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Abstract - The history of public domain finite element models of the side impact anthropometric test dummy are summarized and
recent improvements are briefly discussed. The performance of the two most recent finite element models are discussed with
respect to the predictions of acceleration time histories as compared to standard bench calibration tests as well as an in-vehicle
full-scale vehicle crash test. The thoracic trauma indices and the maximum pelvis accelerations are calculated based on the finite
element models and are compared to the results obtained in physical calibration tests. The responses and fidelity of the finite
element models are discussed and recommendations for further improvements are provided.

NOTATION

LURY maximum lateral acceleration observed at the left upper rib
LLRY maximum lateral acceleration observed at the left lower rib

TTI  thoracic traumaindex

Ty maximum lateral acceleration observed at the 12™ spine segment
Py maximum lateral pelvis acceleration

INTRODUCTION

Severd finite element models of the Side Impact Dummy (SID) have been developed over the past several
yearsfor use in exploring the crashworthiness of vehicles and roadside safety structures. A finite element
model of the Part 572 Subpart B Side Impact Dummy (e.g., the SID) will be discussed in detail in the
following sections but other side impact dummy mode!s have been developed in recent years.® The purpose
of this paper isto compare the performance of the two most recent public domain SID finite element models
to physical tests. Three types of physical tests will be used as the basis for the comparisons: (1) the thorax
calibration test, (2) the pelvis calibration test and (3) an in-vehiclerigid pole test.

History

One of the most useful ways of evaluating the side impact collision environment is by using an
anthropometric test device (ATD) to estimate the forces and accelerations that would be experienced by a
human in asmilar environment. There have been avariety of ATD’s developed in recent years but the oldest
side impact device isthe one that is still required in side impact crash tests in the United States, the
instrumented Part 572 Subpart F Side Impact Dummy (SID). The SID ATD was developed in the early
1980's by the Highway Safety Research Institute (HSRI) for the U.S. National Highway Traffic Safety
Administration (NHTSA).? The SID represents a 50 ™ percentile male and is instrumented to collect
accelerations at the T,, segment of the spine, the upper rib, the lower rib and the pelvis. These accelerations
are used to assess the hypothetical risk to human occupants using the thoracic traumaindex (TTI) and the
pelvis acceleration (P,) as defined in Federal Motor Vehicle Safety Standard 214 (FMVSS 214).*



While the physical SID deviceisavery useful experimenta tool, thereis also a need for a mathematical
model of the SID that can be used to assess occupant responses in collisions prior to performing physical
tests. While there were severa lumped-mass discreet-element models of the SID, the first three-dimensiona
finite element model with a detailed geometry and materia properties closely approximating the physical SID
was developed by SRI International in 1992 in a project sponsored by NHTSA.> The model, referred to in
this paper as the PD-SID-V1 (e.g., public domain Sid Version 1), was developed using the Ingrid
preprocessor and the public domain DY NA3D finite element code.® The objective of thisinitial project was
to develop amodel for the SID with a good description of the thorax structures that would demonstrate the
feasibility of the detailed finite element modeling approach. The mode was developed without any materia
testing and without a precise digital model of the physical device so while the response of the model was
encouraging, further improvements were needed to obtain good results as compared to physical tests. All
subsequent public domain versions of the SID models have a common root with the first version, PD-SID-
V1

NHTSA continued its sponsorship of a public domain model when the PD-SID-V1 model was modified by
Quantum Consultants Incin 1995.” The PD-SID-V1 model was translated into the PATRAN preprocessor
where it was further modified to take advantage of the LS-DYNA3D analysis code.® The head-neck-spine,
spine-hip, legs and damper assemblies were improved to achieve more redlistic body motion.  Some
additional parts were modeled such as the abdominal insert. Two new material models, low density urethane
foam for arm-pad foam, shoulder foam and rib wrap and Mooney-Rivlin rubber for neck spine, thorax rubber
parts and anti bottoming pad were incorporated in LS-DYNA3D after conducting extensive materia testing.
The cdlibration tests of the model, referred to hereafter as the PD-SID-V2 model, showed that the dummy
response for thorax impact was within the acceptable SID response corridors devel oped from physical thorax
calibration tests. The pelvis response, however, still did not compare well with response corridors developed
from physical tests.

NHTSA sponsored a third modeling effort and in 1997 EAS Engineering released another public domain
version of the SID finite element model, referred to hereafter as PD-SID-V3.° The model is similar to the
previous versions with respect to the thorax geometry but has a more detailed description of the pelvic region
of the dummy. The model takes advantage of the PATRAN preprocessor and the LS-DYNA3D analysis
code. The primary area of improvement in the third version is a more detailed model for the lower extremity
structures. In theinitial development of the PD-SID-V 1 the lower extremities were modeled as rigid bodies
with the appropriate geometry and mass. The PD-SID-V2 model had deformable lower extremities, however,
without modeling the structural skeleton inside the SID lower extremities; this version produced
unrealistically large deformations. The lower extremitiesin the PD-SID-V 3 have both improved geometry as
well as the appropriate deformable material descriptions of the foam and rigid pelvisinterna structures.

The effort described above summarizes NHTSA' s efforts to develop, improve and vaidate a public-domain
Sid modéel that can be used to assess crash events using LS-DYNASD.

I mprovements

Independently of the NHTSA development effort, SRI continued to refine and improve the origina public
domain SID model, PD-SD-V1. Additional developments of the SRI SID model were based on an occupant
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model created at SRI for high-speed rail collision occupant simulations (SRI-SID-V1).° Lower extremities
were modified in this modd to include joint definitions at the hips, knees, and ankles with the appropriate
range of motion for crash dummies. Similarly the model for the rubber neck piece and lower spine from the
SID were improved and validated by performing simulations on the neck/head pendulum calibration test to
determine appropriate viscoelastic neck properties so that the model performs within the appropriate
calibration corridor. The inner neck and spine cables which influence the behavior in more severe loadings
were dso included. Additionally, modifications such as improved material properties were taken from the
PD-SID-V2 and PD-SID-V 3 models and included in the SRI SID model. Findly, refinements to the thorax
were made to diminate shortcomings in the initial model development. This version of the model, therefore,
combined most of the earlier improvements to the public domain SID.

The Federal Highway Administration (FHWA) has also been interested in using finite element models to
assess occupant risk in roadside hardware collisions.** As aresult the FHWA has sponsored research at the
University of lowato develop test and evaluation procedures for roadside hardware side impacts. Using
finite element model s was thought to be one good method for better understanding the crash environment. As
aresult both the PD-SID-V 3 and SRI-SID-V 1 have been extensively examined to assess their ability to
correctly predict TTI and pelvis accelerations.

In collaboration with SRI the research team has continued to improve the SRI SID. First, the SRI-SID-V 1,
which was developed in Ingrid was trandated to a similar preprocessor TrueGrid.* Next a variety of changes
have been made to improve the performance, especially in more complicated in vehicle simulations of
roadside hardware impacts. These modifications include:

. Addition of its lumbar spine cable,

. Addition of an anti-sag thorax damper spring

. Improved penalty factors on many of the contacts
. Improved damper properties on the rib structure
. More robust joint rotation torque load curves

One particularly difficult problem has involved arm pad foam to jacket contact in more redlistic in-vehicle
simulations. The contact in the SRI-SID-V1 worked well for the calibration test but showed extensive inter-
penetration in the more demanding in-vehicle test. Thiswas corrected by changing the contact types and
readjusting the penalty factors. The resulting model is referred to hereafter as SRI-SID-V 2.

The SRI-SID-V2 and PD-SID-V 3 share many features but there are some notable differences. The SRI-SID-
V2 has amore refined head neck model which is important in assessing impacts with fixed objects like poles.
The PD-SID-V 3 has amore refined pelvis and lower extremities with all the internal parts explicitly modeled
whereas the SRI-SID-V 2 has appropriate joint behaviors but uses rigid bodies for the hips and various leg
sections. The SRI-SID-V2 has an improved thorax model. The modeling of the thorax componentsin the
PD-SID-V 3 has remained virtually unchanged since the preliminary phase of model development in 1992
with the exception of some material properties. However, several modifications have been made to the thorax
of SRI-SID-V2 including:

1 An improved model of the outer jacket was created with a better fit to the internal components and
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better mesh resolution.

2. An improved model of the ribcage and ballast weights was created with increased mesh resolution
and dimination of the tied interface between the ribs and ballasts. Elimination of contact interfaces
help both with model efficiency and stability.

3. Increased mesh resolution was added to the armpad foam and rib wrap. A model of the rib-wrap
inner liner was added. The arm-foam to rib wrap diding interface was eliminated.

4, Increased mesh resol ution was added to the shoulder foam and abdominal insert. The edges of
shoulder foam were rounded for greater stability in interface contact with the outer jacket.

5. The anti-sag device with the chest plate connection bracket were added to the model.

6. A nonlinear spring was added to the chest damper that limits the stroke to the appropriate range and

includes the spring force that restores the piston to it's initial position when unloaded.

7. M odifications were made to the lower extremity hinge blocks to improve the lateral tiffnessin more
severe side impacts.

Other changes were made to the SRI-SID-V2 model to facilitate data collection so that data collection in the
simulation would be as similar to data collections with physical device asis possible. Accelerations obtained
from earlier SID models use global rather than local coordinates whereas the physical devices record local
accelerations. Local coordinates can be easily obtained in LS-DYNAS3D if alocal coordinate system is
defined and attached to the nodal location of interest. Most of the points in the model that corresponded to
accelerometer |ocations were modeled using rigid materials. Unfortunately, aloca coordinate system can not
be added to arigid body so small portions of the mesh around the accel erometer locations were defined as
deformable materials so that aloca coordinate system could be added. Nodal rigid bodies and corresponding
local coordinate systems were attached to the lower spine, upper and lower ribs and the pelvis of the SRI-
SID-V2 in order to obtain datain local coordinates.

The PD-SID-V3 moddl also uses an option in LS-DY NA3D were averaged accelerations are calculated and
written to the output rather than the true accelerations. The SRI-SID-V 2 uses the actual true accelerations
instead since setting the averaged acceleration flag has the effect of smoothing the response. Data from the
SRI-SID-V2 was processed by calculating actual accelerations and then sampling and filtering the data using
the sample programs and protocols used for the physical test device to filter the data. The remainder of this
paper will compare the performance of the SRI-SID-V2 and the PD-SID-V3.

CALIBRATION TESTS
A natural first step in assessing the performance of afinite element model isto smulate the calibration test
impact conditions and determine if the finite element mode responses fall within the range required of the

physical test devices. Thiswas done using the SRI-SID-V2 and the PD-SID-V3. NHTSA'’s Laboratory
Test Procedures for Federal Motor Vehicle Safety Standard (FMV'SS) Number 214 give calibration test
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procedures and acceptance criteria for the physical SID.®* The test procedures state that the SID should be
struck in the lateral direction at the thorax and the pelvis with a 152-mm diameter 23.35 kg cylindrical
ballistic pendulum at 4.3 m/s. The SID ATD is placed without back support on aflat surface whose length
and width dimensions are not more than 406 mm so that the midsagittal plane of the SID is vertical and
centered on the surface. The legs are stretched and positioned so that their centerlines are in planes parallel
to the midsagittal plane.

The NHTSA test procedures also specify how the accelerometer data should be sampled and processed.
Analog datais recorded in accordance with the SAE J-211 Class 1000 specification.’* The datais then
processed with the Finite Impulse Response (FIR100) filter program. The FIR100 filters the data with a 300
Hz SAE Class 180 filter, sub-samples the data at 1600 Hz and then removes bias. The NHTSA FMVSS
214 test procedures establish a window for the peak response but do not place any particular requirements on
the whole time history of the event.

In order to ensure that the whole dummy model is responding correctly it is more useful to look at the time
history in acalibration test. NHTSA has conducted a series of physical calibration tests and defined test
corridors (e.g., the mean response plus and minus one standard deviation) for the dummy response. The data
obtained from the test series was averaged and the corridor is shown in the following graphs as a shaded
region. A finite element SID model that provides responses within these corridorsis as good a predictor as a
physical SID. Both criteriawill be used in assessing the performance of the SIDs the following sections.

Pendulum Thorax Calibration Test

117
WITT

The SID has three accelerometers mounted in the thorax
for measurement of lateral accelerations. The primary
axis of each accelerometer is aligned perpendicular to
the midsagittal plane of the thorax. One accelerometer
is mounted on the Thorax to Lumbar Adaptor by means
of the T ,, Accelerometer Mounting Platform and the T, RS
Accelerometer Mount. The other two accelerometers
are mounted on the rib bar, one on the top and the other
at the bottom of therib bar, on the struck side. The
accelerometer at the top represents the left upper rib j
lateral (e.g., Y) acceleration or LURY and the ] g
accelerometer on the bottom represents the left lower rib 7 l/'

latera (e.g., Y) acceleration or LLRY. Thelongitudind T T T T T 1 ]
centerline of the test probe is placed at the lateral side of

the chest at the intersection of the centerlines of the third Figure1l.  Thorax Calibration Test Setup.
rib and the rib bar and perpendicular to the midsagittal

plane of thethorax. The SID ATD position for the thorax impact is shown in Figure 1. According to the
calibration test procedures, the peak T,, acceleration must be between 15 and 22 g's, the peak LURY
acceleration must be between 37 and 46 g's and the peak LLRY acceleration must also be between 37 and
46 g's.

T
T




Acceptable Range SRI-SID-V2 PD-SID-V3
(g9 (99 (99
T,, peak acceleration 15<T,<22 23.1 30.7
LURY peak acceleration 37 <LURY <46 39.3 43.4
LLRY peak acceleration 37<LLRY <46 41.7 43.8
TTI 26<TTI<34 324 37.2

Tablel. Lateral Impact Thorax Performance of Side Impact Dummies.

The pendulum thorax calibration test results are shown in Table 1 and Figures 2 through 4. The acceleration
time histories for the finite element ssimulations of the calibration test were sampled and filtered in exactly the
same manner as the physical tests using the same filter programs. The PD-SID-V 3 and the SRI-SID-V2
responses are plotted along with the NHTSA test corridors. The shaded areasin all the plots show the
acceptable range for the peaks.

Table 1 shows that SRI-SID-V2 pesak responses are within the acceptable range specified by the calibration
procedures except the lower spine which isjust dightly over the upper limit. The PD-SID-V 3 predicts a
higher lower spine response (T,,) athough the rib responses of PD-SID-V 3 are within acceptable range. The
figures showing the finite element model responses against NHTSA’ s test corridors indicate that both models
are stiffer and they both peak about 10 ms late with respect to the physical tests. The response of the SRI-
SID-V 2, though stiffer than the corridors, is a better approximation of the corridors than the PD-SID-V 3.
Both modelsresult in a TTI that is within the acceptable range.
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Pendulum Pedlvis Calibration Test

The SID ATD has an accelerometer mounted in the rear
wall of the pelvisinstrument cavity for measurement of
lateral acceleration in the pelvis. The primary axis of the
accelerometer is aligned perpendicular to the midsagittal
plane of the pelvis. Thelongitudinal centerline of the test
probeis placed 99.1 mm above the seating surface and
121.9 mm ventral to atransverse vertica plane tangent to
the back of the SID ATD buttocks. The SID ATD
position for the pelvisimpact is shown in Figure5. The é
peak acceleration in this test condition must be between =
40 and 60 g's. The acceleration time history for the test |
should be unimodal (to the extent that oscillations  ———
occurring after the main acceleration pulse of the FIR
filtered data are less than 10 percent of the main pulse)
and should lie at or above the + 20 g level for an interval
of not less than 3 ms and not more than 7 ms.[6]

Figure5. Pelvis Calibration Setup.

The results of the pelvis calibration test of the SRI-SID-V2 and the PD-SID-V 3 are shown in Table 2 and
Figure 6. In both cases the data was sampled, processed and filtered using the same programs and
procedures as used in the physical calibration tests. Figure 6 shows the pelvis acceleration corridor based on
physical tests. The SRI-SID-V2 over predicts the pelvis accelerations and results in an early peak compared
to the test corridors. Thisis expected since the SRI-SID-V2 isless detailed in the pelvic region and used
rigid parts. The PD-SID-V 3 predicts much lower pelvic accelerations than the test corridors and the peak
occurs later than the test corridors would indicate. Neither finite element model falls within the pelvis test
corridors or satisfies the NHTSA calibration requirement.

Required Range SRI-SID-V2 PD-SID-V3
@9 (99 (99
Pelvis Acceleration 40<P, <60 130.9 25.2

Table2. Pelvisresponse in the standard pelvis calibration test.

In-vehiclerigid pole test

The next step in assessing the performance of the two SID modelsis to use them in a more complex in-
vehicle smulation. The vehicle used for smulation is the side impact finite element model of Ford Taurus
developed by EAS Engineering.[7] The vehicle model was developed using the PATRAN pre-processor and
LS-DYNA3D. The modd was modified to some extent to improve its performance: Loca coordinate
systems and nodd rigid bodies were added; The glass windows in the doors were removed; Hour glass
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control parameters for most of the vehicle parts in the impacted region were increased; Several vehicle parts
that were not included in the contact definition were included; Rate effects for all materials in the vehicle
model were removed and failure criteriafor al the materials were removed since it was found to cause
problems while using auto-contact in the model. The overall performance of the Ford Taurus seems
satisfactory.

The performance of the SID models in the smulation were compared to the response of the SID ATD in the
physical tests. Two full-scale crash tests of Ford Taurus four-door sedans striking arigid pole were
performed at the Federal Outdoor Impact Laboratory in May 1995 and December 1995.151¢ The tests were
essentially identical in so much as both struck the rigid pole with the centerline of the 220-mm diameter pole
aligned with a point 1150-mm rearward of the front axle, just behind the vehicle A pillar. SID devices were
used in both tests athough a Hybrid-111 head and neck were used in test 95S014. The vehicle was
accelerated into the rigid pole using a gravity-tow monorail device that breaks free of the vehicle 2 min front
of the test device. The vehicle dides laterally across a concrete runway for the last 2 min front of the test
device. Becausethe vehicleisdiding, it tendsto roll into the rigid pole with the roof rail striking first. The
rolling also tends to cause the SID to rotate in the seat prior to impact. It is essentid, therefore, to prescribe
initial rotations in the finite element smulation to account for the roll angle of both the vehicle and the SID in
the physical test. Theimpact conditions for the two tests are summarized in Table 3.
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955008 953014 Simulations

Velocity 36.5 Km/h 32.8 Km/h 32.8 Km/h

Roll 4° 3° 3°

Table3. Impact Conditions of the Taurus Rigid Pole Tests and Simulation.

The physical test data from test 95S008 could not be used due to lack of lower spine and pelvic acceleration
data (i.e., the test accelerometers failed), therefore, the data from test 95S014 was used for comparison with
finite ement models. Unfortunately, the camera behind the SID ATD in test 95S014 malfunctioned so the
position of the SID at the time of impact could not be precisely determined. The SID ATD had started
leaning towards the window at the time of impact. Also, avehicle roll of 3 degrees was observed in the test
films. In the finite element smulations the SIDs were given arotation of 6 degrees towards the impact side
door (same position of SID in test 95S008) and the vehicle was given aroll angle of 3 degrees. The vehicle
impacted the rigid pole laterally with avelocity of 32.8 km/h. The results of the smulation are shown in
Table 4 and Figures 7, 8, 9 and 10. Figures 11 and 12 show the sequentia plots of both the finite element
simulations.

9538014 SRI-SID-V2 PD-SID-V3
T1» Pesk Accdertion 53.00 59.80 62.40
LURY Pesk Acceleration 40.70 100.08 -
LLRY Pesk Acceleration 45.60 90.84 -
Pedl Latera Pelvic Accderation 98.90 105.20 141.80
Thoracic Traumalndex (TTI) 49.30 74.94 -

Table4. Peak Accelerations for a 32 km/hr Side Impact of a Ford Taurus and a Rigid Pole.

The test simulation with the SRI-SID-V 2 terminated at 114 ms due to excess mass scaling in the door trim
material in the rear right door. The coarse mesh in the rear door trim opposite to the impact side began
hourglassing after 100 ms causing the mass scaling. The head of the SID was pinched between the B pillar
and the pole causing the SID to rotate about the neck as the seat was crushed by the pole. This behavior is
very similar to that observed in the physical test. The results indicate that the SRI-SID-V 2 predicts
approximately the same lower spine and pelvic accelerations as the physical test. The rib accelerations are
however higher and occur later than in the physical tests. The high rib accelerations could be due to the
uncertain SID position at the time of impact.
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The finite element smulation with the PD-SID-V 3 terminated at about 54 ms due to negative volume error in
the rib wrap foam material. The arm foam penetrated the rib foam resulting in numerical problems. Dueto
early termination the peak responses for upper and lower rib could not be determined and the TTI could not
be calculated. The lower spine peak response was found to be close to that of the physical test, whereas the
peak pelvic acceleration was much higher than the physical test.

DISCUSSION

The preceding sections have shown a comparison of the dynamic performance of two SID models both with
respect to each other and to physical tests. The thoracic pendulum calibration test, the pelvic pendulum
calibration test and an in-vehicle rigid pole test were used for this assessment. Neither SID mode is, asyet, a
good predictor of all the physical injury indices measured by a SID. The SRI-SID-V 2, however, is much
closer to the corridors for all the calibrations tests and with the exception of the pelvis acceleration, the peak
values correspond to the FMV SS214 calibration criteria. The in-vehicle smulations show that the SRI-SID-
V2 is, a this point, much more robust and produces reasonable predictions of both the TTI and pelvis
accelerations even though improvement is still needed in the time history corridor comparisons. The PD-
SID-V 3 experiences both constitutive and contact problems that severely limit its utility in the more
complicated in-vehicle smulations.

There are till improvements that should be made to both of the models. One area of development isto
improve the overall robustness of the models. The primary load application for thoracic impactsis from an
external barrier or impactor through arubber jacket, alow density urethane armpad foam, an ensolite foam
rib wrap, and into the ribcage assembly. Modeling these interactions requires diding interface definitions
across surfaces with vastly different material stiffnesses and densities as well as different element types(i.e.,
shellsand solids). The material behavior of the foams are highly nonlinear and they compact to a very small
fraction of their initia volume with relatively small applied stress levels. The above combinations of physical
characterigtics often lead to numerical instabilitiesin finite element analysis. This has been aproblem in all
the SID models to date and needs to be resolved.

Optimizing the diding interface penalties for the various master and dave sides of each contact interface and
increasing the mesh resolution in regions where strong deformation gradients occur would improve the model
robustness. Other secondary modifications include finding the best hourglass stabilization schemes and
investigating how modifications to the armpad and rib wrap stress-strain behaviors influence both the model
performance and numerical stability.

Another area of research for application of the SID to determine injury potentia in side impactsisthe
biofidelity of the SID neck. Thereisinterest in using the Hybrid 111 neck on the SID to help investigate this
issue. The SRI-SID-V2 has options for substitution of different components throughout the SID such as
replacing the SID neck with amodel for the Hybrid 111 neck. SRI has previoudy generated an INGRID
model for the Hybrid 11 Dummy neck that can be used with the SRI-SID model. A simulation of the neck
calibration test to validate the Hybrid 111 neck model would also be desirable. The result will alow the effect
of neck behavior on injury measures such as HIC to be calculated in the upcoming reporting periods.
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Comparisons to the time history corridors for both SID models shows that there is an approximately 10 ms
lag in the response. This appears to be due to the geometrical modeling of the thorax, a part of both SID
models that was inherited from the very first PD-SID-V1. When the PD-SID-V 1 was devel oped the
geometry was approximated using elliptic surfaces. This delay could probably be considerably reduced by
digitizing a physical SID and using a more accurate geometry to eliminate incorrect geometry and gaps
between materials.

Each sucessive modd of the SID has proven to be an improvement on the last. The SRI-SID-V2 is perhaps
the best available and most robust finite element model of the SID although it lacks the detailed lower
extremities of the PD-SID-V 3. Further refinement of the SID modd s is, no doubt, inveitable as researchers
attempt to develop higher resolution, higher fideilty tools for crashworthiness research. The SRI-SID-V2is
relatively effective at predicting the TTI athough additional work is needed to improve the comparison with
physical response corridoros.
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