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ABSTRACT

A three-dimensond finite eement modd was developed to represent the response of the
THOR lower extremity (THOR-LX). CAD drawings of the THOR-LX hardware were
used to congruct the geometry of the modd. Most of the components were modeled as
rigd bodies, with the exceptions of the tibia skin, foot skin, tibia compliance spring, the
hed padding/shoe, and the Achilles cable. To account for the movement of the lower
extremity, one trandaiond joint was created for compresson of the tibia and three
revolute joints were cresied to dlow movement of the ankle. Stiffness and damping
properties were assgned for each of the joints to represent the mechanica properties in
the physcd THOR-LX. The finite dement modd outputs the same measurements as the
THOR-LX dummy: load cels, two accderometers, and rotation angles of the ankle. The
completed finite edement modd was corrdated with the physcd THOR-LX by
amulating ten physicd experiments and comparing the results.  Three impacts to the ball
of the foot were conducted to evauate the dorg joint performance. Two hed impacts
were performed to evauate the tibia compliance. Three Achilles tests were conducted to
asess the Achilles cable forces. Two skin tests were performed to determine the effect
of the skin on the tibia forces. The time higtories for impactor decderation, load cdl
forces, and joint angles and moments cdculated for these tests al compared well to the
experimental data.  Therefore, it is concluded that the finite éement modd can be used to
accurately predict the results of physica tests performed with the THOR-LX.



INTRODUCTION

The THOR (Test device for Human Occupant Restraint) dummy was developed as the
next generdion in crash test dummies. The THOR-LX is the lower extremity used with
the THOR dummy. THOR-LX is an improvement over previous anthropometric lower
extremities, especidly the Hybrid 111 leg, because it is more biofiddic and has additiond
indrumentation. Some of these advances include: 1) axid compliance to represent
compresshility of the tibia, 2) a fully functioning ankle that dlows rotation in dl three
directions and 3.) an Achilles cable that provides an dternate load peth in the lower leg
and controls dorsflexion. Furthermore, there are two load cells and two accelerometers.
The upper load cdl monitors Fx, Fz, Mx, and My while the lower monitors Fx, Fy, Fz
Mx, and My. The tibia accderometer measures Ax and Ay while the foot accelerometer
mesasures Ax, Ay, and Az. These improvements make the THOR-LX the most advanced
experimental tool available for predicting injuries to the lower extremity. However, with
the increasing use of computer modding, a vdidated finite dement mode of the THOR-
LX can dso be an important tool to predict injury to the physica lower extremity. The
purpose of this report is to present the design and vdidation of the THOR-LX finite
element modd.

MODEL DESCRIPTION

The THOR-LX finite dement (FE) modd was developed for use in LS-DYNA 3D. The
model is based on a basc lower leg moded developed by the Volpe Nationd
Trangportation Systems Center (Zhou et d. 2002). While the underlying structure of the
modd is smilar to the Volpe modd, many modifications and improvements have been
made. The geometry is based on CAD drawings of the actua THOR-LX hardware. The
THOR-LX FE modd (Figure 1) conssts of 3521 hexagond elements, 96 seatbelt
dements, 1 discrete soring dement, and 7614 nodes.  45% of the dements are
deformable and the remaining 55% are rigid. A vaiety of techniques are used to modd
the interface between the different parts of the modd including: joints, rigid body merge
sets, contact definitions, and extra nodes to rigid bodies. While most of the parts in the



physcd THOR-LX are represented explicitly, some parts are smplified to incresse the
model’ s solution soeed and gtability while maintaining accurate behavior of the modd.

Figurel. TheTHOR-LX FE modd.

Modd Structure

The THOR-LX FE modd congdgs of the following basc sub-assemblies (Figure 2): knee
clevis and upper tibia area, lower tibia area, lower tibia load-cell and top torque base,
ankle joint, foot assembly, and Achilles assembly. Since most of the parts of the THOR-
LX are consdered rigid, severa of these parts have been grouped into rigid body merge
sets and linked with joints. The upper tibia area and lower tibia area are connected with a
trandationd joint. The lower tibia area and the lower tibia load cdl are attached with a
locking joint. The top and bottom of the ankle joint are rigidly merged with the top
torque base and foot assembly respectively. The ankle joint itsdf congsts of three
revolute joints, thus dlowing it to rotate in dl three anatomica directions.



Achilles' canister

- -
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Upper tibia area

Lower tibia area

Achilles' assembly

Figure2. Structural Sub-Assemblies.

The deformable partsin the modd are primarily connected using extranodes. Extra
nodes connected to the rigid body are used to hold the Hedl Pad onto the Composite Foot
sole, the Tibia Skin onto the tibia, and the Foot Skin onto the Composite Foot Sole.

There are dso two types of contacts defined to modd the interface of partsin the FE
modd for THOR-LX (Figures 3 and 4). These are:

1. *CONTACT_AUTOMATIC_SURFACE_TO_SURFACE is defined between the
inner surface of the contoured foot and the hed padding
2*CONTACT_AUTOMATIC_SINGLE_SURFACE is defined between the leg skin, the
tibia guard and the knee bumper.



Automatic Surface to Surface
defined by segments

slave : heel padding
master : contoured shoe

master segments

slave segments

Figure 3. Picture showing contact interfaces on the hedl pad.

slave segments
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Automatic Single Surface
defined by segments

master: slave : heel padding
tibia skin tibia guard
knee bumper

Figure4. Defined diding interfacesin the THOR-L X tibia guard.



Material Characteristics

The only deformable parts found in the THOR-LX FE modd are the tibia skin, foot skin,
tibla compliance spring, the hedl padding/shoe, and the Achilles cable. The skin for both
the foot and leg is modeed as an dadtic maerid. The tibia compliance spring and the
hed padding are each represented by viscodagtic materids. The Achilles cable uses a
deformable seetbedt materid that will be discussed in more detal in the section on
modding techniques. Most of the other parts in the physica THOR-LX are made out of
Aluminum and are modded with a rigid materid in the FE modd. Table 1 lids eech
component in the FE modd, dong with its materid formulation, dement formulation,
mass, and materid properties.

Modding Techniques

As previoudy dated, a variety of modeing techniques were used to represent the THOR-
LX components in the finite dement model. These techniques were sdected to dlow for
faster and more dtable solutions. One such technique is seen where the neoprene tibia
bushing found in the dummy, which dlows for compression of the tibia is not explicitly
modded. It has been replaced in the FE modd by a trandaiond joint that dlows the
lower and upper tibia areas to dide aong the tibia axis. Resistance is instead provided by
aviscod adtic tibia compliance spring, shown in Figure 5.

tibia
compliance
spring

Medial-sagittal
section

heel padding R '\-f;otskin

Figure5: Location of the Tibia Compliance Spring in the moddl.



Tablel. THOR-LX Material properties. (Mass (kg), E = Young's Modulus (M pa), K = bulk

modulus(Mpa), Gs =longterm shear modulus (Mpa), G = short term shear modulus
(Mpa), B = viscoelastic time constant (1/sec), Ko = short term bulk modulus (M pa), Kg =long

term bulk modulus (M pa).

Component Material | Physical
M ass E K|Gs|Go| B Ko | Kg
Name Type Property

Knee Clevis Riaid Solid 0.23700 | 69000 - - - - - N
Molded_Knee Bumper Rigid Solid 0.01110 | 5000 - - - - - -
upr_Tibia LoadCell1 Rigid Salid 0.23900 | 207000 | - - - - - -
upr_Tibia_LoadCell2 Rigid Salid 0.31100 | 207000 | - - - - - -
upr_Tibia Tube Rigid Salid 0.05820 | 72000 | - - - - - -
Tibia Comp_Bush_Plunger Rigid Solid 0.22800 | 207000 | - - - - - -

Tibia Bushing_Spring Viscodlastic | Discrete | 0.00000 - - - - | 1000 | 1000 | 200
Tibia_ Comp_Bush_Iwr_Flange Rigid Solid 0.04230 | 69000 | - - - - - -
Iwr_Tibia Tube Rigid Solid 0.18000 | 72000 | - - - - - -
Tibia TriAxial_Mountng_Plate Rigid Solid 0.00739 | 69000 | - - - - - -
Tibia _TriAxia_Accelerometer Rigid Solid 0.06500 | 207000 | - - - - - -
Tibia_Guard Rigid Solid 0.24300 | 5000 - - - - - -
Iwr_Tibia LoadCell1 Rigid Salid 0.31200 | 207000 | - - - - - -
Iwr_Tibia LoadCell2 Rigid Salid 0.27900 | 207000 | - - - - - -
top_Torque Base Rigid Solid 0.19100 | 69000 | - - - - - -
Dorsi_Plantar_SoftStop_Base Rigid Solid 0.01760 | 69000 | - - - - - -
Dorsi_Plantar_Soft_Stop Rigid Solid 0.00586 | 1452 - - - - - -
top_Torque_Base Cap Rigid Solid 0.02810 | 69000 | - - - - - _
side_Ankle Bushing_Plates Rigid Solid 0.02960 | 69000 | - - - - - -
side_Ankle_PotentiomtrCover Rigid Solid 0.00918 | 3100 - - - - - -
PM _tibia_bushing N/A N/A 0.03600 - - - - - N N
Achilles Pulley Rigid Salid 0.06580 | 207000 | - - - - - -
Achilles_Spring_Tube Base Rigid Solid 0.17600 | 72000 | - - - - - -
Achilles_Spring_Tube Rigid Salid 0.06700 | 69000 | - - - - - -
Achilles_Retaining_Nut Rigid Solid 0.02740 | 207000 | - - - - - -
Torque_Base CenterBlock Rigid Salid 0.05810 | 69000 | - - - - - -
Eversion_Inversion_SoftStop Rigid Solid 0.00577 | 1452 - - - - - -
Evers_Invers SoftStop Base Rigid Salid 0.01430 | 69000 | - - - - - -
btm_Torque Base Cap Rigid Salid 0.02810 | 69000 | - - - - - -
btm_Torque Base Rigid Salid 0.07530 | 69000 | - - - - - -
fraft_Ankle Bushing_Plates Rigid Salid 0.02960 | 69000 | - - - - - -
frnt_Ankle_PotentiomtrCover Rigid Salid 0.00918 | 3100 - - - - - -
Foot_Composite_Sole Rigid Salid 0.17700 | 50000 | - - - - - -
Heel Padding Viscoelastic Salid 0.03480 - 160 1 | 05| 700 - -
Foot_TriAxial_Mountng_Plate Rigid Salid 0.00520 | 69000 | - - - - - -
Foot_TriAccelerometer Rigid Salid 0.03890 | 72000 | - - - - - -
Foot Elastic Solid 0.32500 [ 100 - - - - - _
Achilles_ Heel Mountng_Post Rigid Solid 0.03140 | 69000 | - - - - - -
Achilles_lwr_Mountng_Post Rigid Solid 0.05460 | 69000 | - - - - - -
Achilles Cablel Seatbelt Seatbelt | 0.00299 - - - - - - _
Achilles Cable2 Seatbelt Seatbelt | 0.00306 - - - - - - _
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A second modding technique is used for the ankle. The THOR-LX has a multifunctiond
ankle joint able to peform al three rotations of the human ankle (Figure 6): dors and
plantar flexion, everson and inverson, interna and externa rotation. The ankle in the
physcd THOR-LX has three soft stops that provide resstance to ankle rotation. Before
the Torque Base Center Block (Figure 7) hits the soft stop, the rotation is opposed by
rubber supports a both ends of the physicad pin. When the Torque Base Center Block
hits the soft stop, the rotation does not stop. The soft stop is compressed, further
opposing the rotation of the Torque Base Center Block, until the soft stop materia
bottoms out.

Achilles' cable - ey
'/;:\\é\.‘l
1 /)
' 1o
F
ST .rﬂ
- :
G o = o inversion
i || ‘.‘:\
T it LV
: s |
: ¥ W
L el — &':q,__\_;_,___ eversion 7
= 0' = -
T

o, 2 _“““'i

Figure6. THOR-LX ankle, front left isometric view showing functionality.

n | Dorsi / Plantar Torque Base
I Flexion Stop\ Center Block

=

J & Inversion /

Eversion Stop:s

Figure7. THOR-L X soft stops.
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In the FE modd, three revolute joints are wged to represent the three rotations alowed at
the ankle. The rubber supports at the two ends of the physicd pin are not modeled. In
addition, no contact is defined between the Torque Base Center Block and the soft stop.

The rotational reaction on the pin and the soft stop action are both represented instead
mathematicdly by adding the appropriate joint diffness with damping. Figure 8 shows
the moment curve as a function of angle for each joint in the ankle. The angle with a zero
moment (or stress free state) for THOR-LX is when the foot assembly is in plantar
flexion at 15 degrees below the Globa X-Y plane (Figure 9).

ankle joint stiffness
200000
RS =TT RS 0N

{50000 laterak-mead 3

100000
50000 |
= J
£ L e
- ] -
[ e -
a e
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= _so0ao

-100000

180000

2BO0AG | : + ! - 5 + +

- 50 -10 a 0 20 30 40 50 &0
Angle (deg)

Figure8. Mathematical joint stiffness curvesfor the THOR-L X anklejoints.
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Figure9. THOR-L X foot medial view neutral postion.
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Findly, the las modeing technique is used for the Achilles cable and pulley. In the
THOR-LX dummy, these components are used to provide an dternate load path in the
lower leg and control dorsflexion. The resstance in the physcd Achilles cable comes
from the compresson of soft foam, a coil spring, and a neoprene bushing ingde the
Achilles canigter. In the FE model, these parts are represented by seatbelt dements and a
dip-ring, as shown in Figure 10. The Achilles caniger in the modd is empty and the
sestbelt represents the combined tiffness of the partsinside.

Achilles' canister

[T Achilles' cable 4 - |
(seatbelt elements) ‘ |

Achilles' canister base

| Achilles' cable
[ / (seatbelt) )

the Achilles' pulley was modelled/
with an LS-DYNA3D slip-ring

_— Achilles’ pulley B .
II'__ ir . ..- _. =

A0 -_ia A, Achilles' mounting post e | — |
Tl T | =

. 2 fet f ':. Il

4 oo e I.'- s ".':°\ '_--_"" ..'f-
s — ! e @:‘“—’“E

I..--'—""-' = += =) !

Figure 10: Modeling of the Achilles cablein the THOR-LX.

MODEL OUTPUT

The THOR-LX FE modd has been designed to output the same measurements reported
by the physicadl THOR-LX dummy. In order to ensure proper processing of the output
data, the following information is provided on mode conventions, definitions, polarities,
and output files.
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Conventions and Numbering

The units used in the THOR-LX FE modd are mass in metric tons (10° kg), length in
millimeters, and time in seconds. The origin point (O, O, 0) of the globa coordinate
system is located at the THOR HPoint, as shown in Figure 11. The postive globa X-
axis points towards the anterior end of THOR. The postive globa Y-axis points towards
the right latera end of THOR. The podtive globa Zaxis points towards the inferior end
of THOR. There are locd coordinate systems in the FE modd of THOR-LX to mantan
loca output for the two load-cdls, the ankle joints, and the two accederometers. The
locd  coordinate systems ae dtached to the FE  modd using
*DEFINE_COORDINATE _NODES. There is one vector defined in the mode
(*DEFINE_SD_ORIENTATION) that follows the tibia compliance spring to maintain
the loca output for compresson and the force passng through that spring. The lower
numbering index in the left THOR-L X FE modd starts at 500,001.

COORDINATE
SYSTEM

Figure1l. The THOR-LX FE mode global coordinate system.

Data Acquisition and M odd Output

The daa acquidtion in the physcd THOR-LX indudes two load-cdls, three
potentiometers, and two accelerometers. The location of these devices in the THOR-LX
FE modd is shown in Figure 12. The THOR-LX has a lower and an upper tibia load-

15



cdl, the upper load cdl monitors Fx, Fz, Mx, and My while the lower monitors Fx, Fy,
Fz, Mx, and My. In the finite ement modd, the two load-cdls are implemented using
*CONSTRAINED_JOINT_LOCKING LOCAL. Each physica load-cdl was split into
two parts in the FE modd in order to define the locking joints. The output for the forces
in the load cdl can be found in the jntforc ASCII file. Potentiometers record the rotation
angles in the physicd ankle joint. In the FE modd, the output for the rotation angles and
the angular veocties in the akle is implemented through the definition of
*CONSTRAINED _JOINT_STIFFNESS GENERALIZED and can dso be found in the
jntforc ASCII file.

7 1 102.869 mm
\ upper tibia . 161.543 mm
1= ' load-cell . tibia spring top
! mounting point

329.945 mm
lower tibia
load-cell

31.750 mm
tibia spring height

accelerometer

L7 2-axis

potentiometer

accelerometer

otentiometers .
P 3-axis

Figure12. Locationsof the THOR-L X data acquisition devices.

THOR-LX has a tibia mid anterior accderometer measuring Ax and Ay (usng two
uniaxid accderometers) and a mid-foot accderometer measuring Ax, Ay, and Az (using
dther three uniaxial accelerometers or one triaxia accderometer). In the FE modd, the
output acceleration dgna a the accderometer locations is implemented through the
definition of *DATABASE HISTORY_NODE LOCAL which outputs the information
to the nodout ASCII file. In addition to the accelerometers, the nodout file aso contains
data recorded to monitor the output of: the contoured foot compresson, the tibia spring
compresson, and the Achilles cable The user should review the following ASCII

16



output: deforc - for the tibia soring loads and sbtout - for the Achilles cable loads. Table
2 provides a lig of each component in the data acquistion with the corresponding output
file, node, or joint number, and the necessary polarity change to replicate the output from
the physca THOR-LX. It is dso recommended that the user review al avalable ASCII
output, including the glstat and matsum for energy balance.

Table 2. Output files used to replicate the THOR-L X data acquisition. (Note: using
pre-processors like Hypermesh can change the order of the joint definitions which
may changethe Joint ID #slisted below).

Node/

Data Source Jint 1D Output Fle
Lower TibiaLoad Cdll 1 jntforc
Upper TibiaLoad Céll 2 jntforc
Tibia Compresson Trans Joint 3 jntforc
Dorg / Plantar Joint Rotation 4 jntforc
Everson/ Inverson Joint Rotation 5 jntforc
Interna/Externa Joint Rotation 6 jntforc
Tibia Accelerometer 501556 nodout
Foot Accelerometer 505687 nodout
Achilles Force N/A Sbtout
Tibia Compression 507005, 507003 nodout

MODEL CORRELATION

Smulations were performed with the THOR-LX FE mode to ensure that the model has a
smilar behavior to the physicad THOR-LX. The run time for most of the smulations was
120 ms, which took about 15 minuteson a 2.5 GHz PC. Datafrom tests of the physica
THOR-LX used for comparison was provided by Vehicle Research and Test Center
(VRTC). Thetest and smulation procedures are described below, as well as the process
for data acquistion.

Test Descriptions

The tests used to evauate the FE model performance were:
% Three ball impact tests to evauate the dors joint performance
2% Two hed impact tests to evauate the tibia compliance
%5 Three Achilles teststo evaluate the Achilles cable

&% Two skin tests to assess the effect of the skin on the modd.
17



Gravity was not consdered in THOR-LX FE corrdation smulations. A pendulum type
impactor with a 63.5 mm diameter and a 5.00 kg mass was introduced in the correlation
models.

The bal impact tests were conducted with the foot in the neutrd podtion (Figure 13). In
each test the impactor struck the bal of the foot 102.5 mm anterior of the dors-plantar
joint. There was o leg-skin for these tests, as this part was removed during lab testing.
In the first bal impact test, the impactor speed was 5 m/s and the test set-up used a full
THOR-LX with the upper tibia replaced by a sngle cylinder that was fixed in dl
directions. In the smulation, the trandationa joint and load cell a the upper tibia were
removed, making the tibia rigid. The impactor initid velocity in the second and third ball
impact tests was 3.17 m/s. The second bal impact test used a complete THOR-LX with
the Achilles cable was removed (in both the tet and smulaion). The third ball impact
used an intact THOR-LX without any modification.
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Figure 13. Setup and modification for specific ball impact tests.

The hed impact tests were conducted with the foot in the horizontal postion and used the
complete THOR-LX (Figures 14 and 15). Again, the leg-skin was removed during lab
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testing. Before the amulations, the foot was rotated from 15 degrees of plantar flexion
to the horizontd postion and the Achilles cable was adjusted to maich the test
conditions. The center of the impactor in each tet was digned with the center of the
dorg-plantar joint, as shown in Figure 14. In the firs hed impact tedt, the impactor had
an initid vdodty of 5 m/s and the dors joint was redtricted from rotating with duct tape.
The second hed impact test used an impactor speed of 3.97 m/s and had a meta bracket
to redtrict motion in the dors joint. Both tests were smulated by locking the motion a

the dorg joint.
jl:' ' |7x
adjusted Achilles’ cable | 1
\ |

Z
| TS
. .
w —_—
Ve
(

Figure 14. General hedl impact test setup.

AT, fixed
I r:'l/
[ ]

it

—
\ . S Kar heel test 2

! 3 \ g heel test 1
impactor NOV 2002 LX103-23 r | impactor JUNE 2003 LX116-30P
5 m/sec 3.97 m/sec

Figure 15. Setup for specific heel impact tests.
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Each of the Achilles tests used asmilar setup to the bal impact tests. However, the
experimenta testsincluded an Achilles load cdll that dlowed a direct comparison
between the smulation and the experiment. Also, the impactor in the Achilles testswas
8.3 kg and had a diameter of 76.2 mm. Theimpactor velocity for each of the Achilles
testswas 3.1 m/s, 3.9 m/s, and 4.3 m/sfor tests 1, 2, and 3 respectively.

The two skin tests used the same setup as the hed impact tests, including both velocities
and impectors. Experimental data only exists for the 5 m/s case but both smuletions are
shown. Thisis done to offer acomparison between the skin and no skin cases within the

amulaions aswadll.

Data Acquisition Procedur es

There was no direct recording of the dors moment in the lab tests. Y, there was a need
to caculate the test moment at the dors joint, for the purpose of correaing ketween the
tes and the FE modd. The moment, My, and force, Fx, a the lower tibia load cdl, as
well as the loads in the Achilles cable, were used for that purpose, as shown in the free
body diagram (Figure 16). In bal tests 1 and 3, the Achilles cable loads were not
recorded during testing in the lab. So, a manuad caculation of the dors moment based on
the test output was only possible for the second bdl test where Achilles cable was not
present in the experimental gpparatus. In that case only, the test dors moment is given
as.
Mdors = -My -Fx.H

For bal tests 1 and 3, the tet moment on the dors joint can only be used as a rough
esdimate snce the caculation is not exact, due to a lack of test information on the
Achilles cableforce.
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In the hed impact tests, the tibia bushing compresson was only measured in the first hed
impact test and was cdculated later from video of the test. When reaults from the FE

modd were compared with the lab results, smilar methods were used to ensure
compatibility.
F1

F2

Figure 16. Balance of moments about the dorsg joint.

Results Summary

The results for each of the tests are presented in Appendix I. Charts are provided that
compare the experimenta results to those in the smulations. The results from the
computer modd are labded “ Smulation” and the |ab test results are labeed

“Experiment.” All of the data from the smulations was resampled a 10000 Hz. Thiswas
necessary because the LS-DYNA smulations did not have a congtant time step. The data
was then filtered with a CFC 60 (100 Hz) Butterworth 4 pole filter to avoid phase shifts.
Some of the polarities for the smulation curves were reversed to match the conventions
used for the experimental tests. For the ball impact tests, results are provided for
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impactor deceleration, ankle joint motion, and load cell data. Results for the hedl tests
include impactor deceleration, and load cdll data. (Tibia compression datais available for
hed test oneonly.) The Achilles tests show a comparison of the Achilles force. Thisis
due to the lack of availability of other test data. The skin tests show tibia compression
and tibia forces, since these measurements are most likely to be affected by the skin.

In generd, dl of the bal and hed smulations match the experimentd results very well,
thus showing that the finite lement modd is a good representation of the physicd
THOR-LX. TheAchilles tests show that the Achilles force in the smulation follows

the trend seen in the experiments. However, these results do not show any effects of
hysteress. Hysteres's may be added in future versons of the THOR-LX FE modd. The
modd reaults for the skin tests show that there isadight reduction in tibia force and
compression when the skinisincluded, as seen in the experiments.

CONCLUSIONS

A finite dement mode was developed to represent the response of the THOR-LX
(THOR lower extremity). The mode provides a redidic geometric and materid
representation of most parts of the physcd THOR-LX. Deformable parts were modeled
usng a vaiety of techniques tha accurady represent the physcd modd. A fully
functiona ankle has been defined udang mathematicd giffness and damping responses
that correspond to the physcd THOR-LX ankle. Indructions have been provided on
how to output the same measurements from the FE modd that are found in the physcd
THOR-LX data acquistion.  Findly, results have been presented that show the
correlation of the finite dement modd with the physcad THOR-LX. The THOR-LX FE
mode can be used as a computationd tool that predicts the results of a physical test with
the THOR-LX.
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APPENDIX |

Ball Impact Test 1

Impactor Deceleration
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Figure17. Ball Test 1: Impactor deceleration.
Dorsi-Plantar Joint Rotation
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Figure 18. Ball Test 1: Dorsi-plantar joint rotation.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with a CFC

60 (100 Hz) Butterworth 4 pole filter.
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Dorsi-Plantar Joint: Moment (manually calculated)
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Figure 19. Ball Test 1. Dorsi-plantar joint moment, no Achilles contribution.

Dorsi-Plantar Joint: Moment vs. Angle
(calculated manually)

100
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Figure20. Ball Test 1: Dorsi-plantar joint moment vs. angle, no Achilles

contribution.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with a CFC
60 (100 Hz) Butterworth 4 polefilter.
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Lower Tibia Loadcell Forces
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Figure2l. Ball Test 1: Lower tibiaload cell forces.
Lower Tibia Loadcell Y Moment
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Figure22. Ball Test 1: Lower tibiaload cell moments.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with a CFC

60 (100 Hz) Butterworth 4 pole filter.
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Ball Impact Test 2

Impactor Deceleration
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Figure 23. Ball Test 2: Impactor deceeration.
Dorsi-Plantar Joint Rotation
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Figure24. Ball Test 2: Dorsi-plantar joint rotation.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with aCFC

60 (100 Hz) Butterworth 4 polefilter.
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Figure 25. Ball Test 2: Dorsi-plantar joint moment.
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Figure26. Ball Test 2: Dorsi-plantar joint moment vs. angle.

Note: All of the datafrom the simulations were resampled at 1000 Hz and then filtered with aCFC
60 (100 Hz) Butterworth 4 polefilter.
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Lower Tibia Loadcell Forces
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Figure27. Ball Test 2: Lower tibiaload cell forces.
Upper Tibia Loadcell Z Force
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Figure 28. Ball Test 2: Upper tibiaload cell forces.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with aCFC

60 (100 Hz) Butterworth 4 polefilter.
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Lower Tibia Loadcell Y Moment
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Figure29. Ball Test 2: Lower tibiaload cell moments.
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Figure 30. Ball Test 2: Upper tibiaload cell moments.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with a CFC
60 (100 Hz) Butterworth 4 polefilter.
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Ball Impact Test 3

Impactor Deceleration
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Figure31. Ball Test 3: Impactor deceleration.
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Figure 32. Ball Test 3: Dorsi-plantar joint rotation.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with aCFC
60 (100 Hz) Butterworth 4 polefilter.
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Dorsi-Plantar Joint: Moment (manually calculated)
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Figure 33. Ball Test 3: Dorsi-plantar joint moment, no Achilles contribution.

Dorsi-Plantar Joint: Moment vs. Angle
(calculated manually)
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Figure 34. Ball Test 3: Dorsi-plantar joint moment vs. angle, no Achilles

contribution.

Note: All of the datafrom the simulations were resampled at 1000 Hz and then filtered with a CFC
60 (100 Hz) Butterworth 4 polefilter.
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Lower Tibia Loadcell Forces
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Figure 35. Ball Test 3: Lower tibiaload cell forces.
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Figure 36. Ball Test 3: Upper tibiaload cell forces.

Note: All of the datafrom the simulations were resampled at 1000 Hz and then filtered with a CFC
60 (100 Hz) Butterworth 4 polefilter.
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Lower Tibia Loadcell Y Moment
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Figure37. Ball Test 3: Lower tibiaload cell moments.
Upper Tibia Loadcell Y Moment
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Figure 38. Ball Test 3: Upper tibiaload cell moments.

Note: All of the datafrom the simulations were resampled at 1000 Hz and then filtered with a CFC
60 (100 Hz) Butterworth 4 polefilter.
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Heel Impact Test 1

Impactor Acceleration
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Figure39. Hedl Test 1: Impactor deceleration.
Lower Tibia Loadcell Forces
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Figure40. Heel Test 1: Lower tibiaload cell forces*

*The source of thisrebound artifact has been identified, and is currently being addressed in the

physical THOR-Lx design. The model is correct in not reproducing this artifact.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with a CFC
60 (100 Hz) Butterworth 4 polefilter.
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Upper Tibia Z Force
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Figure4l. Heel Test 1: Upper tibiaload cell forces*
Heel Impact Test 2
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Figure42. Heel Test 2: Impactor deceleration.

*The source of thisrebound artifact has been identified, and is currently being addressed in the
physical THOR-Lx design. The model is correct in not reproducing this artifact.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with aCFC
60 (100 Hz) Butterworth 4 polefilter.
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Figure43. Heel Test 2: Lower tibiaload cell forces*
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Figure44. Heel Test 2: Upper tibiaload cdl forces.*

*The source of thisrebound artifact has been identified, and iscurrently being addressed in the

physical THOR-Lx design. The model is correct in not reproducing this artifact.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with a CFC
60 (100 Hz) Butterworth 4 polefilter.

37




Achilles T

est 1

Test 3.1 m/s

-—|=—— Simulation
-—| —— Experiment

Force (N)

10

Angle (deg)

20 30

Figure45. Achilles Test 1: Achilles Force.
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Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with a CFC

Figure46. Achilles Test 2: Achilles Force.

60 (100 Hz) Butterworth 4 polefilter.
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Achilles Test 3
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Figure47. Achilles Test 3: Achilles Force.
Skin Test 1
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Figure48. Skin Test 1: Tibia Compression.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with a CFC
60 (100 Hz) Butterworth 4 polefilter.
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Figure49. Skin Test 1: Lower tibia Z load cell for ces*
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Figure50. Skin Test 1: Upper tibia Z load cell forces*

*The source of thisrebound artifact has been identified, and is currently being addressed in the

physical THOR-Lx design. The model is correctin not reproducing this artifact.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with aCFC

60 (100 Hz) Butterworth 4 polefilter.

40



Skin Test 2
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Figure51. Skin Test 2: Tibia Compression.
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Figure52. Skin Test 2: Lower tibia Z load cell forces.

Note: All of the datafrom the simulations were resampled at 1000 Hz and then filtered with a CFC

60 (100 Hz) Butterworth 4 polefilter.
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Upper Tibia Z Loadcell Force
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Figure53. Skin Test 2: Upper tibia Z load cell forces.

Note: All of the data from the simulations were resampled at 1000 Hz and then filtered with aCFC
60 (100 Hz) Butterworth 4 polefilter.
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APPENDIX |l: FOOT POSITIONING

This appendix describes the procedure for rotating the foot in dorsiflexion or
plantarflexion. Each rotation involves two main steps: 1) rotating the main parts and 2)

adjusting the Achilles cable.

Fird, select the eements of the parts and groups listed below (Note: DO NOT sdlect the

two internd-externd rotation joints).

Parts

Parts

Tordue Base CenterBlock LH

Tordue Base CenterBlock RH

Everson Inverson SoftStop LH

Everdon Inversion SoftStop RH

Evers Invers SoftStop Base LH

Evers Invers SoftStop Base RH

btm Torque Base Cap LH

btm Torque Base Cap RH

btm Toraue Base LH

btm Toraue Base RH

fraft Ankle Bushing Plates LH

fraft Ankle Bushing Plates RH

frnt Ankle PotentiomtrCover LH

frnt Ankle PotentiomtrCover RH

Foot Composite Sole LH

Foot Composite Sole RH

Hed Paddina LH

Hed Paddina RH

Foot TriAxid Mountng Plate LH

Foot TriAxiad Mountna Flate RH

Foot TriAccelerometer LH

Foot TriAcceerometer RH

Foot LH

Foot RH

Achilles Hed Mountna Post LH

Achilles Hed Mountna Post RH

Achilles lwr Mountna Post LH

Achilles Iwr Mountna Post RH

INTS revolute ankle LH

INTS revolute ankle RH

Groups

Groups

XN2RB Achilles Iwr mntnaPost LH

XN2RB Achilles Iwr mntnogPost RH

XN2RB JINT dorsA sdBplates LH

XN2RB JINT dorsA sdBplates RH

XN2RB JINT dorsB TaBsCntrblk LH

XN2RB JINT dorsB TaBsCntrblk RH

XN2RB INT evrsA faBshnaPits LH

XN2RB INT evrsA faBshngPlits LH

XN2RB JINT evrsB TaBsCntrblk LH

XN2RB JINT evrsB TaBsCnirblk RH

After sdlecting the parts and groups above, rotate the selected items about the globa-Y
axisudng any end point of the dorg-plantar flexion joint as the center of rotation. For

example, rotation of +15 degrees would alow rotation from the neutral position of -15

degrees beow horizonta to horizontd.
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Next, find the angle formed by the following three points: Achilles hed attachment point
(node 507554), dip-ring (node 507503), and the loose end of the Achilles cable (node
507555). The dip-ring isthe vertex of the angle. Following the example above, the
seatbelt elements should be rotated by +6.62 deg. Then, select the seatbelt (SB) elements
between the dip-ring and bottom SB dements that are attached to the Achilles lower
mounting posts. Rotate the sdlected items about the globa-Y axis usng ether of thetwo
dip-rings as the center of rotation.

Findly, add SB dements so that dl eements have the same length of 1.949 mm (only the
bottom SB dements that are attached to the Achilles lower mounting posts will have a
length larger then 1.949 to make the dementsfit evenly). Finishby equivdencing
duplicate nodes and re-numbering cons stently the new nodes and dements.

Note: For correation hed impact, add the Torque Base Center Blocks into their
respective legs rigid body (RB) sets for the Top Torque Base.
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APPENDIX III: MASS COMPARISON

Table 3. Comparison of massesin the THOR-L X FE mode to the physical THOR-LX.

Com i
L ocation ponent Physical Mass FE Model Mass (kg)
Name (kg)
Tibia

Upper tibiaload cell 0475 0.550
Lower tibiaload cell 0570 0.591
Compliant assembly 0.290 0.274
Knee clevis 0.250 0.237
Upper tibiatube 0.070 0.058
L ower tibiatube 0.220 0.180
Achilles assembly 0.445 0422
Tibiaskin 0.550 0.550

Total mass of tibia (from
knee clevisto ankl r—.S joint) 292 286

Foot:
Composite foot plate 0.110 0.177
Achilles mounting plate 0.070 0.055
Heel pad 0.040 0.035
Foot skin 0.460 0.325
Total mass of foot:

(from ankle joint down) 0.540 0.504
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