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Abstract. To build a criterion of discomfort evaluation, based on the kinematics 
and the dynamics of the performed movement, is an expectation of the car 
manufacturers. There is no reference concerning the evaluation of the 
articulation efforts during the automobile vehicle accessibility movement. On 
this point, we propose to give a first reference. Our method and our 
computation were verified by a well known movement, the walking. The 
automobile vehicle accessibility movement of a young and healthy subject is 
studied. The articulation efforts presented are coherent with the produced 
movement's analysis. 

Keywords: Automobile vehicle accessibility, Inverse dynamics, Articulation 
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1   Introduction 

To enter or leave an automobile vehicle is a complex action requiring a precise 
coordination of the articular movements of the human body [7]. Felt at the time of its 
realization is an important factor for the customers mainly if this latter are elderly or 
having locomotor apparatus dysfunctions [14]. Traditionally, the car manufacturers 
realise ergonomic evaluation of the ingress/egress movements on real scale prototypes 
or mock-ups. This one is carried out with a significant number of subjects 
representative of the targeted customers. The subjective judgement given by the 
people taking part in the experiments is then correlated with dimensions of the vehicle 
[16], [1]. These approaches imply times and costs of significant treatment. If this 
approach is of habit, another possibility emerges and aims at evaluating discomfort 
only from the produced movement [4]. To go in this direction, our objective is to 
build a criterion (or criteria) of discomfort evaluation based on kinematics (e.g. 
articular angles) and the dynamics (e.g. articular torques) of the performed movement. 
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For the moment, only discomfort evaluation based on kinematics was approached [4]. 
Moreover, until now, the articular torques estimation of the automobile vehicle 
accessibility movement was never studied. 

The objective of this paper aims at the calculation of the articulations’ efforts 
developed in the lower limbs while performing vehicle accessibility movements. A 
first step is to validate our method with a well-known data of the literature, a walking 
data. The second step is to use our method for the accessibility movement and to 
verify its relevance with an ergonomic analysis. 

In a first time we will present the methodology that we have followed in our study, 
where the biomechanical model and the mathematical tools used in the modelling will 
be detailed. The experiments allowing the determination of the different parameters of 
the model will be then presented. Some data processing will come after that. Then we 
will present the results. Finally our paper will be concluded and some perspectives 
will be presented as well. 

2   Methodology 

2.1   Theoretical Postulates 

The body segments are considered solid and indeformable during the movement. For 
this reason, the positions of the centre of gravity, the mass and the moment of inertia 
in the centre of gravity are considered constant. 

The articulations are considered perfect, without friction and slip. The movement 
generation is due only to the articulations’ torques. 

2.2   Kinematic Model 

The vehicle accessibility movement is a three-dimensional movement [1]. A multi-
chain/poly-articulated three-dimensional skeletal model is chosen [6]. 

The physiology of the human body breaks up the lower limb into 3 segments [8]: the 
thigh, the leg and the foot. These segments form a simple kinematic chain for each of the 
two lower limbs, right and left. These 2 kinematic chains are articulated on the pelvis, 
taken as body of reference, whose position and orientation are known at every moment. 

The articulation of the different body segments is modelled by perfect connections 
of spherical type. The hip, the knee and ankle are defined by 3 DOF, this makes 9 
DOF per chain or 18 DOF for the whole model. 

The position and the orientation of the different segments the ones in opposite to 
the others and to the referential of reference R0 are defined by homogeneous matrices 
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Fig. 1. The human body lower limbs’ kinematic model 

• 1iiOO +  represents the position of the medium of the pelvis or those of the 

articular centers into the referential Ri. 

• [ ]Ri
1i+  represents the matrix of rotation of the referential Ri ( )iiii Z,Y,X,O  in 

opposite to the referential Ri+1 ( )1i1i1i1i Z,Y,X,O ++++ . 
 
The local referentials Ri are built for each body segment according to the 

recommendations of the I.S.B. (International Society of Biomechanics). The matrix of 

rotation Ri
1i+ , ortho-normalized, is then obtained by the z, x, y sequence Euler 

formalism [17]. 
The position of the end effector, the 2nd metatarsal, in the referential related to the 

pelvis R1 is expressed according to the equation (2): 
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The position of the end effector in the referential of reference R0 becomes: 
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2.3   Angles Correction 

During the kinematics movement reconstruction, an error appears between the ankle 
calculate position and ankle measured position. This error is due amongst others to 
the instrumental errors and the experimental errors. This can generated a collision of 
the foot with the vehicle’s sill during the automobile vehicle accessibility movement. 
The coherence of the kinematic reconstruction with the measured movement is  
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evaluated using a calculation of correlation coefficient and RMS. If a consequent 
skew is noted, the ankle’s position is optimized by a correction of the articular angles 
[12], [13]. 

2.4   Anthropometric Model 

The building of the lower limbs’ anthropometric model requires, for each body 
segment, (the foot, the leg and the thigh) to determine its mass, geometrical and 
inertial properties. For this study, the regression equations [18] are used to obtain, 
starting from a series of the studied subject’s anthropometric measurements: 

• The mass of the segments, 
• The position of the centre of gravity along the longitudinal axis of the segments, 
• Moments of inertia of the segments in the centre of gravity around their principal 

axes. 

2.5   Calculation of the Internal Efforts 

The estimation of the articulation efforts concerns an inverse dynamics problem. For 
this purpose, the Newton-Euler dynamic equilibrium expression is used. 

The Newton-Euler dynamic equilibrium is written by using the formalism of the 
homogeneous matrices [10], [11]. It facilitates the writing of the recursive algorithm 
of inverse dynamics [3]. Moreover, this formalism makes it possible to follow the 
recommendations of the I.S.B. (International Society of Biomechanics) [17]. 

3   Experiment 

3.1   Device 

The experimental device is similar for the walking experimentation and for the 
accessibility experimentation. The experimental device aims the capture of the 
movements. Three types of data are desired: anthropometric, kinematic and dynamic. 

The kinematics data are obtained by an optoelectronic motion capture system 
VICON®. The eight cameras are laid out around each vehicle. The system records the 
Cartesian position of the reflective markers laid out on the vehicle and on the subject. 

Two KISTLER® force plates are used to measure the ground reaction forces. The 
external efforts are applied at the end of the chain kinematics. Force plates are set in 
the medium of the way of walk or near to each vehicle in the case of ingress/egress 
movement. 

Four vehicles of various dimensions, present in the trade, were used: a small car, a 
median car, a minivan and a small utilitarian. To allow the capture of the movements, 
the vehicles were stripped to the maximum. We present the small utilitarian's results. 

3.2   Protocol 

The base of the protocol is the same for the accessibility movement and for the 
walking movement. 
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Anthropometric measurements carried out are those necessary to the 
anthropometric model [18]. 

Twenty markers, 16 anatomical and 4 technical, are laid out on each subject : 1st 
and 5th tarsals, medial and lateral malleolus, medial and lateral tibial condyles, 
anterior superior iliac spines, pubis and vertebra L5. 

For the two applications, a capture of the lower limbs’ circumduction movement is 
carried out. This one allows the determination of the articulation centres of the hips by 
a using the sphere fitting method [9], [1<]. The subject in sitting position is captured 
for the estimation of the marker L5 when it is masked by the automobile seat [5]. 

On the one hand, a walking movement is captured and on the other hand, four 
ingress/egress movements on each of the 4 vehicles are captured. The repetition aims 
to remedy the occlusion or the fall of reflective markers. 

3.3   Population 

Forty one subjects carried out the vehicle accessibility movement’s protocol. The 
population is varied: young and healthy subjects, elderly subjects and disabled 
subjects. This study is interested on a young and healthy subject: 27 years old, 1.75m 
and 74 kg. 

For the walking movement, the presented subject is also a young and healthy 
subject: 25 years old, 1.87 m and 80 kg. 

4   Data Processing 

4.1   Evaluation of Articular Kinematics 

Initially, the positions of the reflective markers measured by system VICON®  are 
filtered. A forth order Butterworth filter without lag at 5 Hz is used. In the second 
time, the parameters of the kinematic model are calculated. 

Determination of the articular centers. The center of the knee is estimated at the 
median position of the markers laid out on the internal and external condyles and the 
centre of ankle at the median position of the markers laid out on the internal and 
external malleoli [2]. The position of the hips centres is determined by the calculation 
of sphere fitting [9], [15]. 

Determination of the medium of the pelvis and segmentary lengths. The segmentary 
lengths of the thigh and the leg are defined by the average distance between the hip and 
the knee on the one hand and between the knee and ankle on the other hand. In the same 
way, the width of the pelvis is defined as the distance between the two articular centers 
of the hips. The medium of the pelvis is defined in the medium of this segment. 

Evaluation of the angular data. If need be, an optimization of the foot’s position by 
correction of the articular angles is carried out. The corrected angles are considered  
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valid when the movement reconstruction presents no collision of the foot with the 
vehicle’s floor. 

4.2   Calculation of the External Efforts 

The torques of the mechanical action issued from the force plates are expressed in the 
local referential Rk. This information being disturbed, a filtering of the components of 
these torques is carried out by a forth order Butterworth filter at 5 Hz. 

The transfer of these torques in the referential of reference R0 (10), makes it 
possible to meet the needs of the inverse dynamics algorithm. 

[ ] [ ] ( )-10
kR

0
kR TT

k0
⋅Φ⋅=Φ

 
(10) 

• [ ]
kRΦ  represents the filtered torque issued from the force plate k expressed in Rk, 

• [ ]
0RΦ  represents the filtered torque issued from the force plate k expressed in R0, 

• T0
k  represents the matrix of passage from the referential Rk to the referential R0, 

and ( )-10
k T  its reverse. 

5   Results 

5.1   Walking Movement 

Kinematics 
The reconstruction of the walking movement has a good fidelity with the trajectory of 
the feet: 

• All the correlation coefficients between the positions of ankle measured and 
reconstructed are at 1.00. (>0.95) 

• The RMS is 0.42 cm. (< 1 cm) 

This kinematics is used for the calculation of the articular efforts. 

Articular Efforts 
The results of this walking study seem to consolidate the experimental method, the 
kinematic model and the inverse dynamics algorithm (Fig. 2). 

5.2   Automobile Vehicle Accessibility Movement 

Kinematics 
The reconstruction of ingress-egress movement presents difference between the 
trajectory of feet built and reconstructed (the RMS is 1.42 cm). So the articular angles 
are corrected. Following optimization, the RMS is 0.67 cm (< 1 cm) and the 
correlation coefficients are at 1.00 (> 0.95). This acceptable movement reconstruction 
is used for the calculation of the articular efforts. 
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Fig. 2. Moments around the ankle (in top), the knee (in the medium) and the hip (in bottom), 
for the literature ([3] on the left) and for our subject (on the right) during the walking single 
stance 

Abduction-adduction efforts of the left hip during the ingress phase 
The figure 3 presents the comparison of the couples calculated around the sagittal axis 
and the articular angles associated. These results are at the end of the chain recursive 
algorithm. 

Analysis of the three phases 
Three phases are defined by the curves analysis (Fig. 3) 

• A - concentric abduction phase 
• B - concentric adduction phase 
• C - excentric adduction phase 

This analysis of the articular torques and kinematics corresponds to the ergonomic 
analysis. Phase A corresponds to the concentric opening of two lower members, 
which allows the subject to pose its right foot inside the vehicle. From this support, 
the phase B starts. The subject relocates its buttocks on the seat by tightening its legs. 
This is a concentric movement. Phase C, the subject begins to get down towards the 
seat. It is a light eccentric opening that it retains its fall. 

Transversal axis 
Vertical axis 
Sagittal axis 
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Fig. 3. Normalized torques by the weight and articular angles of abduction/adduction for the 
left hip during the phase of support unipode of entry in the small utilitarian (healthy subject of 
1,75 m and 74 kg). A: Takeoff of the right foot to its installation on the vehicle’s floor. B: 
Placement of the buttocks to the top of the seat. C: Movement of descent towards the seat. 

6   Conclusions and Perspectives 

Kinematics model and anthropometric model were proposed. The articular efforts 
were estimated by inverse dynamics for the walking manipulation. The calculated 
articular torques are in coherence with the literature. 

The automobile vehicle accessibility movement reconstruction require an optimization 
of the foot’s position by a correction of the articular angles. The analysis of the results 
obtained by the calculation of dynamics is concordant with ergonomic analysis. 

Moreover, for the automobile vehicle ingress movement, around the sagittal axis of 
the left hip, three phases were recognized: a concentric abduction phase since the 
takeoff of the right foot to its installation on the vehicle's floor, a concentric adduction 
phase corresponding to the transfer of the buttocks inside the vehicle above the seat, 
an eccentric adduction phase slowing down the fall of the subject during the descent 
in the seat. 

The articular efforts are calculated for the lower limbs' articulations. The results 
obtained are coherent with the produced movement. The instrumentation being 
limited, the articular efforts can be calculated only for the beginning of the movement. 
More pushed instrumentation of the vehicle would allow an increased knowledge of 
the articular efforts. 

A forthcoming study is interested in the population as a whole (elderly, disabled). 
The various assumptions of modeling and calculation are discussed there. 

A B C 
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