanical behavior. The following procedures are 
                  commonly used in typical applications involving superelastic 
                  alloys: *STATIC, *COUPLED TEMPERATURE-DISPLACEMENT, 
                  *DYNAMIC, *DYNAMIC, EXPLICIT.


                  The Nitinol VUMAT does not contain any non thread-safe 
                  statements such as data, save, and 
                  common. Thus, it is safe to use this VUMAT in 
                  parallel execution for both thread-based 
                  (mp_mode=threads) parallelization and mpi-based 
                  (mp_mode=mpi) parallelization.


                  Annealing 


                  By resetting the state variables to zero you may anneal the 
                  material in the middle of an analysis to provide a new 
                  unloaded configuration. This procedure is different for 
                  Abaqus/Standard and Abaqus/Explicit. Sample templates are 
                  provided to illustrate the differences.


                  In Abaqus/Standard, annealing is done by removing the 
                  elements using *MODEL CHANGE, REMOVE and adding 
                  them back strain-free using *MODEL CHANGE, ADD=STRAIN 
                  FREE. The number of anneals to be performed during the 
                  analysis (NA) and the step numbers in which the 
                  elements are added strain free are provided on the data lines 
                  of the *USER MATERIAL option (refer to the input 
                  file template annealing-template-standard.inp in 
                  attachment Templates_InputFiles_References.zip 
                  and the UMAT user interface document).


                  In Abaqus/Explicit, annealing is done using the keyword 
                  option *ANNEAL (refer to the input file template 
                  annealing-template-explicit.inp in attachment 
                  Templates_InputFiles_References.zip).


                  Sample input files


                  Sample input files are included in attachment 
                  Templates_InputFiles_References.zip.


                  References 

Included in attachment 
                  Templates_InputFiles_References.zip: 
                  		'Simulation of implantable nitinol stents,' Nuno Rebelo, 
                    Norm Walker and Hoss Foadian, Proceedings of the 2001 Abaqus 
                    Users conference

		Spring 2001 issue of SIMULIA Answers




                  Additional references:


                  		Auricchio, F. and Taylor, R.L., "Shape-memory 
                    alloys: modeling and numerical simulations of the 
                    finite-strain superelastic behavior," Computer Methods in 
                    Applied Mechanics and Engineering, 1997, vol. 143, pp. 
                    175-194.

		Auricchio, F., Taylor, R.L. and Lubliner, J., "Shape-memory 
                    alloys: macromodeling and numerical simulations of the 
                    superelastic behavior," Computer Methods in Applied 
                    Mechanics and Engineering, 1997, vol. 146, pp. 
                  281-312.





                  
                           
                   


		

		 		Related Status rpts.

		 		Go to the Status Reports Utility and search for the 
                  following status reports:
v66_4053 To successfully import 
                  an analysis from ABAQUS/Standard to ABAQUS/Explicit, the names 
                  used for the Nitinol material in the ABAQUS/Standard analysis 
                  must follow the ABAQUS/Explicit naming convention. Correction 
                  available in ABAQUS Version 6.7-1.

		

		 		File Attachments

		 		 •  
                  Templates_InputFiles_References.zip
 •  
                  UMAT-superelastic-plastic.pdf
 •  
                  VUMAT-superelastic-plastic.pdf


		 

		 		How well did this answer your 
                  question?

		 		
                   
                  		
                        How well did this answer your 
                        question?      
                          100% 75% 50% 25% 0%    
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	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.folder {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.foldernn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1_bg {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1_bgnn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.gridcell {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.gridcellnn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.folder {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.foldernn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1_bg {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1_bgnn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.gridcell {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.gridcellnn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.folder {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.foldernn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1_bg {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1_bgnn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.gridcell {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.gridcellnn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.folder {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.foldernn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.itemlvl1nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt
}
.smtext {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 9pt
}
.vsmtext {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2 {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
.itemlvl2nn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 8pt
}
TD.textcell {
	BACKGROUND-COLOR: #f7f7f7
}
INPUT.textcell {
	BACKGROUND-COLOR: #f7f7f7
}
TD.idxcell {
	BACKGROUND-COLOR: #2d2c87; COLOR: white
}
TD.graycell {
	BACKGROUND-COLOR: #f7f7f7
}
TD.subtitle {
	BACKGROUND-COLOR: #2d2c87; COLOR: white
}
TD.title {
	BACKGROUND-COLOR: #2d2c87; COLOR: white
}
TD.pagehdg {
	BACKGROUND-COLOR: #2d2c87; COLOR: white
}
TD.userbar {
	BACKGROUND-COLOR: #dddddd
}
INPUT.btn {
	FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 9pt; FONT-WEIGHT: bold
}
FORM.block {
	PADDING-BOTTOM: 0px; MARGIN-TOP: 8px; MARGIN-BOTTOM: 8px; PADDING-TOP: 0px
}
FORM.minimal {
	PADDING-BOTTOM: 0px; MARGIN: 0px; PADDING-LEFT: 0px; PADDING-RIGHT: 0px; PADDING-TOP: 0px
}
BODY {
	MARGIN-TOP: 0px; MARGIN-LEFT: 0px; margin-width: 0px
}
A.tab {
	COLOR: black; TEXT-DECORATION: none
}
A.tab:visited {
	COLOR: black; TEXT-DECORATION: none
}
A.subtab {
	COLOR: black; TEXT-DECORATION: none
}
A.subtab:visited {
	COLOR: black; TEXT-DECORATION: none
}
A.selsubtab {
	COLOR: black; TEXT-DECORATION: none
}
A.selsubtab:visited {
	COLOR: black; TEXT-DECORATION: none
}
A.tabbtn {
	COLOR: black; TEXT-DECORATION: none
}
A.tabbtn:visited {
	COLOR: black; TEXT-DECORATION: none
}
A.tab:hover {
	COLOR: #0000bb; TEXT-DECORATION: none
}
A.tab:active {
	COLOR: #0000bb; TEXT-DECORATION: none
}
A.subtab:hover {
	COLOR: #0000bb; TEXT-DECORATION: none
}
A.subtab:active {
	COLOR: #0000bb; TEXT-DECORATION: none
}
A.selsubtab:hover {
	COLOR: #0000bb; TEXT-DECORATION: none
}
A.selsubtab:active {
	COLOR: #0000bb; TEXT-DECORATION: none
}
A.tabbtn:hover {
	COLOR: #0000bb; TEXT-DECORATION: none
}
A.tabbtn:active {
	COLOR: #0000bb; TEXT-DECORATION: none
}
TD.itemlvl1_bg {
	PADDING-BOTTOM: 1px; LINE-HEIGHT: 0.98; BACKGROUND-COLOR: #ebedec; PADDING-LEFT: 3px; PADDING-RIGHT: 3px; PADDING-TOP: 3px
}
IMG.hl {
	BORDER-BOTTOM-COLOR: #909070; BORDER-TOP-COLOR: #909070; BORDER-RIGHT-COLOR: #909070; BORDER-LEFT-COLOR: #909070
}
TH.subheading {
	BORDER-BOTTOM: #b6c3aa 1px solid; TEXT-ALIGN: left; BORDER-LEFT: #ffffff 1px solid; BACKGROUND-COLOR: #ffffff; PADDING-LEFT: 8px; PADDING-RIGHT: 5px; FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 9pt; BORDER-TOP: #ffffff 1px solid; FONT-WEIGHT: bold; BORDER-RIGHT: #ffffff 1px solid
}
TH.sideheading {
	BORDER-BOTTOM: #b6c3aa 1px solid; TEXT-ALIGN: left; BORDER-LEFT: #ffffff 1px solid; PADDING-BOTTOM: 3px; PADDING-LEFT: 12px; PADDING-RIGHT: 5px; FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt; BORDER-TOP: #ffffff 1px solid; FONT-WEIGHT: bold; BORDER-RIGHT: #ffffff 0px solid; PADDING-TOP: 4px
}
.htext {
	BORDER-BOTTOM: #b6c3aa 1px solid; BORDER-LEFT: #ffffff 0px solid; PADDING-BOTTOM: 6px; PADDING-LEFT: 10px; PADDING-RIGHT: 5px; FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt; BORDER-TOP: #ffffff 1px solid; BORDER-RIGHT: #ffffff 1px solid; PADDING-TOP: 4px
}
TD.hcell {
	PADDING-BOTTOM: 2px; BACKGROUND-COLOR: #f7f7f7; PADDING-LEFT: 10px; PADDING-RIGHT: 5px; PADDING-TOP: 2px
}
TABLE.grid {
	BORDER-BOTTOM: #ffffff 1px solid; BORDER-LEFT: #ffffff 1px solid; BORDER-TOP: #ffffff 1px solid; BORDER-RIGHT: #ffffff 1px solid
}
TABLE.grid {
	BORDER-BOTTOM: #ffffff 1px solid; BORDER-LEFT: #ffffff 1px solid; BORDER-TOP: #ffffff 1px solid; BORDER-RIGHT: #ffffff 1px solid
}
TH.colhdr {
	BORDER-BOTTOM: #959595 1px solid; TEXT-ALIGN: left; BORDER-LEFT: #ffffff 1px solid; BACKGROUND-COLOR: #959595; PADDING-LEFT: 4px; PADDING-RIGHT: 5px; COLOR: white; BORDER-TOP: #959595 1px solid; BORDER-RIGHT: #959595 1px solid
}
TD.colarrow {
	BORDER-BOTTOM: #959595 1px solid; TEXT-ALIGN: right; BORDER-LEFT: #959595 1px solid; BACKGROUND-COLOR: #959595; PADDING-LEFT: 4px; PADDING-RIGHT: 5px; COLOR: white; BORDER-TOP: #959595 1px solid; BORDER-RIGHT: #ffffff 1px solid
}
TD.grididx {
	BACKGROUND-COLOR: #b6c3aa; PADDING-LEFT: 4px; PADDING-RIGHT: 4px
}
TH.grididx {
	BORDER-BOTTOM: #ffffff 1px solid; BORDER-LEFT: #ffffff 1px solid; BACKGROUND-COLOR: #b6c3aa; PADDING-LEFT: 4px; PADDING-RIGHT: 4px; COLOR: #000000; BORDER-TOP: #ffffff 1px solid; BORDER-RIGHT: #ffffff 1px solid
}
TD.cellline {
	BORDER-BOTTOM: #b6c3aa 1px solid; BORDER-LEFT: #f7f7f7 1px solid; PADDING-BOTTOM: 1px; LINE-HEIGHT: 0.98; BACKGROUND-COLOR: #f7f7f7; PADDING-LEFT: 4px; PADDING-RIGHT: 4px; FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FONT-SIZE: 10pt; BORDER-TOP: #f7f7f7 1px solid; BORDER-RIGHT: #f7f7f7 1px solid; PADDING-TOP: 2px
}
H2.subtitle {
	TEXT-ALIGN: left; FONT-FAMILY: Arial, Helvetica, Tahoma, sans-serif; FLOAT: left; COLOR: white; FONT-SIZE: 10pt
}
TD.bar {
	BACKGROUND-COLOR: #2d2c87; HEIGHT: 20px
}
TD.ltbar {
	BACKGROUND-COLOR: #959595; HEIGHT: 20px
}




1658/1658_fichiers/enduser.js
// ----------------------------------------------------------------------------
//       File Name: enduser.js
//       Subsystem: enduser
//   Document Type: Javascript include file
//         Purpose: contains all non-page specific enduser page Javascript
// ----------------------------------------------------------------------------
var inside_check_mask = 0;

function utf8_len(str)
{
    var i, sz, len = 0;

    for (i = 0, sz = str.length; i < sz; i++) 
        if (str.charCodeAt(i) < 0x0080)
            len += 1;
        else if (str.charCodeAt(i) < 0x0800)
            len += 2;
        else
            len += 3;

    return(len);
}

// ----------------------------------------------------------------------------

function utf8_excess_chars(str, maxlen)
{
    var i, sz, len = 0; excess = 0;

    for (i = 0, sz = str.length; i < sz; i++)
    {
        if (str.charCodeAt(i) < 0x0080)
            len += 1;
        else if (str.charCodeAt(i) < 0x0800)
            len += 2;
        else
            len += 3;

        if (len > maxlen)
            excess += 1;
    }

    return(excess);
}

// ----------------------------------------------------------------------------

function is_furigana_string(str)
{
    var i, sz, c;

    for (i = 0, sz = str.length; i < sz; i++)
    {
        c = str.charCodeAt(i);

        if ((c >= 0x3041  &&  c <= 0x309E) || // hiragana
            (c >= 0x30A1  &&  c <= 0x30FE) || // full-width katakana
            (c == 0x2212) || (c == 0x2025) || // full-width hyphens
            (c == 0xFF0E) || (c == 0x0020) || // nakaguro, ' '
            (c >= 0x0030  &&  c <= 0x0039) || // '0' - '9'
            (c >= 0x0041  &&  c <= 0x005A) || // 'A' - 'Z'
            (c >= 0x0061  &&  c <= 0x007A) || // 'a' - 'z'
            (c == 0x0028) || (c == 0x0029) || // '('   ')'
            (c == 0x002C) || (c == 0x002E) || // ','   '.'
            (c == 0x0026) || (c == 0x002D) || // '&'   '-'
            (c == 0xFF0D) || (c == 0xFF06) || // full-width hypen and ampersand
            (c == 0xFF08) || (c == 0xFF09) || // full-width parenthesis
            (c == 0x3000))                    // full-width space
            continue;

        return(false);
    }

    return(true);
}

// ----------------------------------------------------------------------------

function submenu(code, items)
{
    this.code  = code;
    this.items = items;
}

// ----------------------------------------------------------------------------

function subitem(code, name)
{
    this.code = code;
    this.name = name;
}

// ----------------------------------------------------------------------------

function field_data(int_msg, reqd_msg, not_complete_msg, oversz_msg,
                    ascii_msg, email_msg, furigana_msg, 
                    too_few_options_msg, too_many_options_msg,
                    mon_lbl, day_lbl, yr_lbl, hr_lbl, min_lbl,
                    email_expr, date_order, date_max_year, no_html_msg, pos_int_msg,
                    fld_too_mny_chars_msg, must_cont_valid_format_char_msg,                    
                    not_valid_format_char_msg, must_cont_valid_num_msg,
                    not_valid_num_msg, must_cont_valid_alphanum_msg,
                    not_valid_alphanum_msg, must_cont_valid_letter_msg,
                    not_valid_letter_msg, must_cont_valid_char_msg,
                    not_valid_char_msg, corr_fmt_is_msg, val_ent_lt_sm_val_fld_msg, val_ent_gt_lg_val_fld_msg, invalid_date_msg,
                    invalid_date_format_msg,
                    mm_abbreviation,
                    dd_abbreviation,
                    yyyy_abbreviation,
                    min_year_msg,
                    max_year_msg)
{
    this.int_msg                           = int_msg;
    this.reqd_msg                          = reqd_msg;
    this.not_complete_msg                  = not_complete_msg;
    this.oversz_msg                        = oversz_msg;
    this.ascii_msg                         = ascii_msg;
    this.email_msg                         = email_msg;
    this.furigana_msg                      = furigana_msg;
    this.no_html_msg                       = no_html_msg;    
    this.pos_int_msg                       = pos_int_msg;
    this.fld_too_mny_chars_msg             = fld_too_mny_chars_msg;
    this.must_cont_valid_format_char_msg   = must_cont_valid_format_char_msg;
    this.not_valid_format_char_msg         = not_valid_format_char_msg;
    this.must_cont_valid_num_msg           = must_cont_valid_num_msg;
    this.not_valid_num_msg                 = not_valid_num_msg;
    this.must_cont_valid_alphanum_msg      = must_cont_valid_alphanum_msg;
    this.not_valid_alphanum_msg            = not_valid_alphanum_msg;
    this.must_cont_valid_letter_msg        = must_cont_valid_letter_msg;
    this.not_valid_letter_msg              = not_valid_letter_msg;
    this.must_cont_valid_char_msg          = must_cont_valid_char_msg;
    this.not_valid_char_msg                = not_valid_char_msg;
    this.corr_fmt_is_msg                   = corr_fmt_is_msg;
    this.too_few_options_msg               = too_few_options_msg;
    this.too_many_options_msg              = too_many_options_msg;
    this.val_ent_lt_sm_val_fld_msg         = val_ent_lt_sm_val_fld_msg;
    this.val_ent_gt_lg_val_fld_msg         = val_ent_gt_lg_val_fld_msg;
    this.invalid_date_msg                  = invalid_date_msg;
    this.invalid_date_format_msg           = invalid_date_format_msg;
    this.mm_abbreviation                   = mm_abbreviation;
    this.dd_abbreviation                   = dd_abbreviation;
    this.yyyy_abbreviation                 = yyyy_abbreviation;
    this.min_year_msg                      = min_year_msg;
    this.max_year_msg                      = max_year_msg;

    this.date_order                        = date_order;
    this.date_max_year                     = date_max_year;

    // can't do a cfg_get in javascript, so store it in a javascript variable
    switch (date_order) 
    {
    case 0: // American
        this.dt_lbl     = new Array(mon_lbl, day_lbl, yr_lbl, hr_lbl, min_lbl);
        this.dt_sfx     = new Array('_mon', '_day', '_yr');
        break;
    case 1: // Japanese
        this.dt_lbl     = new Array(yr_lbl, mon_lbl, day_lbl, hr_lbl, min_lbl);
        this.dt_sfx     = new Array('_yr', '_mon', '_day');
        break;
    case 2: // European
        this.dt_lbl     = new Array(day_lbl, mon_lbl, yr_lbl, hr_lbl, min_lbl);
        this.dt_sfx     = new Array('_day', '_mon', '_yr');
        break;
    }

    email_expr = email_expr.replace(/^\s+|\s$/g,''); // trim any return characters or whitespace
    this.email_expr = new RegExp(email_expr ? email_expr : '.*');
}

// ----------------------------------------------------------------------------

function field(name, label, type, maxlen, flags)
{
    this.name   = name;
    this.label  = label;
    this.type   = type;
    this.maxlen = maxlen;

    // flags is a bitmask:
    //  0x0001  required
    //  0x0002  ascii only
    //  0x0004  must match email pattern
    //  0x0008  cannot contain HTML
    //  0x0010  valid furigana characters only
    //  0x0020  cannot contain < >
    //  0x0040  int must be greater than 0
    //  0x0080  field is a checkbox (unselected value doesn't show in post params)
    this.flags  = flags;
}

// ----------------------------------------------------------------------------

function _upd_submenu(menu, submenu, submenu_data, all_str)
{
    var i, j = 1, sz;

    submenu.length = 0;

    submenu.options[0]       = new Option();
    submenu.options[0].text  = all_str;
    submenu.options[0].value = '';

    for (i = 0, sz = submenu_data.length; i < sz; i++)
        if (submenu_data[i].code == menu.options[menu.selectedIndex].value)
        {
            for ( ; j <= submenu_data[i].items.length; j++)
            {
                submenu.options[j]       = new Option();
                submenu.options[j].text  = submenu_data[i].items[j-1].name;
                submenu.options[j].value = submenu_data[i].items[j-1].code;
            }

            break;
        }

    submenu.length        = j;
    submenu.selectedIndex = 0;
}

// ----------------------------------------------------------------------------

function _alp_onload(page, gridsort)
{
    if (document.grid)
    {
        if (document.grid.p_page)
            document.grid.p_page.selectedIndex = page - 1;
        if (document.grid.p_gridsort)
            document.grid.p_gridsort.value = gridsort;
    }
}

// ----------------------------------------------------------------------------

function _adp_print(url)
{
    window.open(url, 'print_answer', 'resizable,menubar,toolbar,scrollbars');
}

// ----------------------------------------------------------------------------

function _adp_email(url)
{
    window.open(url, 'email_answer', 'resizable,width=700,height=550');
}

// ----------------------------------------------------------------------------
// CDT_DATE and CDT_DATETIME components are processed as individual CDT_MENU
// fields

function _check_fields(form_name, fld_data, fields)
{
    var fld, i, j, numSet, str;
    var ws_exp      = new RegExp("(^\\s+|\\s*$)", "g");
    var strtok_exp  = new RegExp("%s");
    var numtok_exp  = new RegExp("%d");
    var valid_ascii = new RegExp("^[\x20-\x7e]+$");
    var no_html     = new RegExp("[<>]");
  
    with (fld_data) for (i = 0; (i < fields.length) && fields[i].type; i++)
    {
        if ((fields[i].type != 4) && (fields[i].type != 7))
            fld = eval('document.'+form_name+'.'+fields[i].name);
        
        switch (fields[i].type)
        {
        	
            case 1: // CDT_MENU
                if ((fields[i].flags & 1) &&
                    (fld.length > 1) && (fld.selectedIndex < 1))
                {
                    alert('\''+fields[i].label+'\' '+reqd_msg);
                    fld.focus();
                    return(false);
                }
                break;

            case 2: // CDT_BOOL
            case 8: // CDT_OPT_IN
                if ((fields[i].flags & 1) &&
                    !fld[0].checked && !fld[1].checked)
                {
                    alert('\''+fields[i].label+'\' '+reqd_msg);
                    fld[0].focus();
                    return(false);
                }
                break;

            case 3: // CDT_INT
				if(fld.value == null)
				break;
                fld.value = fld.value.replace(ws_exp, '');
                if (fld.value.length && isNaN(fld.value))
                {
                    alert('\''+fields[i].label+'\' '+int_msg);
                    fld.focus();
                    return(false);
                }
                if (fields[i].flags & 0x40 && fld.value < 0)
                {
                    alert('\''+fields[i].label+'\' '+pos_int_msg);
                    fld.focus();
                    return(false);                     
                }
                
                if(parseInt(fld.value) > fld.maxval)
                {
                    alert('\''+fields[i].label+'\' '+val_ent_gt_lg_val_fld_msg + ' \'' + fld.maxval + '\'');
                    fld.focus();
                    return(false);                     
                }
                if(parseInt(fld.value) < fld.minval)
                {
                    alert('\''+fields[i].label+'\' '+ val_ent_lt_sm_val_fld_msg + ' \'' + fld.minval + '\'');
                    fld.focus();
                    return(false);                     
                }

                // I guess no one dares get rid of this deliberate drop through since
                // it was put in at the beginning of time!... just keep adding if's inside
                // the cases.  We're always so 
                // afraid of creating new bugs that we don't ever do the right thing!
                // deliberate drop through

            case 5: // CDT_VARCHAR
				if(fld.value == null)
				break;
                //check to see that the maxlenth is followed
                //not valid for CDT_INT
                if (fields[i].type != 3 && fields[i].maxlen && (fields[i].maxlen < fld.value.length))
                {
                    str = oversz_msg.replace(strtok_exp, fields[i].label);
                    str = str.replace(numtok_exp, fields[i].maxlen);
                    str = str.replace(numtok_exp,
                                      fld.value.length - fields[i].maxlen);

                    alert(str);
                    fld.focus();
                    return(false);
                }
                if(fields[i].label.toUpperCase() == 'ALTERNATEEMAIL' && !email_expr.test(fld.value))
                {
                    alert('\''+fields[i].label+'\' '+email_msg);
                    fld.focus();
                    return(false);
                }
     case 6: // CDT_MEMO
				if(fld.value == null)
				break;
                //only happens for CDT_MEMO anyway
                if ((fields[i].type == 6) && fields[i].maxlen && (fields[i].maxlen < utf8_len(fld.value)))
                {
                    var extra;
                    var rough_mbcs = parseInt(utf8_len(fld.value) / (fld.value.length));
                    if(utf8_len(fld.value) % (fld.value.length) != 0)
                        rough_mbcs++;
                    str = oversz_msg.replace(strtok_exp, fields[i].label);
                    str = str.replace(numtok_exp, parseInt(fields[i].maxlen/rough_mbcs));
                    extra = parseInt((utf8_len(fld.value) - fields[i].maxlen)/rough_mbcs);
                    if((utf8_len(fld.value) - fields[i].maxlen) % (rough_mbcs) != 0)
                        extra++;
                    str = str.replace(numtok_exp, extra);

                    alert(str);
                    fld.focus();
                    return(false);
                }

                //only if not a CDT_INT
                if (fields[i].type != 3)
                    fld.value = fld.value.replace(ws_exp, '');

                //if required and not set
                if ((fields[i].flags & 1) && (fld.value.length == 0))
                {
                    alert('\''+fields[i].label+'\' '+reqd_msg);
                    fld.focus();
                    return(false);
                }

                // if not required and not set, don't do checks
                if ((fld.value.length == 0))
                    break;

                if ((fields[i].flags & 2) && !valid_ascii.test(fld.value))
                {
                    alert('\''+fields[i].label+'\' '+ascii_msg);
                    fld.focus();
                    return(false);
                }

                if ((fields[i].flags & 4) && !email_expr.test(fld.value))
                {
                    alert('\''+fields[i].label+'\' '+email_msg);
                    fld.focus();
                    return(false);
                }

                if ((fields[i].flags & 0x10) && !is_furigana_string(fld.value))
                {
                    alert('\''+fields[i].label+'\' '+furigana_msg);
                    fld.focus();
                    return(false);
                }
                
                if (fields[i].flags & 0x20 && no_html.test(fld.value))
                {
                    alert('\''+fields[i].label+'\' '+ no_html_msg);
                    fld.focus();
                    return(false);
                }
                
                break;


            case 4: // CDT_DATETIME
            case 7: // CDT_DATE
                fld = new Array();

                fld[0] = eval('document.'+form_name+'.'+fields[i].name+dt_sfx[0]);
                fld[1] = eval('document.'+form_name+'.'+fields[i].name+dt_sfx[1]);
                fld[2] = eval('document.'+form_name+'.'+fields[i].name+dt_sfx[2]);

                //if any of the above three elements have a style of none, then
                //we need to use the new widget logic
                if (fld[0].type != "hidden")
                {
                //do old stuff
                if (fields[i].type == 4)
                {
                    fld[3] = eval('document.'+form_name+'.'+fields[i].name+'_hr');
                    fld[4] = eval('document.'+form_name+'.'+fields[i].name+'_min');
                }
                if (fld[0].value == '1' && fld[1].value == '1' && fld[2].value == '1970')
                {
                     alert('Due to TimeZone issues 1/1/1970 is not a valid date. \n Please reenter a more recent date. (e.g. 1/2/1970)');
                     fld[1].value = '2';
                     fld[0].focus();
                     return(false);
                }
                if (!(fields[i].flags & 1))  // not required
                {
                    for (j = numSet = 0; j < fld.length; j++)
                        numSet += (fld[j].selectedIndex > 0) ? 1 : 0;

                    if ((numSet > 0) && (numSet != fld.length))
                    {
                        // field is only partially filled out
                        alert('\''+fields[i].label+'\' '+not_complete_msg);
                        fld[0].focus();
                        return(false);
                    }

                    break;
                }

                for (j = 0; j < fld.length; j++)
                    if ((fld[j].selectedIndex < 1))
                    {
                        alert('\''+fields[i].label+' ('+dt_lbl[j]+')\' '+reqd_msg);
                        fld[j].focus();
                        return(false);
                    }

                break;
                }   //end if
                else
                {
                    //the old code just verifies that if the field is not required and one of the dropdowns is set, they should all be set
                    //then if it is required, it verifies that all the dropdowns are set.
                    //new code would verify that the textbox containing the date parsed to a date first 
                    //if it were a date_time, it would also do the old code stuff for the hours and minutes
                    //we are dealing with a text input and possibly some dropdowns
                    fld = new Array();
                    tempFld = eval('document.'+form_name+'.'+fields[i].name+'_mon');    //hidden input
                    //this is passed in through util.phph on the month hidden drop down
                    //perhaps something better can be done in trunk
                    fld[0] = document.getElementById(tempFld.correspondingTextInput)   //textbox

                    //add the date order to fld[0] to aid in validation
                    if(typeof(date_order) != "undefined")
                        fld[0].date_order = date_order;
                    else
                        fld[0].date_order = 0;  //default to american

                    if(typeof(date_max_year) != "undefined")
                        fld[0].date_max_year = date_max_year;
                    else
                        date_max_year = 2010;   //default to 2010

                    fld[1] = eval('document.'+form_name+'.'+fields[i].name+'_hr');
                    fld[2] = eval('document.'+form_name+'.'+fields[i].name+'_min');

                    var calObject = fld[0].correspondingCalendarObject;
                    monthPos = calObject.cfg.getProperty("MDY_MONTH_POSITION");
                    datePos = calObject.cfg.getProperty("MDY_DAY_POSITION");
                    yearPos = calObject.cfg.getProperty("MDY_YEAR_POSITION");
                    var tempArray = new Array();
                    tempArray[monthPos] = mm_abbreviation;
                    tempArray[datePos] = dd_abbreviation;
                    tempArray[yearPos] = yyyy_abbreviation;
                    var date_format_str = tempArray[1] + "/" + tempArray[2] + "/" + tempArray[3];
                    
                    //first check to see if the text field is a valid date
                    //returns false if it's not valid, else it returns the date parsed
                    if (!isTextPartValidDate(fld[0]) && fld[0].value != "")
                    {
                    	     if(fld[0].value == '1/1/1970' || fld[0].value == '01/01/1970' )
                           {
                              alert('Due to TimeZone issues 1/1/1970 is not a valid date. \n Please reenter a more recent date. (e.g. 1/2/1970)');
                              fld[0].value = '1/2/1970';
                           }
                           else
                           {
                            //text input is not valid
                            alert('\''+fields[i].label+'\' '+invalid_date_format_msg + ' ' + date_format_str + '\n'
                                    + min_year_msg + ' ' + '1970\n'
                                    + max_year_msg + ' ' + date_max_year);
                           }
                            //reset for next try
                            fld[0].focus();
                            return(false);
                    }
                    if (!(fields[i].flags & 1))  // not required
                    {
                        //if it's not required, then check to see if it is fully specified
                        //and not empty
                        //this function returns true or the 0 based index of the parameter that failed
                        var result = isDateOrTimeFullySpecified(fld[0], fld[1], fld[2]);
                        if(result !== true && !isDateOrTimeEmpty(fld[0], fld[1], fld[2]))
                        {
                            // field is only partially filled out
                            alert('\''+fields[i].label+'\' '+not_complete_msg);
                            fld[result].focus();
                            return(false);
                        }
                    }
                    else
                    {
                        //if it's required, then check first to see if it's fully specified and not empty 
                        //this function returns true or the 0 based index of the parameter that failed
                        var result = isDateOrTimeFullySpecified(fld[0], fld[1], fld[2]);
                        if(result !== true && isDateOrTimeEmpty(fld[0],fld[1],fld[2]))
                        {
                            //field is required and not fully specified and empty
                            alert('\''+fields[i].label+'\' '+reqd_msg);
                            fld[result].focus();
                            return(false);
                        }
                        else if(result !== true)
                        {
                            // field is only partially filled out and required
                            alert('\''+fields[i].label+'\' '+not_complete_msg);
                            fld[result].focus();
                            return(false);
                        }
                    }//end else
                    break; 
                }//end else
        }
    }

    return(true);
}
//returns true if the date or dttm widget is empty
function isDateOrTimeEmpty(textPart, hrPart, minPart)
{
    var textPartEmpty = textPart.value == "";
    var hrPartEmpty = typeof(hrPart) == "undefined" || hrPart.selectedIndex == 0;
    var minPartEmpty = typeof(minPart) == "undefined" || minPart.selectedIndex == 0;
    return textPartEmpty && hrPartEmpty && minPartEmpty;
}
//returns ture if the textPart can be parsed into a javascript Date object
//this provides the bulk of the validation for the textbox
//returns false if it is not valid, and the date we parsed if it is valid
//this is called onsubmit as you can see in this file, and 
//onchange when the textbox gets hand written, and when we show 
//the calendar (click on textbox) to decide the pagedate and selected config properties of the calendar
//param: textPart is a dom object (<input type = "text"...)
function isTextPartValidDate(textPart)
{
    var monthPos, datePos, yearPos;
    var d;
    var ret = false;
    
    var calObject = textPart.correspondingCalendarObject;
    monthPos = calObject.cfg.getProperty("MDY_MONTH_POSITION");
    datePos = calObject.cfg.getProperty("MDY_DAY_POSITION");
    yearPos = calObject.cfg.getProperty("MDY_YEAR_POSITION");

    d = new Date(textPart.value);
    var didDateParse = !isNaN(d) && typeof(d) != "undefined";
    if(didDateParse)
    {
        //if javascripts Date.parse couldn't make heads or tails of it, we won't be able to.
        //but if it does, we have to use regular expressions to verify, but at least 
        //we know we have something resembling a date
        //you can't always trust Date.parse (called automatically on the string arg to Date constructor)
        //for example 10/45/2007 gets parsed to 11/14/2007
        //allow leading and trailing spaces
        var re = /(\s*\d+)\/(\d+)\/(\d+\s*)/;
        var r;
        var s = textPart.value;
        r = s.match(re);
        //make sure we got something
        if(r != null)
        {
            //convert to ints
            for(var i = 1; i < 4; i++)
                r[i] = parseInt(r[i]);
                
            var tempString = r[monthPos] + "/" + r[datePos] + "/" + r[yearPos];
            d = new Date(tempString);
            //this tests to make sure that the Date.parse method isn't 
            //rolling months and years over automatically when given some strange date like 10/45/2007
            if(r[monthPos] == d.getMonth() + 1 && r[datePos] == d.getDate() && r[yearPos] == d.getFullYear())
            {
                //make sure that the date entered respects EU_MAX_YEAR and min date (oob = out of bounds)
                if(!textPart.correspondingCalendarObject.isDateOOB(d)) 
                    ret = d;
            }//end if things are in synch
        }//end if r!= null
    }//end if didDateParse
    return ret;
}
//returns true if fully specified
//else returns a 0, 1, or a 2 based on which parameter is incomplete
function isDateOrTimeFullySpecified(textPart, hrPart, minPart)
{
    var textPartValid = false;
    var hrPartValid = false;
    var minPartValid = false;
    var ret = false;
    if(isTextPartValidDate(textPart))
        textPartValid = true;
        
    if(typeof(hrPart) == "undefined" || typeof(minPart) == "undefined")
    {
        hrPart = new Object();
        minPart = new Object();
        hrPart.selectedIndex = 1;
        minPart.selectedIndex = 1;
    }
    if(hrPart.selectedIndex > 0)
        hrPartValid = true;
    if(minPart.selectedIndex > 0)
        minPartValid = true;
    
    ret = textPartValid && hrPartValid && minPartValid;
    if(ret)
        return ret;
    else if(!textPartValid)
        return 0;
    else if(!hrPartValid)
        return 1;
    else
        return 2;
}

// ----------------------------------------------------------------------------

function _validate_acctinfo(userid, passwd1, passwd2, min_passwd_len, msgs)
{
    var msg = -1, fld;

    if (userid.value.indexOf(' ') != -1)
         msg = 0, fld = userid;

    if (userid.value.indexOf('\"') != -1)
         msg = 1, fld = userid;

    if (passwd1 && (passwd1.value != passwd2.value))
         msg = 2, fld = passwd1;

    if (passwd1 && (passwd1.value.length < min_passwd_len))
        msg = 3, fld = passwd1;

    if (msg != -1)
    {
        alert(msgs[msg]);
        fld.focus();
        fld.select();
        return(false);
    }

    return(true);
}

// ----------------------------------------------------------------------------

var cursor_set = false;

function _set_cursor()
{
    var i, j;

    if (cursor_set)
        return;

    cursor_set = true;

    if (document.location.href.indexOf('#') > -1)
        return;

    for (i = 0; i < document.forms.length; i++)
        for (j = 0; j < document.forms[i].length; j++)
           with (document.forms[i])
               if (elements[j].type && ((elements[j].type == 'text') || (elements[j].type == 'textarea'))
                   && !elements[j].disabled)
               {
                   elements[j].focus();
                   if (elements[j].value.length)
                       elements[j].select();
                   return;
               }
}

// ----------------------------------------------------------------------------
 
function check_mask(mask_fld)
{
    var i, ln, js_msg = '';
    var val = '', code = '', echar = '', fchar = '';

    inside_check_mask = 1;

// QA #080424-000045 We no longer put the mask inside the field as a prompt,
//                   and following this conditional allows the user to enter
//                   the mask as the contents of the mask, which causes problems.
//     if (mask_fld.value == eval(mask_fld.name+'_dmask'))
//     {
//         inside_check_mask = 0;
//         return;
//     }

    if (eval(mask_fld.name + '_emask.length') < mask_fld.value.length)
        js_msg = fld_data.fld_too_mny_chars_msg;
    else        
        for (i = 0, ln = eval(mask_fld.name + '_emask.length'); i < ln; i++)
        {

            val = mask_fld.value.charAt(i);
            code = mask_fld.value.charCodeAt(i);
            echar = eval(mask_fld.name + '_emask.charAt(i)');
            fchar = eval(mask_fld.name + '_fstr.charAt(i)');

            if (fchar == 'F' && val != echar)
            {
                if (val == ' ')
                    js_msg = fld_data.must_cont_valid_format_char_msg;
                else
                    js_msg = val + ' ' + fld_data.not_valid_format_char_msg;
                break;
            }    
            else if ((echar == '#') &&
                (!((code >= 48) && (code <= 57))))
            {
                if (val == '')
                    js_msg = fld_data.must_cont_valid_num_msg;
                else
                    js_msg = val + ' ' + fld_data.not_valid_num_msg;
                break;
            }
            else if ((echar == 'A') &&
                    (!(((code >= 48) && (code <= 57)) || 
                      ((code >= 65) && (code <= 90)) ||
                      ((code >= 97) && (code <= 122)))))
            {
                if (val == '')
                    js_msg = fld_data.must_cont_valid_alphanum_msg;
                else            
                    js_msg = val + ' ' + fld_data.not_valid_alphanum_msg;
                break;
            }
            else if ((echar == 'L') &&
                    (!(((code >= 65) && (code <= 90)) || 
                      ((code >= 97) && (code <= 122)))))
            {
                if (val == '')
                    js_msg = fld_data.must_cont_valid_letter_msg;
                else
                    js_msg = val + ' ' + fld_data.not_valid_letter_msg;
                break;
            }
            else if ((echar == 'C') &&
                    (!(((code >= 32) && (code <= 126)) || 
                     ((code >= 128) && (code <= 255)))))
            {
                if (val == '')
                    js_msg = fld_data.must_cont_valid_char_msg;
                else
                    js_msg = val + ' ' + fld_data.not_valid_char_msg;
                break;
            }
            
            // ensure letters are propper case
            if (echar == 'L')
            {
                if (fchar == 'U')
                {
                    mask_fld.value = mask_fld.value.substring(0, i) +
                                     mask_fld.value.charAt(i).toUpperCase() +
                                     mask_fld.value.substring(i + 1);
                }
                else if (fchar == 'L')
                {
                    mask_fld.value = mask_fld.value.substring(0, i) +
                                     mask_fld.value.charAt(i).toLowerCase() +
                                     mask_fld.value.substring(i + 1);
                }
            }
        }
    
    if (js_msg)
    {
        alert(js_msg + ' ' + fld_data.corr_fmt_is_msg + ' ' + eval(mask_fld.name+'_dmask')+ '.');
        mask_fld.focus();
        inside_check_mask = 0;
        return(false);
    }
    inside_check_mask = 0;
    return(true);
}

// ----------------------------------------------------------------------------

function put_mask(mask_fld, val, formelm, nn)
{
    var mtmp = '', ftmp = '', dtmp = '';
    var i, sl;   

    for (i = 0, sl = val.length; i < sl; i++)
    {
        ftmp += val.charAt(i);

        if (val.charAt(i) == 'F')
            dtmp += val.charAt(i+1);
        else
            dtmp += (val.charAt(i+1) == '#') ? '#' : '@';

        mtmp += val.charAt(++i);

    }
    if (!nn)  
        eval("document.getElementById('"+mask_fld+"_mask').innerHTML='"+dtmp+"'");

    eval(mask_fld + '_fstr = ftmp');
    eval(mask_fld + '_emask = mtmp');
    eval(mask_fld + '_dmask = dtmp');

}

// ----------------------------------------------------------------------------

function answer_window_preview(ansid, created)
{
    var agt=navigator.userAgent.toLowerCase();
    var is_major = parseInt(navigator.appVersion);
    var is_nav  = ((agt.indexOf('mozilla')!=-1) && (agt.indexOf('spoofer')==-1)
        && (agt.indexOf('compatible') == -1) && (agt.indexOf('opera')==-1)
        && (agt.indexOf('webtv')==-1) && (agt.indexOf('hotjava')==-1));
    var query_str = location.search.substring(1);
    var pairs = query_str.split('&');
    var args = new Object( );
    var pos = 0;
    var argname = '';
    var value = '';
    var i = 0;
    var popup_args = "";

    for (i = 0; i < pairs.length; i++)
    {
        pos = pairs[i].indexOf('=');
        if (pos == -1)
            continue;
        argname = pairs[i].substring(0, pos);
        value = pairs[i].substring(pos + 1);
        args[argname] = unescape( value );
    } // end for i loop

    // Check browser version numbers.
    // Netscape version 6+ uses is_major == 5, previous versions < 5
    if(is_nav && (is_major < 5))
    {
        h_size = top.innerWidth;
        v_size = top.innerHeight;
    }
    // Netscape version 6+
    else if(is_nav && (is_major < 7))
    {
        h_size = document.body.offsetWidth;
        v_size = document.body.offsetHeight;
    }
    // All others (including IE)
    else
    {
        h_size = document.body.clientWidth;
        v_size = document.body.clientHeight;
    }

    h_size -= 20;
    v_size = Math.floor(v_size * 0.8);

    if (v_size < 200)
        v_size = 200;

    //calculate popup_args
    if(args.p_sid != undefined)
        popup_args += "&p_sid=" + args.p_sid;
    if(args.p_lva != undefined)
        popup_args += "&p_lva=" + args.p_lva;
    if(args.p_li != undefined)
        popup_args += "&p_li=" + args.p_li;
    if(args.p_redirect != undefined)
        popup_args += "&p_redirect=" + args.p_redirect;
    if(args.p_sp != undefined)
        popup_args += "&p_sp=" + args.p_sp;
    window.open('popup_adp.php?p_faqid=' + ansid + '&p_created=' + created + popup_args, 'suggested_answer',
                'scrollbars,resizable,toolbar,menubar,width=' + h_size +
                ',height=' + v_size);
}

// ----------------------------------------------------------------------------
function check_valid_ascii(fld, valid_ascii_msg)
{
    var valid_ascii = new RegExp("^[\x0a\x0d\x20-\x7e]+$");
    if (fld.value.length > 0 && valid_ascii.test(fld.value) == false)
    {
        alert(valid_ascii_msg);
        fld.focus();
    }
}
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Martensitic transformation
level in retracted stent.
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FEA Model courtesy of Nitinol Devices & Components, Cordis Corporation, a Johnson & Johnson Company. 



Simulation of Implantable
Nitinol Stents



Medical technology is advancing rapidly,
particularly in the development of
advanced medical implants. Traditionally
new products were developed by
prototyping and evaluating; however,
this process is very time consuming
and often does not fully reveal potential
failures. Finite element modeling and
analysis greatly reduces testing and time
to market by allowing the designer to
simulate product performance in advance
of any prototyping. 



The superelastic and shape memory
properties of Nitinol, a nickel-titanium
alloy, along with its biocompatibility and
fatigue properties, have made the
material attractive for cardiovascular
stents. However, it is a complex material
and difficult to process. FEA hastens time
to market of Nitinol products by reducing
the number of design iterations required,
hence expediting the design process.           



Superelastic alloy material
behavior



Nitinol is an extremely flexible metal
alloy that can undergo very large
deformations without losing the ability  



to recover its original shape upon
unloading. At rest, the material presents
itself in an austenite phase, which behaves
linear elastically. Upon loading, this
austenite phase transforms into a
martensite phase, which is also linear
elastic; however, the elasticity of each
phase has different constants. The
transformation produces a substantial
amount of strain and is triggered by
stress over a relatively narrow range.
Upon unloading, the transformation is
reversible. However, the stress levels at
which such reversible transformation
occurs are smaller than the stresses that
were required to produce the original
transformation. Because the material
recovers its original shape upon
unloading, it is described as elastic. In
addition, because the transformation
strains are large (on the order of 6%)
compared to elastic strains in typical
metals (on the order of 0.1%), the
material is said to be superelastic. 



If a reverse loading is applied (for
example, in compression instead of
tension), a similar behavior is observed,
with the exception that the stress levels
required to produce the transformations
are higher, while the transformation
strain is lower.      



ABAQUS/Answers



Von Mises stress intensity
during deployment.   
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Nitinol is a difficult material to
characterize numerically. An
approximation, capable of modeling
the loading part of the model, is
hyperelasticity, which is commonly used
to represent rubber behavior. Other
constitutive models have been proposed
recently to address Nitinol’s behavior.
However, a thorough verification of these
models has been difficult because the
manufacturing requirements of Nitinol
are complex. As a result, Nitinol is
typically available as relatively thin wires
and tubes, from which most of the testing
data available are in the form of uniaxial
data. It is relatively straightforward to
produce a uniaxial model, but it is much
more difficult to produce a model that
represents Nitinol’s three-dimensional
stress-strain behavior. 



At Hibbitt, Karlsson & Sorensen
(West) a user material routine
(UMAT/Nitinol) was written following
the model proposed by Auricchio and
Taylor. This theory is based on the
concept of generalized plasticity and
physical principles. The theory
decomposes strain into two parts–-a
purely linear elastic component and
a transformation component: 



∆ε = ∆ε
el
+ ∆ε



tr
. 



The austenite to twinned martensite
transformation is driven by the
resolution of shear forces, and it takes
place within a range of stress levels that
are characteristic of the material.



∆ε
tr 



= a∆ζ    ,



F
S 



≤ F ≤ F
F
, 



where ζ is the fraction of martensite and
F is a transformation potential. The same
is true for the reverse transformation but
at different stress levels. The intensity of
the transformation follows a stress
potential law:



∆ζ = f(σ, ζ) ∆F .



Any change in stress direction produces
a reorientation of the martensite with
negligible additional effort. Changes in
temperature produce a shift in the stress
levels at which the transformations take
place. This shift is linear in temperature.
Because there is a volume increase



∂F



associated with the transformation, it
requires less stress to produce the
transformation in tension and more in
compression. This is modeled with a
linear Drucker-Prager approach for the
transformation potential: 



F = σ - p tan β + CT,



with σ being the Mises equivalent
stress, p the pressure stress, and T
the temperature. 



A rule of mixtures is used to implement
the change in linear elasticity from the
austenite phase into the martensite phase. 



In addition to the usual stresses and
strains, the UMAT routine tracks variables
specific to the model. These variables
include the distribution of the fraction of
martensite, transformation strains, and
equivalent stresses and strains. These
are points in the uniaxial tensile curve
into which material points that have a
three-dimensional state, specific
fractions of martensite, and a specific
loading/unloading history are mapped.
The material data required by the model
are obtained from straightforward
observations of uniaxial tests in terms of
loading, unloading, reverse loading, and
temperature effects. The calibration
consists of 13 values, as shown below.



.
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Mechanical behavior of Nitinol.



The ABAQUS algorithm for
NiTi alloy modeling closely
matches experimental
measurements where
successively larger strain loads
are applied in the alloy at
different temperatures.



Behavior of the model upon
repeated loading and unloading
of Nitinol.



∂σ



temperature = 22°C



temperature = 37°C



Data required to define superelastic behav-
ior in the ABAQUS model.



-
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Stent analysis



Stents are cylindrical metal mesh tubes
made of materials such as Nitinol and
inserted into blood vessels to counteract
the effects associated with vascular
diseases, such as narrowing of blood
vessels due to plaque build up. 



The present analysis considers both the
manufacturing process and deployment of
a stent. One of the key issues in medical
implants is device lifetime or, in
engineering terms, fatigue life. Finite
element analysis provides quantitative
measures of stress and strain needed to
make fatigue estimates for these devices.
This allows the optimization of designs
and allows prediction of the device’s life. 



The large elastic strains possible in
Nitinol reduce the risk of damage to the
stent both during delivery into the body
and due to accidents while in operation. 



One manufacturing process of Nitinol
stents starts from a thin tube into which a
pattern is electromachined. The FEA model
is built from this machined tube. Since the
pattern repeats itself, only a part of the
stent with appropriate symmetry is
modeled. The stent is expanded to its
nominal dimensions, typically at a
diameter many times larger than the
original tube diameter. While loaded, the
stent is annealed to provide its new
unloaded configuration. The stent is then
crimped from the outside and inserted into
the delivery system (usually a system of
catheter tubes). Once inside a patient’s
body, the delivery system pushes the stent
out of its containment. Once delivered, the
response to blood pressure pulsing loads
determines the fatigue life of the stent. 



The calculation reveals stress-strain
concentrations during manufacturing,
deployment, and service loading. Auxiliary
information is also available from the
calculation; for example, how much
martensitic transformation has occurred
and, therefore, how close the design is to
the limits of the material flexibility.



Summary



Finite element analysis is a method well
suited to the needs of the product designer.
The method allows designers to iterate
designs on a computer before prototypes
are made. The finite element method can 
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solve mechanical problems involving
complex material behavior such as those
of Nitinol alloys. 



Complexity of stent designs and of the
actions taken to deploy them requires
sophistication in the finite element tool
used. Proper material behavior is just one
requirement. Advanced modeling
capabilities such as contact with both
rigid tools and other flexible bodies, large
deformations, localized buckling, material  
removal, and simulation of complex
loading sequences are needed. These basic
robust capabilities in ABAQUS make the
code particularly suitable for stent design.



Stress-strain curve
results based on loading
shown above.
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Behavior of the model 
subjected to an 18°C
temperature range while strains
are applied.



Initial 
configuration



Stent model.



Loading in terms of 
temperature and strain.
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nitinol_uni22_std.inp

*heading
built-in nitinol umat
Uniaxial test, c3d8,c3d10m,cps4,t3d2
Loading in Y direction
*preprint,echo=yes,model=yes,history=yes
***********************************************************
*node,nset=c3d8
1, 0., 3.
2, 1., 3.
3, 1., 4.
4, 0., 4.
5, 0., 3., 1.
6, 1., 3., 1.
7, 1., 4., 1.
8, 0., 4., 1.
*nset, nset=load-c3d8
3,4,7,8
*element,type=c3d8,elset=c3d8
1,1,2,3,4,5,6,7,8
*solid section,elset=c3d8,material=ABQ_super_elastic_1
*boundary
1,1,3
2,2,3
3,3
4,1
4,3
5,1,2
6,2
8,1
***********************************************************
*Node, nset=c3d10m
     201,           4.,           4.,           1.
     202,           4.,           3.,           1.
     203,           4.,           3.,           0.
     204,           4.,           4.,           0.
     205,           3.,           3.,           1.
     206,           3.,           3.,           0.
     207,           3.,           4.,           0.
     208,           3.,           4.,           1.
     209,     3.499939,          3.5,          0.5
     210,     3.749969,         3.25,         0.75
     211,          3.5,           3.,           1.
     212,     3.249969,         3.25,         0.75
     213,           3.,          3.5,           1.
     214,     3.249969,         3.75,         0.75
     215,          3.5,          3.5,           1.
     216,     3.249969,         3.25,         0.25
     217,           3.,           3.,          0.5
     218,          3.5,           3.,          0.5
     219,     3.249969,         3.75,         0.25
     220,           3.,           4.,          0.5
     221,           3.,          3.5,          0.5
     222,           3.,          3.5,           0.
     223,     3.749969,         3.75,         0.25
     224,          3.5,           4.,          0.5
     225,          3.5,           4.,           0.
     226,          3.5,          3.5,           0.
     227,          3.5,           3.,           0.
     228,     3.749969,         3.25,         0.25
     229,           4.,          3.5,           0.
     230,           4.,           4.,          0.5
     231,     3.749969,         3.75,         0.75
     232,          3.5,           4.,           1.
     233,           4.,          3.5,          0.5
     234,           4.,           3.,          0.5
     235,           4.,          3.5,           1.
*nset, nset=xfix
  205,  206,  207,  208, 213, 217, 220, 221, 222
*nset, nset=yfix
  202,  203,  205,  206, 211, 217, 218, 227, 234
*nset, nset=zfix
  203,  204,  206,  207, 222, 225, 226, 227, 229
*nset, nset=load-c3d10m
  201,  204,  207,  208, 220, 224, 225, 230, 232
*Element, type=C3D10M, elset=c3d10m
201,  209,  205,  202,  208, 212, 211, 210, 214, 213, 215
202,  209,  205,  206,  202, 212, 217, 216, 210, 211, 218
203,  209,  208,  207,  205, 214, 220, 219, 212, 213, 221
204,  209,  205,  207,  206, 212, 221, 219, 216, 217, 222
205,  209,  208,  204,  207, 214, 224, 223, 219, 220, 225
206,  209,  204,  206,  207, 223, 226, 216, 219, 225, 222
207,  209,  203,  206,  204, 228, 227, 216, 223, 229, 226
208,  209,  201,  204,  208, 231, 230, 223, 214, 232, 224
209,  209,  201,  203,  204, 231, 233, 228, 223, 230, 229
210,  209,  202,  203,  201, 210, 234, 228, 231, 235, 233
211,  209,  208,  202,  201, 214, 215, 210, 231, 232, 235
212,  209,  202,  206,  203, 210, 218, 216, 228, 234, 227
*solid section,elset=c3d10m,material=ABQ_super_elastic_1
*boundary
xfix,1
yfix,2
zfix,3
***********************************************************
*node,nset=cps4
301, 0., 0.
302, 1., 0.
303, 1., 1.
304, 0., 1.
*nset, nset=load-cps4
303,304
*element,type=cps4,elset=cps4
301,301,302,303,304
*solid section,elset=cps4,material=ABQ_super_elastic_1
1.0,
*boundary
301,1,2
302,2
304,1
***********************************************************
*node, nset=t3d2
401, 3.5, 0.
402, 3.5, 1.0
*nset, nset=load-t3d2
402
*element, type=t3d2, elset=t3d2
401, 401, 402
*solid section,elset=t3d2,material=ABQ_super_elastic_1
1.0,
*boundary
401,1,3
402,1
402,3
***********************************************************
*MATERIAL, NAME=ABQ_super_elastic_1
*user material,consta=15
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,,
*depvar
24,
*nset, nset=nall
c3d8,cps4,t3d2,c3d10m
*initial conditions,type=temperature
nall,22.
*restart,write
*nset,nset=nout
load-c3d10m,load-c3d8,load-cps4,load-t3d2
***********************************************************
*step,nlgeom,inc=100
*static
0.02,1.,,0.02
*boundary
load-c3d10m,2,2,0.0776
load-c3d8,2,2,0.0776
load-cps4,2,2,0.0776
load-t3d2,2,2,0.0776 
*output, field
*element output
S,LE
*Node output
U,
*output,history,variable=preselect
*node output,nset=nout
U2,RF2
*end step
*step,nlgeom,inc=100
*static
0.02,1.,,0.02
*boundary
load-c3d10m,2,2,0.
load-c3d8,2,2,0.
load-cps4,2,2,0.
load-t3d2,2,2,0. 
*end step







nitinol_sax_xpl.inp

*heading
Uniaxial test sax1 element for the nitinol built-in vumat
Loading in Y direction
*preprint,echo=yes,model=yes,history=yes
*node, nset=sax1
101,3.5,0.
102,3.5,1.
*nset, nset=load-sax1
102
*element, type=sax1, elset=sax1
101,101,102
*shell section, elset=sax1, material=ABQ_super_elastic_N2d_1
0.0454728408834
*transverse shear stiffness
1.0,1.0,1.0
*boundary
101,2,
***********************************************************
*MATERIAL, NAME=ABQ_super_elastic_N2d_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*nset, nset=nall
sax1,
*initial conditions,type=temperature
nall,22.
*restart,write, number=1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*elset,elset=QA_TEST_ALLELEMENTS
sax1
***********************************************************
*step
*dynamic, explicit
,0.1
*boundary, amplitude=smooth
load-sax1,2,2,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=20,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=sax1
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
load-sax1,2,2,0.0776
*end step










nitinol_cax_xpl.inp

*heading
Uniaxial test of cax4r for nitinol built-in vumat
Loading in Y direction
*preprint,echo=yes,model=yes,history=yes
***********************************************************
*node,nset=cax4
301, 0., 0.
302, 0.564189583548, 0.
303, 0.564189583548, 1.
304, 0., 1.
*nset, nset=load-cax4
303,304
*element,type=cax4r,elset=cax4
301,301,302,303,304
*solid section,elset=cax4,material=ABQ_SUPER_ELASTIC_N3D_1
1.0,
*boundary
301,1,2
302,2
304,1
***********************************************************
*MATERIAL, NAME=ABQ_SUPER_ELASTIC_N3D_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*nset, nset=nall
cax4
*initial conditions,type=temperature
nall,22.
*restart,write, number=1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*elset,elset=QA_TEST_ALLELEMENTS
cax4
***********************************************************
*step
*dynamic, explicit
,0.1
*boundary, amplitude=smooth
load-cax4,2,2,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=20,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=cax4
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
load-cax4,2,2,0.0776
*end step










nitinol_beam_xpl.inp

*heading
Uniaxial test b31 element for the nitinol built-in vumat
Loading in Y direction
*preprint,echo=yes,model=yes,history=yes
*node, nset=b31
101,3.5,0.
102,3.5,1.
*nset, nset=load-b31
102
*element, type=b31, elset=b31
101,101,102
*beam section, elset=b31, material=ABQ_super_elastic_N1d_1,section=rectangular
0.345,0.3048
*transverse shear stiffness
1.0,1.0,1.0
*boundary
101,2,
***********************************************************
*MATERIAL, NAME=ABQ_super_elastic_N1d_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*nset, nset=nall
b31,
*initial conditions,type=temperature
nall,22.
*restart,write, number=1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*elset,elset=QA_TEST_ALLELEMENTS
b31
***********************************************************
*step
*dynamic, explicit
,0.1
*boundary, amplitude=smooth
load-b31,2,2,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=20,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=b31
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
load-b31,2,2,0.0776
*end step










nitinol_3d_xpl.inp

*heading
pull a bar, c3d8r,cps4r for nitinol built-in vumat
*node,nset=nall
1,
2,1.
3,1.,1.
4,,1.
5,,,1.
6,1.,,1.
7,1.,1.,1.
8,,1.,1.
11,3.
12,4.
13,4.,1.
14,3.,1.
*element,type=c3d8r,elset=one
1,1,2,3,4,5,6,7,8
*solid section,elset=one,material=ABQ_SUPER_ELASTIC_N3D_1
*element, type=cps4r, elset=two
2,11,12,13,14
*solid section,elset=two,material=ABQ_SUPER_ELASTIC_N2D_1
1.0,
*material,name=ABQ_SUPER_ELASTIC_N3D_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*material,name=ABQ_SUPER_ELASTIC_N2D_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*initial conditions,type=temperature
nall,22.
*boundary
1,1,3
2,2,3
3,3
4,1
4,3
5,1,2
6,2
8,1
11,1,2
12,2
14,1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*restart,write,number=1
*elset,elset=eall
one,two
*elset,elset=QA_TEST_ALLELEMENTS
eall
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
3,2,,0.0776
4,2,,0.0776
7,2,,0.0776
8,2,,0.0776
13,2,,0.0776
14,2,,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=20,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=eall
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
3,2,,0.0776
4,2,,0.0776
7,2,,0.0776
8,2,,0.0776
13,2,,0.0776
14,2,,0.0776
*end step







annealing-template-standard.inp

*HEADING
Template: Annealing with ABAQUS/Standard (Annealing in STEP 3)
...
...
...
*ELSET, NAME=ALLELEM
...
...
...
*MATERIAL, NAME=SUPERELASTIC
*USER MATERIAL, CONSTANTS=16
 6800000., 0.3, 3600000., 0.3, 0.04, 650., 52000., 63500.,
 37., 650., 18000., 2600., 78000., 0.04, 1, 3
*DEPVAR
 24,
...
...
...
**
**
*STEP, NLGEOM, AMPLITUDE=RAMP
*STATIC
...
...
...
*END STEP
**
**
*STEP, NLGEOM, AMPLITUDE=RAMP
*STATIC
...
...
...
*MODEL CHANGE, REMOVE
ALLELEM,
...
...
...
*END STEP
**
**
*STEP, NLGEOM, AMPLITUDE=RAMP
*STATIC
...
...
...
*MODEL CHANGE, ADD=STRAIN FREE
ALLELEM,
...
...
...
*END STEP
**
**
*STEP, NLGEOM, AMPLITUDE=RAMP
*STATIC
...
...
...
*END STEP







annealing-template-explicit.inp

*HEADING
Template: Annealing with ABAQUS/Explicit (Annealing in STEP 2)
...
...
...
*ELSET, NAME=ALLELEM
...
...
...
*MATERIAL, NAME=N3D_SUPERELASTIC
*USER MATERIAL, CONSTANTS=14
 6800000., 0.3, 3600000., 0.3, 0.04, 650., 52000., 63500.,
 37., 650., 18000., 2600., 78000., 0.04
*DEPVAR
 24,
...
...
...
**
**
*STEP
*DYNAMIC, EXPLICIT
...
...
...
*END STEP
**
**
*STEP
*ANNEAL
*END STEP
**
**
*STEP
*DYNAMIC, EXPLICIT
...
...
...
*END STEP
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SIMULATION OF IMPLANTABLE NITINOL STENTS



Nuno Rebelo, Norm Walker, and Hoss Foadian
Hibbitt, Karlsson & Sorensen (West), Inc.



39221 Paseo Padre Parkway, Suite F
Fremont, California 94538-1611



Abstract



Finite element methods continue to play an ever expanding role in the design and validation of



medical devices.  The ability of the finite element technique in dealing with both complex



geometries and materials is key to the success of this method in the medical field.  This synergism



is clearly evident in the analysis of devices based on Nitinol, a nickel-titanium alloy, and a



complex superelastic material.  The particular device explored here is a stent, which is a mesh tube



that is inserted into blood vessels to counteract the effects of vascular diseases.  Both the



manufacturing process and deployment are considered.



Introduction



Medical technology continues to advance rapidly as physicians and engineers move closer to and



understand better each other's needs.  Nowhere is this better evidenced than in the development of



advanced medical implants.  Traditionally, new products were developed by prototyping and



evaluating.  However, this process is very time consuming and often does not fully reveal potential



failures.  Finite element modeling and analysis greatly reduce testing and time to market by



allowing the designer to simulate product performance in advance of any prototyping (Haridas,



1999).  Algorithms have been developed which allow for the accurate predictive finite element



analysis of nickel-titanium alloys which have extremely complex but highly attractive mechanical



behavior for medical applications.
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Since its discovery and first fabrication, Nitinol alloys have come to be used in a myriad of unique



ways.  The superelastic and shape memory properties of the alloy along with its biocompatibility



and fatigue properties have given the material a wide range of applications from thermal switches



and electrical connectors to cardiovascular stents.  However, the many benefits of the material



come at a cost.  The complexity of its properties makes it difficult to process.  Trial and error



techniques have been commonly employed in the past; it is, however, very time consuming; and in



today's market place, time is among the most valuable commodities.  FEA can be employed to



hasten time to market of Nitinol products by greatly reducing the number of design iterations



required, hence expediting the design process.  This article describes material models capable of



simulating the superelastic behavior of alloys such as Nitinol, and shows how they can be used to



simulate the fabrication and deployment of cardiovascular stents.



The purpose of FEA is to possibly expose and solve design flaws before a product is produced.  It



does not normally preclude the manufacture of prototypes, but it should greatly reduce the number



of prototype iterations required, and in the best case, will reduce the number of prototypes to one.



In fact, in areas of high confidence of the materials and the model set-up, it is possible that



prototyping can be eliminated altogether.



Superelastic Alloy Material Behavior



While highly attractive for medical applications, Nitinol's behavior is complex, as can be seen in



the mechanical characterization provided in Figure 1.  At rest, the material presents itself in an



austenite phase, which behaves linear elastically.  Upon loading, this austenite phase transforms



into a martensite phase, which is also linear elastic; however, the elasticity of each phase has



different constants.  The transformation produces a substantial amount of strain and is triggered by



stress, over a relatively narrow range.  Upon unloading, the transformation is reversible.



However, the stress levels at which such reversible transformation occurs are smaller than the
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stresses which were required to produce the original transformation.  Because the material, upon



unloading, completely recovers its original shape, it is described as elastic.  In addition, because



the transformation strains are so large (of the order of 6%) compared to the typical elastic strains



in a metal, the material is said to be superelastic.



If a reverse loading is applied (for instance in compression instead of tension), a similar behavior



is observed, with the exception that the stress levels required to produce the transformations are



higher, while the transformation strain is lower.  The net result is that Nitinol is an extremely



flexible metal alloy that can undergo very large deformations without losing the ability to recover



its original shape upon unloading.



The constitutive laws used in simulations should embed the characteristics just described.  It is



relatively straightforward to generate a material model that reproduces the desired behavior if the



deformation being simulated is uniaxial.  Unfortunately, it rarely is in practice.



Until very recently, there were no generally accepted material models, which were capable of



reproducing all of the characteristics of the material just described.  A popular close



approximation, capable of modeling the loading part of the model, is hyperelasticity, which is



commonly used to represent rubber behavior (Pelton, 1994).  Several other models have recently



been proposed to address Nitinol's behavior (Auricchio, 1997; Auricchio, 1996; Qidwai, 2000).



However, a thorough verification of these models has been difficult.  This is because the



manufacturing requirements of the material are complex.  As a result, Nitinol is typically available



as relatively thin wires and tubes, from which most of the testing data available is uniaxial.  While



it is relatively straightforward to produce a uniaxial model, it is much more difficult to produce a



model that represents Nitinol’s three-dimensional stress-strain behavior.  At Hibbitt, Karlsson &



Sorensen (West), a user material routine (UMAT/Nitinol) was written following the model
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proposed by Auricchio and Taylor (Auricchio, 1997; Auricchio, 1996).  This theory is based on



the concept of generalized plasticity (Lubliner, 1996).  The theory is deemed acceptable because it



is based on physical principles.  The theory decomposes strain into two parts — a purely linear



elastic component and a transformation component:



trel εεε  ∆+∆=∆



The austenite to twinned martensite transformation is driven by the resolution of shear forces, and



it takes place within a range of stress levels that are characteristic of the material.



σ
ε



∂
∂



∆=∆ 



F
a ζtr



FS FFF ≤≤



where ζ  is the fraction of martensite, and F is a transformation potential.  The same is true for the



reverse transformation, but at different stress levels.  The intensity of the transformation follows a



stress potential law:



( ) F,f ∆=∆ ζσζ



Any change in stress direction produces a reorientation of the martensite with negligible additional



effort.  Changes in temperature produce a shift in the stress levels at which the transformations



take place.  This shift is linear in temperature.  Because there is a volume increase associated with



the transformation, it requires less stress to produce the transformation in tension, and more in



compression.  This is modeled with a linear Drucker-Prager approach for the transformation



potential:



TCtanpF +−= βσ
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with σ  being the Mises equivalent stress, p the pressure stress, and T the temperature.



Although the original model does not take it into account, a rule of mixtures was used to



implement the change in linear elasticity from the austenite phase into the martensite phase; the



implementation is, at present, approximate.



In addition to the usual stresses and strains, the UMAT routine tracks variables specific to the



model.  These variables include distribution of fraction of martensite, transformation strains, and



equivalent stresses and strains.  These are points in the uniaxial tensile curve into which material



points that have a three-dimensional state, specific fractions of martensite, and a specific



loading/unloading history are mapped.  The material data required by the model are obtained from



straightforward observations of uniaxial tests in terms of loading, unloading, reverse loading, and



temperature effects.  The calibration consists of 13 values (Figure 2).  In addition, the user may



anneal the material in the middle of an analysis.



Figure 3 displays a comparison of a set of experimental stress-strain curves, in which successively



larger strains were imposed, with the same curves obtained by a simulation of the uniaxial test.



Figure 4 shows the behavior of the model upon repeated loading and unloading.  Figures 5 and 6



show the behavior of the model subjected to an 18°C temperature range while strains are applied.



Stent Analysis



Stents are cylindrical metal mesh tubes made of materials such as Nitinol and inserted into blood



vessels to counter act the effects associated with vascular diseases, such as narrowing of blood



vessels due to the build up of plaque.



In this section, we present an example of a stent analysis in which both the manufacturing process



and deployment are considered, courtesy of Nitinol Devices & Components, Cordis Corporation, a



Johnson & Johnson company.  One of the key issues in medical implants is device lifetime or, in
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engineering terms, fatigue life.  Fatigue testing normally takes such a long time that it is



incompatible with old-fashioned build-test design cycles.  Finite element analysis provides



quantitative measures of stress and strain without the need to build the devices.  This process not



only allows the optimization of designs, but also provides an opportunity to predict the device's



life.



The large elastic strains possible in Nitinol reduce the risk of damage to the stent both during



delivery into the body, and due to accidents while in operation.  The large elastic strains also



permit the deployed configuration to be close to the unloaded configuration.



A possible manufacturing process of Nitinol stents starts from a thin tube in which a pattern is



electromachined.  The FEA model is built from this machined tube.  Since the pattern repeats



itself, only a part of the stent with appropriate symmetry boundary conditions is considered in



order to simplify the complexity of the models (Figure 7).  The stent is expanded to its nominal



dimensions, typically at a diameter many times larger than the original tube diameter (Figure 8).



While loaded, the stent is annealed to provide its new unloaded configuration.  The stent is



crimped from the outside, and inserted into the delivery system (usually a system of catheter



tubes), as shown in Figure 9.  Once inside a patient's body, the delivery system pushes the stent



out of its containment (Figure 10).  Once delivered, the response to blood pressure pulsing loads



may be used to determine the fatigue life of the stent.  The calculation reveals stress or strain



concentrations during all three aspects of manufacturing, deployment, and service loading (Figure



11).  Auxiliary information is also available from the calculation; such as how much martensitic



transformation has occurred, and therefore, how close the design is to the limits of the material



flexibility (Figure 12).
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Conclusion



Finite element analysis is a method well suited to the needs of the product designer.  The method



allows the designer to quickly assess his or her design and to iterate the design on a computer



before a single piece of metal is ever touched.  The finite element method's ability to quickly and



accurately solve complex material problems, such as those of Nitinol alloys, makes it an ideal



candidate for such situations.  Complexity of stent designs and of the actions taken to deploy them



requires sophistication in the finite element tool used.  Proper material behavior is just one



requirement.  Quite often, advanced capabilities are required in terms of contact with both rigid



tools and other flexible bodies, large deformations, localized buckling, material removal, complex



loading sequences and synchronization.  These basic robust capabilities in ABAQUS make the



software particularly suitable for stent design.
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1. Mechanical behavior of Nitinol.



2. Data required to define superelastic behavior in the ABAQUS model.
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3. The ABAQUS algorithm for NiTi alloy modeling closely matches experimental
measurements where successively larger strain loads are applied to the alloy at different



temperatures, 22°C (top) and 37°C (bottom).
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4. Model showing the effects of repeated loading and unloading of Nitinol.



5. Model showing loading in terms of temperature and strain.
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6. Stress-strain curve results for Nitinol based on loading shown in Figure 5.



7. Stent model in its initial configuration.
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8. Expanded stent.



9. Retracted stent.
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10. Partially deployed stent.



11. Von Mises stress intensity during deployment.
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12. Martensitic transformation level in retracted stent.












nitinol_3d_xpl_plastic.inp

*heading
pull a bar, c3d8r,cps4r for nitinol built-in vumat
*node,nset=nall
1,
2,1.
3,1.,1.
4,,1.
5,,,1.
6,1.,,1.
7,1.,1.,1.
8,,1.,1.
11,3.
12,4.
13,4.,1.
14,3.,1.
*element,type=c3d8r,elset=one
1,1,2,3,4,5,6,7,8
*solid section,elset=one,material=ABQ_SUPER_ELASTIC_N3D
*element, type=cps4r, elset=two
2,11,12,13,14
*solid section,elset=two,material=ABQ_SUPER_ELASTIC_N2D
1.0,
*material,name=ABQ_SUPER_ELASTIC_N3D
*user material,consta=19
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22 ,6.7 ,250.,140.,,0.041,2,800.,
0.07,1200.,0.2,
*depvar
31,
*density
1.e-4
*material,name=ABQ_SUPER_ELASTIC_N2D
*user material,consta=19
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22 ,6.7 ,250.,140.,,0.041,2,800.,
0.07,1200.,0.2,
*depvar
31,
*density
1.e-4
*initial conditions,type=temperature
nall,22.
*boundary
1,1,3
2,2,3
3,3
4,1
4,3
5,1,2
6,2
8,1
11,1,2
12,2
14,1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*restart,write,number=1
*elset,elset=eall
one,two
*elset,elset=QA_TEST_ALLELEMENTS
eall
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
3,2,,0.0776
4,2,,0.0776
7,2,,0.0776
8,2,,0.0776
13,2,,0.0776
14,2,,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=40,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=eall
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
3,2,,0.0776
4,2,,0.0776
7,2,,0.0776
8,2,,0.0776
13,2,,0.0776
14,2,,0.0776
*end step
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FEA Model courtesy of Nitinol Devices & Components, Cordis Corporation, a Johnson & Johnson Company. 


Simulation of Implantable
Nitinol Stents


Medical technology is advancing rapidly,
particularly in the development of
advanced medical implants. Traditionally
new products were developed by
prototyping and evaluating; however,
this process is very time consuming
and often does not fully reveal potential
failures. Finite element modeling and
analysis greatly reduces testing and time
to market by allowing the designer to
simulate product performance in advance
of any prototyping. 


The superelastic and shape memory
properties of Nitinol, a nickel-titanium
alloy, along with its biocompatibility and
fatigue properties, have made the
material attractive for cardiovascular
stents. However, it is a complex material
and difficult to process. FEA hastens time
to market of Nitinol products by reducing
the number of design iterations required,
hence expediting the design process.           


Superelastic alloy material
behavior


Nitinol is an extremely flexible metal
alloy that can undergo very large
deformations without losing the ability  


to recover its original shape upon
unloading. At rest, the material presents
itself in an austenite phase, which behaves
linear elastically. Upon loading, this
austenite phase transforms into a
martensite phase, which is also linear
elastic; however, the elasticity of each
phase has different constants. The
transformation produces a substantial
amount of strain and is triggered by
stress over a relatively narrow range.
Upon unloading, the transformation is
reversible. However, the stress levels at
which such reversible transformation
occurs are smaller than the stresses that
were required to produce the original
transformation. Because the material
recovers its original shape upon
unloading, it is described as elastic. In
addition, because the transformation
strains are large (on the order of 6%)
compared to elastic strains in typical
metals (on the order of 0.1%), the
material is said to be superelastic. 


If a reverse loading is applied (for
example, in compression instead of
tension), a similar behavior is observed,
with the exception that the stress levels
required to produce the transformations
are higher, while the transformation
strain is lower.      


ABAQUS/Answers


Von Mises stress intensity
during deployment.   
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Nitinol is a difficult material to
characterize numerically. An
approximation, capable of modeling
the loading part of the model, is
hyperelasticity, which is commonly used
to represent rubber behavior. Other
constitutive models have been proposed
recently to address Nitinol’s behavior.
However, a thorough verification of these
models has been difficult because the
manufacturing requirements of Nitinol
are complex. As a result, Nitinol is
typically available as relatively thin wires
and tubes, from which most of the testing
data available are in the form of uniaxial
data. It is relatively straightforward to
produce a uniaxial model, but it is much
more difficult to produce a model that
represents Nitinol’s three-dimensional
stress-strain behavior. 


At Hibbitt, Karlsson & Sorensen
(West) a user material routine
(UMAT/Nitinol) was written following
the model proposed by Auricchio and
Taylor. This theory is based on the
concept of generalized plasticity and
physical principles. The theory
decomposes strain into two parts–-a
purely linear elastic component and
a transformation component: 


∆ε = ∆ε
el
+ ∆ε


tr
. 


The austenite to twinned martensite
transformation is driven by the
resolution of shear forces, and it takes
place within a range of stress levels that
are characteristic of the material.


∆ε
tr 


= a∆ζ    ,


F
S 


≤ F ≤ F
F
, 


where ζ is the fraction of martensite and
F is a transformation potential. The same
is true for the reverse transformation but
at different stress levels. The intensity of
the transformation follows a stress
potential law:


∆ζ = f(σ, ζ) ∆F .


Any change in stress direction produces
a reorientation of the martensite with
negligible additional effort. Changes in
temperature produce a shift in the stress
levels at which the transformations take
place. This shift is linear in temperature.
Because there is a volume increase


∂F


associated with the transformation, it
requires less stress to produce the
transformation in tension and more in
compression. This is modeled with a
linear Drucker-Prager approach for the
transformation potential: 


F = σ - p tan β + CT,


with σ being the Mises equivalent
stress, p the pressure stress, and T
the temperature. 


A rule of mixtures is used to implement
the change in linear elasticity from the
austenite phase into the martensite phase. 


In addition to the usual stresses and
strains, the UMAT routine tracks variables
specific to the model. These variables
include the distribution of the fraction of
martensite, transformation strains, and
equivalent stresses and strains. These
are points in the uniaxial tensile curve
into which material points that have a
three-dimensional state, specific
fractions of martensite, and a specific
loading/unloading history are mapped.
The material data required by the model
are obtained from straightforward
observations of uniaxial tests in terms of
loading, unloading, reverse loading, and
temperature effects. The calibration
consists of 13 values, as shown below.


.
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Mechanical behavior of Nitinol.


The ABAQUS algorithm for
NiTi alloy modeling closely
matches experimental
measurements where
successively larger strain loads
are applied in the alloy at
different temperatures.


Behavior of the model upon
repeated loading and unloading
of Nitinol.


∂σ


temperature = 22°C


temperature = 37°C


Data required to define superelastic behav-
ior in the ABAQUS model.


-
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Stent analysis


Stents are cylindrical metal mesh tubes
made of materials such as Nitinol and
inserted into blood vessels to counteract
the effects associated with vascular
diseases, such as narrowing of blood
vessels due to plaque build up. 


The present analysis considers both the
manufacturing process and deployment of
a stent. One of the key issues in medical
implants is device lifetime or, in
engineering terms, fatigue life. Finite
element analysis provides quantitative
measures of stress and strain needed to
make fatigue estimates for these devices.
This allows the optimization of designs
and allows prediction of the device’s life. 


The large elastic strains possible in
Nitinol reduce the risk of damage to the
stent both during delivery into the body
and due to accidents while in operation. 


One manufacturing process of Nitinol
stents starts from a thin tube into which a
pattern is electromachined. The FEA model
is built from this machined tube. Since the
pattern repeats itself, only a part of the
stent with appropriate symmetry is
modeled. The stent is expanded to its
nominal dimensions, typically at a
diameter many times larger than the
original tube diameter. While loaded, the
stent is annealed to provide its new
unloaded configuration. The stent is then
crimped from the outside and inserted into
the delivery system (usually a system of
catheter tubes). Once inside a patient’s
body, the delivery system pushes the stent
out of its containment. Once delivered, the
response to blood pressure pulsing loads
determines the fatigue life of the stent. 


The calculation reveals stress-strain
concentrations during manufacturing,
deployment, and service loading. Auxiliary
information is also available from the
calculation; for example, how much
martensitic transformation has occurred
and, therefore, how close the design is to
the limits of the material flexibility.


Summary


Finite element analysis is a method well
suited to the needs of the product designer.
The method allows designers to iterate
designs on a computer before prototypes
are made. The finite element method can 


ABAQUS/Answers   3


solve mechanical problems involving
complex material behavior such as those
of Nitinol alloys. 


Complexity of stent designs and of the
actions taken to deploy them requires
sophistication in the finite element tool
used. Proper material behavior is just one
requirement. Advanced modeling
capabilities such as contact with both
rigid tools and other flexible bodies, large
deformations, localized buckling, material  
removal, and simulation of complex
loading sequences are needed. These basic
robust capabilities in ABAQUS make the
code particularly suitable for stent design.


Stress-strain curve
results based on loading
shown above.


Expanded


Retracted


Partially
deployed


Behavior of the model 
subjected to an 18°C
temperature range while strains
are applied.


Initial 
configuration


Stent model.


Loading in terms of 
temperature and strain.
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1658/Templates_InputFiles_References/annealing-template-explicit.inp
*HEADING
Template: Annealing with ABAQUS/Explicit (Annealing in STEP 2)
...
...
...
*ELSET, NAME=ALLELEM
...
...
...
*MATERIAL, NAME=N3D_SUPERELASTIC
*USER MATERIAL, CONSTANTS=14
 6800000., 0.3, 3600000., 0.3, 0.04, 650., 52000., 63500.,
 37., 650., 18000., 2600., 78000., 0.04
*DEPVAR
 24,
...
...
...
**
**
*STEP
*DYNAMIC, EXPLICIT
...
...
...
*END STEP
**
**
*STEP
*ANNEAL
*END STEP
**
**
*STEP
*DYNAMIC, EXPLICIT
...
...
...
*END STEP




1658/Templates_InputFiles_References/annealing-template-standard.inp
*HEADING
Template: Annealing with ABAQUS/Standard (Annealing in STEP 3)
...
...
...
*ELSET, NAME=ALLELEM
...
...
...
*MATERIAL, NAME=SUPERELASTIC
*USER MATERIAL, CONSTANTS=16
 6800000., 0.3, 3600000., 0.3, 0.04, 650., 52000., 63500.,
 37., 650., 18000., 2600., 78000., 0.04, 1, 3
*DEPVAR
 24,
...
...
...
**
**
*STEP, NLGEOM, AMPLITUDE=RAMP
*STATIC
...
...
...
*END STEP
**
**
*STEP, NLGEOM, AMPLITUDE=RAMP
*STATIC
...
...
...
*MODEL CHANGE, REMOVE
ALLELEM,
...
...
...
*END STEP
**
**
*STEP, NLGEOM, AMPLITUDE=RAMP
*STATIC
...
...
...
*MODEL CHANGE, ADD=STRAIN FREE
ALLELEM,
...
...
...
*END STEP
**
**
*STEP, NLGEOM, AMPLITUDE=RAMP
*STATIC
...
...
...
*END STEP
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SIMULATION OF IMPLANTABLE NITINOL STENTS


Nuno Rebelo, Norm Walker, and Hoss Foadian
Hibbitt, Karlsson & Sorensen (West), Inc.


39221 Paseo Padre Parkway, Suite F
Fremont, California 94538-1611


Abstract


Finite element methods continue to play an ever expanding role in the design and validation of


medical devices.  The ability of the finite element technique in dealing with both complex


geometries and materials is key to the success of this method in the medical field.  This synergism


is clearly evident in the analysis of devices based on Nitinol, a nickel-titanium alloy, and a


complex superelastic material.  The particular device explored here is a stent, which is a mesh tube


that is inserted into blood vessels to counteract the effects of vascular diseases.  Both the


manufacturing process and deployment are considered.


Introduction


Medical technology continues to advance rapidly as physicians and engineers move closer to and


understand better each other's needs.  Nowhere is this better evidenced than in the development of


advanced medical implants.  Traditionally, new products were developed by prototyping and


evaluating.  However, this process is very time consuming and often does not fully reveal potential


failures.  Finite element modeling and analysis greatly reduce testing and time to market by


allowing the designer to simulate product performance in advance of any prototyping (Haridas,


1999).  Algorithms have been developed which allow for the accurate predictive finite element


analysis of nickel-titanium alloys which have extremely complex but highly attractive mechanical


behavior for medical applications.
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Since its discovery and first fabrication, Nitinol alloys have come to be used in a myriad of unique


ways.  The superelastic and shape memory properties of the alloy along with its biocompatibility


and fatigue properties have given the material a wide range of applications from thermal switches


and electrical connectors to cardiovascular stents.  However, the many benefits of the material


come at a cost.  The complexity of its properties makes it difficult to process.  Trial and error


techniques have been commonly employed in the past; it is, however, very time consuming; and in


today's market place, time is among the most valuable commodities.  FEA can be employed to


hasten time to market of Nitinol products by greatly reducing the number of design iterations


required, hence expediting the design process.  This article describes material models capable of


simulating the superelastic behavior of alloys such as Nitinol, and shows how they can be used to


simulate the fabrication and deployment of cardiovascular stents.


The purpose of FEA is to possibly expose and solve design flaws before a product is produced.  It


does not normally preclude the manufacture of prototypes, but it should greatly reduce the number


of prototype iterations required, and in the best case, will reduce the number of prototypes to one.


In fact, in areas of high confidence of the materials and the model set-up, it is possible that


prototyping can be eliminated altogether.


Superelastic Alloy Material Behavior


While highly attractive for medical applications, Nitinol's behavior is complex, as can be seen in


the mechanical characterization provided in Figure 1.  At rest, the material presents itself in an


austenite phase, which behaves linear elastically.  Upon loading, this austenite phase transforms


into a martensite phase, which is also linear elastic; however, the elasticity of each phase has


different constants.  The transformation produces a substantial amount of strain and is triggered by


stress, over a relatively narrow range.  Upon unloading, the transformation is reversible.


However, the stress levels at which such reversible transformation occurs are smaller than the
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stresses which were required to produce the original transformation.  Because the material, upon


unloading, completely recovers its original shape, it is described as elastic.  In addition, because


the transformation strains are so large (of the order of 6%) compared to the typical elastic strains


in a metal, the material is said to be superelastic.


If a reverse loading is applied (for instance in compression instead of tension), a similar behavior


is observed, with the exception that the stress levels required to produce the transformations are


higher, while the transformation strain is lower.  The net result is that Nitinol is an extremely


flexible metal alloy that can undergo very large deformations without losing the ability to recover


its original shape upon unloading.


The constitutive laws used in simulations should embed the characteristics just described.  It is


relatively straightforward to generate a material model that reproduces the desired behavior if the


deformation being simulated is uniaxial.  Unfortunately, it rarely is in practice.


Until very recently, there were no generally accepted material models, which were capable of


reproducing all of the characteristics of the material just described.  A popular close


approximation, capable of modeling the loading part of the model, is hyperelasticity, which is


commonly used to represent rubber behavior (Pelton, 1994).  Several other models have recently


been proposed to address Nitinol's behavior (Auricchio, 1997; Auricchio, 1996; Qidwai, 2000).


However, a thorough verification of these models has been difficult.  This is because the


manufacturing requirements of the material are complex.  As a result, Nitinol is typically available


as relatively thin wires and tubes, from which most of the testing data available is uniaxial.  While


it is relatively straightforward to produce a uniaxial model, it is much more difficult to produce a


model that represents Nitinol’s three-dimensional stress-strain behavior.  At Hibbitt, Karlsson &


Sorensen (West), a user material routine (UMAT/Nitinol) was written following the model







4                                                                                           2001 ABAQUS Users’ Conference


proposed by Auricchio and Taylor (Auricchio, 1997; Auricchio, 1996).  This theory is based on


the concept of generalized plasticity (Lubliner, 1996).  The theory is deemed acceptable because it


is based on physical principles.  The theory decomposes strain into two parts — a purely linear


elastic component and a transformation component:


trel εεε  ∆+∆=∆


The austenite to twinned martensite transformation is driven by the resolution of shear forces, and


it takes place within a range of stress levels that are characteristic of the material.


σ
ε


∂
∂


∆=∆ 


F
a ζtr


FS FFF ≤≤


where ζ  is the fraction of martensite, and F is a transformation potential.  The same is true for the


reverse transformation, but at different stress levels.  The intensity of the transformation follows a


stress potential law:


( ) F,f ∆=∆ ζσζ


Any change in stress direction produces a reorientation of the martensite with negligible additional


effort.  Changes in temperature produce a shift in the stress levels at which the transformations


take place.  This shift is linear in temperature.  Because there is a volume increase associated with


the transformation, it requires less stress to produce the transformation in tension, and more in


compression.  This is modeled with a linear Drucker-Prager approach for the transformation


potential:


TCtanpF +−= βσ
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with σ  being the Mises equivalent stress, p the pressure stress, and T the temperature.


Although the original model does not take it into account, a rule of mixtures was used to


implement the change in linear elasticity from the austenite phase into the martensite phase; the


implementation is, at present, approximate.


In addition to the usual stresses and strains, the UMAT routine tracks variables specific to the


model.  These variables include distribution of fraction of martensite, transformation strains, and


equivalent stresses and strains.  These are points in the uniaxial tensile curve into which material


points that have a three-dimensional state, specific fractions of martensite, and a specific


loading/unloading history are mapped.  The material data required by the model are obtained from


straightforward observations of uniaxial tests in terms of loading, unloading, reverse loading, and


temperature effects.  The calibration consists of 13 values (Figure 2).  In addition, the user may


anneal the material in the middle of an analysis.


Figure 3 displays a comparison of a set of experimental stress-strain curves, in which successively


larger strains were imposed, with the same curves obtained by a simulation of the uniaxial test.


Figure 4 shows the behavior of the model upon repeated loading and unloading.  Figures 5 and 6


show the behavior of the model subjected to an 18°C temperature range while strains are applied.


Stent Analysis


Stents are cylindrical metal mesh tubes made of materials such as Nitinol and inserted into blood


vessels to counter act the effects associated with vascular diseases, such as narrowing of blood


vessels due to the build up of plaque.


In this section, we present an example of a stent analysis in which both the manufacturing process


and deployment are considered, courtesy of Nitinol Devices & Components, Cordis Corporation, a


Johnson & Johnson company.  One of the key issues in medical implants is device lifetime or, in
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engineering terms, fatigue life.  Fatigue testing normally takes such a long time that it is


incompatible with old-fashioned build-test design cycles.  Finite element analysis provides


quantitative measures of stress and strain without the need to build the devices.  This process not


only allows the optimization of designs, but also provides an opportunity to predict the device's


life.


The large elastic strains possible in Nitinol reduce the risk of damage to the stent both during


delivery into the body, and due to accidents while in operation.  The large elastic strains also


permit the deployed configuration to be close to the unloaded configuration.


A possible manufacturing process of Nitinol stents starts from a thin tube in which a pattern is


electromachined.  The FEA model is built from this machined tube.  Since the pattern repeats


itself, only a part of the stent with appropriate symmetry boundary conditions is considered in


order to simplify the complexity of the models (Figure 7).  The stent is expanded to its nominal


dimensions, typically at a diameter many times larger than the original tube diameter (Figure 8).


While loaded, the stent is annealed to provide its new unloaded configuration.  The stent is


crimped from the outside, and inserted into the delivery system (usually a system of catheter


tubes), as shown in Figure 9.  Once inside a patient's body, the delivery system pushes the stent


out of its containment (Figure 10).  Once delivered, the response to blood pressure pulsing loads


may be used to determine the fatigue life of the stent.  The calculation reveals stress or strain


concentrations during all three aspects of manufacturing, deployment, and service loading (Figure


11).  Auxiliary information is also available from the calculation; such as how much martensitic


transformation has occurred, and therefore, how close the design is to the limits of the material


flexibility (Figure 12).
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Conclusion


Finite element analysis is a method well suited to the needs of the product designer.  The method


allows the designer to quickly assess his or her design and to iterate the design on a computer


before a single piece of metal is ever touched.  The finite element method's ability to quickly and


accurately solve complex material problems, such as those of Nitinol alloys, makes it an ideal


candidate for such situations.  Complexity of stent designs and of the actions taken to deploy them


requires sophistication in the finite element tool used.  Proper material behavior is just one


requirement.  Quite often, advanced capabilities are required in terms of contact with both rigid


tools and other flexible bodies, large deformations, localized buckling, material removal, complex


loading sequences and synchronization.  These basic robust capabilities in ABAQUS make the


software particularly suitable for stent design.
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1. Mechanical behavior of Nitinol.


2. Data required to define superelastic behavior in the ABAQUS model.
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3. The ABAQUS algorithm for NiTi alloy modeling closely matches experimental
measurements where successively larger strain loads are applied to the alloy at different


temperatures, 22°C (top) and 37°C (bottom).
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4. Model showing the effects of repeated loading and unloading of Nitinol.


5. Model showing loading in terms of temperature and strain.
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6. Stress-strain curve results for Nitinol based on loading shown in Figure 5.


7. Stent model in its initial configuration.
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8. Expanded stent.


9. Retracted stent.
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10. Partially deployed stent.


11. Von Mises stress intensity during deployment.
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12. Martensitic transformation level in retracted stent.







1658/Templates_InputFiles_References/nitinol_3d_xpl.inp
*heading
pull a bar, c3d8r,cps4r for nitinol built-in vumat
*node,nset=nall
1,
2,1.
3,1.,1.
4,,1.
5,,,1.
6,1.,,1.
7,1.,1.,1.
8,,1.,1.
11,3.
12,4.
13,4.,1.
14,3.,1.
*element,type=c3d8r,elset=one
1,1,2,3,4,5,6,7,8
*solid section,elset=one,material=ABQ_SUPER_ELASTIC_N3D_1
*element, type=cps4r, elset=two
2,11,12,13,14
*solid section,elset=two,material=ABQ_SUPER_ELASTIC_N2D_1
1.0,
*material,name=ABQ_SUPER_ELASTIC_N3D_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*material,name=ABQ_SUPER_ELASTIC_N2D_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*initial conditions,type=temperature
nall,22.
*boundary
1,1,3
2,2,3
3,3
4,1
4,3
5,1,2
6,2
8,1
11,1,2
12,2
14,1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*restart,write,number=1
*elset,elset=eall
one,two
*elset,elset=QA_TEST_ALLELEMENTS
eall
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
3,2,,0.0776
4,2,,0.0776
7,2,,0.0776
8,2,,0.0776
13,2,,0.0776
14,2,,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=20,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=eall
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
3,2,,0.0776
4,2,,0.0776
7,2,,0.0776
8,2,,0.0776
13,2,,0.0776
14,2,,0.0776
*end step




1658/Templates_InputFiles_References/nitinol_3d_xpl_plastic.inp
*heading
pull a bar, c3d8r,cps4r for nitinol built-in vumat
*node,nset=nall
1,
2,1.
3,1.,1.
4,,1.
5,,,1.
6,1.,,1.
7,1.,1.,1.
8,,1.,1.
11,3.
12,4.
13,4.,1.
14,3.,1.
*element,type=c3d8r,elset=one
1,1,2,3,4,5,6,7,8
*solid section,elset=one,material=ABQ_SUPER_ELASTIC_N3D
*element, type=cps4r, elset=two
2,11,12,13,14
*solid section,elset=two,material=ABQ_SUPER_ELASTIC_N2D
1.0,
*material,name=ABQ_SUPER_ELASTIC_N3D
*user material,consta=19
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22 ,6.7 ,250.,140.,,0.041,2,800.,
0.07,1200.,0.2,
*depvar
31,
*density
1.e-4
*material,name=ABQ_SUPER_ELASTIC_N2D
*user material,consta=19
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22 ,6.7 ,250.,140.,,0.041,2,800.,
0.07,1200.,0.2,
*depvar
31,
*density
1.e-4
*initial conditions,type=temperature
nall,22.
*boundary
1,1,3
2,2,3
3,3
4,1
4,3
5,1,2
6,2
8,1
11,1,2
12,2
14,1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*restart,write,number=1
*elset,elset=eall
one,two
*elset,elset=QA_TEST_ALLELEMENTS
eall
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
3,2,,0.0776
4,2,,0.0776
7,2,,0.0776
8,2,,0.0776
13,2,,0.0776
14,2,,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=40,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=eall
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
3,2,,0.0776
4,2,,0.0776
7,2,,0.0776
8,2,,0.0776
13,2,,0.0776
14,2,,0.0776
*end step




1658/Templates_InputFiles_References/nitinol_beam_xpl.inp
*heading
Uniaxial test b31 element for the nitinol built-in vumat
Loading in Y direction
*preprint,echo=yes,model=yes,history=yes
*node, nset=b31
101,3.5,0.
102,3.5,1.
*nset, nset=load-b31
102
*element, type=b31, elset=b31
101,101,102
*beam section, elset=b31, material=ABQ_super_elastic_N1d_1,section=rectangular
0.345,0.3048
*transverse shear stiffness
1.0,1.0,1.0
*boundary
101,2,
***********************************************************
*MATERIAL, NAME=ABQ_super_elastic_N1d_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*nset, nset=nall
b31,
*initial conditions,type=temperature
nall,22.
*restart,write, number=1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*elset,elset=QA_TEST_ALLELEMENTS
b31
***********************************************************
*step
*dynamic, explicit
,0.1
*boundary, amplitude=smooth
load-b31,2,2,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=20,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=b31
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
load-b31,2,2,0.0776
*end step







1658/Templates_InputFiles_References/nitinol_cax_xpl.inp
*heading
Uniaxial test of cax4r for nitinol built-in vumat
Loading in Y direction
*preprint,echo=yes,model=yes,history=yes
***********************************************************
*node,nset=cax4
301, 0., 0.
302, 0.564189583548, 0.
303, 0.564189583548, 1.
304, 0., 1.
*nset, nset=load-cax4
303,304
*element,type=cax4r,elset=cax4
301,301,302,303,304
*solid section,elset=cax4,material=ABQ_SUPER_ELASTIC_N3D_1
1.0,
*boundary
301,1,2
302,2
304,1
***********************************************************
*MATERIAL, NAME=ABQ_SUPER_ELASTIC_N3D_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*nset, nset=nall
cax4
*initial conditions,type=temperature
nall,22.
*restart,write, number=1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*elset,elset=QA_TEST_ALLELEMENTS
cax4
***********************************************************
*step
*dynamic, explicit
,0.1
*boundary, amplitude=smooth
load-cax4,2,2,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=20,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=cax4
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
load-cax4,2,2,0.0776
*end step







1658/Templates_InputFiles_References/nitinol_sax_xpl.inp
*heading
Uniaxial test sax1 element for the nitinol built-in vumat
Loading in Y direction
*preprint,echo=yes,model=yes,history=yes
*node, nset=sax1
101,3.5,0.
102,3.5,1.
*nset, nset=load-sax1
102
*element, type=sax1, elset=sax1
101,101,102
*shell section, elset=sax1, material=ABQ_super_elastic_N2d_1
0.0454728408834
*transverse shear stiffness
1.0,1.0,1.0
*boundary
101,2,
***********************************************************
*MATERIAL, NAME=ABQ_super_elastic_N2d_1
*user material,consta=14
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,
*depvar
24,
*density
1.e-2
*nset, nset=nall
sax1,
*initial conditions,type=temperature
nall,22.
*restart,write, number=1
*amplitude,name=smooth,time=totaltime,definition=smoothstep
0.,0.,0.1,1.,0.2,0.
*elset,elset=QA_TEST_ALLELEMENTS
sax1
***********************************************************
*step
*dynamic, explicit
,0.1
*boundary, amplitude=smooth
load-sax1,2,2,0.0776
*OUTPUT,FIELD,NUMBER INTERVAL=20,TIME MARKS=YES
*ELEMENT OUTPUT,ELSET=QA_TEST_ALLELEMENTS
S,LE
*NODE OUTPUT
U,
*OUTPUT,HISTORY
*ELEMENT OUTPUT,ELSET=sax1
S,LE
*NODE OUTPUT,NSET=NALL
U,
RF,
*OUTPUT,HISTORY,VARIABLE=PRESELECT,TIME INTERVAL=0.025
*end step
*step
*dynamic,explicit
,.1,,
*boundary,amplitude=smooth
load-sax1,2,2,0.0776
*end step







1658/Templates_InputFiles_References/nitinol_uni22_std.inp
*heading
built-in nitinol umat
Uniaxial test, c3d8,c3d10m,cps4,t3d2
Loading in Y direction
*preprint,echo=yes,model=yes,history=yes
***********************************************************
*node,nset=c3d8
1, 0., 3.
2, 1., 3.
3, 1., 4.
4, 0., 4.
5, 0., 3., 1.
6, 1., 3., 1.
7, 1., 4., 1.
8, 0., 4., 1.
*nset, nset=load-c3d8
3,4,7,8
*element,type=c3d8,elset=c3d8
1,1,2,3,4,5,6,7,8
*solid section,elset=c3d8,material=ABQ_super_elastic_1
*boundary
1,1,3
2,2,3
3,3
4,1
4,3
5,1,2
6,2
8,1
***********************************************************
*Node, nset=c3d10m
     201,           4.,           4.,           1.
     202,           4.,           3.,           1.
     203,           4.,           3.,           0.
     204,           4.,           4.,           0.
     205,           3.,           3.,           1.
     206,           3.,           3.,           0.
     207,           3.,           4.,           0.
     208,           3.,           4.,           1.
     209,     3.499939,          3.5,          0.5
     210,     3.749969,         3.25,         0.75
     211,          3.5,           3.,           1.
     212,     3.249969,         3.25,         0.75
     213,           3.,          3.5,           1.
     214,     3.249969,         3.75,         0.75
     215,          3.5,          3.5,           1.
     216,     3.249969,         3.25,         0.25
     217,           3.,           3.,          0.5
     218,          3.5,           3.,          0.5
     219,     3.249969,         3.75,         0.25
     220,           3.,           4.,          0.5
     221,           3.,          3.5,          0.5
     222,           3.,          3.5,           0.
     223,     3.749969,         3.75,         0.25
     224,          3.5,           4.,          0.5
     225,          3.5,           4.,           0.
     226,          3.5,          3.5,           0.
     227,          3.5,           3.,           0.
     228,     3.749969,         3.25,         0.25
     229,           4.,          3.5,           0.
     230,           4.,           4.,          0.5
     231,     3.749969,         3.75,         0.75
     232,          3.5,           4.,           1.
     233,           4.,          3.5,          0.5
     234,           4.,           3.,          0.5
     235,           4.,          3.5,           1.
*nset, nset=xfix
  205,  206,  207,  208, 213, 217, 220, 221, 222
*nset, nset=yfix
  202,  203,  205,  206, 211, 217, 218, 227, 234
*nset, nset=zfix
  203,  204,  206,  207, 222, 225, 226, 227, 229
*nset, nset=load-c3d10m
  201,  204,  207,  208, 220, 224, 225, 230, 232
*Element, type=C3D10M, elset=c3d10m
201,  209,  205,  202,  208, 212, 211, 210, 214, 213, 215
202,  209,  205,  206,  202, 212, 217, 216, 210, 211, 218
203,  209,  208,  207,  205, 214, 220, 219, 212, 213, 221
204,  209,  205,  207,  206, 212, 221, 219, 216, 217, 222
205,  209,  208,  204,  207, 214, 224, 223, 219, 220, 225
206,  209,  204,  206,  207, 223, 226, 216, 219, 225, 222
207,  209,  203,  206,  204, 228, 227, 216, 223, 229, 226
208,  209,  201,  204,  208, 231, 230, 223, 214, 232, 224
209,  209,  201,  203,  204, 231, 233, 228, 223, 230, 229
210,  209,  202,  203,  201, 210, 234, 228, 231, 235, 233
211,  209,  208,  202,  201, 214, 215, 210, 231, 232, 235
212,  209,  202,  206,  203, 210, 218, 216, 228, 234, 227
*solid section,elset=c3d10m,material=ABQ_super_elastic_1
*boundary
xfix,1
yfix,2
zfix,3
***********************************************************
*node,nset=cps4
301, 0., 0.
302, 1., 0.
303, 1., 1.
304, 0., 1.
*nset, nset=load-cps4
303,304
*element,type=cps4,elset=cps4
301,301,302,303,304
*solid section,elset=cps4,material=ABQ_super_elastic_1
1.0,
*boundary
301,1,2
302,2
304,1
***********************************************************
*node, nset=t3d2
401, 3.5, 0.
402, 3.5, 1.0
*nset, nset=load-t3d2
402
*element, type=t3d2, elset=t3d2
401, 401, 402
*solid section,elset=t3d2,material=ABQ_super_elastic_1
1.0,
*boundary
401,1,3
402,1
402,3
***********************************************************
*MATERIAL, NAME=ABQ_super_elastic_1
*user material,consta=15
40000,0.33,32000,0.33,0.041,6.7 ,440.,540.,
22.,6.7 ,250.,140.,,0.041,,
*depvar
24,
*nset, nset=nall
c3d8,cps4,t3d2,c3d10m
*initial conditions,type=temperature
nall,22.
*restart,write
*nset,nset=nout
load-c3d10m,load-c3d8,load-cps4,load-t3d2
***********************************************************
*step,nlgeom,inc=100
*static
0.02,1.,,0.02
*boundary
load-c3d10m,2,2,0.0776
load-c3d8,2,2,0.0776
load-cps4,2,2,0.0776
load-t3d2,2,2,0.0776 
*output, field
*element output
S,LE
*Node output
U,
*output,history,variable=preselect
*node output,nset=nout
U2,RF2
*end step
*step,nlgeom,inc=100
*static
0.02,1.,,0.02
*boundary
load-c3d10m,2,2,0.
load-c3d8,2,2,0.
load-cps4,2,2,0.
load-t3d2,2,2,0. 
*end step
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UMAT for Superelasticity and Plasticity of Shape Memory Alloys 
 
Superelastic-plastic behavior is based on the 
uniaxial behavior shown here: 
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Usage 


 
Superelastic only behavior 
 
MATERIAL, NAME=name 
USER MATERIAL, CONSTANTS=15 + NA 
 


AE , Av , ME , Mv , L , 
L


T 













, S
L , E


L  


OT , 
U


T 













, S
U , E


U , S
CL , L


V , AN , S1N , SNA...N  


 


DEPVAR 
 24, 
 
 
 


Superelastic-plastic behavior 
 
MATERIAL, NAME=name 
USER MATERIAL, CONSTANTS=16 + NA + 2NP 


AE , Av , ME , Mv , L , 
L


T 













, S
L , E


L  


OT , 
U


T 













, S
U , E


U , S
CL , L


V , AN , S1N , SNA...N , PN , NP
P
NP1


P
1  ,...,  (8 values per line) 


 


DEPVAR 
 31, 
 
 


Note that for both the elastic and elastic-plastic behaviors, the name parameter on *MATERIAL must 
start with ABQ_SUPER_ELASTIC. 
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Input to Superelasticity UMAT  


AE   Austenite elasticity 


Av   Austenite Poisson’s ratio  


ME   Martensite elasticity 


Mv   Martensite Poisson’s ratio 


L   Transformation strain 


L
T 













  T loading 


S
L   Start of transformation loading 


E
L   End of transformation loading 


OT   Reference temperature 


U
T 













  T unloading 


S
U   Start of transformation unloading 


E
U   End of transformation unloading 


S
CL   Start of transformation stress during loading in compression, as a positive 


value 


L
V   Volumetric transformation strain. If L


V = L , an associated flow algorithm 


is used, with L
V  computed based on S


L  and S
CL . For all other cases, a 


nonassociated flow algorithm is used, which produces an unsymmetric 
Jacobian matrix.  The USYMM parameter is thus required on the *USER 
MATERIAL keyword 


AN   Number of annealings to be performed during the analysis 


S1N  - SNAN   Step numbers at which all state dependent variable are set to zero 


PN   Number of stress-strain pairs to define yield curve 


NP
P
NP1


P
1  ,...,    Stress-strain points in the yield curve 
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Output from Superelasticity UMAT  
 


SDV1 – 6 Linear elastic strains 


SDV7 – 12 Transformation strains 


SDV19 Equivalent transformation strain 


SDV20 Volumetric transformation strain 


SDV21 Fraction of Martensite 


SDV22 Equivalent uniaxial tensile stress 


SDV23 Equivalent uniaxial tensile transformation strain 


SDV24 Equivalent uniaxial tensile total strain 


SDV26 – 31 Plastic strains1 


SENER, ELSE, ALLSE Linear elastic strain energy variables2 


PENER, ELPD, ALLPD Transformation strain energy variables2 


 


 


1. Available for superelastic-plastic behavior 


2. See the Output Table in ABAQUS User’s Manual for definitions  







1658/VUMAT-superelastic-plastic.pdf


 
 


 
Copyright Dassault Systèmes | www.3ds.com                                                                                                


 
 


 


VUMAT for Superelasticity and Plasticity of Shape Memory Alloys 
 
Superelastic-plastic behavior based on the 
uniaxial behavior shown here: 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 





ToT  


E
L  


S
L  


S
U  


E
U  L


T 













 


U
T 













 


ME  


E
Ut  


S
L t  


E
L t  


S
U t  


  





S
Lc   


AE
L


 1
P
1  ,  


 iP
i  ,  







 


 
Copyright Dassault Systèmes | www.3ds.com                                            VUMAT for Superelasticity Elastic-Plastic Model      2 


Usage 


 
Superelastic only behavior 
 
MATERIAL, NAME=name 
USER MATERIAL, CONSTANTS=14 
 


AE , Av , ME , Mv , L , 
L


T 













, S
L , E


L  


OT , 
U


T 













, S
U , E


U , S
CL , L


V  


DEPVAR 
 24, 
 
 
 
 


Superelastic-plastic behavior 
 
MATERIAL, NAME=name 
USER MATERIAL, CONSTANTS=15 + 2NP 
 


AE , Av , ME , Mv , L , 
L


T 













, S
L , E


L  


OT , 
U


T 













, S
U , E


U , S
CL , L


V , PN , NP
P
NP1


P
1  ,...,  (8 values per line) 


 


DEPVAR 
 31, 
 


Note that the NAME parameter on *MATERIAL must start with ABQ_SUPER_ELASTIC_N1D (for 
beam elements), ABQ_SUPER_ELASTIC_N2D (for plane stress, shell or membrane elements), or 
ABQ_SUPER_ELASTIC_N3D (for 3D, plane strain or axisymmetric solid elements). 
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Input to Superelasticity VUMAT  


AE   Austenite elasticity 


Av   Austenite Poisson’s ratio  


ME   Martensite elasticity 


Mv   Martensite Poisson’s ratio 


L   Transformation strain 


L
T 













  T loading 


S
L   Start of transformation loading 


E
L   End of transformation loading 


OT   Reference temperature 


U
T 













  T unloading 


S
U   Start of transformation unloading 


E
U   End of transformation unloading 


S
CL   Start of transformation stress during loading in compression, as a positive 


value 


L
V   Volumetric transformation strain. If L


V = L , an associated algorithm is 


used, with L
V  computed based on S


L  and S
CL  


PN   Number of stress-strain pairs to define yield curve 


NP
P
NP1


P
1  ,...,   Stress-strain points in the yield curve 
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Output from Superelasticity VUMAT  


 


SDV1 – 6 Linear elastic strains 


SDV7 – 12 Transformation strains 


SDV19 Equivalent transformation strain 


SDV20 Volumetric transformation strain 


SDV21 Fraction of Martensite 


SDV22 Equivalent uniaxial tensile stress 


SDV23 Equivalent uniaxial tensile transformation strain 


SDV24 Equivalent uniaxial tensile total strain 


SDV26 – 31 Plastic strains1 


SENER, ELSE, ALLSE Linear elastic strain energy variables2 


PENER, ELPD, ALLPD Transformation strain energy variables2 


 


1. Available for superelastic-plastic behavior 


2. See the Output Table in ABAQUS User’s Manual for definitions  
 






