MATHEMATICAL MODEL OF THE MONOMASS PEDESTRIAN IN INTERACTION WITH THE VEHICLE
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Abstract: The hereby paper advances the single mass generalized analytical model of the touring car- pedestrian interaction in case of collision. The aim of the paper is to reconstruct the pedestrian kinematics at touring car-pedestrian primary impact by considering anatomic data and touring car geometry and impact force.

1. Introduction

Ever since the vehicle was created at the beginning of the XX-th century and throughout its development, the first victims of the „high-powered cars” of the time were recorded. Their number increased year by year, and as a result, together with the development of the car industry in the fifties – sixties new fields of study have immerged: technical-oriented vehicle passive safety and technical and juridical-oriented road accidents technical evaluation.
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Figure 1 Human models used when investigating accidents

In order to investigate these undesirable events there have developed a series of mathematical models aiming at determining the pedestrians trajectories after the impact with the vehicle.

In the end, the computerized mathematical models, based on the dynamics of the rigid bodies, were used in order to simulate the vehicle-pedestrians impact. Other researchers examined the efficacy of a bidimensional model with various complexity degrees. The commercial programme MADYMO was used in order to create bidimensional models of the pedestrian having two, five or seven rigid body regions as well as a tridimensional model whose body is made up of fifteen segments. The tests results were compared with the ones obtained following the tests on dummies.

Unfortunately, most of the pedestrian models are based on the dummies characteristics to a great extent and as a consequence the simulations results are still limited as regards the accuracy required. One exception is reflected by the works belonging to Hoyt and Chu that used a bidimensional version of the MADYMO in order to develop a nine-segment model for the adult pedestrian. Consequently, it is considered that for road accidents investigation implying pedestrians, from the point of view of the road technical expert the less sophisticated mathematical models are sufficient. The present paper aims at developing a mathematical model for a mono-mass pedestrian.

2. Single-mass pedestrian model

In figure 2 there is drawn up the process through which a solid body is hit in a point O1 = O2 that is eccentric towards the O2y2 axes. The xOyz axes system is fixed, when connected to the ground, the x1O1y1z1 system is mobile when in translation movement towards the fixed system, and the x2O2y2z2 system is connected to the body whose centre of mass is to be found in the Cg point. The point O1 = O2 stands for the instantaneous rotation center and the body rotates around it with the (, ( şi ( angles. The xOyz system is connected to the mobile system x1O1y1z1 through the position vector r0 and to the x2O2y2z2 system through the position vector of the centre of mass rc. O1 stands for the instantaneous rotation centre of the pedestrian during the impact with the vehicle. Through the rotation of the above mentioned angles, around the system’s axes there are determined the vectors of the new positions axes have on the mobile system, connected to the body, x2O2y2z2.
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Figure 2  Coordinates of the single-mass pedestrian during the impact process

It is considered that the body rotation will cover three phases, as follows:

· Rotation with angle ( around the axe y (y1 = y1')

· Rotation with angle ( around the axe z (z1' = z1'')

· Rotation with angle ( around the axe x (x1'' = x2)

Once the calculations completed there are going to be obtained the relations for the vectors of the x2O2y2z2  coordinates system.

There is noticed that the vector of the axe y2 stands for j2, and it has the following position towards the xOyz system:


[image: image5.wmf]ï

þ

ï

ý

ü

ï

î

ï

í

ì

j

×

q

×

Y

+

j

×

Y

j

×

q

j

×

q

×

Y

-

j

×

Y

=

ï

þ

ï

ý

ü

ï

î

ï

í

ì

=

=

)

cos(

)

sin(

)

sin(

)

sin(

)

cos(

)

cos(

)

cos(

)

cos(

)

sin(

)

cos(

)

sin(

)

sin(

u

u

u

u

j

z

y

x

cg

2




           (1)

Due to the fact that the movement in the tridimensional space is more difficult to be studied for bodies, there is going to be analysed only the movement in yOx plan. It will result only one rotation around Oz axe with angle (, see figure 3, and the relation (4) becomes:
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Figure 3 Diagram determining the vectors in case of model’s plan rotation
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The position vector of the body centre of mass rc will be:
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it results the equations of the body centre of mass coordinates on x and y axes:
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(4)

For the position vector of the impact point that is also instantaneous centre of rotation (rO) in the first phase, there can be chosen a variation law in case the vehicle is running at the moment of impact or it can be null if the vehicle’s brakes are applied at the moment of impact.

Assuming the lack of a law of motion for vector r0, by adapting the notations according to figure 4 and by derivating the former relation there will be successively obtained the velocities and accelerations of the body centre of mass. 
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Figure 4 Model of the vehicle-single-mass pedestrian impact
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(5)

In order to simplify the calculations there will be drawn up a system of the following form: 
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(6)

that can be written under the form:
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where [A] stands for the pedestrian’s angular acceleration coefficients matrix;

           [B] stands for the pedestrian’s square angular acceleration coefficients matrix; 

           {a} stands for the vector of the body translation and rotation accelerations. 

According to figure 5 for the case of the single-mass pedestrian the equations of equilibrium are as follows: 
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(8)

that may be written under a simplified form as follows: 
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where: [M] stands for the matrix of both the mass and pedestrian’s inertia moment; 


[Q] stands for the matrix of the forces actuating upon the pedestrian;


{a} stands for the vector of the body translation and rotation accelerations. 

Aiming at finding out the unknown  out of the equations (7) and (9) by multiplying on the left with [A]T there will be obtained: 
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where:
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Figure 5 The diagram of the forces actuating upon the monomass pedestrian

The relation (10) may be written under the form: 
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The relation (12) represents the simplified form of the differential equation in the unknown   ( = ((t). By replacing it in the relation (4) there can be found out the coordinates of the pedestrian’s body centre of mass.

For a pedestrian whose height is of 1,80 m, and the mass of 73 kg and the height of the impact point at 0,51 m from the ground, the graphical representation of the differential equation solution of grade two led to a regression curve whose equation may be approximated through a polynomial function of grade two the expression of which is as follows:
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The graphic of the function described through the relation (13) is presented in figure 6.

The relations  (4) and  (12) will help draw the trajectory of the pedestrian at the moment of his impact with the vehicle. Therefore the contact point “O1” = “O2” between the vehicle and the pedestrian will be attributed a law of motion. 

3. Conclusions

The use of simplified models reduces the time and the calculation expenses. The analysis of both theoretical and experimental results outlines the fact that the model submitted to research lends itself to the study of technical experts; that is why a great importance is given not so much to the determination of the curve described by the pedestrian after the impact but to the determination of the vehicle’s impact velocity. The present model proposed as such helps us determine also the times at which the pedestrian hit the hood or the vehicle’s windshield that hit him.
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		BIMASA

										exp_pic		exp_corp		picioare		corp		abateri teor-exp

						0.0636085627												0.00%		0

		0.0112044818		0.06		0.0874617737												0.00%		0.00%

		0.0207282913		0.084		0.1113149847		20						4.8		6.4		0.00%		0.00%

		0.0302521008		0.126		0.1431192661		30						7.2		8.2		0.00%		0.00%

		0.0403361345		0.162		0.1788990826		40		7		4		9.3		10.3		132.60%		256.25%

		0.049859944		0.216		0.2146788991		50		19		6		12.4		12.3		65.14%		205.00%

		0.0588235294		0.264		0.2464831804		60		29		7		15.1		14.1		52.16%		201.75%

		0.068907563		0.342		0.2941896024		70		34		11		19.6		16.9		57.63%		153.23%

		0.0784313725		0.408		0.3379204893		80		38		15		23.4		19.4		61.52%		129.08%

		0.087394958		0.492		0.3816513761		90		43		21		28.2		21.9		65.56%		104.13%

		0.1070028011		0.582		0.44		100		47		27		33.3		25.2		70.95%		93.37%

		0.1165266106		0.666		0.51		110		48		34		38.2		29.2		79.50%		85.94%

		0.1260504202		0.774		0.59		120		49		40.2		44.3		33.8		90.50%		84.09%

		0.1355742297		0.882		0.6639143731		130		52		43		50.5		38.0		97.18%		88.46%

		0.1445378151		0.984		0.7314984709		140		56		46.1		56.4		41.9		100.68%		90.91%

		0.1546218487		1.098		0.803058104		150		59		52		62.9		46.0		106.63%		88.48%

		0.1635854342		1.212		0.874617737		160		61		57.6		69.4		50.1		113.84%		87.00%

		0.1731092437		1.32		0.9501529052		170		65		60		75.6		54.4		116.35%		90.73%

		0.1831932773		1.434		1.0376146789		180		68		61		82.2		59.5		120.83%		97.46%

		0.1927170868		1.554		1.1250764526		190		73		65		89.0		64.5		121.97%		99.17%

		0.2		1.662		1.29		200		77		70		95.2		73.9		123.67%		105.59%																								200		75		77.980853516		1.3610223642		103.97%

																		92.75%		121.22%																																103.97%

		Monomasa

				experimental		Monomasa

		10				3.0557755431		0.0533333333		0.00%

		20				4.7011931432		0.0820512821		0.00%

		30				6.3466107434		0.1107692308		0.00%

		40		3		8.2270880007		0.1435897436		274.24%

		50		8		10.1075652579		0.1764102564		126.34%

		60		12		12.4581618296		0.2174358974		103.82%

		70		17		15.0438180583		0.2625641026		88.49%

		80		23		17.8645339443		0.3117948718		77.67%

		90		27		21.1553691445		0.3692307692		78.35%

		100		30		24.681264002		0.4307692308		82.27%

		110		34		28.4422185166		0.4964102564		83.65%

		120		38		32.4382326883		0.5661538462		85.36%

		130		43		36.9043661744		0.6441025641		85.82%

		140		47		41.3704996604		0.7220512821		88.02%

		150		51		46.0716928037		0.8041025641		90.34%

		160		54		50.7728859469		0.8861538462		94.02%

		170		58		55.9441984045		0.9764102564		96.46%

		180		62		61.5856301763		1.0748717949		99.33%

		190		66		67.2270619482		1.1733333333		101.86%

		200		70		73.8542751573		1.289		105.51%

										103.62%

																														Comparatie

				3 mase teoretic

																												picioare_2m		torace_2m		1m		cap_3m		torace_3m		picioare_3m

				Cap		Torace		Picioare		Tendinţa

														0.0368421053		0.0218666667										10

		10		2.014		3.1663463687		2.1925189522						0.0552631579		0.0382666667										20		4.8128464804		6.4		4.7011931432		2.6		4.4856573556		3.1321699317

		20		2.6		4.4856573556		3.1321699317						0.0782894737		0.0546666667										30		7.2192697206		8.2		6.3466107434		4.5684351973		5.8049683426		4.6982548975

		30		4.5684351973		5.8049683426		4.6982548975				0.0797342193		0.1013157895		0.082										40		9.2819182122		10.3		8.2270880007		6.852652796		7.3881415269		6.2643398634

		40		6.852652796		7.3881415269		6.2643398634				0.1196013289		0.1289473684		0.1093333333										50		12.3758909496		12.3		10.1075652579		12.1824938595		9.499039106		8.7700758087

		50		12.1824938595		9.499039106		8.7700758087				0.2126245847		0.1657894737		0.1530666667										60		15.1260889383		14.1		12.4581618296		16.7509290569		11.6099366851		11.275811754

		60		16.7509290569		11.6099366851		11.275811754				0.292358804		0.2026315789		0.1968										70		19.5951606701		16.9		15.0438180583		22.8421759866		14.248558659		15.0344156721

		70		22.8421759866		14.248558659		15.0344156721				0.3986710963		0.2486842105		0.2624										80		23.3766829047		19.4		17.8645339443		30.4562346488		16.6233184355		18.1665856037

		80		30.4562346488		16.6233184355		18.1665856037				0.5315614618		0.2901315789		0.3170666667										90		28.1895293851		21.9		21.1553691445		38.0702933111		19.7896648042		22.2384065149

		90		38.0702933111		19.7896648042		22.2384065149				0.6644518272		0.3453947368		0.3881333333										100		33.3461506141		25.2		24.681264002		46.4457578395		22.9560111729		26.9366614124

		100		46.4457578395		22.9560111729		26.9366614124				0.8106312292		0.4006578947		0.4701333333										110		38.1589970945		29.2		28.4422185166		57.8668458328		26.9139441337		31.9481333031

		110		57.8668458328		26.9139441337		31.9481333031				1.0099667774		0.4697368421		0.5576										120		44.3469425692		33.8		32.4382326883		70.0493396923		30.6080148972		36.9596051938

		120		70.0493396923		30.6080148972		36.9596051938				1.2225913621		0.5342105263		0.6450666667										130		50.534888044		38.0		36.9043661744		82.2318335519		34.8298100554		42.5975110708

		130		82.2318335519		34.8298100554		42.5975110708				1.4352159468		0.6078947368		0.7434666667										140		56.3790587702		41.9		41.3704996604		95.1757332776		39.5793296084		48.548633941

		140		95.1757332776		39.5793296084		48.548633941		95.1757332776		1.6611295681		0.6907894737		0.8473333333										150		62.9107789936		46.0		46.0716928037				44.3288491614		54.186539818

		150				44.3288491614		54.186539818		111.1652564683		1.9401993355		0.7736842105		0.9457333333										160		69.442499217		50.1		50.7728859469				49.3422309118		60.4508796814

		160				49.3422309118		60.4508796814		125.6319679265		2.1926910299		0.8611842105		1.0550666667										170		75.6304446917		54.4		55.9441984045				54.883337057		67.0284365379

		170				54.883337057		67.0284365379		143.1443028496		2.4983388704		0.9578947368		1.1698666667										180		82.1621649151		59.5		61.5856301763				60.1605810048		73.2927764013

		180				60.1605810048		73.2927764013		162.1794495051		2.8305647841		1.05		1.2792										190		89.0376598871		64.5		67.2270619482				65.9655493474		79.8703332578

		190				65.9655493474		79.8703332578		181.2145961606		3.1627906977		1.1513157895		1.394										200		95.2256053619		73.9		73.8542751573				72.5621042821		86.4478901143

		200				72.5621042821		86.4478901143		201.0111486824		3.5083056478		1.2664473684		1.5088
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