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ABSTRACT – This study explored the feasibility of using OpenSim's forward dynamics tool to model occupant kinematics in 
low-speed rear-end collisions. The crash pulse characteristics and comparison kinematic data were obtained from an Insurance 
Institute for Highway Safety (IIHS) dynamic rear seat test. Given the exploratory nature of this phase of the study, certain 
assumptions and methodological simplifications were necessary to prioritize feasibility. Using the forward dynamics tool, a 
combined whole-body musculoskeletal model representing a 50th percentile male was positioned on a simplified vehicle seat model 
and simulated in a 16 km/h low-speed rear impact subjected to an IIHS 10 g crash pulse. The simulation produced realistic 
acceleration magnitudes and patterns at the head, T1, and pelvis. The results suggest that OpenSim offers a promising, 
computationally efficient, open-source approach for studying occupant kinematics. This proof-of-concept study indicates that with 
further refinement and comprehensive validation against human subject test data, OpenSim’s forward dynamics tool could be 
optimized for future applications in rear-impact simulations. 

__________________________________ 

INTRODUCTION 

In the National Highway Traffic Safety 
Administration Traffic Safety Facts 2020, rear-end 
collisions accounted for 26.2% of all injury-producing 
collisions with another motor vehicle in transport 
(National Center for Statistics and Analysis, 2022). 
This statistic highlights the importance and need for  
tools to model occupant kinematics in rear impacts. 
While many finite element analysis software or 
Mathematical Dynamic Models (MADYMO) 
(Simcenter Madymo, 2024) software are widely used 
for crash simulations, they can be very expensive, 
computationally intensive, and challenging to use.  
OpenSim is an open-source, multibody dynamics 
software developed by Stanford University that offers 
the ability to simulate musculoskeletal dynamics, 
including muscle activations, and  allows for a high 
degree of customizability, which can be particularly 
useful for developing subject-specific musculoskeletal 
models (Akhundov et al., 2022; Delp et al., 2007; Seth 
et al., 2018). 
The purpose of this research is to evaluate the 
feasibility of using OpenSim’s forward dynamics 
simulation tool to model occupant kinematics in low 
speed rear-end collisions. The authors are aware of 
only one previous study using OpenSim for modeling 
occupant kinematics (Indrani et al., 2019). In this 
work, they validated OpenSim for simulating frontal 
impacts and explored the differences in muscle 
activations on occupant kinematics. There are several 
differences between this study’s methodology and 
those employed by that study. First, this study 

implements a rear-end crash pulse, which produces 
significantly different occupant kinematics in 
comparison to a frontal impact. Additionally, this 
research incorporates improved seat geometry and 
contact force parameters. As this is a proof-of-concept, 
the focus is on feasibility rather than providing an 
optimized methodology or comprehensive validation.  
Certain assumptions and simplifications were 
necessary to prioritize feasibility.  

METHODS 

Test data from an Insurance Institute for Highway 
Safety (IIHS) dynamic vehicle seat/head restraint 
evaluation (IIHS, 2020) utilizing a BioRID-II 
anthropomorphic test device (ATD) was obtained as 
reference data. The selected IIHS test of a 2018 Toyota 
Camry seat is identified by #SER17016 (IIHS 
TechData, 2017). This seat obtained a “Good” overall 
rating during the IIHS testing. The musculoskeletal 
model in this research utilized a combination of 
previously published models to form a full body model 
that contained musculature at the neck, upper body, 
and lower body (Barrett et al., 2021; Holzbaur et al., 
2005; Rajagopal et al., 2016; Saul et al., 2015). To 
promote faster simulation processing times for this 
initial evaluation, muscles not critical to rear-impact 
kinematics, particularly in the lower body, were 
excluded. The combined model included 130 muscles 
across the body. The default muscle parameters were 
maintained as defined by the published models. The 
mass, however, was scaled using OpenSim’s built-in 
scale tool from 71 kg to approximately 77.3 kg to 
match that of the 50th percentile male.  
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For the seat geometry, OpenSim requires meshes to be 
watertight with properly oriented normals. Initially, an 
exemplar 2019 Toyota Camry seat was 3D scanned, 
but the resulting mesh was too complex for immediate 
use in OpenSim, prompting the use of a pre-existing, 
simplified generic surface mesh. The mesh's upper 
backrest and bottom seat sections were treated as 
separate bodies and joined together via a gimbal joint 
to allow for reclination. The gimbal joint was 
permitted one degree of freedom in rotation about the 
Z axis. OpenSim does not follow SAE J211 coordinate 
systems. Instead, they utilize the right-hand 
orientation of X-forward (red), Y-upward (green), and 
Z-lateral (blue). A 46 mm wide lap-belt mesh was 
modeled within the seat, and a “sled” buck , shown in 
gray, was added to represent the sled. Figure 1 shows 
the completed model, seat geometry, and coordinate 
axis. 

 

Figure 1: Initial position of the complete model of the 
seat and occupant on the sled. 

The seatback joint was assigned a coordinate limit 
force defined to be 35 Nm/deg (Molino, 1998). This 
coordinate limit force enabled us to model the elastic 
deformation of the seat but did not model any plastic 
deformation. To allow the seat to contact the 
musculoskeletal model, separate contact meshes that 
are bound to specific body parts within the model must 
be defined to allow for these meshes to interact. 
Contact meshes were generated for specific areas of 
the body model that we expected would interact with 
the seat, such as the skull, scapula, glenohumeral joint, 
torso, elbow, pelvis, femur, and heel. Finally, we 
added a half space contact to model the floorboard 
where the heel’s rest. The contact meshes are shown 
by the light blue outlines in Figure 1. OpenSim has two 
main methods for calculating contacts: Hunt-Crossley, 
which is intended for use between contact spheres 
and/or contact half spaces, and Elastic Foundations, 
which is intended for use with custom contact meshes. 

Based on the work by Hast et al. (2019), a stiffness 
constant of 2.3e6 N/m was defined for the seatback’s 
elastic foundation force . 

The prescribed crash pulse used in the IIHS low speed 
rear impact test produces a peak acceleration of 10 g, 
a mean acceleration of 5 g over a 91 ms duration meant 
to simulate a rear-end collision with a 16 km/h change 
in velocity (ΔV). The crash pulse was converted to a 
force versus time function in one-millisecond 
increments. This force-time data was defined as a 
prescribed force in OpenSim using a “SimmSpline” 
curve acting on the lower sled body. The 
musculoskeletal model was positioned on the seat 
according to the IIHS positioning protocol, including 
backset, pelvis angle, and torso angle. Figure 2 shows 
an approximate visual alignment comparison between 
the OpenSim simulation start position and the IIHS 
BioRID-II start position. 

 

Figure 2: Overlay comparison of OpenSim starting 
position and IIHS. 

RESULTS 

The initial simulation was run for 150 milliseconds, 
and acceleration data was collected using OpenSim’s 
built-in analysis tool. The acceleration pulse of the seat 
in OpenSim matched the IIHS peak acceleration of 10 
g. The model kinematic data was compared with the 
filtered IIHS data to determine if OpenSim’s forward 
dynamics simulation was producing reasonable 
results. The maximum IIHS head X-acceleration was 
measured to be 21.1 g at 108 ms. In OpenSim, peak 
skull X-acceleration measured 19.9 g at 63 ms. The 
peak IIHS T1 X-acceleration was measured to be 13.8 
g at 108 ms, and the OpenSim was 13.7 g at 67 ms. 
The peak pelvis X-acceleration measured 11.4 g by 
IIHS at 77 ms and 13.3 g at 63 ms in OpenSim. The 
IIHS head contact time (HCT) is 63 ms total, and 
OpenSim measured roughly 45 ms. Figure 3 shows a 
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graph comparing these measured variables to those of 
the IIHS over a 150ms duration. 

 

Figure 3: OpenSim Acceleration Data versus IIHS 
Data 

DISCUSSION 

The results showed similar peak accelerations at the 
head, T1, and pelvis. Additionally, the acceleration 
patterns were similar, although with a visible time-
shift. The OpenSim data exhibited earlier onsets in 
comparison to the IIHS data.  This time shift is likely 
a result of both limitations in the OpenSim 
musculoskeletal model and simplifications made in 
the initial methodology. Namely, the musculoskeletal 
model and contact meshes do not incorporate skin or 
fatty tissue interactions with the seat, leading to less 
accurate interactions of the model with the seat 
compared to human subjects. Simplified seat geometry 
further contributed to discrepancies between this 
simulation and the IIHS results. Additionally, there 
were limitations in modeling the seat and restraint 
system parameters. For instance, the gimbal joint’s 
coordinate limit force was defined to model purely 
elastic deformation rather than plastic deformation, 
which is less realistic for rear-impact scenarios. Future 
work should include direct comparisons to human 
subject data to improve model accuracy and 
validation.  

While the current methodology still needs to be 
improved for a comprehensive validation of OpenSim, 
this phase successfully demonstrates a proof-of-
concept for using the forward dynamics tool to model 
occupant kinematics during rear-end collisions. 
Critical areas for future refinement include 
incorporating more realistic tissue interactions, 
enhancing seat geometry, and implementing seat and 
restraint models that account for both elastic and 
plastic deformations. Future work should aim to 
address these gaps and directly compare the OpenSim 
data to human subject corridor data to enhance 
validation. 

OpenSim is rapidly improving. The integration of 
more sophisticated full-body musculoskeletal models 
has the potential to improve OpenSim’s simulation 
accuracy. By enabling a more detailed analysis of 
cervical spine forces and moments, the model may 
prove useful for studying occupant kinematics and 
whiplash injuries in low-speed rear impacts. 

CONCLUSION 

This research aimed to demonstrate the feasibility of 
modeling low speed rear-end collisions using 
OpenSim’s forward dynamics tool. The preliminary 
results showed promising alignment with reference 
IIHS test data, suggesting that OpenSim could serve as 
a viable open-source platform for studying occupant 
kinematics. While initial findings revealed some 
discrepancies, likely due to simplifications in the 
methodology, future work can address these gaps. 
Continued development and validation against human 
subject data will be essential for refining OpenSim's 
application in rear-impact simulations, ultimately 
enhancing the accessibility of occupant safety 
research. 

REFERENCES 

Akhundov, R., Saxby, D. J., Diamond, L. E., 
Edwards, S., Clausen, P., Dooley, K., Blyton, S., 
and Snodgrass, S. J. (2022), “Is subject-specific 
musculoskeletal modeling worth the extra effort, or 
is generic modeling worth the shortcut?” PLoS 
ONE, 17(1), e0262936.  

Barrett, J. M., McKinnon, C. D., Dickerson, C. R., 
and Callaghan, J. P. (2021),“An 
Electromyographically Driven Cervical Spine 
Model in OpenSim”. Journal of Applied 
Biomechanics, 37(5), 481–493.  

Delp, S. L., Anderson, F. C., Arnold, A. S., Loan, P., 
Habib, A., John, C. T., Guendelman, E., and 
Thelen, D. G. (2007),”OpenSim: Open-source 
software to create and analyze dynamic simulations 
of movement”. IEEE Transactions on Bio-Medical 
Engineering, 54(11), 1940–1950.  

Hast, M. W., Hanson, B. G., and Baxter, J. R. 
(2019),“Simulating contact using the elastic 
foundation algorithm in OpenSim”. Journal of 
Biomechanics, 82, 392–396.  

Holzbaur, K. R. S., Murray, W. M., and Delp, S. L. 
(2005),”A Model of the Upper Extremity for 
Simulating Musculoskeletal Surgery and 
Analyzing Neuromuscular Control. Annals of 
Biomedical Engineering, 33(6), 829–840.  



 Fugger and Rhoades / Stapp Car Crash Conference Short Communication 4 

 

IIHS TechData. (2017). Test #SER17016. 
https://techdata.iihs.org 

IIHS Vehicle Seat/Head Restraint Evaluation 
Protocol, Dynamic Criteria (Version VI), (NOV 
2020) 

Indrani, K. S., Hakansson, N. A., and Lankarani, H. 
M. (2019),”A Method to Identify the Difference in 
Kinematic Behavior of Human Model Lower 
Extremities with Respect to Muscle Activation 
During Crash Impact”. In A. Kecskeméthy, F. Geu 
Flores, E. Carrera, & D. A. Elias (Eds.), 
Interdisciplinary Applications of Kinematics (pp. 
115–127). Springer International Publishing.  

Molino, L. (1998),”Determination of moment 
deflection characteristics of automobile seat 
backs”. NHTSA Docket No. 1998-4064-26. 

National Center for Statistics and Analysis. (2022, 
October). Traffic Safety Facts 2020: A compilation 
of motor vehicle crash data (Report No. DOT HS 
813 375). National Highway Traffic Safety. 

Rajagopal, A., Dembia, C. L., DeMers, M. S., Delp, 
D. D., Hicks, J. L., and Delp, S. L. (2016),”Full-
Body Musculoskeletal Model for Muscle-Driven 
Simulation of Human Gait”. IEEE Transactions on 
Bio-Medical Engineering, 63(10), 2068–2079.  

Saul, K. R., Hu, X., Goehler, C. M., Vidt, M. E., 
Daly, M., Velisar, A., and Murray, W. M. 
(2015),”Benchmarking of dynamic simulation 
predictions in two software platforms using an 
upper limb musculoskeletal model”. Computer 
Methods in Biomechanics and Biomedical 
Engineering, 18(13), 1445–1458.  

Seth, A., Hicks, J. L., Uchida, T. K., Habib, A., 
Dembia, C. L., Dunne, J. J., Ong, C. F., DeMers, 
M. S., Rajagopal, A., Millard, M., Hamner, S. R., 
Arnold, E. M., Yong, J. R., Lakshmikanth, S. K., 
Sherman, M. A., Ku, J. P., and Delp, S. L. 
(2018),”OpenSim: Simulating musculoskeletal 
dynamics and neuromuscular control to study 
human and animal movement”. PLOS 
Computational Biology, 14(7), e1006223.  

Simcenter Madymo (2024) Siemens Digital 
Industries Software. 
https://plm.sw.siemens.com/en-
US/simcenter/mechanical-simulation/madymo/  

https://techdata.iihs.org/

	introduction
	METHODS
	RESULTS
	DISCUSSION
	CONCLUSION
	REFERENCES


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice





