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Abstract. A procedure for two dimensions direct simulations of flexible ground vehicles collisions is presented, which 
uses the conditions at the instant just before the impact as input variables and the evolution of the dynamic variables 
during the collision as output. The algorithm was implemented using Simulink/Matlab software and used the same 
structure of the other programs under development in this area. The dynamic model developed intends to avoid the use 
of sophisticated and particular Finite Elements models in cases where the needs of precision, like accident 
reconstruction, are not so demanding. Besides, it gives a time history of the collision variables and deformations, 
which is not available at Momentum Conservation model.  
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1. Introduction   
 

Nowadays the ground vehicles are a large-scale tool for the economic development and social utility, which results 
in a great number of accidents throughout the whole world, where the human factor is the main cause. Although 
techniques for the correction of human fails have been introduced on modern vehicles, like ABS and stability control, it 
is still not possible to avoid accidents caused by imprudence or unskillfulness, making it necessary the use of passive 
security systems, like airbags and protection bars. 

One of the main fields in the study of automobile passive security is the optimization of the vehicle’s behavior 
during the collision (crashworthiness). Aiming to achieve higher levels of security, the great factories study accidents 
and perform innumerous crashtests, despite of the high costs. Crashtests have already forced some factories to review 
entire projects. These tests are basically forced collisions against normalized obstacles under controlled conditions, 
where one can extract important data for the analysis of vehicle and occupants behavior.  

The costs of the crashtests, justify the development of computational models to analyze the collision problem. 
Another factor that sustains the creation of computational vehicle collision models is the law contentions originated by 
accidents, which claim, added to the physical data, a graphic representation. The most common models used in collision 
analysis and accidents reconstruction are described in Carvalho et al. (2003) and Carvalho (2004) and make use of 
radial vectors, used in SMAC simulation programs, quantity of movement conservation, used in CRASH simulation 
programs, or deformable discrete elastoplastic elements, used in SINRAT program. 

To analyze a collision there are two possible approaches: one considering rigid vehicles, where the evolution of the 
properties during the shock are not evaluated and the collision is considered as being instantaneous; and another one 
with deformable vehicles, where the shock is considered a dynamic event and the forces and strengths are evaluating 
during the contact. This paper presents a routine for the simulation of different collisions among flexible vehicles, based 
on deformable elastoplastic elements, which aims to integrate the vehicular simulators under construction at PUC-Rio, 
having as input the conditions at the instant just before the impact and giving as outputs to the same simulators the 
conditions just after the lost of contact. These modules are intended to allow the simulation of a variety of ground 
vehicle accidents, together with graphic pre and post processors. The platform used for the development of the exposed 
model was MatLab/Simulink, following the line presented in Carvalho (2004) and it fits the structure shown on the Fig. 
1, which describes in a simplified way the main elements of the analysis. This diagram shows some paths to be 
followed inside an impact simulation that depend on the event to be modeled.  
 
2. The Vehicle Model 
  

The elastoplasticity model developed was based on a spring and a damper arranged in series (Fig. 2) placed on each 
discrete element of the vehicles. This arrangement is known as Maxell Model (Huang, 2002). The mathematical model 
for this system is,  
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where v is the vehicle velocity, M is its mass, Fk is the spring force, K is the spring constant, and C is the damper 
coefficient, and V0 is the base velocity, due to the other vehicle. Note that the vehicle has also an initial velocity v(0). 
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Figure 1. Scheme of the proposed structure for the vehicular simulation programs integration. 

 
In order to improve the representation of the vehicle structure, and the plasticity effects, the damper coefficient is 

not constant and depends on the deformation by the Eq. (2) (Lozano, 1998).  
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where Co is a coefficient here called “plasticity coefficient”, due to its nature and use, and δ  is the total deformation, 
given by 
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Figure 2. Vehicle Model. 

 
Thus, Figure 2 then represent a simplified physical model for a one-dimension collision of a vehicle, and the Eqs. 

(1) to (3) can be implemented as blocks diagram in Simulink as shown on Fig.3, where the damper function evaluates 
the velocity of the damper, determines C and divides the force by it, as in Eqs. (2) and (3). The vehicle is represented by 
the first expression in Eq. (1) and the geometry function evaluates de distance between the front of the undeformed 
vehicle and the element that collides with it (another vehicle or a rigid barrier). 

 
3. Bidimensional Model 
  

 A bidimensional model for the collision of two vehicles was built by the discretization of their contour. Over each 
divisor point, two spring-damper elements described above were placed orthogonally, one on the longitudinal and the 
other on the transversal direction as shown on Fig. 4 (a). The geometric position of this contour points of each vehicle 
are saved and monitored on matrixes P1 and P2, as shown in Eq.(4) and Fig. 4(b), 

 
P1=[A B C p1 p2 … pnd-2 D] 
P2=[A B C p2 p3 … pnd-1 C pnd+1 pnd+2 … p2nd-1 D]                                            (4) 
 

where the components A, B… are two dimensional vector with the first dimension representing the x coordinates and 
the second the y coordinates.  

According to the physical representation of the bidimensional model, shown on Fig. 5, the contact between points 
of distinct vehicles deforms the corresponding flexible elements causing a force and a moment acting on each vehicle. 
The forces and moments of all contour points of a vehicle are summed generating a resultant effort over it. 
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(a) Compact diagram 

 
(b) Detailed block diagram of the flexible element (spring - damper). 

 
(c) Detailed block diagram of the vehicle element. 

Figure 3. Simulink block diagram for one flexible vehicle. 
 

 
                          (a)   (b) 

Figure 4. (a) Discretization of a vehicle contour and respective flexible elements. 
   (b) Position matrixes generated by the discretization of the geometry. 

 
Figure 5. Application of forces generated by the flexible elements. 

 



The modeling of the contact problem is made through the use of the deformation index, which is considered equal 
through all the contact area, that is, if at an instant three flexible elements of vehicle 1 are in contact with vehicle 2, all 
of them have the same displacement index while the others have no displacement. The displacement indexes are 
calculated by the difference of the centroids velocities and the contact area velocity, which is calculated applying the 
sum of both resultant forces over a massless point. This procedure uses a simplified model, as it does not consider the 
linear velocity of the contour points due to the rotational movement of the vehicle. The discretized elements are 
independent too, not having a stiffness link among them. In order to determine which points are part of the contact area, 
the model makes use of a geometric test that returns a matrix of ones and zeros corresponding to the contour points, that 
multiplied by a vector of displacement index vr generates a matrix with the deformation indexes of all contour points. 
This procedure is exemplified on Eq. (5) and Fig. 6, where the contact test returns the ones – zeros matrix teste1 that is 
multiplied by the relative velocity vector. 
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Figure 6. Determination of the displacement indexes of the contour points. 

 
The Fig. 7 describes a fluxogram of the program created, inside which each of its phases corresponds to a MatLab 

routine or a Simulink model called by a main routine named “colisao”. The Simulink file choque.mdl, shown on Fig. 8, 
is executed from the main file colisao.m just after the data input, as shown on the Fig. 7. Inside this file the blocks 
named veiculo1 e veiculo2, shown on Fig. 9, receive the efforts from the impact as vectors (Fl –longitudinal force, Ft –
transversal force, M - moment). These efforts are divided by the mass (forces) and by the moment of inertia (moments), 
resulting the acceleration vector, which is integrated and then summed to the initial velocity in order to obtain the 
velocity vector (vl – longitudinal velocity, vt – transversal velocity, w – angular velocity). As it is not used in the 
evaluation of the deformation, the angular velocity is excluded on the output. The output is then converted to the global 
coordinate system and then integrated and summed to the initial position of the vehicle, generating the centroid position. 
The elastoplastic elements model is shown on Fig. 10. 

 
4. Simulations 

 
Simulations similar to the ones found on the literature were made aiming to qualitatively validate the developed 

model through some cases of collisions.  
 
4. 1. Frontal collision of a light truck against a rigid pole  

 
A collision similar to the vehicle – pole presented by York (1999) was analyzed. A fixed small vehicle represents the 

pole with high stiffness. Both the simulated vehicles had their frontal area divided by 50 points and their characteristics 
are listed on Tab. 1. The plastic and total deformations versus time graphics generated by the simulation are presented 
on Fig. 11 and the graphic output of the vehicle contour at the end of contact is shown on Fig. 12, where the penetration 
of the pole into the vehicle structure can be seen. The behavior of the variables is similar to the one presented by York 
(1999), although the acceleration is smaller and so the impact is shorter. At the performed simulation a maximum 
acceleration of 15g was achieved, while in York, 1999 a value of 25g was found during an impact of 8ms. This can be 
explained by the absence of the drag force and by the vehicle data imprecision. From the graphic of displacement x 
time, on Fig. 11, one can observe the presence of the restitution and a maximum displacement around 42 cm, which is a 
reasonable value for a 35 km/h collision against a pole. 
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Figure 7. The bidimensional vehicle collision program. 

 
Figure 8. Simulink diagram for the two vehicles bidimensional collision model. 



 
Figure 9. Vehicle model for bidimensional collision.        Figure 10. Elastoplastic model for the bidimensional collision. 

 
 

Table 1: Characteristics of the simulated vehicles. 
 

Characteristic vehicle 1 vehicle 2 (pole) 
Mass (kg) 900 - 

Initial velocity (m/s) 9 0 
 Plasticity Coefficient Co (N/m/s) 5,946 x 104 107 

Stiffness (N/m) 81,7XCo 81,7XCo 
Width (m) 1,5 0,4 

 
 
 

 
Figure 11.  (a) Plastic deformation x time and (b) total deformation x time. 

 

 
Figure 12. Displacement output at the end of the simulation. 

 
4. 2. Frontal offset collision between two vehicles 

 
A collision similar to the one presented at York and Day (1999) was made, using two identical light trucks with an 

initial velocity of 6,7 m/s and the characteristics listed on Tab.2. Each of the vehicles had its frontal and lateral areas 
divided in 10 contour points, which have their elastic displacements shown in the graphic of Fig. 13 where one can 
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notice that these values do not vanish to zero after the lost of contact. That is because of the way the contact test is 
applied: after the end of impact the deformation index is zeroed but not the elastic deformation itself. 

Comparing the literature results to the ones obtained in the simulation can be noticed a difference between the 
duration of the compression phase, while on the literature this phase lasts around 90 ms on the simulation it lasts around 
200 ms. This difference can be owned to friction representation absence, stiffness parameters indetermination and 
difference between the contact area of the vehicles. From Fig. 14 we can follow the falling of the velocity of both 
vehicles to zero at the end of simulation as expected. A graphic comparison can be made between the two outputs at the 
end of the contact on Fig. 15. 

 
Table 2: Characteristics of the simulated vehicles. 

 
characteristic vehicle 1 vehicle 2 

Mass (kg) 1338 1338 
Inertia (m2kg) 2207 2207 

Centroid distance to the front (m) 2 2 
Centroid distance to the back (m) 3 3 

Initial velocity (m/s) 6,7 6,7 
Plasticity Coeficient Co (N/m/s) 3,580 x 104 3,580 x 104 

Stiffness (N/m) 81,7XCo 81,7XCo 
 

 
Figure13. Elastic deformation of one vehicle contour points.           Figure 14. Velocity x time from the simulation.  

 

 
Figure 15. Graphic outputs at the end of contact from (a) literature and (b) simulation performed. 

 
4. 3. Frontal oblique collision light truck – rigid barrier 
 

A 30o oblique collision between a vehicle at 13 m/s and a rigid barrier similar to the one presented by Day and York 
(2000) was performed. The velocity x time graphic generated shown on Fig. 16 provides a follow-up of the vehicle 
velocity and it is similar to the one presented on the literature and the values’ differences can be explained by the 
imprecision of parameters and friction absence. 

A graphic evolution of the vehicle position was compared to the one presented on the literature on Fig. 17. It can be 
seen that the vehicle spins clockwise on the literature model and counterclockwise on the developed model. This can de 
explained by the center of mass’ position, witch is not provided at the referenced article and was guessed at the 
presented model. 

 
 



              
Figure 16. Velocity x time from the simulation performed.            Figure 17: Evolution of the vehicle’s position.  

      (a) From the literature and (b) from the simulation. 
 
5. Conclusion 
 

Comparing the results to the ones available on the referenced literature can be concluded that the model created has 
a qualitatively similar behavior, although there is a need of improvement of the vehicle data, of the friction modeling 
and of the contact test application. 

It must be emphasize that the model and its platform, Simulink/MatLab,  allows the input of any external forces, 
like friction and traction efforts, as the vehicle mass is an independent block and the contour of the vehicles can be 
changed to any shape by the user, as it is saved on a matrix with coordinate of the discretization points. This modular 
structure allows the further integration with complementary models, as described in the introduction chapter. 

It is important to determine precisely the stiffness parameters to be simulated in order to obtain a validation of the 
model. The mass of the contact point used between the vehicles is a very important factor because of the singularity it 
can cause in the model making it numerically unstable. 
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The authors are the only responsible for the printed material included in this paper. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


