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Abstract

In 2012, a Matlab GUI for the prediction of the coefficient of restitution was
developed in order to enable the formulation of more accurate Finite Element
Analysis (FEA) models of components. This report details the development of a new
Rebound Dynamics GUI, and how it differs from the previously developed program.
The new GUI includes several new features, such as source and citation
documentation for the material database, as well as a multiple materials impact
modeler for use with LMS Virtual.Lab Motion (LMS VLM), and a rigid body
dynamics modeling software. The Rebound Dynamics GUI has been designed to
work with LMS VLM to enable straightforward incorporation of velocity-dependent
coefficients of restitution in rigid body dynamics simulations.
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NOMENCLATURE

CoR Coefficient of Restitution

DLL Dynamic Linked Library

DOE Department of Energy

FEA Finite Element Analysis

GUI Graphical User Interface

IFA Inertial Force Applicator

LMS VLM  LMS Virtual.Lab Motion
MMIM Multi-Material Impact Modeler
SNL Sandia National Laboratories
UDF User Defined Force



1. INTRODUCTION

The coefficient of restitution (CoR) is a derived quantity that is used to describe impact. While
highly approximate, CoR models are often used to model contact in multi-body systems such as
StrongLinks and other components. In order to improve the accuracy of these models, a Rebound
Dynamics Graphical Users Interface (GUI) was proposed [1] to enable easy calculation of
velocity-dependent CoR curves for metals with arbitrary geometries. This Rebound Dynamics
GUI is based on a well-validated, state-of-the-art model for elastic-plastic contact [2]. This
model has since been used to show the effect of the choice of contact model on impact dynamics
[3,4], and has specifically shown that predictions of failure are significantly different than using
a traditionally static CoR model compared to a higher fidelity model, such as [2,5].

1.1 Motivation behind the additions

In 2012, a rebound dynamics GUI was created to predict accurately and efficiently the CoR. This
GUI contained a materials database as well as a CoR model [1]. The CoR modeler gathered the
users’ inputs (geometric and material properties) and utilized them in a contact model [2],
outputting CoR as a function of velocity (mm/s). This paper will focus on the additions made to
the GUI over the last year.

Originally, one of the ideas for future work on the GUI in [1] was that the polynomial output of
the impact model could be used as an input for the CoR in LMS Virtual.Lab Motion (LMS
VLM). It was soon realized that LMS VLM was not setup to accommodate that type of input for
a contact model, and thus this would not be possible, so other options were explored. A means of
implementation was realized that would allow for a dynamic coefficient of restitution. This
realization led to the addition of the Multi-Material Impact Modeler, which allows for multiple
contacts to be computed simultaneously. It also warranted the addition of the Fortran Script
output to the Single-Impact Modeler. These changes allow a user of LMS VLM to implement a
dynamic CoR in multi-body dynamics models, yielding a more accurate representation of the
impact dynamics. In addition, citations were added to the material database for traceability.



2. THE REBOUND DYNAMICS GUI

The Rebound Dynamics GUI is split into four main programs: the Launch Screen, the Materials
Manager, the Coefficient of Restitution Modeler and the Multi-Material Impact Modeler
(MMIM). Both the Coefficient of Restitution Modeler and the MMIM are based on the same
principle for calculating the coefficient of restitution (CoR) for a pair of materials [2]. The
difference between these two programs is that the Coefficient of Restitution Modeler is designed
to analyze a single pair of materials, whereas the MMIM is devoted to computing multiple
impacts simultaneously for use in LMS Virtual.Lab Motion (LMS VLM). Each program is able
to be launched individually or from the Launch Screen. The Rebound Dynamics GUI will be
stored at https://sharepoint.sandia.gov/sites/simulate.

2.1 Launch Screen

The Launch Screen (Fig. 1) is the first screen that most users will see when opening the program.
It looks similar to the old version; however it has been expanded to include a field for the Multi-
Material Modeler. To access the Launch Screen, the wuser may double click
“Impact_Launcher.fig” from their directory or they may also choose to run it from the command
line. The Launch Screen is also accessible from the three programs within the GUI.

I n Impact_Launcher

o @ (w3

@ Sandia National Laboratories

— Materials h — Coefficient of Restitution Model

— Multi-Material Impact Model

Launch Materials Manager ‘ Launch Impact Model ‘ Launch Multi-Material Model ‘

Materials Manager

Here, you can edit the database of materials this
program comes with. Y'ou can also setup a list of

commonly used materials to speed up typical use.

Coefficient of Restitution Model
Here, you can use the preloaded materials or input
your own material and geometric properties to
produce a function estimating the coefficient of

Multi-Material Impact Model
Specifically designer for use with LMS Virtual Lab,
the MMIM allows you to specify as many different
materialz as neceszary and will compute the impact

restitution as a function of velocity. model for each possible combination.

— Do i — Settings

Help Files About the Theory e fandLisk
All_Materials.csv Browse
"|"|E|pf'AI"|::0dL:.t G i Default Units:
ere, you'l find tips on how to use this program, as P - 4
well az more documentation behind the theory and 0 Metric (m/s/kg)
creation of this program, _! English (in/s/lom} Reset
(7) English (ft/s/lbm}) Apply Settings

Figure 1. Launch Screen



2.2 Materials Manager

The Materials Manager program is where the user can view, edit, and sort all the materials in the
database as well as add additional materials. When the program is first opened all the materials
and their properties are loaded from the “All_Materials.csv” spreadsheet. Underneath the
material database is the “Material Editor”. This is where the changes to the material properties
can be made. The right portion of the screen contains the List Manager where the user can create
custom material lists to be used in the two impact modelers.

Three additions have been made to the Materials Manager (Fig. 2). A new “Source” column has
been added to the material database, and two buttons have been added to the Material Editor:
“Open Citation” and “Edit Citation”. Additionally, several minor bugs have been corrected to
improve the functionality of the program. All previous functions of the Material Manager are
still present. The layout has been changed to accommodate the addition of the citation buttons as
well as decrease some of the ambiguity with adding and removing materials from the List
Manager. The following subsections will describe each section of the Materials Manager in more
detail.

B} Material_Properties_Manager = B (s
Other Programs  Unit System  Help ~
— List Manager-
Customn Material | Youngs Modulus | Poissons Ratio Yield Stress Meyers Hardness Density Brinell Hardness Source
(Pa) | | (Pa) | | (kg/m*3) (kgf/mm*2) | Material Lists -
1 [|Aluminum - 1100-0 6.890e+10 0333 2.000e+07 2.200 27089 23 Matweb -
2 |Aluminum - 2014-T4 7.240e+10 0.320 2.350e+08 2.280 2600 105 Matweb
3 |Auminum-2024-T4  7.310e+10 0.330 2.600e+08 2180 2780 120 Matweb
4 |Aluminum - 6061-0 6.890e+10 0.330 5.520e+07 2.200 2700 30 Matweb =
5 |Aluminum-6061-T6  6.890e+10 0.330 2.760e+08 2.050 2700 95 Matweb
§ |Aluminum - 7075-0 7.170e+10 0.330 1.030e+08 2170 2808.9 60 Matweb
7 |Aluminum Oxide 3.700e+11 0220 1.900e+09 2.000 3959.9 1365 Journal Article
§ |Brass - CS23000 1.150e+11 0.307 3.900e+07 2.400 8750 50
‘ g |Brass - C526000 1.100e+11 0.375 7.520e+07 2.480 8530 86
10 |Bronze - Phosphor 1.170e+11 0.330 7.580e+07 2.460 8890.1 o Internal
11 |Copper - Annealed 1.100e+11 0343 3.330e+07 2540 7759.9 445 Internal
12 |Molybdenum - Annea... 3.300e+11 0.380 4.000e+08 2130 10200 225 Matweb
13 [Mickel 2.070e+11 0310 1.480e+06 2.230 8680 7 Journal Article
‘7” Staal dnin 2 NThasdd nann 2 0Enasnn 21290 7870 13n tnurnal Artinla
(] I G
— Material Editor.
Material |Custom - | Add to Database Delete Material Wiirite Data to File | | Edit Citation ‘ | Open Citation |
Material Name: *Youngs Modulus Poisson's Ratio Yield Stress Meyer's Hardness Density Brinell Hardness
(Pa) (Pa) (kg/m"3} (kgfimm"2Z}
Material Name 0 0 0 0 o 0
New List |
Created by Chris Volk - June 25, 2012

Figure 2. The Materials Manager
2.2.1 Material Database

When the program is first opened all the materials and their properties are loaded alphabetically
from the “All_Materials.csv” spreadsheet. The added source column provides the user a quick
glance as to where the properties originated from. Examples of existing sources include Matweb,
journal articles, and internal testing done at Sandia National Laboratories.
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2.2.2 Material Editor

The Material Editor is where edits to existing materials and the addition of new materials take
place. To edit a material, select the material from the database above or from the dropdown menu
in the Material Editor. This will populate the fields in the toolbox with the correct values. When
an existing material is selected, the “Save Changes” and “Delete Material” buttons become
available in the Material Editor. To add a new material, select “Custom” from the dropdown
menu. From here the user can specify a name and material properties for the new material. When
“Custom” is selected the “Add to Database” button becomes available and after clicking this
button the new material will be saved to the database. Be aware that until “Write Data to File” is
clicked the changes will not be saved to the “All_Materials.csv” file.

The two buttons added to the Material Editor (Fig. 3) handle editing and viewing the source
information and links. The “Open Citation” button will open the referenced webpage or .pdf file
for the selected material. For example, many of the material properties came from Matweb.
When the “Open Citation” button is pressed, a webpage will open to the specific material’s
webpage. If the source is listed as Journal Article, when “Open Citation” is clicked a .pdf will
open with the journal article that the properties came from. If there is no citation listed in the
“All_Materials.csv” file, an error message will appear stating the source could not be found.

— Material Editaor

Material | Custam - Add to Database Delete haterial | ‘rite Data to File ‘ Edit Citation ‘ ‘ Cpen Citation
Material Mame Youngs Modulus Poiz=on's Ratio Yield Stress hever's Hardness Denzity Erinell Hardness
(Pa) (Pal [kofm™3) (kaimm®2)
Material Mame 0 ] a i} [u} o

Figure 3. The Material Editor

The “Edit Citation” button allows the user to edit the “Citation Source” and “Citation Name”
information for a specific material. When the button is pressed a popup (Fig. 4) will appear that
will have the current citation information automatically populated. From here the user is able to
enter a website or .pdf file as the new source information. Note: PDF files should be stored in the
same directory as the GUI itself. Once the user has entered the citation information, clicking
“Save Data” in the Material Editor updates the material database and “Write Data to File” saves
the data to the “All _Materials.csv” spreadsheet. If “Edit Citation” is pressed when “Custom” is
listed as the material, a new material will be created named “Custom” and the material properties
listed in the Edit Toolbox will be saved to the database. The user will then be able to edit the
citation information.
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(B Citation_Editor fo] ® ==

— Citation-
Citation Source:
Source
ex: www.matweb.com

C:\\my.pdf

Citation Name:
Citation

ex: Matweb

{ Enter ‘ | Cancel

Figure 4. Citation Editor
2.2.4 List Manager

The functionality of the List Manager (Fig. 5) remains the same as in [1]. Here, users can create
custom lists of materials to be used in the two impact modelers. The name displayed in the
dropdown menu is that of the current list. All of the materials that are stored in the particular list
selected are displayed in alphabetical order. The layout of the buttons was the only change made
to the List Manager. The “Add” button was moved from the Material Editor to the List Manager
section to decrease possible confusion as to the functionality of this button. When creating a new
list, select the desired material from the material database and press the “Add” button in the List
Manager.
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— List M

Favorites.csv -

Aluminum - AZ03
Brass - CS23000
Bronze - Phosphor
Copper - Annealed
Steel - 440c
Steel- SUJ2

Remove Add

MNew List ‘ l Delete List ‘

Figure 5. List Manager
2.2.4 Menu Toolbar

The Menu Toolbar, shown in Fig. 6, includes the same functions as before [1] with the addition
of the MMIM in the “Other Programs” dropdown. From the “Other Programs” dropdown the
user is able to switch between the MMIM, Impact Model and Launch Screen.

u Material_Properties_Manager

[G’therF‘mgrams Unit 5ystern  Help

Launch Screen
Single Impact Modeler

v Multi-Impact Modeler
[

Figure 6. Menu Toolbar for Material Manager
The second option, “Unit System”, allows the user to switch between Metric (m/s/kg), English

(in/s/1b), and English (ft/s/lb) units. The last option is “Help”; it is here where the user can find
documentation regarding the theory behind the model as well as help for the GUI itself.
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2.3 Coefficient of Restitution Modeler

The Coefficient of Restitution Modeler appears graphically the same as the previous GUI;
however, there are several important changes to its functionality. First, the model used for
predicting the coefficients of restitution has been significantly revised to include higher order
effects such as strain hardening. This change enables the program to predict more accurate CoR
across a large range of velocities within a single simulation for metallic materials. Second, the
“Export” button now brings up a window that prompts the user for the output data type. The
three original options, “Array”, “Array & Function Handle”, and “CSV File”, have remained, but
an additional option has been added, “Fortran Script”, which is discussed at length in Section
2.3.1. Note: Coefficient of Restitution Modeler and Single-Impact Modeler are used
interchangeably.

B rmpact_GUL Rewl o] B |[Es]
COther Programs  Material Lists  Help  Unit Systern N
Geometric Properties Model Settings
— Ohject 1 — Dhject 2 — Yelocity Resolution— - Interpolation Resolution -
@ Sphere @ Sphere @ Coarse Mesh @ Hyhrid Fit
Flat Plate Flat Plate Fine Mesh _! Fractional Polynomial Fit
Radius: i) it Radius: ft Custom Mesh Exponertisl Fit
Material Froperties MWodel Cutput
— Ohject 1 — Ohject 2 — Output
Custom Material = Custom Material % | Compute ‘ | Export | |Detailed Wigw | | Rezet |
5
Young's - Young's ) E5
Maodulus o P Modulus o pel E=
Pai P &
niss0n's niss0n's e
Ratio 3 Ratio o = e
(=]
A
“ield » “ield ) =
Stress o F Stress o i =R . . . . )
2 1] 1 7 3 4 5
Meyer's a Meyer's a Impact Yelacity (mds)
Hardness Hardness
Palynomisl:
Density u} Iam/ft"3 Density o Ibmift"3
“elocity (ftis) CofR{interpolation): CofRimodel):
Erinell 7 Brinel o
Hardness 0 K Hardness 0 AUt 0
Crested by Chriz Yalk - June 25 2012

Figure 7. The Coefficient of Restitution Modeler

The Coefficient of Restitution Modeler (Fig. 7) is laid out to clearly distinguish each section of
the program. In the top left corner is the geometric section where the user can select the two
objects and their radii, if applicable. Directly below the Geometric Properties are the Material
Properties. This is where the materials to be used in the simulation are selected from the material
database. Upon selecting a material, the properties are automatically populated. In the upper right
corner, the settings of the model are specified in terms of number of velocity data points to use in
the CoR fit and type of fit to use (hybrid, polynomial, or exponential). Lastly, the bottom right
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contains all of the data output: a graph, a polynomial interpolation, and the numerical output of
velocity and CoR. Like in the Material Manager, there is a toolbar where the user can easily
switch between programs, change units and open help files. The “Material Lists” dropdown
displays the lists that are created in the Material Manager. Upon selecting one of the lists, the
materials stored in that list are displayed in the two dropdown menus under the Material
Properties section.

2.3.1 Export Options

The Export Options menu, shown in Fig. 8, displays four methods for recording the simulation
results: “Array”, “Array & Function Handle”, “CSV File”, and the new option, “Fortran Script”.
This new option is designed specifically to integrate the CoR modeler into LMS Virtual.Lab
Motion (LMS VLM) in order to implement a velocity-dependent CoR in impact modeling.

r Export_Options [ron] @ @

— What type of files would you like to produce?

Array CSV File -
port

Array & Function Handle Fortran Script

Figure 8. Export Options

To produce the desired output, select the corresponding checkbox next to each option, and click
“Export”. A different dialog window will appear for each selection made, prompting the user to
select a folder in which to save the files. The Fortran Script option will save both an excel sheet
of the data and a Fortran file with fixed-format F77 code meant for implementation into LMS
VLM. However, due to certain limitations pertaining to this implementation, a second way to
implement a dynamic CoR was developed that allows for more flexibility within the model, as
discussed in the MMIM Section.

2.4 Addition of the Multi-Material Impact Modeler

The MMIM (Fig. 9) is designed for use with LMS VLM. This GUI is able to export Excel files
containing data points for the CoR at a set list of velocities that can be used to implement a
dynamic CoR in a rigid body dynamics model. It is also automated to calculate the dissipation
curves for different pairs of impacting surfaces, allowing the user to save time while also
specifying all of the different materials and geometries used within a model.
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[-) QO] fo & =]
Other Programs ~ Material Lists  Help  Unit System >
Geometric Properties Materials List Model Settings
Object 1 . Velocity Resolution — — Interpolation Resolution
Add First Material -
@ Sphere @ Coarse Mesh @ Hybrid Fit
Fiat Plate Fine Mesh Fractional Polynomial Fit
Radius: 0 ft Custom Mesh Exponential Fit
Material Properties Model Output
Object Output
Custom Material hé l Compute | Export | ilDeuldeﬁ View i Graph Data
1
Young's A
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Polynomial
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Hardness I Add Material i Delete Reset
Created by Michael Congdon - July 22, 2013

Figure 9. Multi-Material Impact Modeler

Although the MMIM is similar to the Single-Impact Modeler, there are significant differences in
its functionality. The first column of the MMIM allows the user to specify a specific geometry
and material combination. Once a material and geometry is specified, the “Add Material” button
can be used to add this combination to the Materials List, which is the 2nd column of the
MMIM. Once all material and geometry pairs have been added to the Materials List, the
“Compute” button calculates the dissipation curve for every possible combination of two
materials, including a material against itself for valid cases, and skipping iterations of flat plates
versus flat plates. When the “Export” button is pressed, the user is prompted for a destination
folder, and Excel files are generated with the data for each model and then saved within the
folder. The toolbar at the top is the same as the Coefficient of Restitution Modeler. The user can
easily switch between programs, access previously created material lists, open help documents
and change the units.

16



2.4.1 Adding Materials to the Materials List

The first step in creating the Excel spreadsheets of the CoR data is to add materials to the
Materials List. The Materials List (Fig. 10) in the MMIM is what displays the current selection
of materials before computation, and displays the computed combinations afterwards. The “Add
Material”, “Delete”, and “Reset” buttons handle the passing of selections into the list as well as
deleting them from it. It should be noted, however, that the “Reset” button has a much more
global scope in the MMIM, because it can also erase the contents of the box after computation,
though it will not clear the graph to the right, similar to the Single-Impact Modeler. Pressing
“Reset” will also clear any computations that have been made, allowing for the designation of a
new set of materials.

Materials List

Add First Material ~

Reset

‘ Add Material ‘ ‘ Delete

Figure 10. Materials List
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2.4.2 Viewing the Data

After clicking the “Compute” button and letting all of the calculations finish, the graph and the
Materials List are populated with the data. The Materials List displays every combination that
was successfully computed, shown with the title:

Material A, r = X.XXxXX <u> ---vs--- Material B, r = X.XXxXx <u>

The “r =...” part of each material name gives the radius so that it can be differentiated from the
same material with different geometries, and “u” denotes the units. Please note that it will be
replaced with “flat plate” if applicable. Initially, the graph on the right will be populated with the
first contact that was computed, though any of the impacts may be viewed simply by selecting
them within the list and clicking “Graph Data”.

v E=jEn
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Geometric Properties Materials List Model Settings
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Figure 11. Example Calculation

The example shown above (Fig. 11) was calculated using aluminum and copper balls as well as a
steel plate. The data shown in the graph is from the 3" data set.

2.4.3 Exporting the Data
When the “Export” button is pressed, the GUI checks to make sure that the impacts have been

calculated, ensuring that the data exists and is available to be exported. Once verified, a window
(Fig. 12) is brought up prompting the user to select a folder in which to save the files.
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Figure 12. Example Export Folder

If no folder is selected, an error dialog is displayed stating “No folder selected, export aborted.”
However, the data is not deleted, and may still be viewed in the graph or exported again. If a
folder is selected, then excel files are generated, one for each impact computed, and saved to the
designated location. Again, the information is not deleted until the “Reset” button is pressed
underneath the Materials List, meaning it can be exported multiple times to a different folder

each time.
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3. LMS VIRTUAL.LAB MOTION

The MMIM is designed for use with LMS Virtual.Lab Motion (LMS VLM). After generating the
required data, it can be exported to a folder that can then be accessed by LMS VLM for use with
its models. The modifications to LMS VLM involve User Defined Forces (UDFs), Fortran-77
scripts, and Fortran common blocks that work together to interpret, pass, and manipulate data
and ultimately modify model computations. The following sections discuss the steps necessary to
implement a velocity- dependent CoR within LMS VLM. A second UDF, which applies an
initial force to every individual body in the model given a direction and either a spline curve or
the coefficients to a time-based exponential equation, is also detailed. For the purposes of these
explanations, two different models are used as examples, one for implementing the dynamic
CoR, and another for the Inertial Force Applicator. It is assumed that the model is nearly
complete and is ready for the UDFs to be applied.

3.1 Implementing a Dynamic CoR

An example model is used to demonstrate the implementation of a dynamic CoR. In the
example, a 0.02 m radius ball is dropped onto a flat plate. For a CoR of 1, the ball will never
dissipate energy on impact and thus will always bounce to the original drop height. For a CoR of
0, the ball will never bounce. For a static CoR, the ball dissipates energy at a rate independent of
velocity. As a result, these models either predict settling times much faster than in reality if they
are calibrated for high impact velocities, or settling times much longer than in reality if they are
calibrated for low impact velocities. In what follows, five steps are presented for including a
velocity dependent CoR model in LMS VLM. The order in which these five steps are presented
does not have to be followed exactly; however, several steps must come in order as highlighted
in the text where it applies.

3.1.1 Defining Input Data in LMS Virtual.Lab Motion

In LMS VLM, function approximations can be defined by what are known as “spline curves”.
These curves can either be created with user defined points or based on external data. The data
exported by the GUI is constructed in such a way that they may be used as spline curve
definitions without any modification. There are other ways to define functions in LMS VLM, but
for the present implementation the velocity-dependent CoR must be defined via a spline curve.

To define a spline curve, press the ““Spline Curve” button from within the “Data
Definition™ box on the right. If it is not visible, double click “Analysis Model’” in the
model tree and it should appear. A second way of defining a spline curve is via “Insert
-> Data -> Spline Curve” from within the Motion Workbench.

20



<]

58 LMIS Virtual Lsb 11512 - [Analysicl CAT Analysis] ==
BH Seart Edit  View juent  Jooh  iindow  Help

)
Spling Corve i
Nam ot Curve £ ':j{
X Magritude [\-wm,
ZMageitude [fig dimensien 3 “'i
15 Reference eeenal data file 3, .p'l
ConveData | EstemalData | 2 ,
Type @ Eaempl File ) Data Source ‘h'
g U
GoternadFile =
-,}z;:ﬁ::pu BaifAburminum - 1100-0, v = 0.05%¢ (| G | :gl" ?1
g
Column Data m'|
X =] [Vetocity ' B,
— -‘R ]
LR _]lcor )
5,
Curve Parameters L
Seale Factors T
X1 :ﬁ'
Offset Values A
X [om s
Slope Left Vabues #'
s[5 ),
o [ 3¢
Cyelee [ratse 2
Interpalation Y
Eatrapolatice |@mmn %‘
:h‘
NEEI. 9 B Heuel %E4nAAs000EE L. 0086 LS Vitva Lab
Madity the selected entity l -

Figure 13. Spline Curve Button and Definition Box

Fig. 13 shows the button needed to bring up the spline curve definition box, and the definition
box itself. Note: The button is only orange because it is currently selected; normally it appears
as a black graph with a superimposed red curve. For the X Magnitude, select “Velocity”, and for
the Z Magnitude, select “No Dimension”. Once that is done check the boxes labeled “Reference
External Data,” and click the folder icon to select the desired Excel spreadsheet. In the section
titled “Column Data”, the X and Z dimensions will populate with the dimensions at the top of the
excel spreadsheet, “Velocity”, and “CoR”. At the bottom, make sure that the left and right slope
values are set to O (since the CoR has asymptotic behavior), and the cyclic option is set to
“false”.
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3.1.2 Setting up the Customized Solver

After defining the necessary spline curves, the next step is to generate a custom solver (Fig. 14).
This is used in place of the standard LMS VLM solver. To insert a Custom Solver, navigate the
drop down menus to:

Insert -> Customized Solver -> Customized Solver...
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Figure 14. Inserting a Customized Solver
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Figure 15. Customized Solver Definition Box

The DLL for the CoR and Inertial Force Applicator (IFA) (Section 3.2), aptly named
“CofR_and_InitialForce.dll” is generated by the Rebound Dynamics GUI in Section 2.3 or 2.4
depending on which modeler is used. To specify the DLL generated by the Rebound Dynamics
GUI, select “Use Existing UserDef DLL (Windows)” and then click on the folder icon to select
the file.

The next step is to change a setting in the Solution Set that will let LMS VLM know to use the

customized solver (Fig. 15) instead of the standard solver, since this is not done automatically. In
the model tree, expand the “Analysis Case” branch, and double click on “Solution Set” (Fig. 16).
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Figure 16. Solution Set

3.1.3 Inserting the User Defined Force Descriptor

The next step in setting up a dynamic CoR is to define the dialog box using the
“LMSMotionUDF” file. This pairs a spline curve and a specific contact in the model such that
the contact can use the spline curve to define its CoR. To set up the UDF dialog box (Fig. 17),
first double click on “Analysis Model” in the model tree on the left, and then navigate to:

Insert -> Customized Solver -> User Define Subroutines -> User Defined Force
Descriptors -> User Defined Force Type 1...

Note: UDF Type 1 MUST be selected as the descriptor for the CoR. Due to coding conventions
allowing it to be used alongside the Inertial Force Applicator, it will only work if it is of type 1.
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Figure 17. Defining the UDF dialog box

When “User Defined Force Type 1...” is selected, a Windows dialog box will appear so that the
proper file may be selected. The definition file for the CoR is called “CofR.LMSMotionUDF”.
Once the descriptor is properly set up, the UDF selection will no longer be grayed out in the
forces toolbar on the right hand side. After it is defined, the UDF may be selected and applied to
the model. Fig. 18 shows the dialog box that is displayed after clicking on the CoR UDF.
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Figure 18. Coefficient of Restitution Dialog Box

The UDF for the CoR takes the input of a spline curve and one of the five types of point-based
contacts in the model. For this example, CoR Curve.1 has been selected for the spline curve, and
a “Sphere to Extrude” type contact has been selected to modify. The only types of contacts that
may be selected are those that involve a point based impact (e.g. Sphere to Sphere, or Sphere to
Flat). There is no limit on the number of contacts that can be selected, granted that they are of
different types; however, the solver will only use the last contact in the list. Thus, to remove any
uncertainty in terms of what model is used, the best practice is to select only one contact type.
The selection of a spline curve is mandatory, and the UDF will not be created unless one is
selected. This requirement does not hold for the contact; however, if no contact is selected, the
UDF will never be called. The function for the dynamic CoR follows the equation

CoR = f(VPEN)

Where VPEN is the velocity of penetration of two bodies, and f(x) is the spline curve. There is a
corresponding velocity, VSLID, which is unused in this calculation. Because the velocity of
penetration of two bodies is dynamic throughout the collision, and the CoR depends only upon
the initial impact speed, the first value of VPEN passed during each collision is saved until a new
collision is detected for that contact-UDF pair. This approach is an approximation to the true
dynamics, which would model the actual contact forces during an impact event; however, from
the perspective of rigid body dynamics, this approach is energetically consistent and correct with
the largest source of error being due to impact durations being significantly shorter than
predicted by high fidelity models. This is the inherent limitation in using a CoR though.
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3.1.4 Computing the Modified Solution

After setting the Solution Set to use the customized solver (Section 3.1.2), the solution may be
computed as normal by either right clicking on the Solution Set and selecting “Compute”, or
highlighting the Solution Set and clicking on “Compute” from the toolbar on the right.

3.1.5 Model Analysis and Verification

To verify that the CoR is applied correctly, a second model is shown in Fig. 19 with four balls
bouncing side by side. The two balls on either end were customized with data from the Rebound
Dynamics GUI, while the center two are considered the controls. Of those, the center-left ball
has no modification to its contact algorithm, and uses a CoR of 0.8. The center-right ball has its
CoR defined by a spline curve that is also set to be flat at 0.8, therefore it should perfectly mirror
the previous ball. This model is also used to verify the IFA, which is discussed at length in the
next section. In this demonstration, the balls are dropped from a higher elevation onto the
platform shown.
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Figure 19. Verification Model

After computing the solution to the model, the velocity and position data for each ball is
obtained, and the relative error (Fig. 20) from the expected CoR is calculated for the first four
impacts.
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Ball 1 Ball 2

Height Height
h1 h2 CofR Expected CofR  Error hl h2 CofR Expected CofR  Error
11 0.823  0.8650 0.8563 1% L1 0.693 0.71972 0.8000 0%

0.823 0.679  0.9083 0.8618 5% 0.699 0.441 0.7943 0.8000 -1%
0.679 0.522 0.8768 0.8680 1% 0.441 0.253 G0.8151 0.8000 2%
0.522 0.404  0.8797 0.8768 0% 0.293 0.186  0.7968 0.8000 0%

Velocity Velocity

vl v2 CofR Expected CofR  Error vi v2 CofR Expected CofR  Error
4.632 4.008 0.8653 0.8563 1% 4.642 3.683 0.7934 0.8000 -1%
3.989 3.626 0.9090 0.8618 5% 3.696 2.937 0.7946 0.8000 -1%
3.606 3.19 0.82846 0.8680 2% 2.937 2.39 0.8138 0.8000 2%
3.139 2.756 0.8780 0.8768 0% 2.296 1.912 0.7980 0.8000 0%

Ball 3 Ball 4

Height Height

h1 h2 CofR Expected CofR Error h1 h2 CofR Expected CofR  Error

11 0.699 0.7972 0.8000 0% 1.1 0.856 0.8821 0.8683 2%

0.699 0441  0.7943 0.8000 -1% 0.856 0.649  0.8707 0.8786 -1%
0.441 0.293  0.8151 0.8000 2% 0.649 0.526  0.9003 0.8879 1%
0.293 0.186 0.7968 0.8000 0% 0.526 0.424 0.§978 0.8950 0%

Velocity Velocity

vl v2 CofR Expected CofR  Error vl v2 CofR Expected CofR  Error
4.642 3.678 0.7923 0.8000 -1% 4.596 4.078 0.8873 0.8683 2%
3.696 2.943 0.7963 0.8000 0% 4.085 3.507 0.8585 0.8786 -2%
2.937 2.414 0.8219 0.8000 3% 3.502 3.205 0.9152 0.8879 3%
2.396 1912 0.7980 0.8000 0% 3.184 2.843 0.4929 0.8950 0%

Figure 20. CoR Data

From Fig. 20, it can be shown that the dynamic CoR is accurate. In four cases the error was
above 2%, and in none of the drops did it exceed 5%. This error is due in part, to temporal
discretization. Note that the error is the same for both the unmodified model (with e= 0.8), and
the new model with e= 0.8. This is particularly evident in comparing the error in rebound heights
to error in rebound velocities.

3.2 Implementing an Inertial Force Applicator

The input to the Inertial Force Applicator (IFA) is an acceleration defined via either a spline
curve or the coefficients of a quadratic equation. This acceleration is evaluated with respect to
the current simulation time and is the resultant force on bodies within the model is the
acceleration multiplied by the body mass. There is also the option of scaling the effect by a
constant, such as gravity, and the direction of the applied force can also be designated via global
unit vector components. Negative numbers are permitted in the vector coordinates, allowing for
an applied force in any desired direction.

To demonstrate the use of the IFA, a two-body model was used. This new model consisted of a

hammer attached to a pivot at the end of its handle, so it could be proven that the force was
applied at the body center of mass.

28



3.2.1 Setting up the Customized Solver

The IFA is configured using the same procedure for customized solvers as in Section 3.1.2. Both
the CoR and IFA use the same DLL file in their computation.

3.2.2 Inserting the User Defined Force Descriptor

The same method as for the User Defined Force Descriptor of Section 3.1.3 is used. The two
methods are very similar; however, there are two key differences between the setup for the IFA
and the Dynamic CoR. First, the name of the LMSMotionUDF file for the IFA is titled
“InitialForce.LMSMotionUDF”. Second, whether or not the dynamic CoR has been
implemented, the InitialForce.LMSMotionUDF file MUST be inserted as type 2, not type 1.
There are checks within the code to differentiate between the two types of UDFs, allowing them
to work together. If this convention is not followed, the solution may not deliver the expected
results or the simulation could fail to completely. Once the UDF Descriptor has been inserted,
the second selection of the UDF section in the Forces Toolbar will be colored in.

3.2.3 Defining the Force
Fig. 21 displays the dialog box for the IFA. There are several different available inputs, though
not all of them are used at one time. The option “Force Defined by Spline?” is a logical value
that will determine whether to evaluate the acceleration using a specified spline curve or by
using the quadratic equation:

ACCEL = [A]*TIME”2 + [B]*TIME + [C].
The function is evaluated at each integration step, using the current simulation TIME. The
quantity ACCEL is multiplied by the mass of each body in the model to obtain the force. If the
force is based on a spline curve, then ACCEL is calculated instead by

ACCEL = f(TIME),

where f(x) is the spline curve.
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Figure 21. Multi-Body Force Applicator Dialog Box

The X, Y, and Z Magnitudes are the components of a vector that will specify the direction of the
force to be applied. Negative numbers are acceptable, and the components are normalized to
transform it to a unit vector in the same direction as the original to avoid an additional scaling
factor. The “Element.Name” option allows for the specification of a body for which the applied
force will be printed to the binary output file if its creation is specified. In Fig. 21, the force is
defined by “Spline Curve.2”, and the direction lies purely along the negative X-axis (to the right
according to the coordinate system in the upper right corner).

3.2.4 Computing the Modified Solution
After setting the Solution Set to use the customized solver (Section 3.1.2), the solution may be

computed as normal by either right-clicking on solution set and selecting “Compute”, or
highlighting the solution set and clicking “Compute” from the toolbar on the right.
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3.2.5 Model Analysis and Verification

The acceleration used in this example is a 10522 square wave applied for 0.5 s in the negative X

direction. At this time the hammer is allowed to freely swing back down and strike the L-shaped
bracket (Fig. 22) under the action of gravity (in the global -z direction). The current simulation
time can be seen in the “Player” box in the lower left hand corner of Fig. 22, which shows that
over the first 0.5 s of the simulation the IFA has swung the hammer back into an almost lateral
position.
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Figure 22. Inertial Force Verification

3.3 Model Independence

It is important to note that the methods discussed above are model-independent. This means that
given the DLL file and the LMSMotionUDF files, a dynamic CoR and an initial force can be
applied to any model. Also, the CoR may be applied as many times as desired, even reusing the
same spline curve multiple times, given that a different contact is selected for each instance of
the CoR UDF. The inertial force may also have multiple instances; the applied forces will be
summed into the current force acting on each body, allowing for multiple forces acting in
multiple directions.
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4. CONCLUSION

The improvements to the Rebound Dynamics GUI include an additional impact model, the
Multi-Material Impact Modeler. This modeler was designed for use with LMS Virtual.Lab
Motion to simulate multiple materials impacting and compute the impact model for each
combination. The possible export options have been expanded to now include “Fortran Script” in
both the Coefficient of Restitution Modeler and the Multi-Material Impact Modeler. Within the
Materials Manager, a “Source” column has been added to allow for traceability of the material
properties. Lastly, the model used in predicting the CoR has been updated to more accurately
predict CoR across a wide range of velocities.

Future work on this project centers around updating the GUI to accommodate higher order
effects, such as strain hardening and oblique, frictional impacts [5].
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