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INTRODUCTJON
Models for the simulation of sports activities with body impact draw many
of their features fram the use of multibody dynamics. The efficiency and accuracy
of the numerical procedures for the simulation of the human body is of utmost
importance. The model must describe precisely the relative range of motion of
the different segments of the human body, the forces transmiUed between them
and the impacttcontact that involve biomechanieal components.
Several formulations based on the use of different sets of coordinates can
be found in the literature to derive automatlcally the equations of motion for a
general multibody system. Using the concept of pseudo-veloeilles Kane (1985)
describes the multibody motion by a minimal set of variables when open-Joop
systems are modelIed. However, it is not always elear the physieal meaning of
variables used. On the other hand, the usa of Cartesian coordinates correspond
to one of the most popular methodologies to deseribe spatial multibody systems
(Nikravesh, 1988; Haug, 1969). The coordinates are the position and spatial
orientation of each of the system components, described in terms of loeal
reference frames fixed to the moving bodies. In orther to avoid the use of
rotational coordinates (Euler angles, Euler parameters, Bryant angles, etc.) Jalon
(1994) proposes the use of a set of coordinates, known as natural coordinates,
composed by the positions of points and vectors in an inertial referenee frame.
Though these coordinates give raise to a mueh larger set of equations to deseribe
the same system the nonlinearity of the equations of motion is much smaller than
what is obtained with other formulations. The numerical problems associated with
the use of large sets of coordinates is solved by transforming the equations of
motion from dependent to independent using velocity transformations (Jerkovsky,
1978; Nikravesh and Gim, 1989). The final set of equations of motion obtained is
much smaller than with the methods referred. However, some eomputational
costs are associated with the use of the transformations.
Claims for better performance of one methodology relative to another are
very offen applieation dependent and consequently are not discussed here.
Regardless of the formulation selected it is always posslble to recover the
reaction forees between the system components, in partieular in biomechanical
applieations, the forees exerted between different body segments. Based on a
general methodology using natural coordinates (Jalon, 1994), a whole body
response model is presented in this work. The joints between biomechanieal
segments are defined by forcing adjacent bodies to share common points and
vectors. A beUer efficieney in the integration of the equations of motion is
obtained using an augmented Lagrange formulation (Bayo, 1996).
Regardless of the formulation used to describe the motion of the
biomeehanical model, it is necessary to deseribe the forces resulting from eontact
situations with other objects or anatomieal segments of the multibody system.
The collision or eontaet between two bodies is eharacterised by forees that
develop and disappear over a short period of time. The physics of the contact
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and the relation between geometl)' and material properties of the surfaces must
be described while the force model should not disrupt the stability of the
numerical integration of lhe equations of motion. A classical approach to solve
this problem as a discontinuous event is based on the momentum balance
impulse equations. This methodology provides lhe velocity jump that results trom
a collision (Wehage. 1980: Lankarani and Nikravesh, 1992). Aliernatively, loeal
deformations and contact forces are treated as continuous events end introduced
in the system equations of motion. A model proposed, by Lankarani and
Nikravesh (1990) based on the Hertzlan contact theory (Hertz, 1895), includes
energy dissipation due to (ocalized deformation effects is extensively used here to
model impactlcontact between the components of the biomechanical model.
In the definition of the joints between the biomechanical segments no
considerations are generally made with respect to their feasible range of motion.
In this model realistic limits on the relative range of motion between body
segments are obtained introducing a set of articular penalty forces in the model
rather than setting up new unilateral constraints between the system components.
These forces representing the reaetion moments between the body segments are
activated when lhe biomechanieal joints reach the limit of their range of motion
and prevent the model from achieving physieally unacceptable positions (eiBA,
1979). This is a problem of intermittent motion that forces high frequency
compOnents of the system response to appear. Improved efficiency in the
integration process of the equations of motion is obtained by modeling the penalty
forces with a continuous contaet-impact force model including energy dissipation
as in the case of body impact (Lankarani and Menon, 1995).
The biomechanieal model developed is composed of 12 rigid bodies and
it is suitable for application to individuals with different sizes. Its application is
illustrated with the simulations of an automobile occupant during a crash and the
impact of an athlete in a sports scenario. Based on the results obtained the
methodology is discussed and conclusions are drewn.
FORMULATION OF THE EQUATIONS OF MOTION
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A multibody system is a collection of rigid and/or flexible bodies with their
relative motion constrained by kinematic joints and acted by extemal and/or
intemal forces, es depleted by figure 1. Depending on the applieation of the
system it may be necessary to model some of Ihe system components as flexible
bodies. In biomechanfeal applications, that is the case of models for the
simulation of alrcraft crash scenarios where the f1exibility of the neck and spine
play an importent role. For the purpose of this work issues concerning with the
f1exibility of the biomechanieal components are not discussed. The interested
reader is referred to the reference (Pereira and Ambrosio, 1994).
Different sets of coordinates can be used to tormulate the equations of
motion of the biomectlanieal model. All the fonnulations, regardless of the set of
coordinates used, allow for the calculation of loads transmitted between the
anatomical segments of the human body. However, when other considerations,
such as the partition of the intersegmental forces between muscle actions and
joint reactions, take place the problem becomes more complex (Winter. 1990;
Berme et al. , 1987). The eases considered in this paper do not involve aetive
muscte aetions and consequentry the problems associated with the calculation of
the forces tor redundant systems will not be considered here.
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Figura 1 - Three-dimensional biomechanic31 model and a typical joint
In the modelling problems considered in this work all the anatomical joints
are modelled as mechanical joints. Though this is appropriate as a first order
approximation for a wide variety of applications, such as those considered here, a
more detai/ed joint modelling may be necessary for application in gait and
performance analysis.
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Cartesian Coordinates
The position and orientation of each component of the biomechanical
model is described by a position vector ri and a set of rotational coordinates Pi
(Nikravesh, 1988). The kinematic constraint iIIustrated in figure 1 is represented
by a set of five equations given by:
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where the first three equations represent that bodies 4 and 5 share the same point
P and the remaining two equations state that two points in each body, along the
relative axis of rotation, have to be parallel all the time. Similar equations are
derived for the rest of the joints of the system. The second time derivative of
equation (1) gives raise to the acceleration equations written as
..
02<1>
<I>qq = 2

a

-

aO(<1>q ).q

(2)

where <I>q denotes the Jacobian matrix. The equations of motion for a single rigid
body i are given by
ml =f.
J;ro'; = - iJi ro i
(3)

~; ro

where f; is the resultant of the applied forces, nj is the sum of the moments
applied directly to body i or resulting from forces not applied in the body fixed
referential origin, m is the body mass and J is its inertia tensor. Quantities with a
prime (.)' mean that they are expressed in body fixed coordinates. Equation (3) is
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evaluated for atl bodies in the system, while the forces are also calculated for all
components. This is writlen in a matrix form as
M q= 9
(4)
where veetor g contains all applied forces, moments and the gyroscopic forces.
The kinematic constraints are added to the equations of motion of the
unconstrained system described by equation (4) using the Lagrange multiplier
technique (Nikravesh, 1968). Defining by A the veetor of unknown Lagrange
multipliers the equations of motion of the constrained system are written as a
system of differential and algebraic equations described by

[:. ~~] [~H-~; -g;

(4)q)q]

body. For this purpo
points and vectOI$ GI
r = Cq.

where C is a transfOl
and therefore consta
veetors. DifferentialI
and acceleration of p

r = CCIe
f=C~

The virtual power of 1
(5)

The forces transmitted between the different segments of the system are
related with the vector of Lagrange multipliers and the Jacobian matrix as
fr =
A
(6)

-cf);

All intersegmental forces and cootaet forces are evaluated and introduced in
vector 9 for each time step. Equation (5) is then used to calculate the system
accelerations and these are integrated together with the velocities to calculate the
new velocities and positions. The procedure proceeds until the complete motion
of the system is obtained in the time interval.
Natural Coordinates
Altematively to the Cartesian coordinates a set of natural coordinates are
used to evaluate the equations of motion of the system. The idea is to describe a
body by a collection of points and veetors, such as the body presented ;() figure 2,
wh ich is defined by two basic points and two non-coplanar unit vectors. It ean be
shown ather rigid bodies may be derived from this basic body by means of a
coordinate transformation (Jalon, 1994).
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Figure 2 - Inertial and loeal system of coordinates.
Let the rigid body have a loeal reference frame (1;,11.Q rigidly attach to it
and with origin loeated in point 0, which is not necessarily its centre of mass. The
principle of the virtual power is used to derive the equations of motion of a rigid
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where C iS a transformation matrix, that is independent of the motion of the body
and therefore constant in time and qe are the coordinates of the basic points and
veetors. Differentiating equation (7) twice in respect to time provides the velocity
and acceleration of point P are obtained as:

r = Cqe
r = CCfe

(8)
(9)

The virtual power of the inertia forces for the rigid body is expressed as:

w· =_q;T(p~crc dn)Cfe

(10)
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The mass matrix of bodies defined with different sets of basic points and vectors
is obtained from this matrix after a proper coordinate transformation.
Concentrated forces can be applied in a generic point of the rigid body,
other than a basic point, as described by figure 3(a). The case of an applied
moment, as depieted by figure 3(b), is described bya force binary where the two
opposite forces aet in a plane perpendicular to the applied moment.
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Figure 3 Applied forces and moments: (a) Extemal force; (b) Applied moment
The concentrated force f p applied on point P of a rigid body is described
by a generalized force ge, applled to the basic points and veetors of that body.
The relation between these forees is deseribed by the virtual work given by

öw =

örJ f

p

= öq~ge

(12)

Veetor r p , representing the position of point P, is related with the basic coordinates
by equation (7). Comparing the terms of the resulting equations, it is found that:

ge

= C~fp

(13)
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An applied moment is described here by a torque m given by two non
collinear and opposite forces f related by

m=~~

0~

Fo

where u is a unit vector given by:

iii(rj -r i )

um =

-llm(r -ri )11

(14)

j

after some algebraic manipulations it is found that the generalized force
describing the appJied moment is written as (Jalon, 1994)

ge

= (C/

+ C;+um )fm

(15)

In order for the set of coordinates with the positions of the basic points
and veetors to represent a rigid body some kinematic constraints must be
imposed. Relating to figure 4, the kinematic constraints that describe the
conditions of constant vector length and constant angle are illustrated as
<D(cd,1) = (rj - r/)T (r j -r/) - L~ = 0
(16)
<I>(a2v,1)

==

ur

j

-

cos(a.) = 0

(17)

where the condition of a constant angle between u and v and a constant distance
between points land j was used. Equations (16) are evaluated for all constraints
in lhe multibody system and added to the equations of motion of lhe system
components. The constrained equations of motion are written in a form similar to
equation (5) and solved using the augmented Lagrangean method (Bayo. 1996).
CONTACT/IMPACT FORCE MODEL
In order to have a reliable model for the contact/impact of the human
body special eare has to be given to the numerical description of the contact
forces. The model must include the contact speed and compliance in a form that
is reIsted to the geometry and material properties of the bodies in contact.
Moreover. the contact force model must be suitable for a stable integration of the
biomechanieal model equation5 of motion. These charaeteristics are obtained
with a continuous contact force model (Lankarani and Nikravesh. 1990).
Let the contaet force between a segment of the biomechanical model and
a surface of an objeet or another segment be a function of a pseudo penetration
and a pseudo velocity of penetration given by

(Ko n +D8)

u
(18)
where Dis a damping coefficient and K is a generatized stiffness coefficient which
fs,J

=

Figure 4 Kinematic constraints defining a rigid body
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depends on the geometry of the surfaces in contact and their material properties.
The damping coefficient, which introduces the hysteresis damping for the
surfaces in contact, as depicted by figure 5, can be shown to be a function of
impact velocity t5 H , relative stiffness of the contacting surfaces and restitution
coefficient e. The contact force is finally given,by

n[ 3(1-e
'S,i = K t5 1 +
4

2
)

8:

8(-)

u

(19)

Note that the restitution coefficient e reflects the type of impact (for a fully elastic
contact e=1 while for a fully plastic contact e=O). This equation is valid for impact
velocities lower than the propagation speed of elastic waves across the bodies,
Le.,

t5 H

$10-5 ~E/p. In all applications considered here this criterion is fulfi1led.

BIOMECHANICAL MODEL
Using the methodology discussed previously it is presented here a three
dimensional, whole body response, biomechanical model of the human body
suitable for impact simulations. The model is general and accepts data for any
individual. The Information required to assemble the equations of motion of the
model includes the mass and inertia of the biomechanical segments, their lengths,
loeation of the body-fixed coordinate frames and the geometry of the potential
contact surfaces, as pietured in figure 6. The data hold within lhe database can
be expanded for different individuals. For this work, the data available concems
the models of a 50% anthropomorphic dummy used for human contact modelling
during crash of transportation systems and of a 50% human male. It is not the
intention of this work to discuss the different databases or measuring techniques
used to collect data necessary for the construction of any particular biomechanieal
model. The interested reader is referred to Nigg and Herzog (1994).
In contactfimpact simulations the relative kinemalics of the head-neck
and torso are important to the correct evaluation of the loads transmitted to the
human body. Consequently, the head and neck are modelled as separate bodies
and the torso is divided in two bodies. The hands and feet do not play a
signifieant role in this type of problems. They are included in the Jower arms and
legs respectively.
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Figure 6 Three-dimensional biomeehanical model for impact: (8) aetual model;
(b) loeal referential locations; (c) dimensions for the segments.
The model is described using twelve rigid bodies defined using sixteen
basic points and seventeen unit veetors located a1 the artieulatiOfis and
extremi1ies. A total of ninety-nine natural coordinates are ereated. Seventy
kinematie eonstrajnts are used in the definition of the rigid bodies. The result is a
biomechanical model with twenty-nine degrees of freedom. In table 1, the
de;;cription and loeation of the eleven kinematic joints is presented.
Table 1 -Kinematie joint deseription for biomeehanical model.
Deseription
Type
Joint
Back, (12 th thoraeic and 1&t lumbar vertebrae).
spherieal
1
Torso-Neck (i h cervieal and 1sI thoracic vertebrae).
spherical
2
spherical
Shoulder.
3-5
revolute
Elbow.
4-6
spherical
7-9
Hip.
8-10
revolute
Knee.
11
revolute
Head-Neek, (at occipital condyles).
The principal dimensions of the model are represented in figure 6 (c). In
most cases, the effective link-Iengths between two kinematic joints is used instead
of standard anthropometrie dimensions baseel on exterli1al measurements. The set
of data coneemed wlth the models referred are described in (Laananen, 1983).
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Joint resisting moments
In the biomechanical model, no active mU,scle force is considered.
However, the muscle passive behaviour is represented by joint resistanee
torques. Moreover, physieally unaeceptable positions of the body segments are
prevented by applying a set of penalty torques anytime that two segments of the
biomectJanical model reach the limit of their relative range of motion. The joint
resistance torques are modelIed using a viscous torsional damper and a non
linear torsional spring, loeated in each kinematie joint.
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Take the elbow of the model, represented in figure 7, as an example of a
joint modelIed by a revofute joint. Here the axis for the relative rotation of the
lower and upper ann is represented. The torsion al damper has a small constant
coefficient jj being the total damping torque at each joint given by
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Figure 7 Joint resistance torque modelIed using non-linear spring and damper.
The contribution of the non-linear spring has two terms. The first one is a
resisting torque mri thai aets to resist the motion of the joint. For the dummy joint,
Ihis torque has a constant value and its applied to the whole range of motion
(Silva, 1996). For the human joint this torque has an initial value which drops to
zero after a small angular displace.rnent from the joint initial position. In both
cases, this torque has a direction opposite to the direction of the relative angular
velocity veetor between the two bodies interconnected in that joint, this is

I.

m" = -me

XIII

(21 )

The second term is a penalty resisting torque' mpi. This torque is null
during the nonnal joint rotation but it Increases rapidly, from zero until it reaches a
maximum value, when the two bodies interconnected by that joint, reach
physically unacceptable positions. The curve for the penalty resisting moment is
represented in figure 8 qualitatively.
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Figure 8 Penalty moment for the efbow.
The shoulder is an example of a biomechanical joint modelIed by a
spherical joint as depicted by figure 9. In order to calculate the penalty torque it i5
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necessary to construct the cone of feasible motion. This cone has its tip in the
center of a sphere with a unit radius. While the upper arm moves inside the cone
its motion does not imply any displacement of the upper or lower torso.

where the tenn
similar to that d
angles for different

k

Figure 9 Cone of feasible motion for the shoulder joint.
A local reference frame is constructed and rigidly attached to the shoulder
joint (points 3 and 5), as shown in figure 9. The vectors defining the local axes Ux
and Uh are buHt using basic points and vectors of the upper torso
u~ = u n
(22)
(23)

Joint
1

2
3-5

4-6
7-9
8-10
11

19

A third base vector is calculated as the cross produet of the first two:
u~

= u~u'I

(24)

A fourth vector in the direction of the upper arm is calculated using the two basic
points of this body
U

r k -ro

-

r

(25)

-Irk -roll
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A set of
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or different body
form depieted by

With these vectors, the angles of longitude e and latitude ß of the unit vector Ur
are calculated in the local reference frame, as depicted in figure 10(a). The angle
of maximum amplitude ßmax is also calculated for a specified longitude 8, using a
cubic spline interpolation curve. This curve, uses the angles of maximum
amplitude at the four main quadrants ßI, ßII, ßIII and ßIV, to interpolate ßmax, as
shown in figure 10(b). If the effective latitude ß is larger than the maximum
latitude ~max, a penetration on a zone of unfeasible motion occurs and a penalty
resisting torque is applied. The magnitude of this torque, in the direction of the
cross-product between vector Uz and vector Ur, increases rapidly with the
penetration. The penalty torque is given by

mpi

=

[3[A -Amax J2 _2(A -Am"'J3]_.
!:IA
u~ur

mp1!:IA

(26)
When co
detected a contact
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Figure 10 Angles and interpolation curve for the shoulder joint.
where the tenn between brackets is a third order polinomial with a behavior
similar to that depicted by figure 8. Table 2 describes the values for the limit
angles for different joints of the human body.
Table 2 Joint limit
ßi II[oJ
~
35.0
40
60
2
40.0
3-5
140
90.0
4-6
90
7-9
10
120.0
8-10
90.0
11
19

Joint
1
(22)
(23)

a!!9.Jes and force data.
ßi III[oJ
ßi IV[O]
~ßi[O]
30.0
35.0
11.5
60.0
40.0
15.0
30.0
90.0
11.5
45.0
11.5
50.0
45.0
11.5
45.0
11.5
2.0
15.0

mi[g]
2.0
2.0
1.0
1.0
2.0
1.0
2.0

mEi[NmJ
226.0
678.0
226.0
226.0
452.0
226.0
452.0

ji[Nms]
16.95
3.39
3.76
3.39
5.65
5.65
16.95

two:
(24)

(25)

Contact Surfaces
A set of contact surfaces is defined for the calculation of the external
forces exerted on the model when the surfaces of the bodies contact other objeets
or different body segments. These surfaces are ellipsoids and cylinders with the
form depicted by figure 11 and with the dimensions described in table 3.

21

®
.
(26)

Figure 11 Representation of contact surfaces.
When contact between a component of the biomechanical model is
detected a contact force, with the characteristics described by equation (19), is
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applied to that component in the point of contact and with a direction normal to
the surface. Friction forces are also applied to the contact surfaces using
Coulomb frietion. It must be noted that in general applications of the
biomechanical model, now presented, it is important a characterisation of the
surfaces in contact. Although in many cases this is a difficult task, even with
incomplete data it is possible to obtain envelopes for the biomechanical response.

Body

1
2
3
4-6
5-7
8 - 10

9 - 11
12

Table 3 - Dimensions of contaet surfaces.
50% Human
50% An1hropomorphic
Male
Dummy
0.114
0.114
0.0874
0.050
0.047
0.079
0.058
0.051

0.102
0.127
0.095
0.053
0.042
0.083
0.057
0.051

APPLICATfON EXAMPLES
The biomechanical model described in this work is applied in different
situations of human motion where activation of the muscle forees do not playa
role. This is the case of unexpeeted contaet of the human body. The cases of a
car driver during a crash and a player during a unexpected tackle are simulated in
order to demonstrate the methodology.
Car occupant during a crash
The case of a car oceupant of a vehicle moving with a velocity of 20 Km/h
towards a rigid barrier is simulated here. The model of a 50% human male is
used for the simulation of the driver. The potential surfaces of contact with the
occupant are the seat belts and the car seat, as pietured in figure 12. The vehicte
has a strueture. not shown here, that deforrns during contact and dissipates the
kinetic energy of the system.
The simulation shows that when the car impacts the rigid obstade the
occupant moves forward and stretches the seat belt. Due to the lack of symmetry
of the shoulder bell the torso of the occupant has a rotation about the axis of the
13
83

Figure 12

Forces on a car occupant due to the seat belt and
the contact with the seat and car interior.
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Figure 13 Motion of the occupant during the impact
spine while bending forward, as shown in figure 13. The head ,subjected to the
accelerations pictured in figure 14, does not hit any surface modelied in the
analysis. It is clear from figure 14 that the limit of motion between the neck and
the upper torso is reached. After the impact the occupant retains the seated
position in the car.
Resisling torque in lhe neck-torso joint
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Figure 14 Acceleration of the occupant head and resisting torque
on the joint between the neck and the upper-torso
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Frontal tackle of an athlete
The human body can be subjected to impact in different athletic activities.
Sports like rugby, American football or boxing exemplify some of the most visible
cases of impact. Many executions in these sports are characterised by high
impact loads in a short period of time without an actlve muscle reaction of the
human subjecl. The case of a frontal tackle of a player by another player is
simulated here to show the application of the presented methodology in anormal
sports scenario. It must be noted that no special attention is paid in this
simulation to issues related to the technical correctness of the tackle.
The player represented in figure 15(a) is hit by another player at the level
of the lower torso. The incoming player has a mass of 75 Kg and is moving
forward with a velocity of 3 m/s. The contact between the two players and
between the standing player and the ground is modelIed. The resulting motion is
presented in figure 15.
From the results of the simulation it is observed that the head of the
player hits the ground 0.63 s, after the impact between the players, reaching an
acceleration of 1.2 g. The contact between the shoulders and the ground occurs
at the same time, as displayed in figure 16. Based on the compliance of the
surfaces in contaet and any protective equipment, conclusions can be drawn on
how the athlete withstands the impact and on the potential for injury.
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Figure 16 Head Aceeleration and contact force on the shoulder

CONCLUSIONS
The methodology proposed for (he simulation of biomechanical models
subjeeted to impact loading shows a good aptitude to describe the results
necessary to fully analyse the human body motion. The relative motion between
the body segments is kept within feasible regions by applying penalty torques in
the joints when the limits of the relative motion are reached. Among the resutls
obtained with this model, the reaction forces between the biomechanical
segments are fully available. Further improvements can be obtained with a more
detailed description of the biomechanical joints. Though not considered here, the
model proposed allows for the description of the muscle actions, that may play a
role during less severe impacts. Another aspect that plays an important role in
some impact conditions Is the kinematics of the head-neck and spine. A more
detailed description of the upper torso using flexible bodies may be important to
obtain more credible results. The contact between body end surrounding objects
is efficiently modelIed by a continuous contaet force model thai includes energy
dissipation due to local deformatIons. However, for an effective use of this
model, it is necessary a characterisation of the surfaces In contact. Applications
to the study of a car occupant and of 8 player subjected to a taclde describe the
use of the methodology.
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