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1. Introduction  

1.1 Background 

We previously published a microstructurally inspired, mechanism-based Hybrid-
Experimental-Modeling-Computational (MIMB-HEMC) concept for finite 
element (FE) simulation of skull fracture (Weerasooriya and Alexander 2021; 
Alexander et al. 2021). Here, our motivation for developing the concept was that 
skull fracture could serve as an interim indicator for head injury while researchers 
continue to develop cellular and tissue-scale mechanical, electrical, and chemical 
(MEC) thresholds for the initiation of functional impairments to the brain. The 
benefits of a MIMB-HEMC approach were demonstrated by simulating a unique 
experiment published by Gunnarsson et al. (2021) consisting of indenting a so-
called “skullcap” specimen. The unique specimen geometry was chosen 
specifically to induce a multiaxial stress state, which is closer to the in-vivo 
response than smaller coupon-type specimens such as cubes or 2-D beams. The 
MIMB-HEMC concept showed remarkable resemblance between numerically 
predicted and experimental fracture patterns. 

The ability of our MIMB-HEMC approach to simulate fracture patterns has drawn 
the interest of other researchers within and outside of the US Army Combat 
Capabilities Development Command Army Research Laboratory to implement our 
concept in their own simulations. However, many researchers use LS-DYNA FE 
software, even though we originally developed our concept as a custom vectorized 
user material (VUMAT) in Abaqus, specifically in Abaqus/Explicit. Both LS-
DYNA and Abaqus have the capability to use custom user materials written as 
FORTRAN subroutines. To distinguish between these two interfaces, the 
framework for custom user materials in Abaqus/Explicit will be referred to as the 
“Abaqus VUMAT” and the analogous framework in LS-DYNA as the “LS-DYNA 
user-defined material.” In both, the FE program supplies the current strain 
increment to the custom subroutine, together with information relating to the 
current state of the simulation, such as the values of state variables. The primary 
task of the subroutine is to calculate the corresponding stress, as well as update the 
state variables. These quantities are passed back to the FE program, which then 
continues with its calculations. 

However, the interfaces for custom user materials are sufficiently different between 
the two FE programs such that the concept we developed in Abaqus/Explicit could 
not be directly transferred to LS-DYNA and used as-is. Therefore, we developed a 
tool to enable researchers to use our Abaqus VUMAT for skull fracture in LS-
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DYNA without needing to further modify the Abaqus VUMAT. The tool, a 
“wrapper,” is a LS-DYNA user-defined material subroutine that translates between 
the LS-DYNA and Abaqus/Explicit conventions while using the Abaqus VUMAT 
for actual calculations. 

The reader should be aware that the interface used by Abaqus/Explicit is also 
different from the interface used by Abaqus/Implicit. In Abaqus/Implicit, custom 
user material models are referred to as UMATs. The present wrapper complements 
a previous wrapper we had published that enabled an Abaqus UMAT containing a 
non-isotropic material (deformation and failure) model for simulating ultra-high-
molecular-weight polyethylene to be used in LS-DYNA (Alexander et al. 2023). 

1.2 Purpose and Scope 

This report is a user guide for using the wrapper to run in LS-DYNA the skull 
fracture concept we previously developed for simulating skull failure in 
Abaqus/Explicit. The reader is referred to the original two reports for complete 
details of the MIMB-HEMC fracture concept (Weerasooriya and Alexander 2021; 
Alexander et al. 2021). In summary, a key component of the concept was that the 
FE mesh of the skull was mapped to the micro-CT dataset of the skull. For each 
element, the bone volume fraction (BVF or 𝑓𝑓𝐵𝐵𝐵𝐵) from the micro-CT data was 
determined for the physical volume of the skull that the element represented. The 
element’s 𝑓𝑓𝐵𝐵𝐵𝐵 value was then used to calculate the Young’s modulus (E), mass 
density at the start of the simulation (𝜌𝜌𝑡𝑡0), and thresholds for failure initiation by 
either compression (𝜎𝜎𝑓𝑓𝑐𝑐), tension (𝜎𝜎𝑓𝑓𝑡𝑡), and/or shear (𝜎𝜎𝑓𝑓𝑠𝑠) as 

 𝐸𝐸 = 3.0 ∙ (𝑓𝑓𝐵𝐵𝐵𝐵)1.603 GPa (1) 

 𝜌𝜌𝑡𝑡0 = 1.8 ∙ 𝑓𝑓𝐵𝐵𝐵𝐵 g/cm3 (2) 

 𝜎𝜎𝑓𝑓𝑐𝑐 = 175.0 ∙ (𝑓𝑓𝐵𝐵𝐵𝐵)2.0 MPa (3) 

 𝜎𝜎𝑓𝑓𝑡𝑡 = 269.4 ∙ (𝑓𝑓𝐵𝐵𝐵𝐵)2.0 MPa (4) 

 𝜎𝜎𝑓𝑓𝑠𝑠 = 150.0 ∙ (𝑓𝑓𝐵𝐵𝐵𝐵)2.0 MPa (5) 

The concept was implemented in two different VUMAT versions: vA 
(Weerasooriya and Alexander 2021) and vB (Alexander et al. 2021). The wrapper 
was specifically developed for use with the latest update, which was published as 
VUMAT vB.  

One distinguishing characteristic of vB was the inclusion of an algorithm to prevent 
the large, unrealistic force drops that were inherent in vA and were caused by 
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cascades of elements failing in tension. Another distinguishing feature of vB was 
the automatic removal of elements that exceeded a strain rate threshold, compared 
to laborious manual removal in vA. The purpose of this feature was to avoid Abaqus 
terminating the simulation prematurely due to elements becoming too distorted by 
removing these elements before they became problematic. The VUMAT alerted 
Abaqus to delete elements by setting the fourth state-dependent variable to a value 
of zero. VUMAT vB was also distinguished from earlier versions by conforming 
to the newer Abaqus VUMAT interface used in the Abaqus 2020 release. 

However, apart from these distinctions, the two VUMAT versions were largely the 
same. Therefore, this user guide often refers to “original documentation,” meaning 
that the reader can find the details in either of the previous publications 
(Weerasooriya and Alexander 2021; Alexander et al. 2021). 

The present wrapper is also useful to the wider research community as a foundation 
from which a more generalized wrapper could be developed for using in LS-DYNA 
any VUMAT that had originally been developed for Abaqus, apart from our skull 
fracture concept. Researchers who may have interest in this more generalized use 
of the present wrapper should be aware that the wrapper was successful for the 
specific use case of VUMAT vB where the material model of the VUMAT was 
isotropic and does not have any directionality to deformation or failure. 
Furthermore, the wrapper only supports a limited number of the arguments that 
Abaqus would normally provide as input to the VUMAT. Appendix A lists the 
arguments that the wrapper supports.  

1.3 Outline 

This user guide starts by providing an overview of the operation of the wrapper. 
Next, Section 4 supplies step-by-step directions on how to implement the wrapper 
in LS-DYNA. This section focuses on the use case of the VUMAT vB but also 
provides generalized instructions for using the wrapper for other VUMATs. Section 
5 presents some of the simulations that were run to verify the wrapper by comparing 
between Abaqus and LS-DYNA outputs with VUMAT vB. Next, the report 
presents notes related to using the wrapper for other Abaqus VUMATs. 
Conclusions are drawn in Section 7. 

2. Conventions 

The start of the simulation is at time t = 0, also identified as t0 (0-th). The FE 
program progresses through the simulation by advancing through small time 
increments, Δ𝑡𝑡. Each time increment (Δ𝑡𝑡𝑖𝑖 = 𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1,) is defined as 
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 Δ𝑡𝑡 = 𝑡𝑡2 − 𝑡𝑡1, (6) 

where t2 is the time at the end of the current increment and t1 is the time at the 
beginning of the current increment (corresponding to the end of the previous 
increment).  

3. Overview 

The wrapper is a FORTRAN subroutine called UMAT43V and acts as a LS-DYNA 
user-defined material subroutine (overall concept is summarized in Fig. 1). For each 
time step, LS-DYNA supplies variables to the wrapper at the beginning of the 
current time step, t1, including the stress and strain increments, state variables, and 
material properties. The first part of the wrapper converts these variables from the 
LS-DYNA convention to the Abaqus convention.  

 
Fig. 1 Summary of wrapper concept. Only the key inputs and outputs at the various levels 
are included here to help with visualization. 
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The wrapper checks whether the element had previously exceeded the maximum 
strain rate threshold. If so, the wrapper automatically sets the stress to 0, without 
calling the Abaqus VUMAT. For all other elements, the wrapper calculates the 
density at the mid-step configuration (Δ𝑡𝑡/2). The wrapper then calls the Abaqus 
VUMAT, referred to here as SKULL_VUMAT_VER-B. The Abaqus VUMAT 
calculates the updated values of the stress and history variables for the end of the 
current time step, t2, as it would when running normally in Abaqus/Explicit. The 
wrapper then converts the stress and history variables back to the LS-DYNA 
convention. It also checks whether the Abaqus VUMAT had flagged any elements 
for deletion due to exceeding the strain rate threshold during the current time 
increment. For any element flagged for deletion, the wrapper updates the 
corresponding LS-DYNA variable accordingly. 

The wrapper has several write statements that write to terminal output enabling the 
user to confirm the setup. Appendix B details how state variables are used in the 
wrapper and in SKULL_VUMAT_VER-B. 

4. Stepwise Directions to Use Wrapper to Run VUMAT vB in  
LS-DYNA 

4.1 Compile LS-DYNA to Use the Wrapper 

The present wrapper was developed with a LS-DYNA distribution that used 
double-precision variables by default. An example procedure for confirming that 
LS-DYNA is using double-precision variables has been documented in Appendix 
C of Alexander et al. (2023). 

In LS-DYNA, user-defined material subroutines are included in the source file 
“dyn21umatv.f”. LS-DYNA organizes this source file as a series of 
subroutines. Each subroutine has a title in the format, UMATxxV, where xx is a 
number between 41 and 50. In the original source file from LS-DYNA, each 
subroutine is simply a placeholder or example. The present wrapper was written to 
take the place of the subroutine titled UMAT43V. 

The following steps should be executed prior to compiling LS-DYNA in order to 
use the Abaqus VUMAT by means of the wrapper: 

1) Completely remove the default UMAT43V subroutine that LS-DYNA 
provides as a placeholder in the dyn21umatv.f source file. 

2) The present wrapper with accompanying utility subroutines was saved in a 
file called “wrapper_skullVUMAT.f”. The user needs to add the 
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wrapper_skullVUMAT.f file to the same directory as the LS-DYNA 
dyn21umatv.f source file. 

3) Add the following statement to the dyn21umatv.f source file: 

include ‘wrapper_skullVUMAT.f’ 

This statement must be added at a location that is outside the scope of any 
of the subroutines in the source file. For example, it could be added to the 
very top of the file. Or it could be added between the end of the UMAT42V 
subroutine and the start of the UMAT44V subroutine, taking the place of the 
UMAT43V subroutine that was deleted in Step 1. 

4) The wrapper assumes that the SKULL_VUMAT_VER-B subroutine and its 
accompanying custom subroutines are saved in a file called 
“SKULL_VUMAT_VER-B.f”. The user needs to add the 
SKULL_VUMAT_VER-B.f file to the same directory as the LS-DYNA 
dyn21umatv.f source file. 

4.2 Set Up LS-DYNA Input (Keyword) File 

The LS-DYNA simulation is set up through an input file, also referred to as the 
keyword file (k-file). After compilation as described in the previous section, 
elements can be assigned the SKULL_VUMAT_VER-B material model through the 
*MAT_USER_DEFINED_MATERIAL_MODELS keyword, abbreviated here as 
*MAT_USER. This section describes how to specify this keyword in the k-file for 
the specific use case of the SKULL_VUMAT_VER-B.  

The keyword will have three data cards (lines). The first two data cards contain 
different variables related to the settings for the material model. The third data card 
contains the material properties sent to LS-DYNA. These material properties 
include the material properties used by the Abaqus VUMAT, referred to as PROPS, 
together with additional properties needed by LS-DYNA and the wrapper. 

The user should start by determining the values of the PROPS since a unique 
*MAT_USER keyword will be needed for each element, or set of elements, having 
different values of PROPS. After determining the values of the PROPS, it is easier 
to set up the *MAT_USER keyword by listing the LS-DYNA material properties in 
the third data card prior to specifying the settings in the first two data cards. 
Therefore, this user guide starts by discussing the values of the PROPS (Section 
4.2.1) and then describes the third data card (Section 4.2.2) before describing the 
first two data cards (Section 4.2.3). 
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4.2.1 Determine the Values of the Material Properties (PROPS) Used by 
the Abaqus VUMAT 

The user must create a unique *MAT_USER keyword for each element, or set of 
elements, having different values of PROPS. 

The SKULL_VUMAT_VER-B material model used three material properties: 

• PROPS(1): the bone volume fraction (𝑓𝑓𝐵𝐵𝐵𝐵) of the element at the start of 
the simulation. In the original documentation, 𝑓𝑓𝐵𝐵𝐵𝐵, was calculated for each 
element by mapping the element to the location within the micro-CT data 
that the volume represented. 

• PROPS(2): the Poisson’s ratio (𝜈𝜈). The original documentation used  
𝜈𝜈 = 0.3 for all elements. 

• PROPS(3): the mass density at t0 (𝜌𝜌𝑡𝑡0). In the original documentation, 𝜌𝜌𝑡𝑡0 
was calculated by Eq. 2. 

4.2.2 Specify LS-DYNA Material Properties in the Third Data Card 

The entries in the third data card are the material properties to be read by LS-
DYNA. These properties consist of the material properties, PROPS, used by the 
Abaqus VUMAT together with four additional properties required by LS-DYNA 
and the wrapper. The number of material properties used by the Abaqus VUMAT 
is referred to as NPROPS. The total number of material properties specified in the 
third data card is referred to here as NPROPS_DYNA, where 
NPROPS_DYNA=NPROPS+4. For the SKULL_VUMAT_VER-B model, 
NPROPS=3 and NPROPS_DYNA = 7. 

The entries in the third data card are specified as follows: 

• First and second entries: estimates for the bulk and shear moduli for the 
custom user material model. LS-DYNA requires that estimates for the bulk, 
𝐾𝐾, and shear, 𝐺𝐺, moduli of the custom user material be specified as material 
properties in the *MAT_USER keyword: “All user-defined material models 
require bulk and shear moduli for transmitting boundaries, contact 
interfaces, rigid body constraints, and time-step calculations” (ANSYS 
2023a, Appendix A). 

The values for 𝐾𝐾 and 𝐺𝐺 can be calculated from 𝑓𝑓𝐵𝐵𝐵𝐵 by the following method. 
First, the Young’s modulus is calculated by Eq. 1. Next, 𝐾𝐾 and 𝐺𝐺 are given 
by 

 𝐾𝐾 = 𝐸𝐸
3(1−2𝜈𝜈)  𝐺𝐺𝐺𝐺𝐺𝐺, 𝐺𝐺 = 𝐸𝐸

2(1+𝜈𝜈)  𝐺𝐺𝐺𝐺𝐺𝐺 (7) 
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The present wrapper assumes that 𝐾𝐾 and 𝐺𝐺 are listed as the first two material 
properties. The user can choose which comes first and second. 

• Third entry = 4, the number of state variables used in 
SKULL_VUMAT_VER-B. This number is an integer variable called 
NSTATEV.  

• Fourth entry = 3, the number of material properties used in 
SKULL_VUMAT_VER-B. This number is an integer variable called 
NPROPS. 

• Fifth and subsequent entries: these are the material properties that are used 
by the Abaqus VUMAT, as discussed in Section 4.2.1. The wrapper collects 
these properties into an array, PROPS, and sends them to the Abaqus 
VUMAT. For the SKULL_VUMAT_VER-B, the entries are as follows: 

o Fifth entry: 𝑓𝑓𝐵𝐵𝐵𝐵. Wrappers stores as PROPS(1). 

o Sixth entry: 𝜈𝜈. Wrapper stores as PROPS(2). 

o Seventh entry: 𝜌𝜌𝑡𝑡0. Wrapper stores as PROPS(3). 

4.2.3 Specify Variables in the First Two Cards of the Keyword 
The first two data cards (lines) of the *MAT_USER keyword contain different 
variables related to LS-DYNA settings for proper execution of the material model. 
The specific values required for each of these variables to use the wrapper for 
SKULL_VUMAT_VER-B are described here. The user is referred to the LS-DYNA 
Keyword User’s Manual, Volume II (ANSYS 2023b) for additional information 
regarding each variable and its specific meaning. 

• MID: a material identifier. The user must choose a value that is different 
from any other material used in the simulation.  

• RO: must be set to the mass density of the material model in consistent units. 
For the case of SKULL_VUMAT_VER-B, this density is 𝜌𝜌𝑡𝑡0, which is 
calculated by Eq. 2 and is also listed as the seventh material property sent 
to LS-DYNA (Section 4.2.2). 

• MT: must be set to 43 to match the title of the wrapper subroutine, which 
was UMAT43V. 

• LMC and LMCA: must be specified based on NPROPS_DYNA. The general 
procedure for determining LMC and LMCA has been described in Appendix 
D of Alexander et al. (2023). For the case of SKULL_VUMAT_VER-B, 
these values are LMC=7 and LMCA=0.  



 

9 

• NHV: refers to the Number of History Variables to be allocated by LS-
DYNA. Appendix B provides additional information regarding the use of 
history (or state) variables by the wrapper and by SKULL_VUMAT_VER-
B. In summary, NHV must be set to NSTATEV + 9. NSTATEV is the number 
of state variables used in the Abaqus VUMAT, which was listed as the third 
material property sent to LS-DYNA (see Section 4.2.2). For the case of 
SKULL_VUMAT_VER-B, NSTATEV=4 and therefore NHV should be 13.  

• IORTHO: this flag controls whether LS-DYNA sends the variables to the 
wrapper in the current global coordinate system (if IORTHO=0) or a local 
coordinate system (IORTHO=1). For the case of SKULL_VUMAT_VER-B, 
we have been setting IORTHO=0 for convenience. Setting IORTHO=1 
requires additional data cards to define the local coordinate system when 
specifying the *MAT_USER keyword. The wrapper should work for either 
setting because SKULL_VUMAT_VER-B is an isotropic material model, 
but we have not tested or verified the wrapper for IORTHO=1. 

• IBULK and IG:  these indicate the location of the estimates for the bulk 
and shear modulus, 𝐾𝐾 and 𝐺𝐺 (Eq. 7), within the listing of material properties 
as described previously. The present wrapper assumes that 𝐾𝐾 and 𝐺𝐺 are 
listed in the first two slots for material properties. The user can choose 
which comes first and second. 

• IVECT: must be set to 1. The present wrapper is written as a vectorized 
user-defined material subroutine rather than as a scalar subroutine. The 
IVECT=1 flag indicates this to LS-DYNA. 

• IFAIL: must be set to 1. This setting prompts LS-DYNA to send an array 
of logical values, called FAILELS, to the wrapper. LS-DYNA then erodes 
any elements for which the wrapper sets the corresponding position in 
FAILELS to TRUE. SKULL_VUMAT_VER-B uses the fourth state 
dependent variable (SDV4) as a flag to indicate that an element has 
exceeded the strain-rate threshold and should be removed. If an element has 
exceeded the threshold, the VUMAT sets the value of SDV4 for that 
element to 0. The present wrapper checks SDV4 after calling 
SKULL_VUMAT_VER-B. The wrapper sets the corresponding position in 
FAILELS to TRUE if SDV4 is 0. 

• ITHERM: determines if LS-DYNA sends temperature information to the 
user material model. We have been using ITHERM=0. The wrapper does 
not explicitly handle any temperature variables.  
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• IHYPER: must be set to 1 in order for LS-DYNA to pass the deformation 
gradient at the end of the current timestep. Appendix B provides additional 
information. 

• IEOS: is for equation of state. We have been using IEOS=0. 

5. Verification of Wrapper by Comparing Abaqus and LS-DYNA 
Simulations 

The implementation of the wrapper was verified by running simulations in LS-
DYNA using the SKULL_VUMAT_VER-B material model by means of the 
wrapper. Analogous simulations were run in Abaqus/Explicit directly using the 
SKULL_VUMAT_VER-B material model. Numerical outputs from LS-DYNA and 
Abaqus were compared. 

5.1 Single Element Simulations without Failure 

Figure 2 describes the boundary conditions for single element simulations. The 
element was assigned properties based on the simulations in the original 
documentation, assuming pure bone: 𝑓𝑓𝐵𝐵𝐵𝐵 = 1.0, 𝜈𝜈 = 0.3, and 𝜌𝜌𝑡𝑡=0 = 1.8 × 10–6 
kg/mm3. The failure thresholds (originally given by Eqs. 3–5) were artificially 
increased for these single element simulations to ensure that no failure occurred 
during simulation. 

 

Fig. 2 Compression boundary conditions used for single element simulations in LS-DYNA 
and Abaqus/explicit to verify wrapper 
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Figure 3 compares the stress in the z-direction between LS-DYNA and Abaqus. At 
the end of the simulation, the value computed in LS-DYNA differed from that in 
Abaqus by 0.011%. 

 

Fig. 3 Compressive stress in the single element verification simulations 

In addition, the maximum and minimum principal stresses were compared between 
the two FE programs at the end of the simulation. It was important to verify 
principal stresses because the material model in SKULL_VUMAT_VER-B checked 
for element failure by comparing the principal stresses with the failure thresholds 
(Eqs. 3–5). At the end of the simulation, the minimum principal stress computed by 
Abaqus (–2.07942247 GPa) and LS-DYNA (–2.07919121 GPa) differed by 
0.000231 GPa (0.01%). The maximum principal stresses computed by Abaqus and 
LS-DYNA were 0.00003 and 0.00004 GPa, respectively. Since the cube is in 
uniaxial compression, the dominant stress for this loading configuration was the 
minimum principal stress, and the maximum principal stress should be zero. The 
nonzero values could be due to stress wave interaction as well as numerical noise. 
The difference in maximum principal stresses between the two programs was 
0.000011 GPa, corresponding to 0.0005% of the minimum principal stress in 
Abaqus, which is negligible. 

We also compared the calculation of relative volume, 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟, between the two FE 
programs. This quantity was important because the SKULL_VUMAT_VER-B used 
𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 in determining the stress of elements that had previously failed by exceeding 
one of the failure thresholds. The SKULL_VUMAT_VER-B calculated 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟  as 

 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 =  𝜌𝜌𝑡𝑡0
𝜌𝜌𝑡𝑡=𝑡𝑡1+Δ𝑡𝑡/2

 (8) 

In Eq. 8, 𝜌𝜌𝑡𝑡0 was the mass density at the start of the simulation, which was one of 
the material properties listed in the *MAT_USER keyword (Section 4.2.1). The 
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denominator, 𝜌𝜌𝑡𝑡=𝑡𝑡1+Δ𝑡𝑡/2, was supplied by Abaqus via the density variable when 
using SKULL_VUMAT_VER-B in the Abaqus software. This was the density at 
the midstep configuration, halfway between t1 and t2.  

However, LS-DYNA does not supply the midstep density to its subroutines used 
for custom material models as far as we know. Therefore, the wrapper needed to 
calculate 𝜌𝜌𝑡𝑡=𝑡𝑡1+Δ𝑡𝑡/2 from other quantities that LS-DYNA supplies in order to use 
SKULL_VUMAT_VER-B in LS-DYNA. First, the wrapper calculates 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 from the 
deformation gradient at t1, F1, and the deformation gradient at t2, F2, as 

 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = det(𝐹𝐹1)+det (𝐹𝐹2)
2

 (9) 

The wrapper calculates 𝜌𝜌𝑡𝑡=𝑡𝑡1+Δ𝑡𝑡/2 by equating Eqs. 8 and 9 to give 

 𝜌𝜌𝑡𝑡=𝑡𝑡1+Δ𝑡𝑡/2 = 2𝜌𝜌𝑡𝑡0
det(𝐹𝐹1)+det (𝐹𝐹2)

 (10) 

To verify the calculation of relative volume with the wrapper, we first confirmed 
that Eqs. 8 and 9 gave the same value for 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 up to eight significant digits when 
running the single element simulation in Abaqus. Next, running the analogous 
simulation in LS-DYNA, 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 calculated by Eq. 9 at the end of the simulation 
deviated by less than 0.0005% from the value of 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 calculated in the Abaqus 
simulation. 

5.2 Skullcap Simulation Using Simplified Boundary Conditions 

The wrapper was further verified by rerunning the skullcap simulation from the 
original documentation. In the original Abaqus simulations, the skullcap rested on 
an aluminum backing plate. Contact was specified between the skullcap and the 
backing plate. We tried to run the analogous in LS-DYNA with the wrapper. 
However, these preliminary simulations of indenting the skullcap resting on the 
backing plate substantially deviated from the Abaqus response. Most noticeably, 
the initial linear portion of the load-displacement response was softer than the 
Abaqus response. This was likely due to differences in how the two FE programs 
handled contact between the skull and the plate. 

Therefore, the plate was removed for the present verification simulations in order 
to facilitate direct comparison between Abaqus and LS-DYNA. Instead of the 
backing plate, the modified skullcap simulations (MSS) constrained all nodes 
within 0.3 mm of the bottom of the skullcap from motion in all three directions. 

Figures 4 and 5 compare the predicted response of the MSS between the two 
programs, showing close agreement. We believe that discrepancies are due to 
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differences in the finite element solvers that are external to the wrapper, rather than 
deficiencies in the wrapper itself. For example, although the issue of contact 
between the nodes and the plate was avoided by removing the plate, the MSS still 
had contact defined between the rigid indenter and the top of the skullcap. There 
are likely differences in the way that Abaqus and LS-DYNA handle this contact. In 
addition, the algorithm in SKULL_VUMAT_VER-B for computing the stress of 
high-BVF elements that had failed in tension is dependent on the size of Δ𝑡𝑡 (this 
algorithm was previously documented in Section 3.3 of Alexander et al. [2021]). 
To minimize discrepancies between Abaqus and LS-DYNA, the timestep as a 
function of time was output from the Abaqus MSS and was used as a cap on the 
timestep in the MSS in LS-DYNA. However, the timestep in the LS-DYNA 
simulation still deviated from that of Abaqus simulation. Appendix C provides 
further information on the timestep. The appendix also includes an additional LS-
DYNA simulation in which the timestep was not constrained to be less than or equal 
to the Abaqus timestep. This additional simulation illustrates the effect of timestep 
on the response. 

 

Fig. 4 Comparison of modified skullcap simulation using SKULL_VUMAT_VER-B in 
Abaqus (directly) and in LS-DYNA (via wrapper). Load-displacement is plotted (purple from 
Abaqus and cyan from LS-DYNA) together with the number of elements that failed by each 
mechanism and the number of elements that were deleted due to exceeding the strain-rate 
threshold.  
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Fig. 5 Comparison of failure patterns from the modified skullcap simulation using 
SKULL_VUMAT_VER-B in Abaqus (directly) and in LS-DYNA (via wrapper). The back 
surface of the skull mesh is shown with elements colored according to the element legend. 
Failure patterns are shown at two timepoints, indicated by A and B in the load-displacement 
curve. 
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6. Limitations of Using Wrapper for Other Abaqus VUMATs 

The wrapper assumes the material model is isothermal and is written for 3-D 
simulations. Shells and VUMATs coded for 2-D would require modification.  

In addition, the present wrapper is limited by only assigning values to the specific 
arguments in the Abaqus VUMAT header that were needed to run the 
SKULL_VUMAT_VER-B. Moreover, the wrapper assumes that the Abaqus 
VUMAT header follows the convention that was adopted in the 2020 release of 
Abaqus and has been in use to the present (2023 release). The distinguishing 
difference was the introduction in the 2020 release of the jinfoArray argument. 
Appendix A lists the arguments from the Abaqus VUMAT header that are 
supported by the wrapper. To apply the present wrapper for an Abaqus VUMAT 
other than SKULL_VUMAT_VER-B, users should consult Appendix C to ensure 
that the Abaqus VUMAT does not require information that is not supported by the 
present wrapper. One important example is that the present wrapper does not 
support field variables. 

7. Conclusions 

The wrapper described in this report can be directly used to run LS-DYNA 
simulations with the VUMAT vB material model for skull that was originally 
developed by Alexander et al. (2021) for use in Abaqus/Explicit. The verification 
simulations documented here indicate the functionality of the wrapper, specifically 
the close matching of back-surface failure patterns. However, the verifications also 
highlight that the user should, in general, not expect exact correspondence between 
LS-DYNA and Abaqus when using the wrapper because of confounding 
differences between the two programs, such as contact algorithms and timesteps. 
These differences cause the load-displacement responses to be slightly different. 
The pattern of failed elements, while still showing discrepancies, is less noticeably 
affected by the differences between the two programs. 

The present wrapper was limited in application to the specific case of the isotropic 
VUMAT vB material model. It can also be applied to other VUMATs originally 
developed in Abaqus, given the limitations on function arguments and history 
variables described in this report. Finally, it also serves as a starting point from 
which a more generalized wrapper could be developed that would allow any 
VUMAT from Abaqus to be used in LS-DYNA. 
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Appendix A. Variables from the Abaqus VUMAT Interface That 
Are Supported by the Wrapper 
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The present wrapper assumes that the header of the Abaqus VUMAT is in the form 
shown by Fig. A-1. This form is based on the VUMAT interface used in 
Abaqus/Explicit since the 2020 Abaqus release.1  

 

Fig. A-1 Form of the header for the Abaqus VUMAT that is assumed by the present wrapper 

As shown in Fig. A-1, a total of 33 arguments to the function are included in the 
call to the VUMAT. Abaqus would support all of these arguments for a VUMAT 
running in Abaqus: it would provide the information to the “read only” arguments 
and use the values calculated within the VUMAT for the “write only” arguments. 
However, the present wrapper did not support all of these arguments. The wrapper, 
prior to calling the VUMAT, only assigned values to the subset of arguments that 
were needed for the computations within SKULL_VUMAT_VER-B. Furthermore, 
after calling the Abaqus VUMAT, the wrapper only passed information from 
stressNew and stateNew back to LS-DYNA. 

The subset of arguments supported by the wrapper is listed here with additional 
information. Arguments are arrays, where the dimension of the array is given within 
the parentheses—for example, “props(nprops)”; all other arguments are 
scalars. 

• nblock 

o “number of material points to be processed in this call to VUMAT”1 

o This argument is hard-coded in the wrapper to a value of 1. 

• ndir 

o “number of direct components in a symmetric tensor”1 

o This argument is hard-coded in the wrapper to a value of 3. 

• nshr 

o “number of indirect components in a symmetric tensor”1 

 
1 Abaqus. SIMULIA user assistance 2023. Dassault Systèmes; 2023. 
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o This argument is hard-coded in the wrapper to a value of 3. 

• nstatev 

o “number of user-defined state variables that are associated with this 
material type”1 

o The value of this argument is specified by the user in the LS-DYNA 
input deck (see Section 4.2.2). However, the user should be aware of the 
following. In Abaqus, the stateOld and stateNew arrays 
(described below) are dimensioned using nstatev. Since the wrapper 
cannot know nstatev prior to compilation, the wrapper dimensions 
these arrays using an assumed value of 100. The wrapper checks if 
nstatev is greater than 100 and issues an informative warning and 
stops the program if it is. 

o For the case of SKULL_VUMAT_VER-B: the skull VUMAT used four 
state variables as described in Appendix B. Therefore, nstatev should 
be 4. 

• nprops 

o “user-specified number of user-defined material properties”1 

o The value of this argument is specified by the user in the LS-DYNA 
input deck (see Section 4.2.2). However, the user should be aware of the 
following. In Abaqus, the props array (described below) is 
dimensioned using nprops. Since the wrapper cannot know nprops 
prior to compilation, the wrapper dimensions this array using an 
assumed value of 100. The wrapper checks if nprops is greater than 
100 and issues an informative warning and stops the program if it is. 

o For the case of SKULL_VUMAT_VER-B: the skull VUMAT used three 
material properties (see Section 4.2.1). Therefore, nprops should be 
3. 

• jInfoArray(*) 

o When running a VUMAT within the Abaqus finite element program, 
this array would contain the information listed here. However, the only 
functionality supported by the current wrapper is the last item in the list 
in green font; all other items in red font are not supported by the present 
wrapper. 

 jInfoArray(1) = lAnneal, “flag indicating whether the 
routine is being called during an annealing process” 1 
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 jInfoArray(2) = intPt,  “integration location number” 1 

 jInfoArray(3) = iLayer, “layer number” 1 

 jInfoArray(4) = kspt, “section point number in the current 
layer” 1 

 jInfoArray(5) = iUpdateEffMod, “flag indicating whether 
the bulk modulus and shear modulus must be updated” 1 

 jInfoArray(6) = ptrjElemNum, “start location in jInfoArray 
for user-defined element numbers for all elements in nblock”1 

• stepTime  

o “Value of time since the step began”.1 Abaqus simulations can consist 
of multiple steps. In Abaqus, “steps” refer to a different concept than 
the time increment (defined as Δ𝑡𝑡 in the main body of this user guide). 
For example, a compress-decompress simulation could be divided in an 
Abaqus simulation into one step for the compression followed by a 
second step for the decompression. However, the present wrapper 
assumes that there is only one step in the simulation. The wrapper sets 
stepTime equal to the present simulation time. 

• totalTime 

o This value of time differs from stepTime only when the Abaqus 
simulation consists of multiple steps (see previous note regarding 
stepTime). However, the present wrapper assumes that there is only 
one step in the simulation. The wrapper sets totalTime equal to the 
present simulation time, which is the same value that the wraps assigns 
to stepTime. 

• dtArray(2*(nblock)+1) 

o The only functionality of this array that is supported by the present 
wrapper is the following: 

 dtArray(1) = time increment size 

• props(nprops) 

o The material properties that are used by the Abaqus VUMAT (see 
Section 4.2.1). 

• density(nblock) 

o “Current density at the material points in the midstep configuration”.1 
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o Present wrapper calculates this value by Eq. 5 as 𝜌𝜌𝑡𝑡=𝑡𝑡1+Δ𝑡𝑡/2. 

• strainInc(nblock, ndir+nshr) 

o “Strain increment tensor at each material point” 1 

o Important to note that Abaqus/Explicit supplies the VUMAT with 
tensorial shear strain components rather than engineering components. 

o Components are in order of 11, 22, 33, 12, 23, 13. 

• defgradOld(nblock, ndir+2*nshr) 

o Deformation gradient at t1 in global coordinate system. 

o Components are in order of 11, 22, 33, 12, 23, 31, 21, 32, 13. 

• stressOld(nblock, ndir+nshr) 

o Cauchy stress tensor at t1. Component ordering is same as 
strainInc. 

• stateOld(nblock, nstatev) 

o Values at t1 of the state variables used within the Abaqus VUMAT  

• defgradNew(nblock, ndir+2*shr) 

o Deformation gradient at t2 in global coordinate system. 

o Component ordering is same as defgradOld. 

• stressNew(nblock, ndir+nshr) 

o Cauchy stress tensor at t2. Component ordering is same as 
strainInc. 

• stateNew(nblock, nstatev) 

o Values at t2 of the state variables used within the Abaqus VUMAT. 
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Appendix B. The Use of State Variables by the Wrapper, 
Including How Deformation Gradients Are Stored 
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B.1 General Information 

The number of state variables (also referred to as history variables) used within the 
present wrapper is defined by the following three different quantities in order of 
increasing value:  

• NSTATEV: the number of state variables used within the Abaqus VUMAT. 

• NHV: the number of state variables that the user specifies on the  
*MAT_USER_DEFINED_MATERIAL_MODELS keyword (abbreviated 
here as *MAT_USER). This should be 

 NHV = NSTATEV+9 (B-1)  

• Total number of history variables that LS-DYNA sends to the wrapper, 
which is NHV+9. 

These differences arise from how LS-DYNA and the present wrapper store the 
deformation gradients. The wrapper requires the deformation gradient at t1, F1, 
and the deformation gradient at t2, F2. The wrapper needs F1 and F2 to calculate 
the midstep density (see Eq. 5). The wrapper also requires F1 and F2 in order to 
send them to the Abaqus VUMAT as defgradOld and defGradNew, 
respectively. 

LS-DYNA supplies F2 when the user sets the IHYPER flag in the 
*MAT_USER_DEFINED_MATERIAL_MODELS keyword to 1. When 
IHYPER=1, LS-DYNA saves the nine components of F2 within the array of state 
variables at indices of NHV+1 to NHV+9. However, as far as we know, LS-DYNA 
does not supply F1. Therefore, for each time increment, the wrapper stores F2 in 
the history variables at indices of NSTATEV+1 to NSTATEV+9. In the subsequent 
time increment, the wrapper assigns F1 to the values stored from the previous 
increment.  

In summary, by setting IHYPER=1 and NHV according to Eq. A-1, the state variable 
array that LS-DYNA sends to the wrapper has the following form: 

• Indices 1 to NSTATEV: state variables that are used by the Abaqus 
VUMAT. 

• Indices NSTATEV+1 to NSTATEV+9: the nine components of F1, which is 
the deformation gradient from the end of the previous time increment. 

• Indices NSTATEV+10 to NTATEV+18: the nine components of F2, which 
is the deformation gradient at the end of the current time increment. 
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B.2 State Variables for the Use Case of SKULL_VUMAT_VER-B 

Table B-1 lists the state variables used by the wrapper for the case of 
SKULL_VUMAT_VER-B. The SKULL_VUMAT_VER-B used four state variables, 
which are explained in Table B-1. Thus, NSTATEV=4, NHV=13, and the total 
number of history variables was 22.  

Table B-1 State variables used by wrapper for SKULL_VUMAT_VER-B 

Index (position 
in array) 

Variable 
name Description 

The first four state variables are specific to SKULL_VUMAT_VER-B. Refer to original 
documentation for details.1,2  

1 SDV1 
Flag indicating element status: indicating whether element 
was active or by what mechanism it failed (compression, 
tension, or shear) 

2 SDV2 Value of damage parameter D 

3 SDV3 # increments in which D was used to calculate Young’s 
modulus 

4 SDV4 Flag indicating whether element should be deleted due to 
exceeding the strain rate threshold 

Remaining state variables are used to hold F1 and F2.  
5 F1(1,1) Deformation gradient at end of previous time increment 
6 F1(2,1) Deformation gradient at end of previous time increment 

7 F1(3,1) Deformation gradient at end of previous time increment 

8 F1(1,2) Deformation gradient at end of previous time increment 

9 F1(2,2) Deformation gradient at end of previous time increment 

10 F1(3,2) Deformation gradient at end of previous time increment 

11 F1(1,3) Deformation gradient at end of previous time increment 

12 F1(2,3) Deformation gradient at end of previous time increment 

13 F1(3,3) Deformation gradient at end of previous time increment 

14 F2(1,1) Deformation gradient at end of current time increment 

15 F2(2,1) Deformation gradient at end of current time increment 

16 F2(3,1) Deformation gradient at end of current time increment 

17 F2(1,2) Deformation gradient at end of current time increment 

18 F2(2,2) Deformation gradient at end of current time increment 

19 F2(3,2) Deformation gradient at end of current time increment 

20 F2(1,3) Deformation gradient at end of current time increment 

21 F2(2,3) Deformation gradient at end of current time increment 

22 F2(3,3) Deformation gradient at end of current time increment 

 
1 Alexander SL, Baumer T, Fagan B, Weerasooriya T. Hybrid experimental modeling computational 
(HEMC) skullcap simulation: elemental to layer simplification and application to microstructural 
stochasticity. DEVCOM Army Research Laboratory (US); 2021 Sep. Report No.: ARL-TR-9296. 
https://apps.dtic.mil/sti/pdfs/AD1148408.pdf 
2 Weerasooriya T, Alexander S. Mechanism and microstructure based concept to predict skull 
fracture using a hybrid-experimental-modeling-computational approach. J Mech Behav Biomed 
Mat. 2021;121:104599. https://doi.org/10.1016/j.jmbbm.2021.104599 
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Appendix C. Timestep Discrepancies between LS-DYNA and 
Abaqus
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Section 5.2 presents the modified skullcap simulation (MSS) that was used to verify 
the wrapper by comparing between LS-DYNA and Abaqus. When running the 
MSS in LS-DYNA, we specified two controls on the timestep via the 
*CONTROL_TIMESTEP keyword1: 

1) The Time Step Scale Factor (TSSFAC) was set to a value of 0.5.  

2) We constrained the LS-DYNA timestep to never exceed the timestep used 
in the MSS that was run in Abaqus. This control was implemented by 
outputting the timestep as a function of time from the Abaqus MSS as 
tabular data and then pointing the LCTM flag in LS-DYNA to this table. 

Due to constraint on the maximum timestep, the LS-DYNA simulation ran with the 
above two controls will be referred to as MSS_WITHCAP. 

We also ran an additional simulation in LS-DYNA that was identical to the 
MSS_WITHCAP but without the constraint on the maximum timestep. This 
additional simulation will be referred to as MSS_NOCAP. The MSS_NOCAP had 
only the first control listed above, TSSFAC=0.5.  

Figure C-1 compares the load-displacement response and the number of failed or 
removed elements. Figure C-2 compares the back-surface contours. The 
MSS_NOCAP is shown to have had a large load drop at an indenter displacement 
of approximately 2.3 mm. This load drop corresponded to a spike of elements that 
failed in tension. The SKULL_VUMAT_VER-B featured an algorithm designed to 
prevent these load drops due to elements failing in tension, but the algorithm was 
dependent on the timestep size (Section 3.3 of Alexander et al. [2021]). Figure C-2 
compares the finite element (FE) solver timestep, showing that the MSS_NOCAP 
had a significantly higher timestep than the Abaqus simulation in the period 
immediately before the large load drop at a displacement of approximately 2.3 mm. 
Therefore, we concluded that the load drop in the MSS_NOCAP simulation was 
due to the timestep being too high. 

For the LS-DYNA simulations that are shown in Fig. C-3, setting TSSFAC=0.5 to 
reduce the timestep likely imposed a timestep of around 0.2 ms in the beginning of 
the simulation. If the simulations were run without TSSFAC=0.5, the timestep 
before displacement = 0.5 mm would have been larger and somewhat similar to 
what it was with Abaqus. 

 
1ANSYS. LS-DYNA keyword user’s manual. Ver. R14.0. ANSYS; 2023a July 31. (Vol. I). 
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Fig. C-1 Comparison of load-displacement and number of failed and removed elements 
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Fig. C-2 Back-surface failure patterns. The skull mesh is shown with elements colored 
based on status as shown in the element legend. Contours are shown at two different 
timepoints during the simulation, marked as A and B in the load-displacement plot. 
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Fig. C-3 Comparison of timesteps in the FE solvers 
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List of Symbols, Abbreviations, and Acronyms 

2-D two-dimensional 

3-D three-dimensional 

BVF bone volume fraction 

CT computed tomography 

FE  finite element 

HEMC  hybrid-experimental-modeling-computational 

MEC mechanical, electrical, and chemical 

MIMB microstructurally inspired, mechanism based 

MSS modified skullcap simulation 

SDV4 fourth state dependent variable 

UMAT user material 

VUMAT  vectorized user material 
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