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The evolution of computational mechanics has been punctuated by the development of sophisticated solvers 

capable of handling complex, non-linear transient dynamic events. At the forefront of this evolution is LS-DYNA, a 

multi-physics simulation engine originally developed by the Lawrence Livermore National Laboratory and later 

refined by the Livermore Software Technology Corporation (LSTC), now a part of Ansys. The significance of this 

software is best reflected in its global community, which gathers biennially at the International LS-DYNA Users 

Conference to share advancements in crashworthiness, occupant safety, and material modeling.

The Theoretical Foundation of LS-DYNA

LS-DYNA is primarily known for its Explicit Time Integration  scheme, which is particularly suited for high-speed, 

short-duration events such as vehicle crashes, bird strikes on aircraft turbines, and explosive loading. Unlike implicit 

solvers that require the inversion of a stiffness matrix—a computationally expensive task for large models—the 

explicit method solves the equations of motion at the individual node level using the Central Difference Method.

The fundamental equation of motion in LS-DYNA is expressed as:

M&uuml; + C&mu; + K&mu; = F(t)

Where M is the mass matrix (diagonalized for efficiency), C is the damping matrix, K is the stiffness matrix, and F(t) 

is the external force vector. In the explicit formulation, the acceleration at time t is computed directly, and the 

velocity and displacement for the next time step (t + &Delta;t) are extrapolated. This process requires the time step 

&Delta;t to be smaller than the Courant-Friedrichs-Lewy (CFL)condition, which ensures that information does

not propagate across an element faster than the speed of sound in the material.

Mathematical Time Step Control

The stability of an explicit simulation is governed by the following relation:

&Delta;t &le; L / c

where L is the characteristic length of the smallest element and cis the local speed of sound in the material. This

necessitates high-quality meshing, as a single degenerate or overly small element can drastically reduce the time

step, leading to prohibitively long simulation times.

LS-DYNA/Madymo Coupling for Occupant Safety

One of the most critical technical integrations mentioned in the 8th International LS-DYNA Conference proceedings 

is the LS-DYNA/Madymo coupling. While LS-DYNA excels at modeling the structural deformation of the vehicle

(the "car side"), Madymo (Mathematical Dynamic Models) has historically been the industry standard for modeling

occupant restraints and human kinematics using multi-body dynamics (MBD).

The coupling allows for a synergistic simulation environment where:



•  LS-DYNA handles the high-fidelity finite element (FE) mesh of the vehicle body, doors, and engine block.

•  Madymo handles the complex multi-body kinematics of the crash test dummy (ATD) and the seatbelt/airbag 

interactions.

•  Communication: The two solvers exchange data at every time step (or at fixed intervals) regarding contact 

forces and displacements, ensuring that the occupant's interaction with the deforming interior is captured accurately.

This hybrid approach significantly reduces computational costs compared to a full FE model of the dummy while

maintaining the necessary precision for safety certifications.

Human Body Finite Element Models (HBM)

As discussed in the 12th International LS-DYNA Users Conference, there is a paradigm shift from traditional 

Anthropomorphic Test Devices (ATDs)  to Full Human Body Finite Element Models (HBMs). While dummies

are designed to represent an "average" human and are ruggedized for physical testing, HBMs allow engineers to

simulate internal organ injuries, bone fractures, and soft tissue damage.

Development of the FBM Model

The development of a Full Human Body Model involves rigorous anatomical mapping. Key components include:

•  Skeletal System: Modeled using shell and solid elements with material properties representing cortical and 

trabecular bone.

•  Soft Tissues: Utilizing hyperelastic material models (such as *MAT_OGDEN_RUBBER or *MAT_MOONEY-

RIVLIN) to simulate muscles and skin.

•  Internal Organs: Fluid-structure interaction (FSI) techniques or Smoothed Particle Hydrodynamics (SPH) are 

often employed to model the behavior of the brain, heart, and lungs under rapid deceleration.

Comparison of Occupant Modeling Techniques



Feature Multi-Body Dynamics 
(MBD)

Finite Element ATDs Human Body Models 
(HBM)

Computational Cost Low Moderate Very High

Bio-fidelity Low (Kinematics only) Moderate (Standardized) High (Anatomic accuracy)

Injury Assessment Global (HIC, Chest Gs) Component-based Tissue/Organ level

Primary Use Rapid iterations Regulatory compliance Advanced research/Safety 
optimization

User-Defined Features and Customization

The power of LS-DYNA lies in its extensibility. The User-Defined Features (often referred to as UMATsfor material

models) allow researchers to implement their own constitutive equations. This is particularly vital in specialized

industries such as aerospace and nuclear engineering, where standard material libraries may not suffice.

Implementing a User-Defined Material (*MAT_USER_DEFINED)

To implement a custom material model, the user must write a sub-routine in FORTRAN or C. The sub-routine is

called at each integration point for every element using that material. The user must provide:

1.  Stress Update: Calculation of the new stress state based on the strain increment.

2.  History Variables: Management of internal variables such as plastic strain, damage parameters, or phase 

transformations.

3.  Tangent Stiffness (for Implicit): If the material is to be used in implicit simulations, the consistent tangent 

operator must be defined.

Case Study: Impact onto Space Shuttle Wing Leading Edge

A notable technical paper from the 8th International Conference highlights the simulation of impacts on the Space 

Shuttle Wing Leading Edge RCC (Reinforced Carbon-Carbon) Panel 8. This work was instrumental in the post-

Columbia accident investigation.

The simulation required modeling the impact of "foam ice" at high velocities. This involved:

•  SPH (Smoothed Particle Hydrodynamics): Used to model the foam, as it undergoes massive deformation and 

fragmentation that would crash a traditional Lagrangian mesh.

•  Composite Material Modeling: The RCC panels were modeled using orthotropic materials with progressive 

failure criteria to capture the brittle fracture patterns of carbon composites.

•  Validation: The LS-DYNA results were compared against physical ballistic tests conducted at the Southwest 

Research Institute, showing a high correlation in damage footprint and penetration depth.

Technical Analysis of Shock Energy Absorbers

The development of environment-friendly, ultra-high capacity shock energy absorbers utilizes LS-DYNA's Fluid-

Structure Interaction (FSI) and ALE (Arbitrary Lagrangian-Eulerian)formulations. These devices often rely on

the controlled deformation of metal tubes (crush tubes) or the displacement of viscous fluids through narrow

orifices.



Energy Absorption Mechanisms

The energy absorbed (E) during a crash event is the integral of the force-displacement curve:

E = &int; F(x) dx

In LS-DYNA, engineers optimize this by adjusting the Triggering Mechanism (notches or beads in the metal) to 

ensure a stable, progressive folding pattern rather than a global buckling mode. The *MAT_024 (Piecewise Linear 

Plasticity) model is the workhorse for these simulations, allowing for strain-rate-dependent yield stress definition 

via the Cowper-Symonds model:

&sigma;_y = &sigma;_0 [1 + (&epsilon;&#729; / C)^(1/p)]

Operational Best Practices for Large-Scale FEA

Managing models with millions of elements requires a structured approach to prevent numerical instabilities and

hardware bottlenecks.

1. Contact Management

Contact algorithms are the most common source of energy errors in LS-DYNA. The 

*CONTACT_AUTOMATIC_SINGLE_SURFACEis generally recommended for crash simulations. Key parameters

to monitor include:

•  Slave/Master Side Energy: Ensure no significant negative sliding energy exists.

•  Initial Penetrations: Use the *CONTROL_CONTACT card to automatically scale or remove initial penetrations 

that can cause "shooting" nodes.

2. Mass Scaling

To speed up simulations, users may employ Mass Scaling (via *CONTROL_TIMESTEP). This artificially increases

the density of the smallest elements to increase the stable time step. However, this must be used cautiously; the

added mass must not exceed 1-5% of the total model mass to ensure that the inertial effects remain realistic.

3. Hourglass Control

Under-integrated elements (single integration point) are prone to Hourglassing—zero-energy modes where the 

mesh deforms without generating stress. The use of *CONTROL_HOURGLASS with Flanagan-Belytschko

stiffness or viscous damping is essential for maintaining mesh integrity.

Troubleshooting Common Simulation Failures



Error Symptom Potential Cause Technical Solution

Negative Volume in Solid Elements Extreme deformation or high-velocity 
impact.

Switch to ELFORM=13 (Tetrahedron 
with pressure stabilization) or use 
SPH.

Unexpected Kinetic Energy Spikes Contact instability or massive initial 
penetration.

Check contact stiffness and use 
*CONTACT_FORCE_TRANSDUCER 
to isolate the source.

Drifting Simulation (Non-Physical) Unconstrained rigid bodies or 
incorrect boundary conditions.

Verify *BOUNDARY_CONDITION and 
ensure all parts are linked via contact 
or tied interfaces.

Slow Computation Speed Smallest element size limiting 
&Delta;t.

Remesh or apply selective Mass 
Scaling to the offending elements.

Strategic Role of Conferences and Peer Review

The 8th and 14th International LS-DYNA Users Conferences serve as more than just a gathering; they are a 

repository of validated methodologies. The papers hosted on platforms like dynalook.comprovide the engineering

community with case studies that prevent the "reinvention of the wheel." Whether it is a study on the impact of

language teacher training factors on simulation education or the granular analysis of RCC panels, these events

foster a cross-pollination of ideas between academia and industry.

The integration of unique Google-optimized e-Paper software and digital flip-books for conference proceedings has

further democratized access to this technical knowledge, allowing engineers in emerging markets to implement

world-class safety standards using LS-DYNA.

Broader Implications and Future Directions

As we move toward 2026 and beyond, the focus of LS-DYNA development is shifting toward Electromagnetics 

(EM), Incompressible CFD, and Battery Safety(specifically thermal runaway in electric vehicles). The ability to

couple structural crash analysis with electrochemical heat generation is the next frontier.

Furthermore, the rise of High-Performance Computing (HPC) allows for Stochastic Analysis. Instead of running

a single crash simulation, engineers now run hundreds of iterations with varying impact angles and material

tolerances to create a probabilistic safety profile. This transition from deterministic to probabilistic design is made

possible by the robust, scalable architecture of the LS-DYNA solver.

Ultimately, the success of LS-DYNA is a testament to the power of open-ended, multi-physics software. By

providing a platform where user-defined features can coexist with state-of-the-art contact algorithms and human

body models, LS-DYNA remains the indispensable tool for solving the world's most challenging engineering

problems.
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